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ABSTRACT

WILDFIRE IMPACTS ON SOIL ORGANIC MATTER BIODEGRADABILITY,

METABOLOMICS, AND BIOGEOCHEMICAL CARBON CYCLING

Wildfires are natural ecosystem disturbances that are beneficial to adapted environments.
However, global wildfire activity has deviated from historical patterns primarily due to urban
expansion into wildland areas, forest management strategies, and climate change. Wildfires are
now more intense and frequent, burning larger areas across Earth and impacting air, water, and soil
quality. Wildfires impact soil quality by changing the composition of soil organic matter (SOM):
a heterogenous mixture of organic molecules in soil ranging from small metabolites to larger
lignin-like compounds that comprises two-thirds of Earth’s terrestrial carbon stores. SOM serves
as critical sustenance supporting soil microbial metabolism and activity, especially SOM that is
more biodegradable (i.e. the SOM can be physically accessed, metabolized, and mineralized to
CO; by soil microbes). A key component of biodegradable SOM is the soil metabolome: the
assemblage of soil metabolites (e.g. amino acids, organic acids, peptides and saccharides) that
drive microbial protein production, cellular energy generation, and soil nutrient cycling. Thus,
SOM biodegradability and soil metabolites influence soil carbon cycling and contribute to a
healthy, productive soil system. However, the impacts of wildfires on SOM biodegradability and
soil metabolite content are largely unknown. Alterations to SOM biodegradability and metabolites
could impact microbial activity, biogeochemical nutrient cycling, and the propensity for burned
soils to act more as carbon sources rather than carbon sinks. Therefore, the work in this dissertation

investigated post-fire SOM biodegradability and soil metabolite contents and was driven by the
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following questions: How do wildfires impact soil metabolomics, and how do abundances of soil
metabolites change after fire? Does SOM become more or less biodegradable after wildfires?
These questions were answered across experimental scales from laboratory to field investigations
and by using a comprehensive suite of analytical instrumentation.

First, we conducted a controlled soil burning experiment using pyrocosms: steel containers
filled with soil over which vegetation is burned to simulate a wildfire. The objectives of this study
were to 1) characterize SOM and microbial community composition throughout the first month
following fire, 2) identify postfire shifts in the soil metabolome and metabolite abundances, and
3) determine how changes in SOM composition correspond to microbial community structure.
Using microbial amplicon (16S/ITS) sequencing and gas chromatography-mass spectrometry,
heterotrophic microbes (Actinobacteria, Firmicutes, and Proteobacteria) and specific metabolites
(glycine, protocatechuate, citric acid cycle intermediates) were enriched in burned soils, indicating
that burned soils can contain a variety of substrates that support microbial metabolism. Molecular
formulas assigned by 21 T Fourier transform ion cyclotron resonance mass spectrometry revealed
that SOM in burned soil was lower in molecular weight and featured 20 to 43 % more nitrogen-
containing molecular formulae than SOM in unburned soil. We also measured higher water
extractable organic carbon concentrations and higher CO; respiration in burned soils, implying
that the SOM in burned soils may be more biodegradable than the SOM in unburned soils. The
observed enrichment of biodegradable SOM, metabolites, and microbial heterotrophs illustrates
the resilience of these soils to severe burning, providing important implications for postfire soil
microbial activity and carbon cycling.

To further explore the impacts of wildfires on soil metabolites, we conducted a laboratory-

based, soil heating experiment with the following overarching objective: evaluate how soil
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metabolite contents change under varying fire intensities. Soils from a lodgepole pine forest, mixed
conifer forest, and spruce-fir forest were heated to 150 °C, 250 °C, and 450 °C, and the metabolite
contents of the soils were analyzed with gas chromatography-mass spectrometry and liquid
chromatography-mass spectrometry. The metabolite contents drastically changed at each heating
temperature, indicating that soils burned by wildfires of different intensity conditions will feature
disparate metabolite assemblages. Soils heated to 150 °C were enriched in amino acids and
peptides while soils heated to 250 °C were enriched in aromatic metabolites, organic acids, and
nitrogen-containing saccharides. Surprisingly, 43 to 52 % of the detected metabolites across the
three forested ecosystems were significantly more abundant in the heated soils compared to the
control soils. These results indicate that soils burned by wildfires (especially of lower intensity)
may feature an enriched metabolite pool that could provide essential nutrients for post-fire
microbial activity.

Lastly, we conducted a field study to determine if our laboratory- and controlled burned-
based results were observed in soil burned by an actual wildfire and to address the following
objectives: 1) evaluate what metabolites are enriched in burned soil and if SOM is more
biodegradable in burned soil from a natural wildfire, 2) determine how differences in soil
metabolites and SOM biodegradability may influence short-term soil carbon mineralization and
soil COz respiration, and 3) assess whether burned soils act more as carbon sinks or carbon sources.
We sampled soil from unburned, low severity, and high severity areas from a 2024 Colorado
wildfire ~1.5 months post-fire. Ninety-six percent of the putatively identified metabolites were
either statistically similar or significantly greater in abundance in burned soils compared to
unburned soils. Biological oxygen demand incubations and soil CO; flux measurements exhibited

on average 2.0 to 2.6x greater microbial metabolism of SOM and 1.4 to 2.5x greater CO; fluxes,
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respectively, from burned soils relative to unburned soils, suggesting that SOM from burned soil
is more biodegradable than from unburned soil. This heightened SOM biodegradability could
cause greater microbial metabolism and CO» emissions from wildfire-impacted soil, potentially
shifting post-fire environments from being carbon sinks to carbon sources.

Overall, this dissertation used a variety of experimental approaches and instrumentation to
discover that burned soils can be enriched in metabolites, SOM from burned soils can be more
biodegradable than corresponding unburned soils, and burned soils may act as carbon sources
immediately after fire due to this metabolite enrichment and biodegradability enhancement. These
results shift our understanding of post-fire SOM composition, and our conceptual understanding
of SOM from burned soils should now include a highly reactive pool comprised of enriched
metabolites and more biodegradable SOM. This increased biodegradable SOM content could
cause post-fire soils to act more like carbon sources, potentially intensifying both climate change

and wildfire activity.
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CHAPTER 1: INTRODUCTION

1.1 WILDFIRE ACTIVITY IS INCREASING IN THE 2157 CENTURY

Wildfires alter ecosystems and can impart essential benefits onto adapted environments.!
Wildfires remove invasive species, help eliminate diseases and pests, form open habitats for shade-
intolerant plants, add inorganic nutrients into the soil, and drive soil formation.!? However, global
wildfire activity has drastically changed during the 21* century and has deviated from historical
fire regimes (i.e. generalized description of fire characteristics like fire severity, fire intensity, fire
frequency, and burn area).” For example, while global burn area has declined since 2001
primarily because of decreasing African savannah burning, every other wildfire-prone continent
has featured increasing extreme wildfire events and burn area with ~367 million ha burning
globally in 2024 alone.® Wildfires are becoming more severe in which fire severity refers to the
degree of surface organic matter consumption from fire.”!° Fire intensity (i.e. energy released
during burning) has increased globally throughout 21% century.”!! In fact, extreme wildfire events
characterized by high intensity conditions have more than doubled in frequency from 2003 to
2023.'"! This increase in high intensity fire frequency extends to overall wildfire frequency, as well.
Since 1984, the frequency of global wildfires has doubled, expanding the fire weather season by
14 days (a 27 % increase) from 1979 to 2019.'%12 Thus, wildfires are a prevalent force shaping
global ecosystems and will continue to do so in the future.®!?

These global trends in wildfire activity are also occurring within the United States. Average
fire events in the United States were up to four times the size and triple the frequency in the 2000s
compared to the 1980s through 1990s.'* In the western United States, wildfire-burned area has

doubled over the past four decades,'® and 3 million ha were burned by nearly 65,000 fires in 2022



alone.'® Understanding the factors contributing to this increased wildfire activity and the resultant
impacts are critical for adapting to an increasingly fire-prone world.

Many compounding factors have caused increased wildfire activity including climate
change, wildland-urban interface expansion, and forest management strategies. Climate change
has caused hotter, drier conditions that exacerbate wildfire severity, intensity, and
frequency.>!!!>17-1° These arid conditions result in drier vegetative fuel which is more susceptible
to ignition and burning at hotter temperatures.!>?*?! Overall, human-caused climate change
contributed to an estimated additional 4.2 million ha of wildfire burn area from 1984 to 2015 in
the western United States.!® Climate change is also coupled with the expansion of the wildland-
urban interface (WUI). The WUI is defined as “the area where houses are in or near wildland
vegetation.”?> Globally, 3.5 billion people live within the WUI.** Within the United States, the
number of houses and people in the WUI increased by 12.7 million and 25 million, respectively,
from 1990 to 2010.%> Now, approximately one in three U.S. houses are located in the WUI.?2 This
increased human population near wildland areas likely increases wildfire ignition rates in which
~80 % of wildfires are already human-caused, contributing to greater wildfire activity.?>**** In
addition to WUI expansion, certain forest management strategies, such as fire suppression, can
contribute to larger, more severe wildfires. Fire suppression is a strategy that prioritizes preventing
wildfires and suppressing a wildfire as fast as possible once ignited.?® Starting in the 1930s, federal
land managers promoted fire suppression which effectively prevented wildfires from starting and
spreading.*?® For example, from 2000 to 2023, USD 1.9 billion were spent by the United States
Forest Service and Department of Interior Agencies towards fire suppression efforts, resulting in
~98 % of wildfires being suppressed before they grew larger than 100 acres.?’?® However, fire

suppression can lead to decadal accumulation of vegetative fuel on forest floors, increasing the



likelihood of larger, more severe wildfires after ignition.***** Such massive wildfires have been
prolific in Colorado in which the 20 largest wildfires in Colorado history have all occurred since
2001.3! Whether driven by climate change, WUI expansion, and/or forest management strategies,
wildfire activity has been increasing in the 21% century and is projected to intensify in the future
with burn areas in the western United States expected to increase by 50 to 100 % in the next 50
years.’? Thus, studying wildfire impacts on ecosystems is essential to better understand how
wildfire activity will shape the quality of Earth’s air, water, and soil and alter global
biogeochemical cycles.

Wildfires directly influence the global carbon cycle by emitting CO> during vegetation
burning. For example, the 2023 Canadian wildfires emitted 657 Tg of carbon into the atmosphere
which was greater than the individual 2023 fossil fuel-related carbon emissions of every country
on Earth other than China, United States, and India. Such wildfire carbon emissions are offsetting
greenhouse gas reduction efforts. In California, wildfire CO; equivalent emissions in 2020 were
approximately two times greater than California’s total greenhouse gas emissions reductions since
2003.3* In other words, all of California’s efforts towards reducing their greenhouse gas footprint
were completely wiped out by a single wildfire season. While wildfires act as carbon sources
during burning due to vegetation combustion, the extent to which post-fire environments act as
carbon sources vs. carbon sinks is less known. Wildfire activity is already decreasing the
effectiveness of land carbon sinks, and climate change will further curtail the ability of burned
areas to sequester carbon.’* A major carbon sequester is soil which contains ~ 2500 Pg of total
carbon worldwide which is 3.1 times greater than atmospheric carbon content.*> Approximately
70% of this total global topsoil carbon is exposed to fire.>® Therefore, wildfires may drastically

impact soil carbon cycling and the propensity of burned environments to act as carbon sources vs



carbon sinks. Thus, investigating how and to what extent wildfires alter soil carbon chemistry is
essential.
1.2 WILDFIRES CHANGE SOIL ORGANIC MATTER COMPOSITION

Soil acts as the intersection of the atmosphere, biosphere, and pedosphere, featuring a
diverse array of minerals, water, bacteria, fungi, plants, roots, and soil organic matter. These soil

components are directly impacted by wildfires by changing soil mineralogy,’’ decreasing
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microbial community diversity, increasing soil pH,***>3% decreasing soil C/N ratios,
55 and altering soil organic matter (SOM) composition.’® SOM is a highly complex mixture of
organic compounds ranging in size from smaller metabolites (e.g. organic acids and peptides) to
bigger proteinaceous compounds. SOM is considered one of the most complex natural mixtures
on Earth and is a substantial carbon sink.>” In fact, two-thirds of the terrestrial carbon in the world
is stored in SOM (~Pg gigatons of organic carbon) which is double the amount of carbon in the
atmosphere.’”*® Thus, SOM plays critical roles in global carbon dynamics, soil biogeochemical
cycling, and sustaining soil microbiology.!” Soil microbial communities consume SOM as a food
source, fueling microbial metabolism and activity. For microbial consumption of SOM to occur,
SOM needs to be biodegradable which we operationally define as SOM that is physically
accessible, can be thermochemically oxidized, and can be mineralized to CO by soil microbes.>**°
Terms such as “bioavailability” and “lability” have been used to describe the propensity to which
SOM is consumed by microbes,**$1"% but we will use “biodegradability” to incorporate both the

190 and thermodynamic® factors that influence microbial SOM consumption. SOM

environmenta
biodegradability ranges from more persistent organic molecules (such as condensed aromatics) to

more readily biodegradable molecules like sugars and organic acids. A key component of the

readily biodegradable SOM pool is the soil metabolome.



The soil metabolome is an assemblage of metabolites within a soil sample. Metabolites are
smaller (< 1500 Da) compounds such as amino acids, organic acids, peptides, and saccharides that
are key components of microbial protein production, cellular energy generation (e.g. the citric acid
cycle and adenosine triphosphate [ATP] production), and soil nutrient cycling. The investigation
of metabolites is called “metabolomics”, and the measured metabolite content of a given sample
can be designated as the “metabolite profile” or “metabolome.” Metabolites are most typically
detected with gas chromatograph-mass spectrometry (GC-MS) and/or liquid chromatography-
mass spectrometry with recent advances in Fourier transform ion cyclotron resonance-mass
spectrometry (FT ICR-MS).546¢ Metabolite identification is often performed with either targeted
or nontargeted mass spectrometry analysis featuring the use of authentic standards or library
databases, respectively, for identification.’” Identification confidence is frequently reported using
the Schymanski index which ranges from Level 1 to Level 5 in order of decreasing identification
confidence.®® Level 1 and Level 2 indicate a probable structure and identity of the metabolite
determined with either using an authentic standard or by performing library database comparisons,
respectively. Level 3 reports a chemical ontology (e.g. saccharide-like, organic acid). Level 4
indicates that the molecular formula of the metabolite is known. Level 5 reports only the mass of
a detected metabolite. Level 2 or 3 identified metabolites can be referred to as “annotated”
metabolites.®” Over 80,000 studies on metabolomics have been published from 1998 to 2023,
and 8% of all published metabolomics studies have examined soil metabolomics as of 2022.7!
Overall, metabolites propel soil carbon and nutrient cycling, microbial activity, and microbial
metabolism, making metabolites a critical component of SOM.6%:66.71-77
Wildfires alter SOM composition resulting in SOM often becoming more enriched in

nitrogen and more aromatic.’>*° Surficial soil temperatures typically range from ~50 to 1500 °C



during wildfires. These temperatures heat the underlying soil and cause aliphatic molecules to
degrade and carboxylic acid functional groups to oxidize, leaving behind more stable aromatic
compounds.*? Pyrogenic organic matter (i.e. thermochemically altered organic matter produced
from incomplete combustion often present in burned soils) can also be formed from elevated soil
temperatures ranging from ~300 to 700 °C with estimates suggesting that 116-385 Tg of condensed
pyrogenic organic matter is generated annually.>®’%” While aromatic molecules and pyrogenic
organic matter are well-studied components of SOM in burned soils,” the soil metabolome within
burned soils is drastically understudied.

Wildfire impacts on soil metabolomics are largely unknown. Lower molecular weight
molecules (such benzene and furfural) have been detected (Level 2 or 3 on the Schymanski index)
in burned soils by utilizing pyrolysis GC-MS, but changes in the abundances of those detected
metabolites due to fire were often not reported.3’ 5 A laboratory experiment was conducted where
pyrogenic organic matter was added to soil after which individual metabolites were detected and
quantified on a relative basis (total ion current normalization); however, the metabolite identities
were not determined (Level 4 and Level 5 on the Schymanski Index was only achieved).%¢ Thus,
the first knowledge gap of this dissertation is that there is a lack of studies characterizing soil
metabolite responses to wildfires at high identification confidence (level 3 or higher on the
Schymanski Index) coupled with individual metabolite abundance quantification (Figure 1.1).
Therefore, how wildfires influence amino acids, organic acids, and saccharides, which drive
microbial activity and soil carbon cycling, remain unknown. Addressing that knowledge gap will
enable a deeper understanding of how wildfires impact both post-fire biogeochemical cycling and

SOM biodegradability.



Unburned Burned

SOM Biodegradability

Figure 1.1. Conceptual diagram outlining major knowledge gaps presented in this dissertation.
SOM biodegradability from burned soils is not well understood either. Traditionally,
increased aromaticity and pyrogenic organic matter content are thought to make SOM from burned
soils more persistent with the half-lives of pyrogenic organic matter reaching millennial
timeframes.?”"*° This SOM dominated by persistent organic molecules would cause post-fire SOM
to be fairly unreactive and contribute minimally to biogeochemical carbon cycling. However, lab-
based investigations have observed 1) pyrogenic organic matter decomposition by microbes can
occur over the timeframe of 10 days,%690°2 2 that a SOM microbial decomposition priming
effect can be initiated by the presence of pyrogenic organic matter,*® and 3) that pyrogenic organic
matter decay rates can be thermodynamically faster than that of natural dissolved organic matter

pools.*® Thus, pyrogenic organic matter may be more biodegradable than originally presumed.



However, such studies looking at pyrogenic organic matter are only examining a subset of SOM
within burned soil, not the entire SOM mixture which is comprised of proteins, lignin-like
compounds, and metabolites in addition to pyrogenic organic matter. Thus, the second knowledge
gap of this dissertation is the lack of studies examining the biodegradability of the entire, holistic
SOM pool within burned soils (Figure 1.1). In other words, there is not a strong consensus on
whether wildfires make SOM more or less biodegradable. Understanding post-fire SOM
biodegradability would provide insights into post-fire SOM microbial consumption influencing
microbial activity, soil recovery, and soil CO2 emissions.
1.3 STUDYING WILDFIRE IMPACTS ON SOIL ORGANIC MATTER REQUIRES
COMPREHENSIVE EXPERIMENTAL DESIGNS AND A SUITE OF CHEMICAL
INSTRUMENTATION

To thoroughly investigate the metabolite content and biodegradability of SOM in burned
soils, multiple experimental techniques and instrumentation need to be employed. Wildfire impacts
on SOM can be studied across experimental scales, ranging from controlled muftle furnace heating
to extensive field campaigns.** Using muffle furnaces to simulate wildfires provides heightened
control over experimental variables (e.g. soil type and heating temperature) and are widely
available 37#-°294%8 Muffle furnaces can be limited, however, by their small experimental scale
and since radiation from electrical components is used to generate heat rather than burning
vegetation. For increasing scale, incorporating vegetation burning, and still providing some control
over experimental variables, pyrocosms can be used.”” Pyrocosms are metal containers of soil
placed into the ground, and vegetation is burned over the soil to simulate a wildfire.®” Pyrocosms
provide control over experimental variables (e.g. selecting soil and forest litter type) and more

realistic conditions due to vegetation burning compared to using a muffle furnace at the cost of



losing control of exact heating temperatures. Lastly, field campaigns in wildfire-impacted
ecosystems provide the most representative, accurate assessment of wildfire impacts on SOM;
however, wildfire-impacted areas can be difficult to access due to location, sampling permission
acquisition, and permitting. Thus, conducting a combination of these experimental approaches
provides the most thorough assessment of wildfire impacts on SOM.

Comprehensively evaluating SOM changes due to wildfires requires broad analytical
instrumentation such as pyrolysis GC-MS, spectroscopy-based approaches (e.g. excitation-
emission matrix [EEM] fluorescence spectroscopy), FT ICR-MS, traditional GC-MS, and LC-MS.
Pyrolysis GC-MS takes a soil sample, pyrolyzes it (often to ~500 °C), and the molecules that
volatize out of the soil are analyzed via gas chromatography often coupled with a quadrupole mass
analyzer.3* % Therefore, the analytical scope of pyrolysis GC-MS is restrained to non-derivatized,
volatile molecules within soil. EEM fluorescence spectroscopy utilizes the chromophore and
fluorophore substrates within SOM to assess aromaticity, molecular weight, and the degree of
SOM humification.*®19-192 While this method is relatively quick, accessible, and requires little
sample preparation, the targeted molecules represent a small portion of the overall SOM pool
because only chromophoric and fluorophoric compounds are detected.'*!% To capture a broader
suite of SOM molecules, FT ICR-MS can be employed and has been a primary tool for post-fire
SOM analysis for the past decade.3346:96:103.105-115 T [CR-MS assigns molecular formulae across
a broad mass range (175 — 1200 Da) at high mass accuracy (sub-ppm mass measurement error)
with high mass resolving power (up to 3,000,000 at m/z 200).!%!'® Electrospray ionization is
commonly used as the ionization source which is ideal for SOM due to the prevalence of carboxylic
acid moieties within SOM that readily deprotonate.!®® FT ICR-MS only provides metabolite

identification confidence up to Level 3 on the Schymanski index with van Krevelen plot



analysis.®!17-11% Achieving metabolite identification with higher confidence (i.e. Level 2 on the
Schymanski index) requires traditional GC-MS (meaning not pyrolysis GC-MS) and/or LC-MS
since those approaches feature more robust library databases for metabolite identification
compared to FT ICR-MS.%$¢71-77 Traditional GC-MS also enhances metabolite volatility via
derivatization, increasing the likelihood of amino acid, organic acid, and saccharide detection
compared to pyrolysis GC-MS which does not feature derivatization.”> While ideal for metabolite
identification and quantification, traditional GC-MS and/or LC-MS have not been utilized to
identify and quantify the abundances of individual metabolites within burned soil, limiting our
understanding of post-fire soil metabolomics. Overall, utilizing multiple instrumental approaches
would help account for the limitations of any singular instrument, advance characterization of
metabolite contents, and address the first knowledge gap of this dissertation related to post-fire
soil metabolomics.

SOM biodegradability in burned soils can be assessed using soil CO:z respiration
measurements and experimental incubations. Soil CO; respiration can be measured either in the
field or in the laboratory, and more soil CO> microbial respiration can be indicative of more
biodegradable SOM.!?*"122 Experimental incubations feature a microbial inoculum spiked into
soil-water extracts followed by measuring changes in oxygen or dissolved organic carbon
concentrations.”®!23"12¢ The more oxygen and/or dissolved organic carbon consumption, the more
biodegradable the SOM. Employing these two techniques would help address the second
knowledge gap of this dissertation related to how wildfires impact SOM biodegradability
holistically.

This dissertation outlines multiple studies exploring SOM composition from burned soils,

specifically examining the soil metabolome and SOM biodegradability. The chapters herein

10



address the following pertinent research questions: How do wildfires impact soil metabolomics,
and how do abundances of soil metabolites change after fire? Does SOM become more or less
biodegradable after wildfires? How do these changes in soil metabolite content and SOM
biodegradability influence biogeochemical carbon cycling and the propensity of burned soils to
act more as carbon sources rather than as carbon sinks? These questions were answered using a
suite of analytical instrumentation across scales ranging from laboratory experiments to field
investigations.

1.4 PUBLICATIONS, PRESENTATIONS, AWARDS, AND FELLOWSHIPS

This dissertation begins with a review paper published in Nature Reviews Earth &
Environment that 1 co-authored outlining major knowledge gaps within the field of wildfire
impacts on soil chemistry (Chapter 2).”? Chapter 3 describes a mesocosm-scale experiment using
pyrocosms which was published in Environmental Science & Technology.'?’ Chapter 4 provides a
deeper evaluation of soil metabolomics in soils from three forested ecosystems heated in a muffle
furnace and is in preparation to be submitted to Environmental Science & Technology. Chapter 5
describes a field-based study examining how the 2024 Alexander Mountain Fire in Colorado
influenced SOM biodegradability and soil metabolite contents and is in preparation to be submitted
to Nature Geoscience. For Chapters 3-5, I am/will be the first-author for the associated
publications. Supplementary information for Chapters 2-5 can be found in Appendices A-D.

I have contributed to five additional publications. I was the sole author on a publication
titled “Using pyrocosms to determine fire impacts on soil molecules” which was published in
Nature Reviews Earth & Environment as a part of the “Tools of the Trade” article series.!?® The
work in Appendix E “Characterization of Burned Soil Organic Matter via Sequential Solvent

Extractions and 21 T FT-ICR Mass Spectrometry with Electrospray and Atmospheric Pressure
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Photoionization” was published in Analytical Chemistry.'®> The work in Appendix F
“Determination of Soil Contamination at the Wildland-Urban Interface after the 2021 Marshall
Fire in Colorado, USA” was published in Environmental Science & Technology.'”® The work in
Appendix G “Role of permafrost thaw transitions in biogeochemical nitrogen cycling” was
published in Soil & Environmental Health."*® 1 was also a co-author for a publication titled
“Advancing sustainable water use across the agricultural life cycle in the USA” which was
published in Nature Water."3! A coauthored manuscript determining the impacts of the 2025 Los
Angeles Fires on disinfection byproduct formation titled “Enrichment of Disinfection Byproduct
Precursors in Fire-Affected Soils from the 2025 Eaton Fire in Los Angeles, California” is in review
for Environmental Science & Technology Water. An additional coauthored manuscript evaluating
how the 2020 Cameron Peak Fire in Colorado influenced watershed dissolved organic matter
composition and disinfection byproduct formation potential titled “Changes in Molecular
Chemistry of Stream Organic Matter and Disinfection Byproduct Precursors Following Initial
Post-Fire Rainstorms” is in review for Environmental Science & Technology. Lastly, I contributed
to five coauthored manuscripts that are in preparation for submission that have the following
respective objectives: 1) determine differences in SOM composition from experimentally burned
soils collected from lodgepole pine and aspen forests, 2) evaluate per- and polyfluoroalkyl
substances contamination in soil and building debris burned by the 2025 Los Angeles Fires, 3)
identify what metabolites can be released from burned vegetation and how that influences
watershed biogeochemistry, 4) elucidate how organic matter in acid mine drainage interacts with
toxic metals, and 5) characterize the composition and biodegradability of the metabolomic profile
of Amazon River dissolved organic matter during the peak wet season. According to CRediT

criteria, my collective roles in these coauthored manuscripts include conceptualization,
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methodology, formal analysis, investigation, writing — review and editing, visualization, and
supervision. Overall, the work I’ve conducted as a PhD student will culminate in 16 publications.

This body of research has been shared in presentations at various scientific meetings
including the 2022 American Geophysical Union Hydrology Days Conference at Colorado State
University (oral presentation); 2022 American Society of Agronomy, Crop Science Society of
America, and Soil Science Society of America International Annual Meeting in Baltimore, MD
(oral presentation); the 2023 13™ North American Fourier Transform Mass Spectrometry
Conference in Key West, FL (oral presentation); the 2023 Graduate Student Showcase at Colorado
State University (poster presentation); the 2023 American Geophysical Union Annual Conference
in San Francisco, CA (poster presentation); the 2024 American Chemical Society Meeting in
Denver, CO (oral presentation); the University of Colorado-Boulder Environmental Engineering
Seminar Series in 2024 (invited oral presentation); a Pacific Northwest National Laboratory river
corridor science focus area meeting in 2024 (invited virtual oral presentation); and the 2025
Goldschmidt Conference in Prague, Czech Republic (oral presentation). I also served as the lead
organizer and co-presider for a symposium at the 2024 American Chemical Society Meeting in
Denver, CO titled “Chemical Footprint of Wildfires: Impacts on Soil, Water, and Air Quality”
where I led a team of professors from Colorado State University, University of Colorado-Boulder,
and Texas A&M University.

These publications and presentations have received the following awards: the 2021 Maciel
Fellowship Award (awarded to incoming Colorado State University chemistry graduate students
who exhibited outstanding academic record and recommendations), the first place Hydrology
Days Student Showcase award (awarded to the best four-minute “lightning talk” at the 2022

American Geophysical Union Hydrology Days conference), the second place award for Soil
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Chemistry Division Oral Presentation Student Competition (awarded to the second-best oral
presentation given by a graduate student at the 2022 American Society of Agronomy, Crop Science
Society of America, and Soil Science Society of American International Annual Meeting in
Baltimore, MD), 2023 National Science Foundation Graduate Research Fellowship Program
Honorable Mention award, the 2023 Lee Sommer Excellence in Leadership Award (awarded
to a graduate student associated with the Colorado State University Soil and Crop Sciences
Department who has demonstrated scientific excellence and a strong commitment to leadership to
benefit communities from the campus to international levels), the 2023 College of Natural
Sciences Outstanding Scholar Award (awarded to graduate students who exemplify Colorado
State University’s commitment to cutting-edge research at the Colorado State University Graduate
Student showcase poster session), the 2024 Outstanding Student Presentation Award (awarded
to the most exceptional presentations during the 2023 American Geophysical Union meeting in
which only the top 2 to 4 % of presentations are given this award), the 2024 Ellen Gonter
Graduate Student Research Paper award (awarded to graduate students who submit the highest
quality research papers to an American Chemical Society journal and was awarded to my first-
author publication in Environmental Science & Technology titled “Fire Impacts on the Soil
Metabolome and Organic Matter Biodegradability.” This is the highest award given to students by
the Division of Environmental Chemistry of the American Chemical Society), and the 2025 C.
Michael Elliott Scholarship (award to high achieving graduate students within the Colorado State
University Chemistry Department). I have also been accepted into the following fellowship
programs at Colorado State University: the Diana Wall Sustainability Leadership Fellows Program
within the School of Global and Environmental Sustainability and the Vice President for Research

Graduate Fellows Program.
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CHAPTER 2: MOLECULAR INSIGHTS AND IMPACTS OF WILDFIRE-INDUCED SOIL

CHEMICAL CHANGES!

2.1. INTRODUCTION

Wildfires are natural environmental disturbances that burn millions of acres each year.
Wildfires can benefit fire-adapted biomes by driving soil formation, managing pests and diseases,
and promoting habitat heterogeneity, biodiversity, and seed germination®>*. However, fire weather
seasons have lengthened by 27% since 1979, leading to an increase in the occurrence of high-
severity fires and the total area burned each year; the area of extratropical and high-latitude forests
being burned each year increased by over 50% from 2001 to 2019'. During 2001-2019, an average
area of 4.1 million km?> was burned annually across the world, constituting ~3% of vegetated
surface areal (Figure 2.1). Additionally, high-severity wildfires are projected to become more
frequent under climate change!>®. Thus, fire-driven transformations in surface soils could be
exacerbated as these environmental disturbances become more common and more severe.

Wildfires directly affect soil properties, in ways ranging from landscape-scale changes to
molecular alterations; these impacts are influenced by burn severity (Box 2.1). High-severity
wildfires can leave landscapes barren for days to years, increasing soil hydrophobicity in the short
term (1-5 years post fire) and making soils vulnerable to erosion and nutrient loss’®. Such changes
can reduce the ability of soil to support vegetation and can contribute to long-term destabilization
of ecosystems. Soil physical changes are coupled with transformations in soil chemistry. For

example, fires with low burn severities can create nutrient-rich surface soils by increasing the

'Reproduced with permission from Springer Nature. Lopez, A. M.; Avila, C. C.; VanderRoest, J. P.; Roth, H. K;
Fendorf, S.; Borch, T. Molecular Insights and Impacts of Wildfire-Induced Soil Chemical Changes. Nature Reviews
Earth and Environment 2024, 5, 431-446. https://doi.org/10.1038/s43017-024-00548-8. Copyright 2024, Springer
Nature
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Figure 2.1. Distribution of global burn severity. Median difference of normalized burn ratio
(ANBR; pre-fire NBR minus post-fire NBR) for fire events between 2001 and 2019 as an estimate
for burn severity, with 0 indicating unburned conditions and 500 indicating high burn severity.
Data from the MOSEV database®”!. Pixel resolution is 500 m. Note that some pixels contain
multiple fire events. Regions of high median burn severity include high-latitude ecosystems;
however, high-severity wildfires are projected to become more frequent under climate change in
many regions across the globe.

concentration of aliphatic organic compounds® and plant-available phosphorus and nitrogen!® 3.
Additionally, wildfires induce molecular changes in the organic and inorganic components of soils
(including soil minerals and heavy metals), contributing to the release of seed germination
promoters or inhibitors, and changes in the toxicity and mobility of metals in soil and ash!'*°,
which can result in degraded air and water quality. These molecular-scale chemical changes in
burned soils must be explored to understand their impact on ecosystem and human health.

17-23 and the role

Trends in the total organic and metal content of pre-fire and post-fire soils
of erosion in transporting this material have been extensively explored'®!**?% but it remains
unclear how fire-induced changes in organic matter and metal speciation influence their fate,

transport and potential health threats. Controlled experiments, such as laboratory-based heating

simulations, and field observations after natural wildfires provide insight into these impacts. For
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Box 2.1

Metrics to assess wildfires

Fire intensity and burn severity are often
used to describe the extent of wildfires and dNBR
can be estimated using different proxies. measurements

Burn severity

Fire intensity

Fire intensity refers to the amount

of energy released during a fire. The
highest intensities (greatest increases in
temperature) often occur in areas where
there is an abundant fuel supply. Intensity
can vary across a landscape and with fire
weather conditions™. Flame length is used
as a proxy for fire intensity.

Burn severity

Often used interchangeably with fire

severity, burn severity is a measure of the

loss or decomposition of organic matter

aboveground and belowground caused

by fire and is positively correlated with

fire intensity*”. Various observations and

measurements are used to assess burn

severity (as shown in the figure)™*.

« Vegetatlon ash colour: Brown to black

ash indicates low burn severity, whereas
white or grey ash indicates high burn

severity and more complete biomass "4 ¢ {  Soil: Chert derived
combustion.

« Soll redness rating: Soils get redder with increasing fire « Ecosystem propertles: The degree of canopy and ground cover
intensity and combustion completeness, owing to the thermal consumed by fire, such as tree mortality and scorch height,
transformation of Fe (oxy)hydroxides (including goethite and increases with burn severity.
ferrihydrite) to haematite above ~300°C, even at low Fe (oxy) «» Difference of normalized burn ratio: dNBR=pre-fire NBR-post-fire
hydroxide abundances (<1wt%) . Reddened soil is often observed NBR (where NBR is an index using shortwave-infrared and near-
where fallen logs and large branches have completely burned. infrared reflection). High dNBR values indicate high burn severity.

« Other soll propertles: High burn severity often causes increased dNBR can be determined using satellite imagery and can resolve
magnetic susceptibility, heightened soil erodibility, water areas affected by wildfire and approximate burn severity ona
repellency, and loss of soil structure and fine roots™ . regional scale that can be assessed globally.

example, laboratory simulations (including muffle furnace and blowtorch methods) allow
physicochemical analyses and precise manipulations of burn temperature and duration. However,
the heterogeneity of soils in natural landscapes complicates thermal reactions because burn
temperature and duration can differ widely across scales. Therefore, both laboratory simulations
and field observations are needed to elucidate soil chemical changes and their impacts during and
after fire.

In this Review, we evaluate data from laboratory-based simulations and field observations
to explore how wildfires affect soil organic matter (SOM) and metal speciation, and how those

alterations influence post-fire conditions. We then discuss how these molecular-level changes
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affect revegetation, water quality, and air quality, and we discuss implications for human and
ecosystem health. We exclude the impact of fire on soils in wetland and boreal ecosystems
containing thick peat or permafrost layers’®?’. Additionally, this Review focuses on chemical
transformations and does not specifically address alterations in physical processes. Finally, we
provide suggestions for future investigations, including using mass spectrometry to analyse low-
molecular-weight organic molecules in burned soils, identifying sources of toxic metals in post-
fire particulate matter, and expanding geographical locations of future research.
2.2. FIRE AS A CATALYST

Wildfires can have immediate impacts on soil organic and inorganic chemistry. For
example, fires can induce changes in SOM redox properties, composition and N content, alter soil
minerals and contribute to the addition of ash to soil from burning vegetation, as discussed here
(Table A1).
2.2.1 FACTORS INFLUENCING FIRE-INDUCED REACTIONS

Temperature is a primary driver for many molecular transformations and can catalyse
chemical reactions across a fire intensity gradient. Reaction pathways also depend on oxygen
availability and are often differentiated as combustion (oxygen-abundant) or pyrolysis (oxygen-
limited). The duration of heating also influences reaction times, molecular products, and, thus, the
overall biogeochemical response of soil to fire?®32, However, the effect of fire duration has
currently been investigated less than the effect of fire intensity (temperature), and the rate of
cooling has largely not been explored.

Soil heating is locally heterogeneous, influenced by the micrometre-scale characteristics
of soil (including moisture, organic matter, mineralogy and texture) and the overlying fire

conditions (including fuel type, temperature and duration)?*?%3334 (Figure 2.2). Moist soils yield
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lower temperatures than dry soils when heated, but the heat penetrates deeper in moist soils owing
to the large heat capacity and thermal conductivity of water. By contrast, dry soils exhibit high
temperatures in the uppermost portion of the soils but limited heat transfer with depth.
Additionally, fuel conditions (such as vegetation type, density of fire, fuel moisture, distance of
flames to soil, and fire weather) and soil or ash characteristics (for example, the ash thickness,
SOM content, porosity and mineralogy) also influence heat transfer in soil. These spatial
heterogeneities in soil heating generate Oz-rich and O»-deficient microenvironments in which

combustion and pyrolysis, respectively, can occur’*,

a Fuel, soil and ash properties that infl heat gt ionandt

Low heat generation High heat generation

Low
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Figure 2.2. Factors affecting heat generation and transfer. a, Factors that contribute to low (left)
or high (right) heat generation during wildfires. b, Heat transfer profile for moist pre-fire soil
conditions. ¢, Heat transfer profile for dry pre-fire soil conditions. Factors such as fuel properties
and soil and ash properties dictate the overall burn and fire intensity (heat generation) experienced
aboveground and belowground, and soil moisture further influences heat transfer. Combined, these
factors contribute to distinct post-fire soil chemical changes. SOM, soil organic matter.

2.2.2 ORGANIC MATTER TRANSFORMATIONS
Thermal reactions during wildfires drive chemical alterations in SOM, forming pyrogenic

organic matter (PyOM, organic matter that has been thermochemically altered)*® (Table Al).
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During fast-moving wildfires, aboveground vegetation can experience short periods of high
temperatures (>600 °C), favouring the formation of black ash by partial combustion, which is rich
in PyOM. However, temperatures belowground differ from those experienced aboveground. Soil
temperatures in low-severity and moderate-severity wildfires generally do not exceed ~350—450
°C (ref. 35), resulting in the partial combustion of biomass and SOM along with the formation of
ash containing a mixture of PyOM and inorganic compounds including nutrients®. At higher soil
burn temperatures (>450 °C), SOM mineralization becomes more prevalent, leading to the
formation of ash with lower PyOM and higher inorganic mineral concentrations including
carbonates®’.

The burning of vegetation and SOM can induce the formation of polycyclic aromatic
hydrocarbons (PAHs), a class of hundreds of organic compounds consisting of two or more merged
benzene rings®®*. PAHs and their metabolites are carcinogenic, and some compounds (for
example naphthalene) can inhibit post-fire seed germination'****!. Soils burned by wildfires can
have up to double the concentration of ) 1sPAH (sum of the US Environmental Protection Agency’s
16 priority compounds) of unburned soils. Interestingly, there is no apparent link between post-
fire Y 16PAH concentrations and vegetation types (broad-leaf, conifer, shrub)*. At high fire
intensities (above 500 °C), PAHs often follow divergent pathways in which some compounds
volatilize and others increase in aromaticity to form environmentally more persistent structures*?
(Figure 2.3). Therefore, PAH concentrations following low-intensity fires are 163% and 168%
higher than after moderate and high-intensity fires, respectively*?.

Fires influence the redox properties of SOM by altering surface functional groups and C
matrices. PyOM can serve as an electron donor, fueling post-fire soil microbial growth and

influencing metal biogeochemical cycling**. Alternatively, PyOM can behave as a terminal
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Figure 2.3. The effect of temperature on chemical transformations in Oz-abundant and Oz-limited
environments. More carboxylic acids are produced in O»-rich conditions (left) than in O»-limited
conditions (right). Under increasing fire intensities, combustion produces polycyclic aromatic
hydrocarbons (PAHs), increases aromaticity of organic compounds, reduces C/N ratios, produces
pyrrolic and/or pyridinic N, and oxidizes Cr and As. When Oz is limited, As and Hg can be reduced
and volatilized.
electron acceptor when other thermodynamically favourable electron acceptors are not present,
such as under anaerobic conditions. Across a fire intensity gradient of 200—800 °C, dissolved
PyOM generated from pyrolysed grass and wood has a larger electron-donating capacity than
electron-accepting capacity. However, the overall electron exchange capacity (sum of electron-
donating and electron-accepting capacities) decreases with increasing burn temperature**. Under
low fire intensities (200 °C), dissolved PyOM from wood has a larger electron-donating capacity
than that from grass products, owing to high lignin content and contributions from phenol
functional groups in wood**.

Fires also influence the redox properties of SOM through the generation of
environmentally persistent free radicals (EPFRs)***. EPFRs form through the burning of organic
compounds and can remain bound to charcoal surfaces for years after fire. In the aqueous phase,

EPFRs can further react to form reactive oxygen species (ROS)***. The abundance of EPFRs

produced depends on the burn conditions, including maximum fire temperature and O availability.
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For example, flaming conditions often produce more EPFRs than smouldering fires*.
Additionally, the increased abundance of EPFRs in field-collected charcoal samples from global
burned landscapes with high aromaticity and low O/C ratios indicates that intermediate
temperatures and woody fuels increase the production of EPFRs*. Charcoal collected from burned
sites characterized by extreme high temperatures and long combustion times contains a low
abundance of EPFRs, probably owing to the loss of O functional groups®.

Wildfires also induce transformations in organic N, altering N bioavailability and reactivity
in post-fire soils. For example, combustion of two subalpine soil samples from northern Colorado
in a muffle furnace at temperatures >225 °C increased the number of N-containing SOM molecules
by 20-32%, lowering the C/N ratio of the SOM*”*®, Organic N in unburned soils can be converted
to pyrrolic, pyridinic and quaternary forms as the burn temperature increases*>!. Nitrogen-
containing aromatic compounds have high thermodynamic stability, leading to a potential
reduction of the amount of bioavailable N in postfire soils depending on local microbial and
vegetation compositions®?. The Maillard reaction pathway, which involves the condensation of

amino acids and sugars*’-!

, 1s thought to be responsible for the formation of N-containing aromatic
compounds during wildfires. However, further work is required to elucidate the pathways
contributing to the formation of N-containing aromatic PyOM and track how organic N is cycled
and transformed within a post-fire soil environment.

Wildfires can also increase the concentration of water-extractable organic carbon in soils,
augmenting the solubility of the post-fire SOM. For example, soil samples burned at 250 °C

contain more water-extractable C than unburned soil and soils burned at >250 °C (refs. 47,48,53).

Thus, PyOM released by lower-intensity burns (~250 °C) could be more mobile than that produced



at higher burn intensities, increasing the leaching of PyOM out of fire-impacted areas and
potentially leading to a larger impact on downstream water quality.
2.2.3 INORGANIC MINERALS IN ASH AND SOIL

High burn severities (Box 2.1) can lead to the formation of grey and white ash, which is
rich in inorganic matter. The quantity of white ash produced depends on fuel type, fuel abundance
and fire conditions®®. For example, average concentrations of inorganic C increase from 7.5 g kg
in ash formed by low-severity fire to 12.3 g kg™! in ash derived from high-severity fire®*. The
complex composition of plants and soil minerals can also lead to fire-induced formation of
hundreds of primary and secondary products, including metal oxides, hydroxides, chlorides and
carbonates?%-36:3357,

Biomass burning and mineral reactions are interlinked in surface soils during wildfires.
The contribution of soil to the surface ash layer depends on burn severity, making it difficult to
infer the origin of inorganic minerals, which are derived either from burning biomass or from
altered soil minerals. Within unburned soils, trace elements, such as heavy metals, are adsorbed on
or substituted within minerals and organic matter. Trace metal cations also occur in
(oxy)hydroxides and as structural impurities. During mineral heating and transformations,
structurally bound metal ions are redistributed and can partition onto mineral surfaces, increasing
post-fire solubility®®. Alternatively, metal ions can be reincorporated into thermally altered
minerals®.

Plants also assimilate soil-borne heavy metal(loid)s, including Fe, Mn, Cr, Ni and As. The
extent of metal uptake and partitioning within plant structures varies between plant species,
environmental and soil conditions, and elements®. Although metals typically constitute a minor

fraction of the chemical composition of biomass®®°!, high-severity fires leave behind ash with high

45



metal concentrations*®, especially Ca, Fe and Al (ref. 54). For example, the average concentrations
of Fe and Ca in global ash samples from high-severity fires are 20.1 g kg™! and 53.6 g kg ™!,
respectively, compared with 11.7 g kg™' and 37.5 g kg™! in ash from low-severity fires®*.

At burn temperatures between 300 °C and 800 °C, plant-derived Ca, Na, K and Mg form
molten oxides and carbonates®®. The formation of these carbonates alters the thermodynamic
viability of redox transformations, such as the oxidation of Cr(Ill) to Cr(VI)®2. Calcite (CaCOs)
and fairchildite (KoCa(CO3)2), which are inorganic matter constituents in ash, are formed by the
oxalate transformation of Ca or by the reaction of Ca with atmospheric CO,. The concentration of
calcite and fairchildite in ash increases with fire severity. The increase in soil alkalinity during
high-intensity wildfires with temperatures above 750 °C is partly caused by Ca carbonate further
decomposing and generating CaO, in addition to K>O (ref. 63).

Fire temperature and duration affect mineral particle size®*, morphology®*, and solubilitys,
although the exact response of these critical particle properties varies and must be evaluated
further. In general, with increasing temperatures (up to 700 °C), inorganic matter in ash decreases
in particle size and increases in surface area®. The outcome is an increase in PM2.5 (the number
of particles with an aerodynamic diameter less than 2.5 pm) and in particle reactivity.

There can be complex trends in fire-induced changes in particle size during wildfires,
particularly for Fe (and probably also Mn) hydroxides and oxyhydroxides®®’. Oxidative heating
transforms Fe(IIl) hydroxides and oxyhydroxides, such as ferrihydrite and goethite, into oxides of
haematite or maghaemite (the latter being magnetic)®>%%%°. The particle size and surface area of
these firegenerated minerals can also change®”. For example, at low temperatures (<500 °C),
goethite transforms to a porous haematite structure, increasing its surface area. However, at higher

temperatures (>500 °C) the particle size of goethite increases as the irregular porous haematite
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structure becomes more ordered and surface area decreases>’, which is in contrast to the decreases
in the particle size with increasing fire severity observed in the field®. This apparent contradiction
can be explained by accounting for both the complexity of particles within soils and ash and, in
particular, the role of silicates interacting with metal (hydr)oxides. For example, in a mixed-phase
experiment initially containing ferrihydrite and montmorillonite, particle size decreased with
temperature, with more nanosized haematite particles being produced at high temperatures because
interactions with clay minerals prevented aggregation®*.

Unlike oxidative conditions during combustion, reducing conditions during pyrolysis can
produce various particle chemistries for redox-active metals. For example, during pyrolysis,
Fe(III) can be reduced and converted to phases composed of Fe(Il), such as magnetite or wiistite,

and even to phases composed of Fe(0)”’. The metal particle chemistry of wildfires is beginning to

71-74 75-77
3

be revealed, with extensive research on coal combustion , industrial waste incineration
and structural fires (fires involving a building or other structure)’®” providing insight on the
potential changes in metal speciation and particle size and chemistry resulting from wildfires.
2.2.4 FORMATION OF METAL(LOID) TOXINS

As plant and soil minerals are thermally altered, metals can undergo oxidation and
reduction reactions, potentially forming species that are more toxic than those present in unburned
soils and vegetation (Table A1). Specifically, wildfires can catalyse redox transformations of Cr,
As and Hg, altering their toxicity and thus possible threat to human health. For example, in
unburned soils, Cr predominantly exists as Cr(III), but it can be oxidized under high temperatures
to its toxic hexavalent state, Cr(VI), which is a known class-1 carcinogen®® (Figure 2.3).

Conversely, the reduction of As(V) to As(Ill) during the pyrolysis stage of fires increases the

toxicity of As.
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The oxidation or reduction of metals is complex and depends on oxygen availability,
temperature, heating duration, and mineralogy®®#!*2. Cr and As illustrate the nonlinear and
complex alteration of metals that can occur during wildfires. Heating synthetic mixtures of Cr(III)-
containing ferrihydrite, goethite and haematite results in the formation of Cr(VI)®*%3, but the extent
of oxidation depends on the temperature and Cr-host phase®?. With the exception of Cr-bearing
goethite, the amount of Cr(VI) produced decreases at high temperatures (>600 °C). Additionally,
the proportion of the reactive Cr(VI) (including dissolved and surface-exchangeable forms) that is
produced decreases at high burn temperature, possibly owing to increased particle size, Cr stability,
and mineral transformations during rapid cooling’®%?. The formation of Cr(VI) is also inhibited by
the absence of O (ref. 84), indicating that pyrolysis does not lead to Cr(Ill) oxidation and thus
does not increase Cr toxicity. The effect of heating duration on Cr-bearing minerals has not yet
been tested; however, increased heating durations or combustion times are likely to enhance the
formation of Cr(VI).

Conversely, As(V) reduction occurs’ during pyrolysis (Figure 2.3), although the As(III)
formed tends to be short-lived in oxygenated postfire environments. Between 200 °C and 400 °C,
As(V) is rapidly reduced to As(IIl) in organic-rich soils, with reoxidation back to As(V) being
promoted at higher temperatures and longer heating durations®®. Both As(V) and As(III) phases
were observed in ash nanoparticles collected after a wildfire, suggesting that As(V) reduction and
As(11I) oxidation both occurred’®.

Both natural and anthropogenic metal(loid) sources can contribute to wildfire-induced
toxins®>86. Anthropogenic As sources (such as pesticides, smelting, coal from combustion, mining
and wood preservatives) can contribute to As release during wildfires’®#” . For example, soil and

ash collected from burned homes after wildfires in California contained 2—81 times as much As
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(predominantly As(V)) as did unburned wildland areas’*°. Although anthropogenic Cr sources,
which are similar to those of As, can be problematic, natural sources can also have a substantial
effect. Mafic and ultramafic geologies and their metamorphic equivalents, such as serpentinite,
lead to soil Cr(III) concentrations of 200—-60,000 mg kg ™' (2,650 mg kg™ average), which contrast
with those of metal-poor geologies, such as granites, often having soil Cr(IIl) concentrations less
than 200 mg kg! (ref. 91).

Biomass burning can serve as an additional source of metal toxins, depending on the
vegetation type®!. Common biomass ash constituents (such as Ca, Na, K and Mg oxides) can
enhance the oxidation of Cr(Ill) in plants and form highly soluble CaCrOs, Na;CrOas, K2CrO4 and
MgCrOs phases!®’%"78 For example, heating grass species to 500 °C and 900 °C led to the
conversion of 23% and 58%, respectively, of the total Cr in the ash to Cr(VI), suggesting that these
increases in Cr(VI) are caused by the oxidation of Cr(III) through biomass burning'®.

Volatilization contributes to the transport of Hg during wildfires®®%°. During pyrolysis,
particle-bound Hg(II) is reduced and volatilized as gaseous Hg(0), contributing to global Hg
transport through the re-emission of Hg in smoke’* ™ (Figure 2.3). However, particulate-Hg
species comprise less than 15% of total Hg emissions during fires. The amount of Hg emitted
following wildfires depends more on plant species, stand age, SOM and fire severity than on soil
parent material®>*°. For example, densely vegetated ecosystems with infrequent fire, such as
forests, accumulate high fuel loads and large amounts of Hg through dry and wet deposition; thus,
such ecosystems account for much of the remaining proportion of the total Hg released during
wildfires’s%°.

Similarly, volatilization also contributes to the transport of As. For example, As(V) was

reduced and subsequently emitted as arsine gas (AsH3z) during the burning of an As hyper-
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accumulating plant (brake fern, Pteris vittata), even at temperatures less than 400 °C (ref. 100).
The production of AsHs increased as temperatures increased from 100 °C to 800 °C (ref. 100).
Large amounts of biomass can promote pyrolysis, leading to the production of AsH3 at (pyrolysis)
temperatures above 150-200 °C (ref. 101). Interestingly, negligible As was released when rice
straw plants with trace As levels (~0.1-12 mg kg™!) were heated to individual temperature targets
or when temperature increased stepwise by 100 °C and held for 30 min from 300-900 °C (refs.
102,103). However, As emissions from burning biomass with greater As concentrations have been
observed during prescribed burns of rice (Oryza sativa) straw, which is a common agricultural
practice that heats soil to temperatures between 350 °C and 630 °C (ref. 104).
2.3. POST-FIRE SOIL CONDITIONS

The transformation of contaminants and metastable products (such as mineral dehydration
and rehydration and PyOM interactions) in soils following wildfires can affect the environmental
fate and transport of these components. Environmental conditions post fire, such as precipitation
or extended dry periods, can further transform these products. For example, depending on burn
severity, soil hydrophobicity promotes landscape-scale erosion and flooding during heavy

precipitation'®

. As with the geomorphological impacts of post-fire conditions, precipitation can
also induce biogeochemical reactions that affect soils for weeks to months after wildfires',
Various post-fire soil changes occur in mineral hydration, organo—mineral interactions, microbially
mediated PyOM decomposition, and redox cycling, as discussed here.
2.3.1 HYDRATION AND DEHYDRATION

After wildfires, ash and soil contain a mixture of fire-altered particles that differ in

reactivity and can mix with subsurface particles that did not experience heating. Reaction products

formed at high temperatures are often thermodynamically unstable under ambient climate, with
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their lifetimes depending on the temperature and humidity®’. Thermally altered minerals can revert
to their pre-fire phases by rehydration, rehydroxylation or carbonation. Rehydration influences the
physical characteristics of minerals including the size and surface area, ultimately altering their
surface reactivity. However, the capacity for mineral rehydration decreases with increasing
temperature. During rehydration, these minerals can undergo dissolution or recrystallization'?’.
Minerals that lose large amounts of mass during heating are most susceptible to water
incorporation, forming rehydroxylated minerals, which differs from water being adsorbed to
mineral surfaces!®1%° A mixture of dehydroxylated and partly rehydroxylated phases can persist
in post-fire soils with distinct reactivities. Consequently, dehydroxylation can decrease nutrient
availability in soils by leading to minerals that strongly absorb nutrients such as P (as
phosphate)'?’.

Post-fire soil biogeochemical processes, such as rehydration, dehydroxylation, or
carbonation, induce further alterations in the surface area and functional groups of minerals in the
soil. These changes can influence the reactivity of these minerals, which can affect nutrient and
toxin availability. Low-severity to moderate-severity fires induce the formation of more water-
extractable elements than high-intensity fires*®. For example, chloride salts in vegetation ash
formed by hydration, hydroxylation, and carbonation dissolve readily in water regardless of pH,
whereas carbonate and oxides formed by hydration have increased solubility under acidic
conditions. After severe wildfires, the loss of SOM and the formation of dehydrated phyllosilicate

minerals with collapsed interlayers reduce soil cation exchange owing to a decrease in adsorption

sites.
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2.3.2 ORGANO-MINERAL INTERACTIONS
Interactions between PyOM and soil minerals, such as metal oxides and

110,111

oxyhydroxides , in post-fire soils can increase the stability of PyOM by preventing abiotic and

biotic oxidation!'>!"®. For example, the chemical oxidation and biodegradation of laboratory-
generated PyOM decreased by 42.5% and 49.4%, respectively, when mixed with kaolinite5*!3,
Additionally, concentrations of benzene polycarboxylic acids, which are PyOM biomarkers, are
correlated with concentrations of organically bound Al (R? = 0.737) and Fe (R? = 0.573),
suggesting that increasing the concentration of organically bound metals or minerals decreases the
degradation of PyOM!!4-11¢,

Post-fire surface soils are typically well oxygenated, which increases the susceptibility of
PyOM functional groups to oxidation and increases PyOM polarity, solubility and reactivity. For
example, post-fire dissolved organic carbon (DOC) concentrations increase with increasing O/C
ratios (indicative of oxidation level) of PyOM because PyOM with high oxidation levels has
increased polarity and is therefore more water soluble!!”. PyOM with many O-containing
functional groups, such as carboxylic acids, typically has a negative surface charge in
environmental conditions, owing to functional group dissociation reactions''’. This negative
surface charge augments soil cation exchange capacity, enhancing the retention of plant-available
nutrients, and influences PyOM—mineral interactions in post-fire soils through cation bridging.
Divalent cations (such as Ca’>" and Mg?") electrostatically bridge oxidized, negatively charged
PyOM to negatively charged clay surfaces. Thus, calcic soils can increase the stability of PyOM.

Ligand exchange and van der Waals forces are also potential drivers of PyOM-mineral

interactions.
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PyOM can mediate electron transfer to minerals through its C matrices or by charging and
discharging its surface functional groups. This electron transfer can influence the biogeochemical
cycling of redox-active metals such as Fe and Mn (refs. 44,118-120), affecting mobility. After
low-severity and moderate-severity wildfires, the formation of specific functional groups in PyOM
influences redox properties between PyOM and soil minerals'!’®. For example, phenol, quinone,
and hydroquinone groups and aromatic C can accept and donate electrons**!!8-12! Phenolic groups
can be irreversibly oxidized, whereas quinones can be reversibly reduced. Condensed aromatic C,
which is formed during wildfires, becomes the dominant source of electron shuttling owing to its
high electrical conductivity!'®, Such mechanisms make electron transfer between laboratory-
generated PyOM and common soil minerals such as Mn oxides, Fe oxides and Fe chloride!'®!2!
thermodynamically favourable. For example, laboratory-generated, wood-derived PyOM at
concentrations of 5 and 10 g PyOM 1! can donate electrons during the Fe(IIl) reduction of
ferrihydrite!?!.

2.3.3 MICROBIAL DEGRADATION OF PYOM

Thermodynamic calculations and laboratory experiments!?*~127

suggest that PyOM is less
resistant (that is, more susceptible) to microbial degradation than previously thought. A 2008
analysis of PyOM with solid-state nuclear magnetic resonance spectroscopy, near-edge X-ray
absorption fine structure spectroscopy, and X-ray photoelectron spectroscopy of Brazilian soils

128 However,

suggested that PyOM remains stable in soils for centuries to millennia
thermodynamic calculations using representative PyOM and unburned dissolved organic matter
(DOM) compounds published in 2023 demonstrate substantial overlap between the predicted
metabolic rates of PyOM and DOM microbial degradation'?’. Thus, PyOM might not be as

markedly resistant to microbial degradation as previously presumed, especially when compared
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with unburned DOM. Additionally, SOM from high-severity fires has lower Gibbs free energy of
oxidation than SOM from low-severity fires and unburned areas, suggesting that high-severity
fires reduce the energy required for organic matter oxidation'%.

Laboratory measurements also support the notion of enhanced PyOM biodegradability.
PyOM produced by pyrolysing sewage sludge and pinewood was degraded by Fusarium
oxysporum and Pyronema domesticum fungi within 120 and 57 days, respectively!?>!1%°,
Additionally, upwards of 25% of C content and 25-67% of aromatic content from charred oak
leachates was biomineralized by a soil-derived microbial consortium within 10 days!?1%4,
However, it is unclear whether these results accurately represent PyOM degradation within burned
soils, which are influenced by complex environmental factors such as organo—mineral interactions
and soil redox conditions!!>!1313% Thuys, future research on PyOM microbial degradation should
incorporate these environmental factors to account for soil complexity. Despite this uncertainty,
these laboratory measurements clearly indicate that PyOM can be more susceptible to microbial
degradation than inferred from previous observations!3!3!,

Multiple explanations for the susceptibility of PyOM to microbial degradation have been
proposed, including enzyme-mediated degradation. For example, monooxygenase and
dioxygenase enzymes released by post-fire soil microorganisms could aid the degradation of
aromatic PyOM'?>!% The genes related to these aromatic PyOM degradation pathways have been
found to be upregulated by Leotiomycetes and Coniochaeata ligniaria fungi from wildfire-burned

129°and Pyronema fungi exposed to pyrolysed pinewood!?. Intermediate products formed in

soils
these degradation pathways, namely catechol and protocatechuate, can then be microbially

degraded to succinyl-coenzyme A and acetyl-coenzyme A, which feed into the citric acid

cycle!?>12%132 ‘Sych results imply that microbial degradation of aromatic PyOM can produce labile
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metabolites that can be funnelled into central microbial metabolic pathways. Thus, PyOM could
have a more important role in soil biochemical cycling than previously presumed.

ROS and EPFRs could also contribute to aromatic PyOM degradation'?*!2®, Microbial
exoenzymes generate ROS, such as hydroxyl radicals, which can oxidize condensed aromatic
PyOM into smaller molecules'?*!26, Thereafter, these degraded compounds can be further oxidized
to catechol and protocatechuate, feeding into the degradation pathways described above!?>!?,
ROS can also be formed by EPFRs derived from PyOM in post-fire soils**¢. These EPFRs can
persist for years following wildfires, effectively extending the impact of a wildfire on PyOM
degradation and soil biochemical cycling.

Additionally, nitrogen from PyOM can be microbially degraded into a plant-available form
and incorporated into plant biomass. For example, after 72 hours of incubation, 10% of the 1°N in
SN-enriched PyOM mixed in calcareous soil (classified under the US Department of Agriculture
system to the great group level as Rhodoxeralf) incubated with rye grass seeds was incorporated
into new grass biomass, likely owing to the degradation of pyrrolic N (ref. 133). Thus, beyond
serving as a carbon and energy source for microorganisms, PyOM could also provide a nutrient
source for pioneer vegetation in burned areas. Overall, PyOM, which can remain stable across
millennial timescales, can also be degraded within weeks and months under laboratory
conditions'?>1?®, Thus, to thoroughly evaluate the efficacy of PyOM as a carbon sink, further
research on PyOM biodegradability that accounts for the complexity of soil matrices must be
conducted.

2.3.4 REDOX CYCLING OF METAL TOXINS
Post-fire shifts in the dynamics of the soil microbial community and the reactivity of

minerals and SOM regulate the cycling of metal toxins, such as Cr, As and Hg. Abiotic and biotic
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redox reactions can either mitigate transport of these metal toxins in post-fire environments or
increase their abundance and therefore increase the risk of exposure.

Post-fire soil is typically oxygenated; thus, fire-generated As(IIl) is often short-lived
because it is oxidized by PyOM or through microbially mediated pathways. Phenol, semiquinone,
and nitrogenous functional groups can mediate As(III) oxidation. For example, electron-donating
phenol groups and semiquinone radicals and electron-accepting quinones of PyOM formed by
moderate-severity fires can oxidize As(IIl) directly or through the production of hydrogen
peroxide'*. The reduction of quinone produces phenols or semiquinone radicals, which can further
react with As(III). In PyOM generated by high-severity fire, As(III) can also be oxidized through
reactions with pyridinic or pyrrolic N, phenol groups, and semiquinone radicals'>*. In all postfire
conditions, reducing conditions favour the reduction of As(V) to As(Ill), which is mobilized in soil
porewater, contributing to possible As leaching and increased concentrations of aqueous As(III) in
shallow groundwater. However, research on post-fire changes to groundwater quality remains
sparse!.

Fire-generated Cr(VI) weakly adsorbs to soil minerals in alkaline conditions and is easily
displaced by other oxyanions, including phosphate and sulfate. These changes could potentially
make Cr(VI) more susceptible to leaching into surface waters, threatening aquatic habitats and

136

drinking water sources °°. Measurements of the amount of aqueous Cr(VI) formed after laboratory

heating have been used to estimate the potential post-fire risk of freshwater Cr(VI) pollution in Cr-

rich environments in New Caledonia'3®

. However, further field measurements of aqueous Cr(VI)
following wildfires and precipitation events are needed to verify whether such leaching occurs.

Dissolved Cr(VI) can be reduced to Cr(IIl), which is less soluble and more benign than

Cr(VI). The abiotic coupling of Cr(VI) reduction and Fe(Il) oxidation (including Fe(II) phases
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formed during wildfires) can result in the rapid precipitation of amorphous, mixed Cr(III)-Fe(III)

137,138

hydroxides , immobilizing Cr in surface soils and decreasing health threats. Increased PyOM

in post-fire soils can also promote Cr(VI) reduction by directly donating electrons to Cr(VI)!3°-14!
or by transferring electrons to proximal Fe(Ill) minerals producing Fe(II), which secondarily
reduces Cr(VI) to Cr(III)!*2,

With limited post-fire precipitation, fire-generated Cr(VI) can persist in soils. For example,
elevated Cr(VI) concentrations in soil and ash were observed compared with unburned areas nearly
a year after a severe wildfire in a serpentine chaparral®®, owing to continued dry conditions and
below-average precipitation over an 1l1-month period. Additionally, increased soil pH from
alkaline salts in ash formed by high-severity fire inhibits the adsorption of Cr(VI) onto soil
minerals and can augment post-fire Cr(IIl) oxidation by O2 (ref. 143), increasing the abundance of
Cr(VI). Oxidation of Cr(IIl) can also be aided by Mn(Ill) or Mn(IV) oxides, which are often
present in ash following biomass combustion!*?.

The duration of the post-fire threat from Hg depends on the rate of Hg oxidation. Wildfire-
derived black and white ash are not effective adsorbents of gaseous Hg (ref. 144), and gaseous Hg
emissions only persist for a short period after wildfires before being oxidized to Hg(I)!**. Ash-
associated Hg in post-fire soils is less bioavailable than Hg in unburned vegetation litter'#,

144,147

Additionally, aromatic PyOM!# and sulfide functional groups adsorb Hg, reducing its

bioavailability. Therefore, less than 1% of ash-associated Hg is expected to be released or
methylated in post-fire soils'*S.
2.4 ECOSYSTEM AND HUMAN HEALTH IMPACTS

Wildfire-driven changes in soil chemistry can affect revegetation, water quality, and air

quality, as discussed in this section.
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2.4.1 REVEGETATION

Wildfire-induced changes in soil health, which encompasses the chemical, physical, and
biological properties of soil, can determine the success of revegetation and influence the post-fire
recovery of an ecosystem. Many factors influence revegetation, including changes in soil pH, toxic
metal concentrations, nutrient availability, and SOM transformations. For example, karrikins — a
family of carboxylate esters (Figure 2.4) — promote the seed germination of plants such as

Arabidopsis'*. Karrikins can form under both combustion and pyrolysis conditions'# 148149

, making
them a potentially common germination promoter regardless of fire type!>’. Other molecular
classes produced by fires, such as PAHs, inhibit seed germination'*!** (Figure 2.4). Mass
spectrometry and other advanced analytical methods should be used to target these germination-
promoting and germination-inhibiting species in fire-impacted soils and unravel the factors driving
or preventing post-fire revegetation.
2.4.2 WATER QUALITY

Post-fire water quality is difficult to predict, owing to the confounding effects of several
factors, including the rate of vegetation recovery, sediment availability, basin morphology, and
precipitation patterns!>!~13, The variables that influence long-term soil and vegetation recovery
are understudied for many ecosystem types'>*, making it hard to predict the duration of decreases
in water quality. Fires also influence hydrological processes, leading to increased evaporative
losses, reduced soil infiltration'®, and increased runoff'>’; again, the extent to which these
processes are influenced is difficult to predict, owing to landscape and fire heterogeneity.
Landslides, debris flows, floods, and the introduction of particulate and dissolved contaminants to

streams can also decrease post-fire water quality!®>!*¢157 For example, sediment transport in

freshet is increased by 2—100 times following fire!>®!>, Increases in sediment and dissolved PyOM
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can be exacerbated by post-wildfire storms and spring snowmelt'>*!% increasing turbidity in

nearby water bodies and increasing the cost of water treatment and fixing damaged
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Figure 2.4. The ecosystem impacts of wildfire products. The structures of polycyclic aromatic
hydrocarbons (PAHs) and karrikins (KARs) formed by fire. PAHs can be oxidized via microbial,
fungal, and plant-derived extracellular enzymes, leading to eventual mineralization to CO,. KARs
can degrade growth-repressing proteins by first binding to an o/B-hydrolase receptor protein called
karrikin insensitive 2 (KAI2), inducing a change in the KAI2 shape. This conformation change
then allows KAI2 to bind to the F-box protein more axillary growth 2 (MAX2), which is a subunit
of the Skp, Cullin, F-box containing complex (SCF complex). This MAX2-SCF complex
(identified as SCFMAX2) then degrades a growth repressor, improving seed germination, leaf
morphogenesis, and photomorphogenesis. Thus, fire-induced products can have positive and
negative ecosystem impacts. The proposed karrikin signal transduction mechanism is adapted from
ref. 150 under a Creative Commons licence CC BY 4.0, and adapted with permission from ref.

202, Elsevier.

Erosion is a primary mechanism for the post-fire transport of pollutants, including charred
organic compounds, nutrients, and heavy metals, to nearby water bodies. The combustion of forest
vegetation and organic-rich soil increases post-fire erosion and decreases water quality, owing to
decreased soil stability from the loss of aboveground vegetation and roots'*!. The chemical
composition and concentrations of key nutrients in eroded material are influenced by burn severity,

time since fire, and hydrology>*!°1:153:165.166 However, the effects of burn extent in the watershed,
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burn severity, and post-fire precipitation events are often neglected in predictions of post-fire water
quality. Therefore, integrated approaches, which incorporate landscape-level physical changes
with chemical observations and climate, must be developed to assess the impact of fire on water
quality.

Wildfire-induced nutrient export is a key concern for surface water management'>* because
municipalities could be required to adapt treatment methods to handle increased N and P, sediment,
and DOM concentrations’®!1163167 Nitrogen fluxes in burned regions are 2—250 times as large as
in undisturbed areas. Additionally, P fluxes could be up to 400 times as large in burned watersheds
as they are in unburned watersheds®>!>!. Elevated nutrient concentrations in surface waters can
persist for over a decade following severe fires!'>>1¢6:168 but typically return to pre-fire levels within
5 years'®”. Areas with historic low-intensity fires are particularly vulnerable to increased
eutrophication, owing to the large amounts of N and P that are transported into streams and rivers
when plant nutrient demand decreases and soil nutrient availability increases?>!7%!7!,

The primary mechanism of transport is specific to each nutrient or contaminant. Dissolved
N leachate (primarily in the form of nitrate and ammonium) from burned watersheds can fertilize
and pollute streams, lakes, and reservoirs, putting drinking water infrastructure, aquatic
ecosystems, and recreational activities at risk'’>. Meanwhile, sediment erosion is the primary

173,174

vector of P transport in aquatic ecosystems , which can also contribute to eutrophication and

harmful algal blooms'”

. Nitrogen, P, and other nutrients (such as potassium or calcium) are often
identified as potential contaminants in fire-affected catchments; however, the concentrations of
these other nutrients are not widely regulated. Thus, the potential negative impacts of postfire

nutrient fluxes should be explored more thoroughly to optimize post-fire responses by water

quality managers.
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The effects of fire on surface water toxicity vary between trophic levels and are influenced
by the input of organic and inorganic compounds from burned watersheds!'’®. There have been
conflicting findings on the effects of aqueous ash extracts (AEA) on organisms such as Daphnia
magna, Danio rerio, and Aliivibrio fischeri (Table A2). Acute toxicity was observed on Daphnia
magna for AEA from three out of six ecosystems'’’. For example, Daphnia magna was negatively
affected by AEA from burned Australian eucalypt stands (pH 11.1) but not by AEA from Spanish
heathland (pH 9.1), demonstrating the influence of overstorey vegetation type and the relationship
between pH and ash toxicity!”’. Further, eucalyptus AEA from soil surfaces is toxic across trophic

levels, negatively affecting Danio rerio, Salamandra salamandra, Rana iberica, and human

178-181 178-180 181

cells , potentially owing to the presence of dissolved metals and methoxy phenols
However, overland flow from a burned (75%) eucalyptus plantation had no effect on Daphnia
magna despite high PAH concentrations'®?. Erosion-mediated dilution could mitigate the toxicity
of AEA in some scenarios. Fires also increase the concentration of PAHs and metals in the soil,
which can be transported to nearby water bodies*®**13¢ but the transport and fate of such
compounds are highly complex and must be further analysed to accurately predict fire-driven
contaminant risks.

The effect of burn severity on organisms is less clear than the effect of AEA concentrations.
Increasing fire severity led to increased soil toxicity for 4. fischeri in aqueous soil extracts from a
burned lodgepole pine forest, potentially owing to the formation of N-heterocycles and PAHs or
the release of heavy metals during burning®?. Additionally, fire severity negatively affected the
community composition of soil arthropods in a mixed hardwood forest in the southern United

183

States, but the fire products did not have any effect on aquatic arthropods'®”. Aquatic arthropods

184

in southern Australian artesian springs were also unaffected for 2 years after a fire'**. However,
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differences in the aquatic macroinvertebrate assemblage structures were observed between
reference and burned catchments 8 years after a fire in the Rocky Mountains, indicating that post-
fire toxicity can vary between regions'®®. Given the dynamic nature of aquatic systems, research
covering a range of spatial and temporal scales is needed to understand these contrasting results.
DOM from burned watersheds can form carcinogenic disinfection by-products (DBPs)

through chlorination during water treatment*136:187

. DBPs have been detected in post-fire
municipal water samples and are often attributed to increased concentrations of DOC and
suspended solids in local fire-impacted watersheds, which require more coagulants and
disinfectants during treatment, augmenting DBP formation. Nitrogenous DBPs (N-DBPs) are not
regulated'®®, and cell chronic cytotoxicity and acute genotoxicity assays suggest that N-DBPs
could pose greater health risks than carbonaceous DBPs, owing to the heightened biomolecular
nucleophilic substitution (Sn2) reactivity of N-DBPs which increases displacement of halogen
atoms'®®. Leachates from burned organic matter produce more N-DBPs than unburned organic

matter during chlorination*®:186:187

, possibly owing to N-enrichment in PyOM. Additionally, the
formation of haloacetonitrile (an N-DBP) was positively correlated with the watershed burned area
in water samples collected 12 years after a fire, highlighting the persistence of harmful N-DBP
precursors in post-fire environments'®.
2.4.3 SMOKE AND POST-FIRE DUST

In fire-affected soils, the composition and speciation of wind-dispersible particles influence
toxicity. Airborne particulate matter comprises silt-sized (2-50 um) and clay-sized (<2 pum)
particles, including PM10 (particles of <10 um aerodynamic diameter) and PM2.5. Clay-sized
particles have high surface area and dominate adsorption sites for surface-associated toxins and

86,190

nutrients , and they can be transported by wind or water. When inhaled, PM2.5 can penetrate
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191193 and oxidative

the lungs and be absorbed into the bloodstream, increasing the risk of cancer
stress.

The relative composition and toxicity of wildfire smoke are poorly understood'** and vary
with ecosystem type!” and fire temperature. Metals are among the hundreds of different types of
toxins present in airborne particulate matter during and after high-severity wildfires.
Superparamagnetic magnetite and maghaemite have also been observed in spherical particles
ranging from 0.1 to 2 um in diameter following wildfires and, owing to the fine particle size, can
be resuspended, with implications for direct toxicity and oxidative stress’’. Additionally, fire-
generated PAHs (particularly those with low molecular weight such as naphthalene and
phenanthrene), Hg, and As can be emitted as gases and transported long distances!**'® or
redistributed on the soil surface within ash!®’.

The duration of dust emissions and exposure caused by wildfire is likely to increase as
worsening droughts delay revegetation in burned ecosystems. Therefore, ash and surface toxins
will persist across widespread and sparsely covered wildland landscapes for increasing periods.
Increased dust emissions have been linked with large wildfires globally, occurring for days to
months after fires®. Future work further examining the composition, mineralogy, and formation
mechanisms of fire-generated fine particulates in surface soils is warranted.

2.5 SUMMARY AND FUTURE PERSPECTIVES

Wildfires can catalyse various molecular transformations, affecting the chemical properties
of post-fire soil (Figure 2.5). For example, PyOM contains both beneficial and toxic compounds,
such as karrikins, PAHs, and N-containing aromatic compounds, and PyOM is more soluble and

biodegradable than previously estimated. Wildfires can also alter the oxidation state of soil-borne

metals, generating hazardous and/or mobile species. Additionally, fire-induced and redox-induced
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changes in SOM can alter the speciation and toxicity of metal(loid)s, such as Cr and As. Fires can
also affect ecosystem and human health; for instance, PyOM can promote the growth of some fire-
adapted plant species while inhibiting others. The presence of PyOM in water can also lead to the
formation of carcinogenic DBPs during post-fire water treatment. Despite this progress towards
elucidating the chemical transformations and subsequent effects of fire-impacted soil, persistent

knowledge gaps remain.

a Fire as a catalyst b Post-fire soil conditions
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Figure 2.5. Wildfire-induced chemical changes and their impacts. a, Chemical reactions that occur
during fire, with toxic species indicated by a red box. b, Chemical reactions that occur after fire.
¢, The effects of the processes in a and b on ecosystems and human health. Fire-induced organic
and inorganic speciation changes during fire and environmental conditions post fire can influence
soil characteristics and broader ecosystem and human health. PyOM, pyrogenic organic matter;
SOM, soil organic matter.
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Integrated approaches to explicitly assess the impact of fire on water quality must be
developed to guide water treatment strategies. For example, it is not clear which PyOM molecules
act as DBP precursors and what mechanisms are responsible for DBP formation. Additionally,
there are no standard procedures for treating source water from burned watershed, despite known
increases in DBP concentrations post fire?” because most municipalities choose to divert this
water rather than treating it. Identifying DBP precursors and establishing protocols for treating
fire-impacted source water could allow optimized treatment of water from burned watersheds to
mitigate the formation of harmful DBPs. These approaches are particularly needed in regions
where water scarcity makes water managers reluctant to divert water that originates from or flows
through burned areas. Similarly, the molecular characteristics of metal toxins in post-fire soils that
influence aqueous mobility and longevity remain elusive. Identifying these characteristics,
especially in fine (nano)particulates, could improve understanding of post-fire transport of metal
toxins through watersheds.

Techniques to analyse low-molecular-weight organic molecules in burned soils are also
needed. Combining targeted and non-targeted mass spectrometry approaches will provide a
broader understanding of the molecules that regulate post-fire revegetation, DBP formation, C and
N cycling, and toxicity. For example, targeting karrikins in fire-impacted soils could elucidate
drivers that influence post-fire revegetation. Additionally, characterizing the metabolomic content
of post-fire soils could identify metabolites that influence microbial recolonization and soil
recovery, which are also important factors for revegetation'*?. Further mass spectrometry analysis
is also required to identify the pathways and controls on the formation of N-dense aromatic
compounds during wildfire, which according to the results of bacterial bioassays could contribute

to post-fire toxicity’”>. An improved understanding of N speciation will elucidate the
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biogeochemical roles of organic N in post-fire soils (as a toxin or bioavailable source of nitrogen)
and improve estimates of N cycling in post-fire soils, including gaseous emissions, leaching, and
bioavailability.

Fire-induced changes in the chemistry of metal particulates must be better understood to
predict the risk to human health from wildfires. Laboratory simulations, such as furnace burning,
allow for controlled burning at set temperatures and duration to mimic natural fires. But the
intensity of thermal reactions in a furnace can be exaggerated relative to natural soil conditions
during wildfires, because many laboratory experiments include only a few grams of solids (for
example synthetic minerals, soil or plant litter) that are heated for minutes to hours (typically <2
h). Further, sample cooling in furnace experiments could be substantially different from that
observed under field conditions. To account for this limitation, both laboratory and field
observations of metal speciation changes during and after fire are needed to provide greater insight
into how fires catalyse these reactions.

High-resolution electron microscopy (scanning and transmission), along with electron and
X-ray spectroscopic techniques, could be used to probe particle morphology, chemistry, and fine-
size distribution to provide insight on metal hazards in fire-impacted soils. A predictive framework
using these measures for fine particulate metal chemistry following wildfire, including changes in
particle size and surface area, is needed. Additionally, it is important to determine whether surface-
deposited and airborne metal toxins are derived from biomass burning or altered soil minerals
during wildfires because fire management decisions could vary depending on potential toxin
release or exposure. However, post-fire observations of surface ash and soil are likely to overlook
a large fraction of biomass-derived inorganic products that are released as particulate matter in

wildfire smoke or post-fire dust emissions. Therefore, further work coupling soil and biomass
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contributions is needed to identify the sources and environmental drivers of toxic metals in
particulate matter.

Future research must expand the range of landscapes, geographical locations, and post-fire
timescales covered. Existing research is largely focused on North American and European
ecosystems, and most of this research was conducted 1-5 years post fire. Given that toxicity,
vegetation, microbiome composition, and water quality remain distinct from pre-fire conditions
during this timeframe, longer-term studies are needed to provide more insight into the recovery of
burned ecosystems. Global increases in fire severity and frequency demand that these persisting
knowledge gaps are addressed to help manage wildfire risks to human health, soil health, and
ecosystem services.
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CHAPTER 3: FIRE IMPACTS ON THE SOIL METABOLOME AND ORGANIC MATTER

BIODEGRADABILITY?

3.1 INTRODUCTION

Wildfires are widespread ecosystem disturbances that burn millions of hectares each year
and are beneficial within fire-adapted environments.!™ However, over the past five decades,
wildfires have become more frequent, severe (i.e., more vegetation and organic matter are
consumed during burning), intense (i.e., higher temperatures and energy output), and are projected
to increase in size.’® Thus, understanding how wildfires impact terrestrial ecosystems and the soils
that support them is essential.

Wildfires change the composition of both soil organic matter (SOM) (a heterogeneous
mixture of organic molecules ranging from low-molecular weight metabolites to lignin-like,
proteinaceous, and humic-like substrates) and the soil microbiome (an assemblage of archaea,
bacteria, fungi, and viruses).” SOM serves as carbon and energy sources for microbes, and
microbial metabolism of SOM depends on SOM composition.'® Wildfires disrupt the interplay

1

between SOM and microbial communities by reducing soil microbial biomass,!! decreasing

microbial Shannon’s diversity,'? shifting microbial community composition (e.g., enrichment in

)12,13

Actinobacteria  and loss of ectomycorrhizal fungi and function (e.g., increased

) 12,14-17
b

thermotolerance and aromatic organic matter degradation altering soil mycorrhizal-plant

associations,'® and changing SOM composition.”!%!82! Therefore, studying linkages between

2Reproduced with permissions from VanderRoest, J. P.; Fowler, J. A.; Rhoades, C. C.; Roth, H. K.; Broeckling, C.
D.; Fegel, T. S.; McKenna, A. M.; Bechtold, E. K.; Boot, C. M.; Wilkins, M. J.; Borch, T. Fire Impacts on the Soil
Metabolome and Organic Matter Biodegradability. Environmental Science and Technology. 2024, 58, 4167-4180.
https://doi.org/10.1021/acs.est.3c09797. Copyright 2024, American Chemical Society.
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postfire SOM composition and microbial community structure is essential to understand the extent
that microbes metabolize SOM in burned soils to fuel postfire microbial recolonization and soil
recovery.

Extensive work has evaluated the impact of wildfires on SOM and the formation,
composition, and reactivity of pyrogenic organic matter (PyOM), which is thermochemically
altered organic matter.>'®2!1-3¢ PyOM can be highly resistant to biological degradation compared
to unburned OM, with half-lives ranging over millennial time scales (~500 to 8000 years).?>"’
However, recent review papers and laboratory studies indicate that PyOM can exhibit varying
degrees of biodegradability with certain carbon pools featuring half-lives of a few weeks to
months.?>*338 Fischer et al. observed PyOM metabolism by incubating fungi with '*C-labeled
burned pine wood for 57 days and detected the release of respired *C-labeled CO,.>* Goranov et
al. and Bostick et al. conducted incubations of aqueous extracts of burned oak wood with soil-
extracted microbes and, respectively, observed a 16% decrease in C content and a 25 to 67%
decrease in aromatic content after only 10 days.***! These studies demonstrate rapid PyOM
metabolism that includes aromatic substrates previously considered highly resistant to

biodegradation.?**!

However, laboratory studies have not historically accounted for the
polyfunctionality, polydispersity, and molecular complexity of soils, soil carbon, and
environmental factors that influence SOM biodegradation (e.g., organo-mineral interactions, soil
redox conditions).*** Therefore, it is necessary to evaluate 1) if the biodegradability of
laboratory-produced PyOM accurately represents SOM biodegradability in wildfire-burned soils
and 2) what biochemical mechanisms drive PyOM degradation.

Prior studies propose mechanisms for aromatic SOM biodegradation in burned soils, but

those mechanisms have not been confirmed with chemical analyses such as mass spectrometry.'>*
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Fischer et al. and Nelson et al. observed the expression of genes associated with the degradation
of aromatic molecules within microbial communities that were either incubated with pyrogenic
carbon or collected from wildfire-burned soils.'?*° Both studies independently proposed pathways
that generate two key intermediate compounds: catechol and protocatechuate.'?*° The proposed
end products of the degradation are the coenzymes succinyl-CoA and acetyl-CoA, which feed into
the citric acid cycle: a central metabolic pathway that releases stored energy from carbohydrates,
fats, and proteins, fueling microbial activity.'>* These proposed pathways suggest that PyOM,
which can remain stable for centuries, can also be metabolized and transformed into metabolites
that funnel into key metabolic pathways. However, the proposed pathways were inferred based
only on the presence and expression of genes associated with aromatic compound degradation.
With the exception of catechol, no other intermediates in these pathways have been detected in
burned soils.*> Moreover, detailed metabolomics analysis of SOM from burned soils has not yet
been conducted, so the relative abundance of low-molecular weight metabolites (e.g., saccharides,
organic acids, and amino acids) in burned soils remains unknown.

Mass spectrometry can address these knowledge gaps by detecting metabolites and
determining broader SOM composition. Pyrolysis gas chromatography—mass spectrometry (GC-
MS) has been used to detect low molecular weight molecules in burned soils to examine general
changes in postfire SOM composition rather than determining shifts in metabolite content related
to microbial metabolism.*->! Therefore, GC-MS, which can target specific molecules (targeted
analysis) and annotate detected peaks (nontargeted analysis), could be used to elucidate the
unknown pools of metabolites in burned soils that likely interact with active microbial
assemblages.’>>* While ideal for detecting specific metabolites, GC-MS features relatively low

mass resolution and mass accuracy, limiting its ability to evaluate SOM composition broadly.

93



Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has high mass
resolving power (up to 3,000,000 at m/z 200), high accuracy (subppm mass measurement error),
and assigns molecular formulas across a wide mass range (175—1200 Da).>* Due to the complexity
of SOM, FT-ICR MS is an ideal technique for elucidating SOM composition broadly to
compensate for the resolution limitations of GC-MS,!%:18:19.24.35.56

We simulated a wildfire using a controlled pyrocosm approach®’ to elucidate SOM
composition changes associated with microbial activity in burned soil. The objectives were to 1)
characterize SOM and microbial community composition throughout the first month following
fire, 2) identify postfire shifts in the soil metabolome and metabolite abundances, and 3) determine
how changes in SOM composition correspond to microbial community structure. We hypothesized
that 1) soil microbes present immediately after burning would mineralize SOM and release CO»
and that 2) intermediate metabolites in aromatic degradation pathways - namely, catechol,
protocatechuate, and citric acid cycle metabolites - would be enriched in burned soil.!>*° We
addressed these objectives and hypotheses by characterizing SOM composition at the molecular
level with GC-MS and FT-ICR MS and by characterizing soil microbiome composition using16S
rRNA gene and ITS amplicon sequencing.
3.2 MATERIALS AND METHODS
3.2.1 PYROCOSM PREPARATION AND BURNING

Mineral soil and forest litter were collected in August 2022 from an unburned portion of a
lodgepole-pine-dominated (Pinus contorta) forest located along Long Draw Road near Cameron
Pass, Colorado (40° 30’ 55.4400” N and 105° 46’ 4.9080” W) with an approximate elevation of
3050 m.>® Total annual precipitation averages 783 mm, and mean annual temperature is 1.1 °C

with average annual minima and maxima of —6.4 °C and 8.8 °C, respectively.’® This location is
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representative of a subalpine forest that is burned by wildfires. After removing the litter layer and
O-horizon, mineral soil was collected at a depth of 0—10 cm, sieved to 4 mm sieve, homogenized
by mixing, and added into pyrocosms.

Pyrocosms simulate a wildfire burn and provide control over experimental variables (e.g.,
soil type, fuel type, burn duration).>’ The pyrocosms were 53 L galvanized steel buckets (56 cm in
length, 25 cm in height, and 38 cm in width) with holes (0.56 cm diameter) drilled into the sides
of the pyrocosm (Figure 3.1). K-type thermocouples (Extech Instruments) were inserted at depths
of 1, 5, 8, and 12 cm below the mineral soil surface for three pyrocosms that were going to be
burned labeled “B1,” “B2,” and “B3” (”B” representing burned). The tips of the thermocouples
reached the central area of the B1, B2, and B3 pyrocosms. Three control pyrocosms were labeled

“UB1,” “UB2,"” and “UB3” ("UB” representing unburned).

12 cm

® = thermocouple placement

Figure 3.1. Schematic of pyrocosm and thermocouple placement. The dimensions of the pyrocosm
were 56 cm in length, 25 cm in height, and 38 cm in width. Figure was produced using images
from Microsoft Powerpoint.

The pyrocosms were transported to the Colorado State University Agricultural Research,
Development, and Education Center (ARDEC). The B1, B2, and B3 pyrocosms were dug 4.5 m
apart to a depth at which the mineral soil inside the pyrocosms was level with the surrounding soil.

The UBI1, UB2, and UB3 pyrocosms were positioned approximately 30 m away from the B1, B2,

and B3 pyrocosms. The collected forest litter was added on top of all six pyrocosms to a depth of
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approximately 2 cm. The average gravimetric water content of the six pyrocosms prior to burning
was 8.6 £ 1.1%.

Approximately 21 kg of lodgepole pine wood was burned on each of the B1, B2, and B3
pyrocosms (Figure 3.2), and soil temperature was monitored during burning (Figure 3.3). The
measured temperatures were representative of a high intensity wildfire.> No wood was burned on
top of the UB1, UB2, or UB3 pyrocosms. The morning after the burns (referred to as “Day 07), a
soil density core (6 cm diameter, 10 cm height) was inserted into each of the six pyrocosms. The
ash layer in the core was discarded for B1, B2, and B3, and the forest litter layer in the core was
discarded for UB1, UB2, and UB3. Mineral soil was sampled from the core to a depth of 0—5 cm.
Next, 2 L of Milli-Q water (18 MQ cm) was added to all pyrocosms to simulate a 1.27 cm
precipitation event which falls within the range of precipitation events occurring within Cameron
Pass.’® No additional water was deliberately added to the pyrocosms. Limited natural precipitation

events did occur during the soil sampling period (Figure 3.4).%

Figure 3.2. Pyrocosm assembly and ignition. (A) Mineral soil samples that were packed into the
pyrocosms. (B) Pyrocosm being dug into a barren agricultural field with thermocouples inserted
into the pyrocosm. (C) Igniting the pyrocosms. (D) Three replicates of burned pyrocosms.

96



600
500
_3
7}
(‘3 400 e 1cm
[1h]
% 300 Scm
ﬂé_zoo ®E 8cm
@ 12 cm
F 100

0 2 4 6 8 10120 2 4 6 8 10120 2 4 6 8 10 12
Time (hours)

Figure 3.3. Soil temperatures at various depths of the three burned pyrocosms (B1, B2, and B3)
measured with thermocouples. Note: the 1 cm thermocouple in B3 featuring lower initial
temperature measurements compared to the other 1 cm thermocouples in B3 was unplugged and
re-plugged into its datalogger at approximately the four-hour mark of the burn event. After this
adjustment, the temperature measurements of that seemingly faulty thermocouple were
comparable to the other 1 cm thermocouples in B3.
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Figure 3.4. Schematic for soil sampling dates. Each tick mark represents one day. Raindrop icon
indicates a precipitation event. Precipitation data was acquired from Colorado State University’s
CoAgMET agricultural weather station database.®® The figure was created with BioRender.com
and Microsoft Powerpoint. See Table 3.1 for a description of what analytical techniques for soils
collected on each sampling day.
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Mineral soil samples (0—5 cm) were collected 3 days ("Day 3”), 7 days ("Day 7”), 14 days
(Day 14”), and 28 days ("Day 28”) after the burn event, generating a total of 30 mineral soil
samples for the entire study that were stored in zip-top bags in a fridge at 4 °C (Figure 3.4).
Subsamples of all 30 soil samples were stored in sterile Whirlpak bags (Uline, Pleasant Prairie,
WI, USA) in a —80 °C freezer for later microbial analyses. During this 28-day sampling period,
the pyrocosms were left at ARDEC and were not disturbed or covered. This 28-day sampling
period was selected due to the paucity of studies examining immediate postfire alterations to SOM
and soil microbes whereas studies sampling soil multiple months and years postfire are

12.13.18.24.55.61.62 pyrocosms were used in this experiment for the following

comparatively common.
reasons. Inserting thermocouples into the pyrocosms allowed for soil temperature monitoring
which is essential for evaluating the intensity of the burns. Within this experiment, high intensity
burn conditions were observed. Sampling soils immediately after burning is convenient with
pyrocosms which is often unachievable with naturally burned areas. Pyrocosms feature burned
soils which model the complex, heterogenous soil systems found in naturally burned areas which
is not present in laboratory studies. Additionally, post-fire areas are affected by environmental
conditions such as wind deposition of microbes, diurnal fluctuations in temperature, and
precipitation events. Using pyrocosms incorporates this variability of environmental conditions
into the experimental design, making the results more representative of a naturally burned system

compared to laboratory studies. See Table 3.1 for a summary of the analytical techniques

employed for each soil sample.
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Table 3.1. Analytical techniques employed for each soil sample. “X” indicates that the technique
indicates that the technique was not used.

{313

was used while

Technique: Sampling Day
Day 0 Day 3 Day 7 Day 14 Day 28
Total Soil Carbon X X X X
and Nitrogen
pH X
Water X
Extractable
Organic Carbon
Water X
Extractable Total
Nitrogen
Ammonium
Gas
Chromatography-
Mass
Spectrometry
Fourier X - - - X
Transform Ion
Cyclotron
Resonance Mass
Spectrometry
Soil CO» X - X - X
Respiration
Incubation
Microbial X X X X X
Analyses

X X X
X X X

e

=
=
=
=

olte
olte
olte
olte
olte

3.2.2 SOIL CARBON AND NITROGEN

Air-dried, 2-mm sieved mineral soil was ground and sieved through a 125-pum sieve. Total
carbon and total nitrogen were measured using a Carbon Nitrogen Analyzer (VELP Scientifica CN
802, Deer Park, NY, USA).
3.2.3 SOIL PH

For each soil sample, 20 g of air-dried (24 h at room temperature), 2-mm sieved mineral
soil was shaken with 40 mL of Milli-Q water for 1 h. A Thermo Scientific Orion Star A215

pH/conductivity meter and a Thermo Scientific Orion Double Junction pH probe were calibrated
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with VWR pH reference standards, and the pH electrode was inserted into the soil-water slurry
after shaking the soil slurry by hand to resuspend the soil. Then, 2 mL of a 0.21 M solution of
CaCl; (Fisher Chemical) was added to each sample to produce a final concentration of 0.01 M
CaCl,. These soil-water slurries were shaken by hand, and pH was measured.
3.2.4 WATER-EXTRACTABLE ORGANIC CARBON AND WATER-EXTRACTABLE TOTAL
NITROGEN

For each soil sample, 20 g of air-dried (24 h at room temperature), 2-mm sieved soil, and
100 mL of Milli-Q water was shaken for 1 h at 200 rpm. The supernatant from each sample was
then filtered through 0.45 pm glass fiber filter (Advantec MFS, Inc.). Dissolved organic carbon
and dissolved total nitrogen for each sample were measured using a TOC-L Shimadzu analyzer
(Shimadzu Corporation, Columbia, MD, USA). The measured dissolved organic carbon and
dissolved total nitrogen mass were then normalized to the mass of soil to calculate water-
extractable organic carbon and water-extractable total nitrogen, respectively.
3.2.5 AMMONIUM

For each soil sample, 10 g of air-dried, 2-mm sieved mineral soil was shaken with 50 mL
of 2 M KCl for 1 h followed by filtration through alpha cotton cellulose filter paper (Whatman
plc). Ammonium concentrations were measured using a flow injection analyzer (Lachat
QuikChem, 8500, Hach Scientific, Loveland, CO).
3.2.6 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)

Soil-water extracts were filtered, derivatized via methoximation and silylation, and
analyzed with an electron impact, Thermo Trace 1310 GC coupled with ISQ single quadruple MS
with liquid autosampler. For each soil sample, 2 g of air-dried, 2-mm sieved soil, 4 mL of Milli-Q

water, and 4 mL of 1 ug/mL *C-glucose solution were added to a 15 mL centrifuge tube which
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was shaken for 210 rpm for 1 hour followed by centrifugation. This process was repeated for a 15-
mL centrifuge tube without soil to act as an experimental blank. The supernatant was filtered
through a nylon 0.45 um pore size, 13 mm diameter filter (Celltreat Scientific Products) into a 20
mL scintillation vial. From each sample, 0.5 mL of filtrate was pooled into a 20 mL scintillation
vial to generate a pooled quality control sample. For each sample, 1 mL of filtrate was transferred
to a 1.5 mL Eppendorf tube. Five 1 mL aliquots of the pooled quality control sample were
transferred to separate 1.5 mL Eppendorf tubes. All Eppendorf tubes were then lyophilized
followed by the addition of 75 uL of Milli-Q water and 175 pL of methanol (HPLC grade, Sigma-
Aldrich Chemical Co.) to each Eppendorf tube which were then vortexed and stored in a -20°C
freezer for 15 h. After centrifugation, 200 pL of supernatant from each Eppendorf tube were
transferred to separate Thermo Scientific 12 x 32 mm Amber Target DP vials which were then
dried under nitrogen gas.

The blank, five pooled quality control samples, and soil extracts were derivatized via the
following procedure. Fifty milliliters of 25 mg/mL methoxyamine hydrochloride (Sigma Aldrich,
>98% purity) in pyridine (Sigma Aldrich, >99% purity) was added to each vial followed by
vortexing for 20 s and an incubation at 60°C for 45 min. The vials were vortexed for 20 s, sonicated
for 10 min, and then incubated again at 60°C for 45 min. After centrifugation, 50 uL of N-methyl-
N-(trimethylsilyl)trifluoroacetamide (MSTFA) + 1% trimethylchlorosilane (TMCS) (Thermo-
Scientific) was added to each vial followed by vortexing for 30 s and a 30 min incubation at 60°C.
After centrifugation, the contents of the vials were transferred to glass inserts which were placed
back in the vials. For samples that had precipitates in the bottom of the glass inserts, 80 pL of the
supernatant was transferred to a new glass insert. The samples were then analyzed through GC-

MS (Thermo Trace 1310 GC coupled with ISQ single quadruple MS with liquid autosampler).
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Samples (1 uL) were injected at a 10:1 split ratio to a 30 m DB-5ms column (Agilent, 0.25
mm i.d., 0.25 um film thickness; P/N# 122-5532) with a 1.2 mL/min helium gas flow rate. GC
inlet was held at 285°C. The oven program starts at 80°C for 1 min, followed by a ramp of
15°C/min to 330°C and a 7 min hold. Masses between 50-650 m/z were scanned at 5 scans/s under
electron impact ionization. Transfer line and ion source were held at 300 and 260°C, respectively.

Chromatogram peaks were integrated using Chromeleon 7 software (Thermo Fisher). Non-
targeted analysis was conducted using ADAP-BIG (Java Version: 19.0.1, Du-Lab) software and
ADAP-KDB (Beta Version, Du-Lab, accessed 2/8/2023) website. The following databases were
used for peak annotation: ADAP-KDB Consensus Spectra, MS-DIAL GCMS Library with Kovats
RI, and MassBank 2022.06 (GC-MS). Experimental spectra were compared to library spectra
using NIST MS Search (Version 2.3). Peak areas were normalized via total ion current
normalization. Zero values for each metabolite were replaced with 10% of the minimum
abundance value of the corresponding metabolite. These normalized peak areas with the replaced
zero values were Pareto-scaled prior to principal component analysis and nonparametric
permutational multivariate analysis of variance (PERMANOVA) analysis. For PERMANOVA
analysis, the pareto-scaled peak areas were transformed into a Euclidean distance matrix within
the “adonis2” function in the R-programming vegan package.®® Euclidean distance matrices were
used for PERMANOVA analysis because they are commonly used distance matrices that work
especially well for compact and isolated clusters which were evident in the PCA plots of Figure 2
and Figure S12 figure.®*® R programming code for PERMANOVA analysis for the PCA plots and
raw GC-MS data files can be found at this public data repository:

https://github.com/jacobvanderroest/Pyrocosm_Project JPV.
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Additionally, the data in Figure 2 are of considerable quality based on two lines of
evidence: 1). The quality control samples (which are a mixture of burned and unburned soil water
extracts) plotted in between the burned and unburned samples in Figure 2A. 2). The unnormalized
and total ion current normalized coefficient of variation values for the '*C-labelled glucose internal
standard peak areas in the quality controls were 6.0% and 6.5% respectively (see Equation 3.1).

Equation 3.1. Coefticient of variation=

Standard deviation of '*C-labelled glucose internal standard peak values in quality control samples

*100%

Average '>C-labelled glucose internal standard peak values in quality control samples
Peaks that were annotated as a saccharide molecule were referred to simply as “saccharide”
and arbitrarily assigned a corresponding number to distinguish them. This was conducted because
annotating specific saccharides and assigning chemical identities can be unclear. For example,
galactose, glucose, and mannose all have the same molecular weight (180.2 g/mol) and only differ
by the stereochemistry of hydroxyl groups, resulting in similar fragmentation patterns. Thus, we
have low confidence in assigning specific saccharide identities. Therefore, a more conservative
annotation approach was used by referring to annotated saccharides as “saccharide” rather than
assigning specific chemical identities (e.g., glucose or galactose).

Catechol and protocatechuate were detected by running catechol (Sigma Aldrich, >99 %
purity) and protocatechuate (Sigma Aldrich, >97 % purity) standards on the GC-MS instrument
and extracting ion chromatograms to detect these specific molecules. For ion chromatogram
analysis, a 254 MS quantitation peak was used for catechol, and a 193 MS quantitation peak was

used for protocatechuate.
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3.2.7 TWENTY-ONE TESLA FOURIER TRANSFORM ION CYCLOTRON RESONANCE
MASS SPECTROMETRY (FT-ICR MS)

For each sample, 50 g of air-dried, 2-mm sieved soil sample and 100 mL of Milli-Q water
were shaken for 19 hr at 170 rpm. After centrifugation, the supernatant was filtered through a 0.22
um polyethersulfone membrane (Merck Millipore Ltd.) using a vacuum flask-based filtration
manifold. The extract was acidified to a pH of 2 using a 37 % HCI solution (Fisher Chemical) and
concentrated via solid phase extraction according to Dittmar et al. (2008).°® Agilent Bond Elut PPL
(Priority Pollutant) styrene-divinylbenzene polymer cartridges (3 mL, 200 mg) were first rinsed
with 15 mL of methanol (HPLC grade, Sigma-Aldrich Chemical Co.) and then rinsed with 15 mL
of pH 2 water. Each extract sample was passed through its own PPL cartridge followed by another
rinse of 15 mL of pH 2 water to remove any salts. Each sample was eluted from its cartridge by
passing 2 mL of grade methanol HPLC grade, Sigma-Aldrich Chemical Co.) through the cartridge
and collecting the eluent in a clean glass test tube (combusted at 400°C). The eluent was transferred
to Thermo Scientific 12 x 32 mm Amber Target DP vials, and those vials were then sent to the
High Magnetic Field Laboratory at Florida State University for FT-ICR MS analysis.

Sample solution was infused via a microelectrospray source (50 pum i.d. fused silica
emitter) at 500 nL/min by a syringe pump.%” For negative-ion electrospray ionization formation,
the emitter voltage ranged from -2.4 to -2.9 kV, the S-lens retention factor level was 45 %, and the
temperature of the heated metal capillary was 350°C. For positive-ion electrospray ionization
formation, the emitter voltage ranged from 2.4 to 2.9 kV, the S-lens retention factor level was 45
%, and the temperature of the heated metal capillary was 350°C. Extracts were analyzed with a
custom-built hybrid linear ion trap FT-ICR mass spectrometer equipped with a 21 T

superconducting solenoid magnet.®% Tons were initially accumulated in an external multipole ion
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guide (1-5 ms) and released m/z-dependently by decrease of an auxiliary radio frequency potential
between the multipole rods and the end-cap electrode.’” Ions were excited to m/z-dependent radius
to maximize the dynamic range and number of observed mass spectral peaks (32-64 %), and
excitation and detection were performed on the same pair of electrodes.”! The dynamically
harmonized ICR cell in the 21 T FT-ICR is operated with 6 V trapping potential.”®’> Time-domain
transients of 3.1 s were conditionally co-added and acquired with the Predator data station that
handled excitation and detection only, initiated by a TTL trigger from the commercial Thermo data
station, with 100 time-domain acquisitions summed for all experiments.”> Mass spectra were
phase-corrected’* and internally calibrated with 10-15 highly abundant homologous series that
span the entire molecular weight distribution based on the “walking” calibration method.”
Experimentally measured masses were converted from the International Union of Pure and
Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale’® for rapid identification of
homologous series for each heteroatom class (i.e., species with the same C.H;N,O,S; content,
differing only by degree of alkylation).”” Peaks with signal magnitude greater than six times the
baseline root-mean-square (rms) noise at m/z 500 were exported to peak lists.

Molecular formula assignments and data visualization were performed with PetroOrg ©
software.”® Molecular formulas containing carbon (C), hydrogen (H), oxygen (O), nitrogen (N),
and sulfur (S) were assigned using the experimentally measured masses.’®®! Singly charged ions
(170-1200 Da) were assigned molecular formulae within the bounds of Ci-150H1-20001-40No-4S0-2
for negative ESI samples and C-150H2-20001-35N0-4S0-2 Nao.1 for positive ESI samples.”® Molecular
formulae assignments with an error > 0.35 parts-per-million were discarded. Modified aromaticity
index (Almod) and nominal oxidation state of carbon (NOSC) were calculated for each formula, as

described by Koch and Dittmar (2006, 2016) and Riedel et al. (2012), respectively.3?* Molecular
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formulae were classified by heteroatomic content (CHO, CHON, CHOS or CHONS) and
categorized based on their elemental ratios and Almod. For all mass spectra presented herein,
between 9,891 and 21,150 peaks were assigned elemental compositions with root-mean-square
mass measurement accuracy of 26 to 36 ppb with an average achieved resolving power of
3,400,000 at m/z 200. Tables 3.2 and 3.3 show the number of assignments and average root-mean-
square (RMS) error for all assigned species present in this publication. All 21 T FT-ICR MS files
and elemental composition assignments are publicly available via the Open Science Framework at

DOI 10.17605/0OSF.1I0/PB8QU (https://ost.io/pb&qu/).

Table 3.2: Additional data from negative-mode FT-ICR MS analysis. No Na-adducts were
assigned in negative-mode.

Total detected peaks 35152 24818 56039 35205
Number of assigned molecular 16526 12515 21150 13944
formulae (including isotopes)
Average root-mean-square mass 35 29 36 28
error (including isotopes) (ppb)
Number of assigned molecular 9362 8364 12892 9033
formulae (excluding isotopes)
Average root-mean-square mass 32 29 35 27
error (excluding isotopes) (ppb)
Number of nitrogen-containing 1792 3920 3174 4035
molecular formulae
Maximum m/z ratio 1015.2 799.2 1043.2 719.2
Minimum m/z ratio 187.2 175.0 187.0 175.0
Mass resolving power at 200 m/z 3312204 3555659 3460896 3474171

3.2.8 SOIL CO2 RESPRIATION INCUBATIONS

Soil CO; respiration measurements were conducted with burned and unburned soil
collected on Day 0, Day 14, and Day 28. The five replicates of Day 0, Day 14, and Day 28 burned
and unburned soil samples were air-dried overnight, generating a total of 30 subsamples. For each
subsample, approximately 20 g of air-dried soil and 6.7 mL of Milli-Q water were added to 120

mL plastic beakers. The beakers were placed individually in half-gallon jars with an airtight lid
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featuring a rubber septum and stored in the dark in a constant temperature room (25 °C).» CO»
accumulation in the jar headspace was measured using an infrared gas analyzer (IRGA, model LI-
6252, LICOR). After flushing the jars with CO»-free air (prepared by passing compressed air

through soda lime), a subsample of the jar headspace (1 to 10 mL) was extracted using a syringe

Table 3.3: Additional data from positive-mode FT-ICR MS analisis

Total detected peaks 24545 14482 26624 26063
Number of assigned molecular 13888 9891 15101 14086
formulae (including Na adducts and
isotopes)
Average root-mean-square mass 31 26 30 32

error (including and Na adducts and
isotopes) (ppb)
Number of assigned molecular 8914 7485 10245 10322
formulae (including Na adducts,
excluding isotopes)
Average root-mean-square mass 29 26 29 32
error (including Na adducts,
excluding adducts) (ppb)

Number of assigned molecular 6674 7030 8698 9476
formulae (excluding Na adducts and
isotopes)
Average root-mean-square mass 28 26 29 31

error (excluding Na adducts and
isotopes) (ppm)

Number of nitrogen-containing 2262 5412 3275 7233
molecular formulae
Maximum m/z ratio 899.3 705.3 955.3 705.4
Minimum m/z ratio 175.1 175.1 186.1 175.1

Mass resolving power at 200 m/z 3349013 3367886 3150174 3283490

and injected into the gas analyzer, generating a baseline CO2> measurement. During the next
measurement, the measured CO> quantity in the jar headspace was subtracted by the prior CO2
quantity to quantify CO> emitted between sampling points. The jars were then flushed with CO»-

free air to prevent the jars from becoming too concentrated with COz, and the baseline CO-
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quantity was measured. This was repeated each time a CO> measurement was made, and the
accumulated CO; values were summed to calculate the total CO2 emitted.
3.2.9 MICROBIAL ANALYSES - DNA EXTRACTION AND 16S rRNA GENE AND ITS
AMPLICON SEQUENCING

Genomic DNA was extracted from each soil sample using the DNeasy PowerMax Soil Kit
followed by concentration using a vacuum centrifuge for the burned samples and the DNeasy
PowerLyzer PowerSoil Kit (Qiagen) for unburned soils following the manufacturer’s protocol.
Each kit utilizes the same fundamental chemistry, but the PowerLyzer Kit uses only 0.25 g of input
compared to 10 g used in the PowerMax kit providing detectable DNA extraction from low
biomass samples. Amplicon libraries were prepared using a single step PCR. Soil bacterial and
archaeal communities were amplified using the V4 region of the 16S rRNA gene with the primers
515F86 (5'-AATGATACGGCGACCACCGAGATCTACACGCT XXXXXXXXXXXX
TATGGTAATT GT GTGYCAGCMGCCGCGGTAA-3', where this sequence includes the 5’
[llumina adapter, the Golay barcode, the forward primer pad, the forward primer linker, and the
forward primer, respectively) and 806R (5- CAAGCAGAAGACGGCATACGAGAT
AGTCAGCCAG CC GGACTACNVGGGTWTCTAAT-3', where this sequence includes the
reverse compliment of the 3’ [llumina adapter, the reverse primer pad, the reverse primer linker,
and the reverse primer, respectively).!” Soil fungal communities were amplified using the first
internal transcribed spacer (ITS1) of the rDNA with the primers ITS 1f (5'-
AATGATACGGCGACCACCGAGATCTACAC GG CTTGGTCATTTAGAGGAAGTAA -3,
where this sequence includes the Illumina adapter, the forward primer linker, and the forward
primer, respectively) and ITS2(5- CAAGCAGAAGACGGCATACGAGAT NNNNNNNNNN

CG GCTGCGTTCTTCATCGATGC-3', where this sequence includes the reverse compliment of
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the 3’ Illumina adapter, the Golay barcode, the reverse primer linker, and the reverse primer,
respectively).®® All primers were modified to include Illumina adaptors and unique barcodes as
done in the Earth Microbiome Project (EMP) (https://earthmicrobiome.org/).* The EMP PCR
protocol was modified to use Platinum II Hot Start PCR Master Mix (Invitrogen). PCR products
were normalized using SequalPrep Normalization Plate Kit (Applied Biosystems). Pooled DNA
products were sequenced on the Illumina MiSeq Platform using 251 bp paired-end sequencing
chemistry at the Microbial Community Sequencing Lab (University of Colorado Boulder).

QIIME2 (release 2021.2) was utilized to process resulting reads.” First, ITS reverse reads
were discarded owing to low quality. After demultiplexing, DADA2 was utilized by QIIME2 on
remaining reads to merge (pair-end read joining), quality filter (including denoising), check for
chimeras, and bin to create amplicon sequence variants (ASVs).”! As part of the denoising step,
16S forward reads were trimmed to 245 bp and reverse reads to 225 bp. For ITS data, forward
reads were trimmed to 230 bp. Bacterial and archaeal (16S) ASVs were then assigned taxonomy
using scikit-learn pretrained SILVA classifiers (version 138)°** while fungal (ITS) ASVs were
assigned taxonomy using self-trained UNITE database classifiers.”>?® Resulting 16S rRNA gene
read counts ranged from 586 to 26,221, and ITS amplicon sequencing read counts ranged from
901 to 23,527. Samples with low read counts (Figure 3.5). Finally, fungal ASVs were assigned to
ecological guilds through FUNGuild if provided a single guild assignment with “highly probable”
or “probable” confidence, per creator recommendations.'*” Resulting reads were deposited and
are available at NCBI within BioProject PRINA682830, and details are available in Table B1.
3.2.10 MICROBIAL COMMUNITY STATISTICS

To assess the impacts of high severity burning of pyrocosms on the soil microbiome,

statistical analyses were performed using R version 4.1.2 with significance accepted at p < 0.05.%
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Differences in species richness (alpha diversity) between the burned and unburned pyrocosms

across the time series (Days 0 through 28) were tested using pairwise Wilcoxon signed-rank tests
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Figure 3.5. Rarefaction curves calculated for all burned (top) and unburned (bottom) samples for
both 16S (left) and ITS (right) sequencing data showed that the observed diversity of the
communities was equal to their predicted diversity.

with a Bonferroni p-value adjustment for multiple tests using the function “stat compare means”
in the package ggpubr” and the function “pairwise.wilcox.test” in the stats package.’® Differences
in bacterial/archaeal and fungal community composition were similarly assessed using
nonparametric permutational multivariate analysis of variance (PERMANOVA)'® using
Bray—Curtis dissimilarity matrices and the “adonis2” function in the vegan package,® and these
differences were subsequently visualized using Non-Metric Multidimensional Scaling (NMDS).
Soil chemistry variables (carbon, nitrogen, and pH) and FUNGuild assignments were correlated
with the resulting ordination space in the NMDSs using the “envfit” function in the vegan package

with a Bonferroni p-value correction for multiple tests. Differences in beta dispersion between the
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burned and unburned microbial communities were assessed using the function “betadisper” in the
vegan package and “anova” in the stats package. Next, coupled linear discriminant analysis effect
size (LEfSe) and linear discriminant analysis (LDA) analyses were utilized to find taxa at the
phyla, genera (bacterial/archaeal), and species (fungal) levels discriminant for either the burned or
unburned pyrocosm conditions using the MicrobiomeAnalyst 2.0 server.!?! All visualizations were
produced with the ggplot2 package,'? except for combined LEfSe/LDA visualizations which came
from MicrobiomeAnalyst 2.0'°! and formatted in Adobe Illustrator 2023 (v27.2). All statistical

codes are available at https://github.com/julicatowler/Pyrocosm__Study 1Month.

3.2.11 TERMINOLOGY

The organic matter collected from the burned soils is referred to as “SOM from burned
soils.” We cannot conclude with certainty that all the remaining organic matter in the burned soil
was thermochemically altered by the fire nor are we using techniques that specifically target PyOM
molecules such as polyaromatic hydrocarbons through the benzene polycarboxylic acids (BPCA)

d!93104 or levoglucosan biomarkers.>*! Therefore, it would be inaccurate to refer to all the

metho
organic matter collected from burned soils as PyOM. Consequently, we employ more conservative
terminology (“SOM from burned soils”) to describe the organic matter collected from burned soils
which likely includes a mixture of PyOM, remaining SOM that was unaltered by fire, and
molecules formed from the lysis and breakdown of microbes and plant material. We operationally
use the term “biodegradable” to describe SOM that can be metabolized by microbes across the
time frame of this study, meaning that the SOM can be both physically accessed by microbes*? and
thermodynamically oxidized.!'”

Furthermore, we operationally use the term “metabolite” to refer to low-molecular weight,

biodegradable molecules detected via nontargeted or targeted GC-MS analysis using authentic
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standards or curated spectral databases including saccharides, amino acids, and organic acids. The
assemblage of these metabolites is referred to as the “metabolome.” Our terminology is based on
a methods paper published by Swenson et al. in which GC-MS is used to evaluate soil
metabolomics.’®> Here, low molecular weight soil molecules such as carbohydrates, alcohols,
sterols, and amino acids were referred to as metabolites and were detected with GC-MS.>?
3.3 RESULTS AND DISCUSSION
3.3.1 MICROBIAL COMMUNITY ASSEMBLAGE IN BURNED SOILS IS ALTERED AND
CONTAINS HETEROTROPHIC MICROBES

Microbial amplicon (16S/ITS) sequencing was utilized to assess postfire changes in
microbial richness and community composition. Fire impacted the soil microbiome species
richness (Figure 3.6A,B) and community composition (Figure 3.6C,D) while selecting for
specific bacterial, archaeal, and fungal taxa and fungal guilds with potentially important roles in
the postfire ecosystem. The immediate and persistent decrease in microbial richness in burned
soils, in addition to the associated loss of ectomycorrhizal symbionts (Figure 3.6F), mirrors trends
observed in prior high severity wildfire studies.!>!*!7:¢2105 However, pairwise Wilcoxon signed-
rank tests revealed no statistically significant differences in richness between burned and unburned
samples at any given day postburn likely due to the low sampling size (n = 3) (Figure 3.6A,B).
Nevertheless, multivariate analyses (nonmetric multidimensional scaling [NMDS] plots) revealed
that burning led to distinct microbial communities and increased stochasticity compared to
unburned conditions in both bacterial/archaeal and fungal soil communities (beta dispersion: p =
2317 x 10" and p = 2.2 x 10716, respectively) (Figure 3.6C,D and Figure 3.7).

Heterotrophic microbes were detected in the burned soil samples with the phyla

Actinobacteria, Firmicutes, and Protobacteria notably being enriched postfire (Figure 3.6E and
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Figure 3.8A). These phyla contain heterotrophic species that could likely metabolize SOM in

burned soils.!>!71% Other bacterial genera known to possess putative beneficial traits for the
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Figure 3.6. (A and B) Bacterial/archaeal (16S; A) and fungal (ITS; B) species richness box plots
for burned and unburned pyrocosms. (C and D) Nonmetric multidimensional scaling (NMDS)
ordination plots showing Bray—Curtis ASV microbial community composition dissimilarities for
bacteria/archaea (16S; C) and fungi (ITS; D) including NMDS stress metrics and PERMANOVA
test results. (E) Bar plot showing bacterial/ archaeal phyla relative abundances between the
unburned and burned pyrocosms averaged across replicates. (F) Bar chart showing the average
relative abundances of samples within a given combination of burn condition and sampling day
for fungal functional guilds as reported by FUNGuild (Nguyen et al., 2016).°” The “other” category
contains dung saprotroph, animal pathogen, orchid mycorrhizal, and lichen parasite guilds. (G)
Dot plot showing the top ten results of Kruskal—Wallis rank sum tests followed by LDA analyses
for biomarker discovery at the bacterial/archaeal genus level (16S). (H) Scatter plot of the average
relative abundances of samples from burned pyrocosms of the top five genera from the combined
LEfSe/LDA analysis on bacterial/archaeal genera in plot G.
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Figure 3.7. Non-metric multidimensional scaling (NMDS) ordination plots showing Bray-Curtis
ASV microbial community composition dissimilarities for bacterial/archaeal (16S; A) and fungal
(ITS; B & C). Plots A and B include overlaid significant soil chemistry vectors and plot C includes
overlaid significant fungal function guild vectors as reported by FUNGuild (Nguyen et al., 2016)°’
denoting significant drivers of community composition dissimilarity for the bacterial/archaeal (A)
and fungal (B & C) soil microbial communities.
postfire ecosystem such as Geobacillus (spore formation)'?” and Kocuria (distribution via dust or
smoke)!% were also identified as discriminant taxa for burned soils (Figure 3.6G).
3.3.2 BURNED SOILS HAD HIGHER CONCENTRATIONS OF WATER EXTRACTABLE
ORGANIC CARBON

Water extractable organic carbon (WEOC) concentrations were measured to quantify
carbon availability for microbial metabolism (Figure 3.9 and Table B2). The burned soil had

statistically greater WEOC concentrations (t test, p < 0.05) across all sampling dates except for

Day 28 despite there being no significant differences between the total carbon values of the burned
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Figure 3.8. (A) Dot plot showing the results of Kruskal-Wallis rank sum tests followed by LDA
analyses for biomarker discovery at the phyla level for bacterial/archaeal microbial communities
between the burned and unburned pyrocosms with all dates included. (B) Bar plot showing changes
in fungal relative abundance at the phyla level between the unburned and burned pyrocosms across
the time series averaged across replicates. (C and D) Dot plots showing the results of Kruskal-
Wallis rank sum tests followed by LDA analyses for biomarker discovery at the fungal species (C)
and phyla (D) level between the burned and unburned pyrocosms with all dates included. Results
were calculated using a significance cutoff of p < 0.05 after FDR adjustment and a log LDA score
= 2.0. Scale colors represent comparative abundance.

and unburned soil for any sampling day (t test, p <0.05) (Table B3). The WEOC results align with
laboratory-based studies reporting increased WEOC in soils that were heated to approximately 250
°C.19:20.109.110 The elevated WEOC content could be due to soil aggregate disruption, release of
soluble organic compounds from cell lysis, and SOM oxidation during combustion.'*>"-1* WEOC
is considered one of the most accessible fractions of carbon because WEOC can be transported

through soil pores in water, bringing carbon that may not have been accessible otherwise to
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microbes.”” Therefore, there is simply more WEOC in the burned soil that heterotrophic microbes
may metabolize. However, WEOC measurements do not assess molecular SOM composition
which influences biodegradability.!® Thus, two complementary mass spectrometry techniques

were used to evaluate SOM composition.
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Figure 3.9. Water extractable organic carbon (WEOC) and water extractable total nitrogen
(WETN) results for burned and unburned soil samples. Asterisk indicates a statistically
significant difference (t-test, p<0.05) between burned and unburned values within a given
sampling day (n=3, error=standard deviation).
3.3.3 METABOLITES ARE PRESENT IN BURNED SOILS THAT MAY SUPPORT
MICROBIAL ACTIVITY

Normalized, scaled peak areas detected in nontargeted GC-MS analysis were plotted in
principal component analysis (PCA) score plots to compare the metabolomic profiles of unburned
and burned soils (Figure 3.10). A comparison of all detected peaks revealed statistically significant
separate clustering of burned and unburned samples (Figure 3.10A) (PERMANOVA, p <0.001),
indicating that fire considerably altered the soil metabolite content. To explain differences in the
burned and unburned metabolome, specific metabolite ontologies were examined.

Six amino acids were annotated in the samples via nontargeted analysis, and amino acid
profiles were significantly different between burned and unburned samples (Figure 3.10B)

(PERMANOVA, p < 0.001), likely contributing to the differences observed in the overall

metabolome (Figure 3.10A). The unburned samples clustered closely among themselves in

116



>

All Detected Peaks (986)

" Annotated Amino Acids (6)

PERMANOVA
Unburned vs. Burned

< S ao/Fes
2 2
25 S 3 200
E‘g\: € E§
8; 0| = S ol f
=2 =d g
8 a8
2 2000 2 200
a E -
-2000-1000 O 1000 2000 3000 -1000 -500 0 500
Principal Component 1 (33.59%) Principal Component 1 (81.19%)
g % % 4 Glycine 81000, % Protocatechuate
= =
gsoooo * § 750
e | =
240000 % 500
[
%20000 % 250
o o—— . . ° 9 L ]
€ 0537 1@ 8 ® o3 7 W %
Sampling Day Sampling Day
F Burned
* Quality Control
= Unburned

Figure 3.10. (A and B) Principal component analysis (PCA) score plots of a nontargeted GC-MS
data set of water extracts from all 15 burned soil samples (three replicates for five sampling time
points), all 15 unburned soil samples (three replicates for five sampling time points), and five
quality control samples (prepared by mixing all the burned and unburned soil extracts and running
five replicates of that mixture on the GC-MS instrument). The peak areas of detected peaks in the
samples were normalized with total ion current normalization, scaled with Pareto scaling, and then
used as the input data for the PCA scores plots. These normalized, scaled peak areas are indicative
of metabolite relative abundance. (A) PCA score plot of peak areas for all 986 detected peaks. (B)
PCA score plot of peak areas for six annotated amino acid peaks. PERMANOVA analysis was
conducted to determine if the burned, unburned, and quality control groups were significantly
different from each other for plots A and B. (C and D) Normalized abundances of annotated
glycine peaks (C) and annotated protocatechuate peaks (D). Asterisk indicates a statistically
significant difference between burned and unburned values within a given sampling day (t test, p
<0.05) (n = 3, error = standard deviation).

contrast to the more dispersed burned samples (Figure 3.10B). This suggests that fire considerably
alters the soil amino acid abundances and/or amino acids abundances in burned soils are more
susceptible to short-term (<28 days) postfire changes.

The abundances of the annotated amino acids were either statistically similar between the
burned and unburned samples or higher in the burned samples (Figures 3.10C and Figure 3.11).

Specifically, glycine was ~16 times more abundant in the burned soil than the unburned soil for
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Day 0 (Figure 3.10C), potentially linked to the bacterial synthesis of glycine betaine which is a
known thermoprotectant.!!"''? The higher amino acid abundances in burned soils may be due to
protein denaturation or heat-induced microbial lysis which releases intracellular amino acids into
the soil,'? contributing to the “necromass zone” (an area of burned soil where remnants of dead

microbes serve as biodegradable sources of carbon and nitrogen)®’ which may fuel postfire

microbial metabolism.>%!!3
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Figure 3.11. Plotting normalized abundances of annotated amino acids. Asterisk indicates a
statistically significant difference between burned and unburned values within a given sampling
day (t-test, p <0.05) (n=3, error = standard deviation).

Microbes that could consume amino acids were detected in burned soil. Crenarchaeota, a

thermophilic archaeal phyla, increased in relative abundance from less than 0.07% across the

unburned soils to between 1.7% and 13.3% in the burned soils (Figure 3.6E).!'* One genera within
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this phyla, Nitrososphaeraceae, was identified as discriminant for burned samples using combined
LEfSe/LDA analysis (Figures 3.6G,H). Nitrososphaeraceae are chemolithoautotrophic ammonia
oxidizing archaeca (AOA) and were potentially enriched by the elevated soil ammonium
concentrations in the burned soil (Figure 3.12 and Table B4).''>!'7 Additionally,
Nitrososphaeraceae have been shown to uptake amino acids''® and may have the potential for
heterotrophic carbon utilization.!'®12* Therefore, AOA could utilize the enriched amino acids in

the burned soil to fuel microbial metabolism.
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Figure 3.12. Ammonium results for burned and unburned soil samples. Asterisk indicates a
statistically significant difference (t-test, p < 0.05) between burned and unburned values within a
given sampling day. (n=3, error = standard deviation).

Organic acids associated with citric acid cycle and saccharides were also annotated via
nontargeted analysis in burned soil. Lactic acid, which is oxidized to pyruvic acid to enter the citric
acid cycle, was statistically more abundant in burned soil for three sampling time points (t test, p
< 0.05) (Figure 3.13A). Additionally, fumaric acid, succinic acid, and citric acid were all
annotated in the burned and unburned soil samples (Figure 3.13). The annotated saccharide
profiles of the burned and unburned soil samples were significantly different (Figure 3.14)

(PERMANOVA, p <0.001) with burned samples clustering tightly in contrast to highly dispersed

unburned samples. Despite these differences in overall saccharide pool composition, there were
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no consistent patterns of saccharide enrichment in burned soils (Figures 3.15). Similarly to amino
acids, organic acids and saccharides in burned soils were likely derived from heat-induced
microbial lysis. The presence of organic acids and saccharides in burned soil further suggests that

postfire soils contain biodegradable metabolites that could fuel microbial metabolism.
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Figure 3.13. Comparing relative abundances of annotated organic acids that are associated with
the citric acid cycle. Asterisk indicates that there is a significant difference between burned and
unburned values within a given sampling day (t-test, p<0.05) (n=3, error = standard deviation).
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Figure 3.14. Principal component analysis (PCA) scores plot of a nontargeted GC-MS saccharide
dataset of water-extracts from all 15 burned soil samples (three replicates for five sampling
timepoints) and all 15 unburned soil samples (three replicates for five sampling timepoints). The
peak areas of 38 annotated saccharide peaks in the samples were normalized with total ion current
normalization, scaled with Pareto scaling, and then used as the input data for this PCA scores plot.
These normalized, scaled peak areas are indicative of saccharide relative abundance.
PERMANOVA analysis was conducted to determine if the burned and unburned groups were
significantly different from each other.
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Figure 3.15. Comparing relative abundances of three representative annotated saccharides.
Asterisk indicates that there is a significant difference between burned and unburned values within
a given sampling day (t-test, p<0.05) (n=3, error = standard deviation).
3.3.4 DETECTION OF CATECHOL, PROTOCATECHUATE, AND CITRIC ACID CYCLE
METABOLITES SUPPORTS AROMATIC DEGRADATION PATHWAY'S

Catechol and protocatechuate were also detected in the burned and unburned soil via
targeted metabolomics. Catechol abundances were not statistically different between burned and
unburned soil whereas protocatechuate abundances were statistically greater in the burned soil for
Day 0 and Day 3 (Figure 3.10D and Figure 3.16). The targeted detection of catechol and
protocatechuate supports proposed pathways of aromatic SOM degradation in burned soil in which
catechol and protocatechuate are key intermediates.!?° Furthermore, the annotation of citric acid
cycle intermediates further supports these pathways in which succinyl-CoA and acetyl-CoA
(which feed into the citric acid cycle) are end products of aromatic degradation (Figure 3.13).

These results support the second hypothesis of this study: while proposed intermediates in aromatic

degradation pathways - namely, catechol, protocatechuate, and citric acid cycle metabolites - are
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detectable in both burned and unburned soils, the enrichment of specific metabolites (e.g.,
protocatechuate and lactic acid) in burned samples suggests that aromatic SOM may be degraded
one month after fire. Overall, we recommend that burned soil metabolomics be explored in both
mesocosm and field studies to further elucidate the biogeochemical pathways governing postfire

microbial and vegetative recovery.'?!122
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Figure 3.16. Plotting normalized abundances of annotated catechol peaks. There were no
statistically significant differences between burned and unburned relative abundances within a
given sampling day (t-test, p<0.05). (n=3, error = standard deviation).
3.3.5 SOM FROM BURNED SOILS WAS ENRICHED IN NITROGEN-CONTAINING
COMPOUNDS AND FEATURED LOWER MOLECULAR WEIGHTS

FT-ICR MS analysis assigned thousands of molecular formulas with masses ranging from
175 to 1043 Da (Tables 3.2 and 3.3). The molecular formulas assigned in burned soil featured
lower m/z ratios compared to unburned soil (Figures 3.17 and 3.18), potentially caused by the
depolymerization of lignin-like, protein, and complex carbohydrate molecules.’! This
depolymerized organic matter may be more biodegradable because lower molecular-weight
compounds are more easily accessible in the soluble pool, transported through cellular membranes,

and subjected to microbial metabolism.'??
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Figure 3.17. (A—D) FT ICR-MS mass spectra of peaks that were assigned molecular formulas
from negative-mode electrospray ionization samples. The number in the upper-right corner of each
spectrum is the total number of peaks that were assigned molecular formulas (including isotopes).
(E) These m/z ratios were compiled into density plots. The y-axis indicates the relative probability
of an ion featuring a given m/z ratio. The greater the density value for a given m/z ratio, the more
ions that feature that m/z ratio. Dashed lines are mean values.
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Figure 3.18. Density plots of m/z ratios of assigned molecular formulae from positive-electrospray
ionization mode. Dashed lines are mean values. The y-axis indicates the relative probability of an
ion featuring a given m/z ratio. The greater the density value for a given m/z ratio, the more ions
that feature that m/z ratio.
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There were also 20.1% to 43.1% more nitrogen-containing molecular formulas in burned
soil compared to unburned soil (Figure 3.19), mirroring the increased water extractable total
nitrogen values of burned soil (Figure 3.9, Table BS). Nitrogen enrichment in assigned molecular
formulas was also observed in previous laboratory studies and may be due to the Maillard reaction
pathway.'®!%?* Nitrogen is often a limiting nutrient in soil systems;!** thus, SOM enriched in
nitrogen could serve as a nitrogen source for microbes in postfire environments, especially
considering that the nitrogen-containing molecules in burned soils likely contain amino sugars and

peptides according to van Krevelen analysis (Figures 3.20 and 3.21).!%
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Figure 3.19. Percentage of nitrogen-containing molecular formulae assignments of burned and
unburned SOM determined with both negative and positive-mode electrospray ionization FT-ICR
MS analysis. The number of total assigned molecular formulae are shown in white. Each bar
represents one soil-water extract sample.
3.3.6 MICROBIAL RESPIRATION IS STIMULATED IN THE IMMEDIATE AFTERMATH OF
BURNING

Cumulative CO2 emissions from Day 0, Day 14, and Day 28 soil were measured during
50-day incubations to determine if the burned soil microbiome was metabolically active and could
mineralize SOM (Figure 3.22 and Table B6). Day 0, Day 14, and Day 28 burned soil released
significantly more CO; than the corresponding unburned soil for the first 12, 22, and 6 days of the
incubations, respectively. Approximately 3.3 £ 1.1% and 3.7 = 0.7% of the total soil carbon were

released as CO>—C from the burned and unburned soils, respectively, during the 50-day

incubations. Overall, more CO; was initially released from the burned soil compared to the
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Figure 3.20. Van Krevelen diagrams plotting nitrogen-containing molecular formulae detected
using positive-mode electrospray ionization. Molecular formulae plotting below the “AROM” line
feature notable aromatic content (modified aromaticity index value >0.5).!” Molecular formulae

t.54

plotting above “ALIPH” line feature notable aliphatic content.”” The plotted molecular formulae

were categorized based on their abundances in which the “top 25%” data points, for example, are
molecular formulae that have greater relative abundances than 75% of the total molecular
formulae. “Second 25%” are molecular formulae that have greater relative abundances than 50%
of the total molecular formulae and so on. The burned samples featured nitrogen-containing
molecular formulae plotting above an H/C ratio of 1.5, suggesting the presence of amino sugars
and peptides.'?

unburned soil, suggesting that heterotrophic microbes were consuming SOM in a complex burned
soil environment. The CO>—C emissions were also normalized to total soil carbon values (Figure
3.23 and Table B7) and featured the same differences between unburned and burned samples.
When normalized to WEOC values, the ratio of CO,—C to WEOC was generally greater in the
unburned soil (Figure 3.24 and Table B8). Additionally, the rates of CO,—C emissions were
initially greater in the burned soil (Figure 3.25 and Table B9).

CO; emissions were likely due to both physical and biotic factors. When water was added

to the soil during incubation preparation, CO: in the soil pore spaces may have been physically
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Figure 3.21. Van Krevelen diagrams plotting nitrogen-containing molecular formulae detected
using negative-mode electrospray ionization. Molecular formulae plotting below the “AROM”
line feature notable aromatic content (modified aromaticity index value >0.5).!° Molecular
formulae plotting above “ALIPH” line feature notable aliphatic content.>* The plotted molecular
formulae were categorized based on their abundances in which the “top 25%” data points, for
example, are molecular formulae that have greater relative abundances than 75% of the total
molecular formulae. “Second 25% are molecular formulae that have greater relative abundances
than 50% of the total molecular formulae and so on. The burned samples featured nitrogen-
containing molecular formulae plotting above an H/C ratio of 1.5, suggesting the presence of
amino sugars and peptides.!?
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Figure 3.22. Cumulative CO2—C emissions normalized to soil mass from burned and unburned
soil incubations. Asterisk indicates a statistically significant difference (t test, p < 0.05) between
burned and unburned values within a given incubation day (n = 5, error = standard deviation).
Error bars were jittered to avoid overlap.
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Figure 3.23. Cumulative CO2-C emissions from burned and unburned soil incubations normalized
to total soil carbon content. Total soil carbon data from Table B3 were used to normalize the carbon
dioxide emission data. Asterisk indicates a statistically significant difference (t-test, p < 0.05)
between burned and unburned values within a given incubation day (n=5, error = standard
deviation). Error bars were jittered to avoid overlap.
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Figure 3.24. Cumulative CO2-C emissions from burned and unburned soil incubations normalized
to water extractable organic carbon (WEOC) content. WEOC data from Table B2 were used to
normalize the carbon dioxide emission data. Asterisk indicates a statistically significant difference
(t-test, p < 0.05) between burned and unburned values within a given incubation day (n=5, error =
standard deviation). Error bars were jittered to avoid overlap.

127



Soil Sampling Day

0.15 Day 0 Day 14 Day 28

-+ Burned
+~ Unburned

(mg CO,-C/ (day * g sail))

0.00

Rate of CO, Emissions Normalized to Soil Mass

0 10 20 30 40 50 0 10_ 20 30 40 50 0 10 20 30 40 50
Incubation Duration (days)

Figure 3.25. Rate of CO,-C emissions from burned and unburned soil incubations normalized to
soil mass. Rates were calculated by dividing the total CO»-C emitted between two measurement
timepoints by the elapsed time between those two measurement timepoints. Asterisk indicates a
statistically significant difference (t-test, p < 0.05) between burned and unburned values within a
given incubation day (n=5, error = standard deviation). Error bars were jittered to avoid overlap.

displaced into the jar headspace; however, this process was likely restricted to the first few hours
of incubation as evidenced by Marafion-Jiménez et al. who measured CO2 respiration from burned
soils in the Sierra Nevada Natural and National Parks.!?® After comparing decay rates of CO> flux
after water was added to burned soil, they concluded that approximately 64% of soil CO, emissions
during the first 2 h could be attributed to the release of CO» trapped in soil pores with the rest
likely related to biological processes.'?° Thus, we anticipate that the physical displacement of CO2
in our study was most likely restricted to the first few hours of incubation whereas the remaining
CO» emissions were due to microbial respiration which can persist over weeks. For example, the
biological mineralization of PyOM has been observed over the course of 57, 14, and 35 days in
23,39,127

laboratory studies which are comparable time periods to the incubations conducted here.

Overall, the elevated WEOC content, enrichment of amino acids and organic acids, presence of
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saccharides, and detection of heterotrophic microbes in burned soil suggest that microbial
mineralization of SOM contributed to the CO2 emissions observed in these incubations.

Soil aggregate disruption may have contributed to the elevated CO> emissions in the burned
soil. Soil aggregate stability can decrease after high intensity fires due to microbial biomass loss,
SOM combustion, and dehydroxylation of clay minerals.'?®'*! This aggregate disruption could
make SOM more accessible by exposing physically protected SOM to microbial biodegradation,
contributing to mineralization and COz soil emissions.'!%!32

Considering that only ~3.3% of total carbon in burned soil was released as CO; during the
50-day incubations, the readily biodegradable SOM pool in burned soil likely represents a
relatively small fraction of the total SOM content.'?” Nevertheless, the soil CO, emission results
support our first hypothesis that immediately after fire (i.e., the first 28 days), SOM in burned soil
can be mineralized by microbes in a complex, burned soil environment.

Overall, this study demonstrated that readily biodegradable SOM is present and accessible
by microbes within mineral soils immediately after a simulated high intensity burn. Burned soil
had more WEOC which likely fueled CO: emissions despite lower microbial richness.
Concurrently, the detection of putative, heterotrophic microbes in the burned soil represents a
mechanism via which SOM in burned soil is mineralized.*>*' The identification of enriched
metabolites (i.e., glycine and other amino acids, some saccharides, protocatechuate) in burned soil
offers insight into the SOM pools that may be available for microbial metabolism postfire. Finally,
this study demonstrated that pyrocosms can be used to evaluate postfire soil dynamics beyond

analyzing shifts in fungal community composition as pioneered by Bruns et al.>’
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3.4 ENVIRONMENTAL IMPLICATIONS

The metabolism of SOM in complex burned soils observed in this study supports the
laboratory-based studies that reported rapid biodegradation of PyOM,38—41,117°% 4127 and our
findings provide further evidence for the degradation pathways of aromatic compounds in burned
soils.'>** Our characterization of organic acids, amino acids, and saccharides advances our
collective understanding of what substrates are available for microbial metabolism in burned soils
that can fuel postfire soil recovery. The loss of ectomycorrhizal fungi after burning (Figure 3.6F)
- which may have been impacted by soil disturbance and separation from plant hosts during soil
sampling and pyrocosm assembly - and decreases in fungal diversity after burning (Figure 3.6B)
have implications for nutrient transport through fungal networks and may constrain the recovery
of ectomycorrhizal-obligate species such as lodgepole pine. However, the detection of
heterotrophic microbes, presence of biodegradable SOM, and observed postfire metabolism
highlight the resilience of soil systems in response to high severity burns which are projected to
increase due to climate change.®

Wildfires are well-known to be fatal to many soil microbial taxa and to generate persistent
forms of SOM.!%!337:133 However, our study highlights that both biodegradable forms of SOM and
heterotrophic microbes are present after extreme soil heating. The variety of detected SOM in this
study suggests that SOM in burned soil is comprised of a diverse array of chemical compounds
(e.g., PyOM, SOM that was not thermochemically altered, and intracellular metabolites released
from cell lysis) that feature varying degrees of biodegradability. Thus, severely burned
environments are not dominated solely by PyOM and are not sterile. Rather, our experimental
burns demonstrated that the surviving soil microbiome was active and able to metabolize the

heterogeneous SOM in the burned soil.
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CHAPTER 4: HEATING SOIL INCREASES METABOLITE ABUNDANCES:

IMPLICATIONS FOR WILDFIRES

4.1 INTRODUCTION

Wildfires naturally disturb ecosystems and can be beneficial to ecosystems that have
adapted to wildfire activity.! Wildfire activity, however, is changing. Fire weather across ~20 % of
global burnable land area has deviated from historical patterns,? and wildfire intensity (i.e. energy
released during burning) has increased globally since the beginning of the 21°% century.>*
Specifically, extreme wildfire events representing high intensity fires have more than doubled in
frequency from 2003 to 2023.* Due to these changing wildfire intensity levels, studying the
impacts of wildfires across varying intensity conditions is essential, for these wildfires can alter
water quality, greenhouse gas emissions, and soil quality.

Wildfires alter various soil parameters including soil hydrophobicity, pH, carbon content,
and soil organic matter (SOM) composition.>>” SOM is a highly complex mixture of organic
molecules ranging in size from metabolites (e.g. amino acids and organic acids) to larger, humic-
like substances. SOM increases water retention, maintains soil structure, and provides nutrients
for microbial activity, contributing to productive, resilient soils. SOM composition can be
drastically altered by wildfire activity.?® Wildfires generally cause SOM to become more aromatic
with increased fire intensity, enriched in nitrogen, and more soluble (i.e. water extractable organic
carbon content often increases when soil is heated up to ~250 °C).?*33 However, wildfire impacts
on small metabolites are relatively unknown.

Metabolites are low-molecular weight molecules including small aromatic compounds,

organic acids, and saccharides often detected with gas chromatography-mass spectrometry (GC-
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MS) and/or liquid chromatography-mass spectrometry (LC-MS).343¢ Metabolites play critical
roles in microbial protein biosynthesis, cellular energy production (e.g. the citric acid cycle), and
nutrient cycling. Metabolite identification is often categorized using the Schymanski index which
ranges from Level 5 (lowest confidence) to Level 1 (highest confidence): Level 5 (only the mass
of detected metabolite is known), Level 4 (molecular formula is known), Level 3 (chemical
category [e.g. saccharide-like, organic acid] is known), Level 2 (probable structure and identity
determined with library database comparison), and Level 1 (probable structure and identity
determined with authentic reference standard).?” Metabolites identified at Level 2 or 3 confidence
can also be referred to as “annotated” metabolites.’® The study of metabolites is called
metabolomics, and the terms “metabolite profile” or “metabolome” refer to the metabolite content
of a given sample. Metabolomics research has grown exponentially from 1998 to 2023 with over
80,000 metabolomics-related studies being published during that timeframe.** As of 2022, 8 % of
all published metabolomics studies examine soil metabolomics because metabolites influence soil
carbon dynamics, nutrient cycling, and microbial metabolism, positioning metabolites as a
keystone component of a healthy soil system,336:40-46

Despite the exponential growth in metabolomics-based studies, wildfire impacts on soil
metabolomics are understudied. Low molecular weight molecules in burned soils (Level 2 or 3 on
the Schymanski index) have been detected with pyrolysis GC-MS, but such analysis offered no
insight into how individual metabolite abundances were affected.*’>? Individual metabolites have
been detected in soil after pyrogenic organic matter addition in a laboratory-based experiment, but
the metabolites were unidentified (Level 4 and Level 5 on the Schymanski Index).>”* Thus, there
is a paucity of wildfire studies featuring high metabolite identification confidence (Level 3 or

higher) coupled with abundance quantification. Individual metabolites in experimentally burned
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soil have been annotated and quantified on a relative basis via total ion current normalization,
showcasing higher relative abundances of amino acids and organic acids in burned soil compared

1.>* Such results imply that burned soil may contain an enriched, more abundant

to unburned soi
metabolome compared to unburned soil. However, this study only tested one soil type under one
fire intensity condition (e.g. high intensity), so pertinent research questions remain: how do
metabolite profiles of soil change under different fire intensity conditions, and are fire-induced
changes to soil metabolites consistent across different forested ecosystems?

We conducted the first laboratory-based, soil heating experiment that evaluates how soil
metabolomes change under different fire intensity conditions across disparate forested ecosystems.
Specifically, we heated O-horizon and mineral soil from three forested ecosystems in Colorado at
discrete temperatures (150 °C, 250 °C, and 450 °C) using a muffle furnace and identified and
quantified individual metabolites using GC-MS and LC-MS analyses. While other modes of soil

> we used a muffle furnace for soil

heating may be more representative of wildfire conditions,
heating because it provides heightened control over heating temperature, can be used to identify
temperature-dependent transformations of metabolites, and is an established method for simulating
wildfire conditions.!”39336-38 Qur overarching objective was to identify and quantify changes in
soil metabolomes at different fire intensities (represented by differing heating temperatures) across
three forested ecosystems. We hypothesized that 1) soil metabolomic profiles will be distinct
across different heating temperatures, 2) abundances of amino acids, peptides, and organic acids
will peak at ~250 °C (mirroring observed increases in water extractable organic carbon

concentrations at 250 °C)*** and 3) abundances of aromatic metabolites will increase as heating

temperature increases.
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4.2 METHODS
4.2.1 SOIL SAMPLING

O-horizon and mineral soil were collected from a total of four unburned ecosystems as a
part of the Adaptive Silviculture for Climate Change Network>: 1). mineral soil from a lodgepole
pine-dominated forest (Pinus contorta) with a minor component of Engelmann spruce (Picea
engelmannii) and subalpine fir (Abies lasiocarpa) in Taylor Park, Colorado (GPS coordinates:
38.89753° N, -106.61034° W) (referred to hereafter as “lodgepole pine forest”) on September 6,
2023, 2). O-horizon from a lodgepole pine-dominated forest (Pinus contorta) near Cameron Pass,
Colorado (40.50693° N, -105.77093° W) collected in August 2022, 3). O-horizon and mineral soil
from a mixed conifer forest comprised of ponderosa pine (Pinus ponderosa), Douglas-fir
(Pseudotsuga menziesii), white fir (Abies concolor), aspen (Populus tremuloides), and Gambel oak
(Quercus gambelii) in San Juan National Forest, Colorado (GPS coordinates: 37.35112° N, -
106.94901° W) (referred to hereafter as “mixed conifer forest”) collected on September 26, 2023,
and 4). O-horizon and mineral soil from a spruce-fir (Picea engelmannii and Abies lasiocarpa)
dominated forest featuring minor components of lodgepole pine (Pinus contorta) and aspen
(Populus tremuloides) in State Forest State Park, Colorado (37.35042° N, -106.95082° W)
(referred to hereafter as “spruce-fir forest”) collected on August 23", 2023. Note: O-horizon was
not collected from the lodegepole pine-dominated forest in Taylor Park, so O-horizon from
lodgepole pine-dominated forest near Cameron Pass was used for the “lodgepole pine forest” O-
horizon. All four ecosystems are representative of subalpine forests that are exposed to wildfires.
During sampling, O-horizon was collected using a hand rake, and a bulb corer was used to take 0-
15 cm samples of mineral soil. The mineral soil samples were sieved to 4 mm, homogenized via

mixing, and stored in a 4 °C fridge. O-horizon samples were stored at 25 °C in a dry storage room.
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Overall, this procedure generated O-horizon and mineral soil samples representing three forested

29 ¢c

ecosystems: “lodgepole pine forest,” “mixed conifer forest,” and “spruce-fir forest.”
4.2.2 SOIL HEATING

For each of the three forested ecosystems, the O-horizon and mineral soil were heated at
150 °C, 250 °C, and 450 °C in a muffle furnace (Thermolyne 30400 Furnace). For a given forested
ecosystem and temperature, 15 260-mL ceramic crucibles were filled with 50 g of mineral soil
each (Figure 4.1). In each crucible, 3.1 to 3.6 g of O-horizon were added to cover the mineral soil
(Figure 4.1). The 15 crucibles were heated in the muffle furnace for 2 h with the muffle furnace
door slightly cracked open to prevent pyrolysis conditions (Figure 4.1). After heating, ~10 mL of
Milli-Q water (18 MQ-cm) were added to each crucible to simulate a 15-minute intensity, 1 year

t.°0 O-horizon and mineral soil were dried overnight and sieved

return interval precipitation even
to 2 mm. Any large O-horizon debris that passed through the sieve (such as pine needles) were
removed with tweezers. The 15 dried, 2-mm sieved samples were combined into five replicates
(content of three crucibles per replicate) (Figure 4.2). Fifteen crucibles of 50 g of mineral soil
were used rather than five crucibles of 150 grams of mineral soil to ensure uniform soil heating.*
“Control” samples underwent the same procedure except these samples were not heated in the
muftle furnace.
4.2.3 WATER-EXTRACTABLE ORGANIC CARBON AND WATER-EXTRACTABLE TOTAL
NITROGEN

For each sample replicate, 20 g of soil was shaken in 100 mL of Milli-Q water at 200 rpm
for 1 h. The supernatant was filtered through a 0.5 pm glass fiber filter (Advantec MSF, Inc.).

Dissolved organic carbon and dissolved total nitrogen of the filtrate were measured with a TOC-L

Shimadzu analyzer (Shimadzu Corporation, Columbia, MD, USA). Water-extractable organic
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Figure 4.1. Heated soil preparation. A). Adding mineral soil to crucible. B). Adding O-horizon to
crucible. C). Placing 15 crucibles in muftle furnace. Note: during heating, the muffle furnace door
was slightly cracked open to prevent pyrolysis conditions. The muffle furnace door was not ajar
during heating like it is in this figure. D). Control, 150 °C, 250 °C, and 450 °C soil samples after
heating. Note the distinct change in color of O-horizon across the temperature gradient.
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Figure 4.2. Flow diagram illustrating how “replicates” and “composites” were prepared for
various analyses. This flow diagram represents one soil temperature from one forested ecosystem
(e.g. 250 °C soil from mixed conifer forest). Contents of crucibles were air-dried and sieved (2
mm) prior to combining to produce replicates. Please refer to the methods section for more details
regarding how much soil was used to make each “replicate” and “composite.” WEOC = water
extractable organic carbon. WETN = water extractable total nitrogen. GC-MS = gas
chromatography-mass spectrometry. LC-MS = liquid chromatography-mass spectrometry. FT-ICR
MS = Fourier Transform Ion Cyclotron Resonance Mass Spectrometry.

162



carbon and water-extractable total nitrogen were respectively determined by normalizing the
dissolved organic carbon and dissolved total nitrogen masses to the sample soil mass.
4.2.4 SOIL PH

For each ecosystem and heating temperature, 2 g of soil from each of the five replicates
were combined to make a composite sample (10 grams total) (Figure 4.2). This was repeated two
additional times to generate three composite samples. Each composite sample was shaken in 20
mL of Milli-Q water for 1 h at 200 rpm. A Thermo Scientific Orion Star A215 pH/conductivity
meter and Thermo Scientific Orion Double Junction pH probe were calibrated with pH reference
standards (VWR International). After shaking the soil-water slurry by hand to resuspend the soil,
the pH electrode was inserted into the slurry, and pH was measured.
4.2.5 TOTAL SOIL CAND N

For each sample replicate, ~2 g of soil were ground to a fine powder. Total carbon and total
nitrogen were measured using a VELP 802 elemental analyzer (VELP Scientific, Inc.).
4.2.6 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)

For each replicate, 2 g of mineral soil were shaken for 1 h at 210 rpm in 8§ mL of Milli-Q
water rpm followed by centrifugation, and supernatants were filtered (nylon 0.45 um pore size, 13
mm diameter filters, Celltreat Scientific Products). A pooled quality control sample was prepared
by mixing 500 pL of each filtered extract. Seven 1-mL aliquots of the pooled quality control and
I-mL aliquots of each filtered replicate were lyophilized overnight, suspended in 75 pL of Milli-
Q water and 175 pL of methanol (LC-MS grade, Supelco, Inc.), and stored at -20 °C for ~3 h.
After centrifugation, 200 pL of the water-methanol supernatant were transferred to 1.8 mL
borosilicate, 12 x 32 mm GC-MS autosampler vials (Avantor, Inc.), and 40 uL of a 0.100 mg '*C-

glucose (99 % purity, Cambridge Isotope Laboratories, Inc.)/mL Milli-Q H2O solution were added
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to each vial to assess derivatization and sample injection variability and to account for potential
matrix effects. This entire process was also repeated for two experimental blank which both did
not feature any soil and only one blank received the '*C-glucose internal standard solution. The
lodgepole pine forest samples, mixed conifer forest samples, and spruce-fir forest samples were
prepared separately in batches. Therefore, the pooled quality control sample for the lodgepole pine
forest samples, for example, only contains filtered extracts from lodgepole pine forest samples and
no filtered extracts from mixed conifer forest and spruce-fir forest samples.

Samples were derivatized via methoximation and trimethylsilylation. All vials were dried
under N gas, and 50 pL of 25 mg methoxylamine hydrochloride (98 % purity, Beantown Chemical
Corporation) per mL of anhydrous pyridine (99.5 % purity, Thermo Fisher Scientific Inc.) solution
were added to each vial. The vials were vortexed for 30 s, incubated for 45 min at 65 °C, vortexed
for an additional 30 s, sonicated for 10 min, incubated again for 45 min at 65 °C, and centrifuged
to 2000 rpm after which 50 pL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) + 1 %
trimethylchlorosilane (TCMS) (Thermo Fisher Scientific, Inc.) were added to each vial. The vials
were vortexed for 30 s, incubated at 65 °C for 30 min, and centrifuged to 2000 rpm. The vial
contents were pipetted to 250 pL glass inserts which were placed back in the vials followed by
centrifugation at 2000 rpm for 5 min. The batches of lodgepole pine forest, mixed conifer forest,
and spruce-fir forest samples were derivatized and then analyzed with a Thermo GC-TSQ8000
Evo Triple Quad GC mass spectrometer with liquid autosampler on different days (lodgepole pine
forest samples on July 5%, 2024 with 20 soil samples, 7 pooled quality control samples and 2
blanks; mixed conifer forest samples on July 19, 2024 with 20 soil samples, 7 pooled quality
control samples and 2 blanks; spruce-fir forest samples on July 25", 2024 with 20 soil samples, 7

pooled quality control samples and 2 blanks).
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Samples (1 pL) were injected through a splitless liner (SSL liner 4 mm ID, 78.5 mm,
Thermo P/N 453A1925) to a column (Zebron ZB-5HT Inferno, 30 m x 0.25 mm i.d. x 25 film
thickness, Phenomenex P/N 7THG-G015-11) featuring a 1.2 mL/min helium gas flow rate. The GC
inlet temperature was set at 285 °C. The oven temperature was held at 80 °C for 1 min, increased
to 330 °C via arate of 15 °C increase/min, and held at 330 °C for 7 min. Electron impact ionization
was used. Only the first quadrupole mass analyzer was used to replicate experimental conditions
of a prior publication.>* Masses (50-650 m/z) were scanned at 5 scans/s. Ion source and transfer
line temperatures were held at 260 °C and 300 °C, respectively.

Chromatogram peak integration of the *C-glucose internal standard was performed with
Chromeleon 7 software (Thermo Fisher) using extracted ion chromatogram mz value of 323. The
coefficient of variation values of the internal standard extracted ion chromatogram peak areas
across the pooled quality control samples were 7.5 %, 10.8 %, and 9.7% for the lodgepole pine
forest sample run, the mixed conifer forest sample run, and the spruce-fir forest sample run,
respectively. For non-targeted analysis, ADAP-BIG software (Java Version: 19.0.1, Du-Lab)
performed peak detection, spectral deconvolution, and peak alignment while feature annotation
was conducted with the ADAP-KDB website (Version 1.8.4, accessed 7/26/2024). The following
three databases were used for feature annotation: MS-DIAL GC-MS Library with Kovats RI |
2022-02-18, MassBank Release 2022.06 | 2022-07-18 (GC-MS), and HMDB (v5) Experimental
GC-MS Spectra. Feature annotations were determined by fragmentation score (>700). Annotation
assignments with fragmentation scores between 600 and 700 were supported with retention index
matching using NIST MS Search 3.0. ADAP-BIG and ADAP-KDB analyses were conducted
separately for the lodgepole pine forest samples, mixed conifer forest samples, and the spruce-fir

forest samples. Consequently, some metabolites may be annotated in one sample set but not in
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another (e.g. levoglucosan being annotated in lodgepole pine forest and spruce-fir forest samples
and not in mixed conifer forest samples). Out of 212, 268, and 232 detected features, 43, 52, and
54 features were annotated in lodgepole pine forest samples, mixed conifer forest samples, and
spruce-fir forest samples, respectively. Detected peak areas in a given sample were normalized to
the internal standard peak area of that same sample to account for analytical variation and matrix
effects. For a given metabolite, zero and n/a values normalized peak area values were replaced
with 10 % of the minimum abundance value of the metabolite. All normalized peak area values
were multiplied by a factor of 100,000, 10,000, and 10,000 for lodgepole pine forest samples,
mixed conifer forest samples, and spruce-fir forest samples, respectively, to transform the data into
values greater than 1 for easier comparisons as opposed to values comprised of only decimals.
Normalized peak areas were used to quantify individual metabolites and are reported as
“abundance” values. Normalized peak area values were then Pareto-scaled prior to principal
component analysis.

Other than N-acetyl-D-glucosamine and levoglucosan, features that were annotated as a
saccharide-like molecule were designated as either an “inositol,” “sugar alcohol,”
“monosaccharide,” “disaccharide,” or “trisaccharide” and were assigned an arbitrary number to
distinguish them. This was performed because achieving level 2 confidence on the Schymanski
index could not be achieved with this annotation approach.>” For example, sucrose, trehalulose,
and maltose all feature the same molecular weight (342.3 g/mol) and only differ by hydroxyl group
stereochemistry. When these three isomers are fragmented during electron impact ionization,
similar fragmentation patterns will be generated, preventing the isomers from being distinguished
from each other. Thus, these saccharide-like compounds were annotated to level 3 of the

Schymanksi index (i.e. “disaccharide 1” or “trisaccharide 1) rather than level 2 (i.e. “sucrose” or
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“maltotriose”). Because the lodgepole pine forest samples, mixed conifer forest samples, and
spruce-fir forest samples were analyzed with ADAP-KDB software separately, the labels of Level
3 saccharide-like compounds are not necessarily the same saccharide. For example, “Disaccharide
1" for lodgepole pine forest samples (which is an arbitrary label for a disaccharide) does not mean
that it has the same molecular identity as “Disaccharide 1” for mixed conifer forest samples.
Rather, those were dissacharide compounds identified in lodgepole pine forest samples and mixed
conifer forest samples that received the same label since they were both the first disaccharide
annotated in those separate batches.

4.2.7 LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-MS)

For each replicate, 2 g of soil were shaken for 1 h at 210 rpm in 8 mL of Milli-Q water, and
the supernatant was filtered (nylon 0.45 um pore size, 13 mm diameter filter, Celltreat Scientific
Products). A pooled quality control (QC) sample was produced by mixing 200 pL of filtered extract
from each sample replicate. Ten 1 mL aliquots of the pooled quality control sample and 1 mL
aliquots of each filtered replicate were lyophilized and resuspended in 125 pL of Milli-Q water
followed by vortexing and centrifugation. After transferring all samples to 1.8 mL borosilicate, 12
x 32 mm GC-MS autosampler vials (Avantor, Inc.), 10 pL of a 10.125 pg/mL solution of DL-
tryptophan-2,3,3-d3 (98 % purity, CDN Isotopes) solution in Milli-Q water was added to each vial
as an internal standard assessing ionization efficiency and sample injection variability. This
process was repeated for two experimental blank samples in which one received the internal
standard while the other did not. All samples from lodgepole pine forest soil, mixed conifer forest
soil, and spruce-fir forest soil were prepared at the same time in one batch on November 14, 2024.

Thus, the pooled quality control for liquid chromatography-mass spectrometry features aliquots of
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filtered extract from the lodgepole pine forest soils, mixed conifer forest soils, and spruce-fir forest
soils.

All 72 samples (60 soil extracts, 10 pooled QC samples, 2 blanks) were analyzed with a
Waters Xevo G2-XS quadrupole time of flight mass spectrometer coupled with ultra-performance
liquid chromatography (Waters™). For each sample, 50 pL were injected using a Waters Acquity
UPLC system and ACQUITY Flow-thru-needle sample handler, using a 50 uLL sample loop and
15 pL flow-thru needle. Separation was achieved using a Waters ACQUITY UPLC Premier T3 1.7
pum Column (1.7 pM, 2.1 x 100 mm), using a gradient from solvent A (water + 0.1 % formic acid)
to solvent B (acetonitrile with 0.1 % formic acid) and a flow rate of 0.5 mL/min. The 20 min
gradient is shown in Table 4.1. The column and samples were held at 45 °C and 6 °C, respectively.

Table 4.1. Solvent gradient for buffer B.

Time (min) Buffer B %
0—1 Hold 1%

1 — 13 Linear Gradient 1 % to 98 %
13—16 Hold 98 %
16—16.05 Step Gradient 98 % to 1%
16.05—20 Hold 1%

Data was acquired with electrospray ionization in positive sensitivity mode with fast-data
dependent acquisition MS/MS. The mass range for survey scans was 50-1200 m/z, with a 0.13 s
scan time. The threshold for switching from survey scan to MS/MS was 10,000 counts, and a
maximum of one MS/MS scan was performed per survey scan. Collision energy for MS/MS was
25V, and scan time was 0.3 s. Iterative exclusion was performed via Auto_CatV1 script, with
exclusion list reset after every 10 samples, and an exclusion window of 0.5 Da and 6 s.

Mass calibration was performed using sodium formate with <l ppm mass accuracy. The
capillary voltage was held at 700 V. The source temperature was held at 150 °C and the nitrogen

desolvation temperature at 450 °C with a desolvation flow rate of 1000 L/hr. WATERS Lockspray

168



reference was used to correct for mass drift during runs, with 40 s interval between scans, 0.1
s/scan and signal averaging over 3 scans. LeuEnk was used for mass correction, with reference
mass of +556.2771 m/z. RAW data was converted to mzML for further analysis using WATERS
DataConnect version 2.1.0. For non-targeted analysis, MZmine software (Version 4.5.0)
performed peak detection, spectral deconvolution, and peak alignment while feature annotation
was conducted with SIRIUS software (Version 6.2.2).°! The following databases were used in
SIRIUS for feature annotation: PubChem, Biocyc, Blood Exposome, CHEBI, COCONUT,
DSSTox, FooDB, GNPS, HMDB, HSDB, KEGG, KNApSAcK, LOTUS, LipidMaps, Maconda,
MeSH, MiMeDB, NORMAN, Plantcyc, PubChem: bio and metabolites, PubChem: drug,
PubChem: food, PubChem: safety and toxic, PubMed, SuperNatural, TeroMOL, and YMDB.
Feature annotations were determined with confidence threshold values (>0.650). Out of 25,844
detected features, 48 features were annotated. Detected peak areas in a given sample were
normalized to the internal standard peak area of that same sample to account for analytical
variation and matrix effects. For a given metabolite, zero and n/a normalized peak area values were
replaced with 10 % of the minimum abundance value of the metabolite similarly to GC-MS
analysis. All normalized peak area values were then multiplied by a factor of 10,000 to transform
the data into values greater than 1 for easier comparisons as opposed to values comprised of only
decimals. These normalized peak areas were used to quantify individual metabolites across soils
heated at different temperatures. These normalized peak areas were reported as “abundance”
values. Normalized peak area values of the top 16,383 most abundant features were then Pareto-
scaled prior to principal component analysis. While top 16,383 most abundant features were

selected due to data size constraints in Microsoft Excel sheets, this fraction of the features
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represented 97.8 % of the total feature abundances, resulting in this subset of features being
representative of all features.

4.2.8 FOURIER TRANSFOM ION CYCLOTRON RESONANCE-MASS SPECTROMETRY
(FT ICR-MS)

For each forested ecosystem and heating temperature, 10 g of soil from each of the five
replicates were combined to make a single composite sample (50 g total) which was shaken for 1
h at 200 rpm in 100 mL of Milli-Q water to generate 12 total composite samples: lodgepole pine
forest control, 150 °C, 250 °C, 450 °C; mixed conifer forest control, 150 °C, 250 °C, 450 °C; and
spruce-fir forest control, 150 °C, 250 °C, and 450 °C. After vacuum filtration (0.22 um poly(ether
sulfone) membrane, Merck Millipore Ltd.), the filtrates were acidified to approximately a pH of 2
using a 37 % HCl solution (Fisher Chemical) and concentrated via solid phase extraction according
to Dittmar et al. (2008).%> Agilent Bond Elut PPL (Priority Pollutant) styrene-divinylbenzene
polymer cartridges (3 mL, 200 mg) were rinsed with 15 mL of methanol (LC-MS grade, Supelco,
Inc.) followed by 15 mL of pH 2 water. The filtered, acidified extracts were passed through an
individual PPL cartridge (12 cartridges total) followed by 15 mL of pH 2 water. After the cartridges
dried, 2 mL of methanol (LC-MS grade, Supelco, Inc.) were passed through each cartridge
collected in a combusted (400 °C) glass test tube. For each sample, I mL of eluent was transferred
to a 1.8 mL borosilicate autosampler vial (VWR International) and were stored at -20 °C until
being shipped to the High Magnetic Field Laboratory at Florida State University for FT-ICR MS
analysis. A blank was prepared by conducting the aforementioned process but without any mineral
soil.

At the High Magnetic Field Laboratory, an aliquot of each sample was diluted with an

equal volume of methanol, centrifuged for 10 min at 3,000 rpm, and the supernatant was
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transferred to an HPLC vial immediately prior to analysis. Briefly, 25 uL of the sample was
pumped to the source at 3 uL/min with a 0.5 um inline filter (MAC-MOD Analytical) with
methanol (LC-MS grade, Honeywell) as the carrier solvent. Following each sample injection, the
lines were rinsed with ~300 pL of methanol to prevent sample carryover. A heated electrospray
ionization source was operated in negative mode with a voltage of -3,500 V. The auxiliary gas was
three and sheath gas was eight (arbitrary units). The ion transfer tube and vaporizer temperatures
were set to 300 °C and 35 °C, respectively. Ultrahigh resolution data were acquired using the
Eclipse/FT-ICR MS at 21 T housed at the National High Magnetic Field Laboratory (Tallahassee,
FL, USA). A transient length of 3 s was used, with 5 fills of 400,000 ions each. For each sample,
100 scans were co-added, then the resultant spectrum was phase corrected.®* Mass spectra were
calibrated with 10-15 highly abundant homologous series spanning the molecular weight
distribution according to the “walking” calibration method.®*

Experimentally determined masses were converted from the International Union of Pure
and Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale® for homologous series
identification for each heteroatom class (i.e. molecular formulae with the same Cc.HnNnOoSs
content but differ only by the number of methylene subunits).®® Peaks with signal magnitudes
exceeding six times the baseline root-mean-square (rms) noise at m/z 500 were included in the
peak lists. Molecular formulae assignments were conducted using PetroOrg © software.®’
Molecular formulae were assigned to singly-charged ions (170-12—Da) within the bounds of Cs.
75H4.1500130N0-4So> and were discarded if the error was greater than 0.35 parts-per-million.®’
Modified aromaticity index (Almod) and nominal oxidation state of carbon (NOSC) values were

calculated for each assigned molecular formula.®s7
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4.2.9 STATISTICS

For comparing the mean values within a forested ecosystem (e.g. control, 150 °C, 250 °C,
and 450 °C replicates across lodgepole pine forest samples) for WEOC, WETN, GC-MS annotated
metabolite abundances, LC-MS annotated metabolite abundances, total C and N, and pH analyses,
data normality was assessed using the Shapiro-Wilk test, and homogeneity of variances was
evaluated using Levene’s test. If the data were parametric and the variances were equal, ANOVA
and Tukey’s tests were used. If the data were parametric but the variances were not equal, Welch’s
ANOVA and Games-Howell tests were used. If the data were not parametric (irrespective of
variance homogeneity), the Kruskal-Wallis and Dunn’s tests were used. These tests were
conducted with the “rstatix” R package using RStudio (version 4.2.2).
4.3 RESULTS AND DISCUSSION
4.3.1 METABOLITE CONTENTS OF SOIL HEATED AT DIFFERENT TEMPERATURES
WERE DISTINCT

For all forested ecosystems, the metabolomic profiles of the control, 150 °C, 250 °C, and
450 °C were distinct (Figure 4.3). Within Figure 4.3, data points that cluster closely feature
similar metabolomic profiles comparatively to data points that cluster separately. The abundances
of all detected metabolites were used to generate the plots in Figure 4.3; thus, Figure 4.3 illustrates
changes in the entire metabolome at different heating temperatures. Metabolomic profiles detected
via GC-MS featured distinct clustering with minimal overlap amongst heating temperatures
(Figure 1A, B, C). GC-MS analysis detects lower molecular weight, volatile metabolites. As soil
temperature increases, these volatile metabolites would steadily volatilize out of the soil,

contributing to distinct GC-MS-detected metabolomes at each soil heating temperature.

172



A Lodgepole Pine Forest B Mixed Conifer Forest C Spruce-Fir Forest
250
F g #
z N 5 200 -
@ o 5
84 0 S o (¥
£ g o F s
GC-MS a g g.zsn
£
3 -1000 2 %
1 g
: £ :
-2000
= 2000 250 0 250 500 $00 400 200 0 500 #|Control
Principal Component 1 (35.5 %) Principal Component 1 (41.3 %) Principal Component 1 (30.2 %) A 150 °C
u|250 °C
o
Lodgepole Pine Forest Mixed Conifer Forest Spruce-Fir Forest 450 °C .
D E me [ElPooled Quality Control
- 2500 o ] -
g 3 Z 4000
~ v ~ 2500 o 3
z 3 - g ¥
LC-MS : g : P
E L £ 8
8 i @ 3
3 4 £ 1000
g 4] e
g = £
& S &

g

-5000 - - — - 2500 -
0000 5000 9 5000 5000 [ 5000 0000 5000 7 5000
Principal Component 1(56.0 %) Principal Component 1 (49.2 %) Principal Component 1 (56.3 %)

Figure 4.3. Principal component analysis (PCA) scores plots. A, B, and C: PCA scores plots of
gas chromatography-mass spectrometry data (GC-MS). D, E, and F: PCA scores plots of liquid
chromatography-mass spectrometry data (LC-MS). n =5 for Control, 150 °C, 250 °C, and 450 °C.
n = 7 for Pooled Quality Control. For all PCA plots, the peak areas of detected features in the
samples were normalized to the internal standard peak areas, scaled with Pareto scaling, and then
used as the input data for the PCA scores plots. Ellipses represent 95 % confidence levels of the
treatment groups. Pooled Quality Control samples were an even mixture of Control, 150 °C, 250
°C, and 450 °C samples and should plot in the middle of the Control, 150 °C, 250 °C, and 450 °C
samples in a PCA plot.

Comparatively, metabolomic profiles detected by LC-MS were distinct for 250 °C and 450
°C samples, but more overlap was observed between control and 150 °C samples (Figure 4.3D,
E, F). LC-MS analysis detects higher molecular weight, less volatile metabolites than GC-MS.
These less volatile metabolites likely require higher temperatures (>150 °C) to volatilize and/or
thermochemically degrade, contributing to minimal changes in soil metabolomic profiles between
control and 150 °C soils. Nevertheless, the overall metabolomic profile of the soils distinctly
shifted at different temperatures, supporting hypothesis 1 (soil metabolomic profiles will be
distinct across different heating temperatures). These results suggest that soils impacted by
wildfires of varying intensities would feature unique post-fire metabolomic profiles.

While Figure 4.3 examined alterations to soil metabolomes as a whole, the #ypes and

abundances of specific metabolites that are changing at different heating temperatures remain
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unknown. Consequently, the abundances of specific chemical categories and individual
metabolites need to be explored.
4.3.2 SOILS HEATED TO 150 °C WERE ENRICHED IN AMINO ACIDS AND PEPTIDES
150 °C samples generally featured higher amino acid abundances compared to control, 250
°C, and 450 °C samples (Figure 4.4). Specifically, lodgepole pine forest serine and allothreonine
were significantly more abundant in 150 °C samples compared to 250 °C and 450 °C samples
(Figure 4.5). Mixed conifer forest serine, allothreonine, and alanine were significantly more
abundant in 150 °C samples compared to control and 450 °C samples (Figure 4.6). Spruce-fir
forest serine was significantly more abundant in 150 °C samples compared to control, 250 °C, and

450 °C samples (Figure 4.7).
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Figure 4.4. Heatmaps for annotated amino acids and peptides from A) lodgepole pine forest, B)
mixed conifer forest, and C) spruce-fir forest soils. For quantification, the internal-standardized
normalized peak areas for each metabolite were autoscaled and plotted using MetaboAnalyst
(Version 6.0) software. Horizontal black lines separate amino acids (above line) from peptides
(below line). “GC-MS” and “LC-MS” denotes whether the annotated metabolites were detected
via GC-MS or LC-MS analyses, respectively. Yellow and red colors indicate above-average
abundance values while blue color indicates below-average abundance values. n=5 for Control,
150 °C, 250 °C, and 450 °C samples. Amino acids and peptides were identified with Level 2
identification confidence.’’

Excluding mixed conifer forest soil, 150 °C samples also featured higher peptide
abundances compared to control, 250 °C, and 450 °C samples. Eight lodgepole pine forest peptides

were significantly more abundant in 150 °C samples compared to control, 250 °C, and
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Figure 4.5. Quantification of A) serine and B) allothreonine from lodgepole pine forest soil
visualized with box plots. Abundance values were calculated by dividing the peak area of the
metabolites by the peak area of the internal standard to account for matrix effects and analytical
variation. Therefore, abundance values themselves are arbitrary and cannot be compared across
metabolites, but the abundance values can be compared across treatments for a given metabolite.
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests of serine and
allothreonine were conducted independently of each other. n = 5 for control, 150 °C, 250 °C, and
450 °C samples. Box plots show the median (central line), first and third quartiles (box edges), and
whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually. Both
metabolites were detected with gas chromatography-mass spectrometry.
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Figure 4.6. Quantification of A) serine, B) allothreonine, and C) alanine from mixed conifer forest
soil visualized with box plots. Abundance values were calculated by dividing the peak area of the
metabolites by the peak area of the internal standard to account for matrix effects and analytical
variation. Therefore, abundance values themselves are arbitrary and cannot be compared across
metabolites, but the abundance values can be compared across treatments for a given metabolite.
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests of serine,
allothreonine, and alanine were conducted independently of each other. n = 5 for control, 150 °C,
250 °C, and 450 °C samples. Box plots show the median (central line), first and third quartiles
(box edges), and whiskers extending to minimum and maximum values within 1.5 times the
interquartile range. Data beyond the end of the whiskers are “outlying” points and are plotted
individually. All metabolites were detected with gas chromatography-mass spectrometry.
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Figure 4.7. Quantification of serine from spruce-fir forest soil visualized with box plots.
Abundance values were calculated by dividing the peak area of the metabolites by the peak area
of the internal standard to account for matrix effects and analytical variation. Therefore, abundance
values themselves are arbitrary and cannot be compared across metabolites, but the abundance
values can be compared across treatments for a given metabolite. Letters above boxes indicate
significant differences between treatments determined by either ANOVA and Tukey HSD tests,
Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 4.2.9 within Methods). n = 5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots
show the median (central line), first and third quartiles (box edges), and whiskers extending to
minimum and maximum values within 1.5 times the interquartile range. Data beyond the end of
the whiskers are “outlying” points and are plotted individually. Serine detected with gas
chromatography-mass spectrometry.

450 °C samples (Figure 4.8). Ten spruce-fir forest peptides were also significantly more abundant
in 150 °C samples compared to control, 250 °C, and 450 °C samples (Figure 4.9). Mixed conifer
forest soil did not exhibit peptide enrichment in 150 °C samples to the degree in lodgepole pine
forest and spruce-fir forest soils but rather featured greater peptide content in the control samples
compared to the other two forest types (Figure 4.4B). This discrepancy may be due to the
deciduous content of the mixed conifer forest which featured aspen and Gambel oak trees
compared to the other two forests which were predominantly coniferous. Deciduous trees annually
shed their leaves which are comprised of proteins, likely differentiating the composition of the
underlying O-horizon and mineral soil by increasing peptide content. Overall, due to the increase

in amino acid and peptide abundance in 150 °C lodgepole pine and spruce-fir soils, we reject the

amino acid- and peptide-related components of our second hypothesis (abundances of amino acids,
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peptides, and organic acids will peak at ~250 °C). Soils burned to low intensity conditions (~150
°C) likely feature increased amino acid and peptide abundances which could facilitate protein

biosynthesis and microbial biomass accumulation, enhancing post-fire microbial activity and
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Figure 4.8. Quantification of A) Thr-Thr-Leu, B) Thr-Val-Leu, C) Val-Pro-Phe, D) Thr-Val-Phe,
E) Thr-Leu-Phe, F) Ala-Leu-Phe, G) Glu-Leu-Glu, and H) Thr-Val-Val peptides from lodgepole
pine forest soil visualized with box plots. Abundance values were calculated by dividing the peak
area of the metabolites by the peak area of the internal standard to account for matrix effects and
analytical variation. Therefore, abundance values themselves are arbitrary and cannot be compared
across metabolites, but the abundance values can be compared across treatments for a given
metabolite. Letters above boxes indicate significant differences between treatments determined by
either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis
and Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests of the peptides
were conducted independently of each other. n =5 for control, 150 °C, 250 °C, and 450 °C samples.
Box plots show the median (central line), first and third quartiles (box edges), and whiskers
extending to minimum and maximum values within 1.5 times the interquartile range. Data beyond
the end of the whiskers are “outlying” points and are plotted individually. All peptides were
detected with liquid chromatography-mass spectrometry. Thr = threonine. Leu = leucine. Val =
Val. Pro = proline. Phe = phenylalanine. Ala = Alanine. Glu = glutamic acid.

4.3.3 SOILS HEATED TO 250 °C WERE ENRICHED IN AROMATIC METABOLITES,
ORGANIC ACIDS, AND NITROGEN-CONTAINING SACCHARIDES

250 °C soils featured greater aromatic metabolite abundances compared to control, 150 °C
and 450 °C soils (Figure 4.9). Seven aromatic metabolites from lodgepole pine forest soils were
significantly more abundant in the 250 °C soils compared to control, 150 °C, and 450 °C samples

(Figure 4.10). Six aromatic metabolites from mixed conifer forest soils were significantly more
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Figure 4.9. Quantification of A) Thr-Thr-Leu, B) Val-Pro-Phe, C) Thr-Val-Phe, D) Thr-Leu-Phe,
E) Leu-Val-Phe, F) Asp-Val-Leu, G) Ala-Leu-Phe, H) Glu-Thr-Leu, I) Glu-Leu-Glu, and J) Thr-
Val-Val peptides from spruce-fir forest soil visualized with box plots. Abundance values were
calculated by dividing the peak area of the metabolites by the peak area of the internal standard to
account for matrix effects and analytical variation. Therefore, abundance values themselves are
arbitrary and cannot be compared across metabolites, but the abundance values can be compared
across treatments for a given metabolite. Letters above boxes indicate significant differences
between treatments determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and
Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9 within
Methods). The statistical tests of the peptides were conducted independently of each other. n =5
for control, 150 °C, 250 °C, and 450 °C samples. Box plots show the median (central line), first
and third quartiles (box edges), and whiskers extending to minimum and maximum values within
1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points and
are plotted individually. All peptides were detected with liquid chromatography-mass
spectrometry. Thr = threonine. Leu = leucine. Val = Val. Pro = proline. Phe = phenylalanine. Asp
= aspartic acid. Ala = Alanine. Glu = glutamic acid.

abundant in the 250 °C soils compared to control, 150 °C, and 450 °C soils (Figure 4.11). Four
aromatic metabolites from spruce-fir forest soils were significantly more abundant in the 250 °C
soils compared to control, 150 °C, and 450 °C soils (Figure 4.12). This increase in aromatic
content within 250 °C soils was also observed in the FT-ICR MS analysis where 250 °C soils
featured greater modified aromaticity index values compared to control soils (Figure 4.13).

Overall, we reject hypothesis 3 (abundances of aromatic metabolites will increase as heating
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temperature increases) because aromatic metabolite abundances peaked in 250 °C soils and then
generally decreased in 450 °C soils.

Aromatic Metabolites

Lodgepole Pine Forest Mixed Conifer Forest Spruce-Fir Forest

A e B
.

e

1 ] L
T T T T T T T T T T T T

Control 150°C 250°C 450°C Control 150°C 250°C 450°C Control 150°C 250°C 450°C

Figure 4.9. Heatmaps for annotated aromatic metabolites from A) lodgepole pine forest, B) mixed
conifer forest, and C) spruce-fir forest soils. For quantification, the internal-standardized
normalized peak areas for each metabolite were autoscaled and plotted using MetaboAnalyst
(Version 6.0) software. Horizontal black lines separate amino acids (above line) from peptides
(below line). “GC-MS” and “LC-MS” denotes whether the annotated metabolites were detected
via GC-MS or LC-MS analyses. Yellow and red colors indicate above-average abundance values
while blue color indicates below-average abundance values. n=5 for Control, 150 °C, 250 °C, and
450 °C samples. Aromatic metabolites were identified with Level 2 identification confidence.?’
Previous studies have observed soil organic matter from burned soils featuring heightened
aromatic content,’?830:32:49.50.3271574 - qych - conclusions were drawn predominantly from
spectroscopy, pyrolysis GC-MS, and FT-ICR MS analyses. However, to the authors’ knowledge,
our study is the first to discover that increased aromatic content in burned soils extends to the lower
molecular weight aromatic metabolites as well. These aromatic metabolites are involved in various
microbial metabolic pathways. For example, benzoic acid, 4-hydroxybenzoic acid, and
protocatechuic acid can be degraded into intermediates that feed into the citric acid cycle,
producing adenosine triphosphate (ATP) for cellular energy.’!”> Benzaldehyde, vanillic acid, and
terephthalic acid participate in aminobenzoate degradation while nicotinic acid and 6-

hydroxynicotinic acid are involved in nicotinate and nicotinamide metabolism, producing essential

coenzymes NAD" and NADP".7"7® So, these aromatic metabolites enriched in 250 °C soils can be
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Figure 4.10. Quantification of A) benzoic acid, B) 4-hydroxybenzoic acid, C) vanillic acid, D)
protocatechuic acid, E) benzaldehyde, F) coumarin, and G) cyclopropa(c)chromen-2-one from
lodgepole pine forest soil visualized with box plots. Abundance values were calculated by dividing
the peak area of the metabolites by the peak area of the internal standard to account for matrix
effects and analytical variation. Therefore, abundance values themselves are arbitrary and cannot
be compared across metabolites, but the abundance values can be compared across treatments for
a given metabolite. Letters above boxes indicate significant differences between treatments
determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or
Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests
of plots A, B, C, D, E, F, and G were conducted independently of each other. n = 5 for control,
150 °C, 250 °C, and 450 °C samples. Box plots show the median (central line), first and third
quartiles (box edges), and whiskers extending to minimum and maximum values within 1.5 times
the interquartile range. Data beyond the end of the whiskers are “outlying” points and are plotted
individually. Benzoic acid, 4-hydroxybenzoic acid, vanillic acid, and protocatechuic acid were
detected with gas chromatography-mass spectrometry. Benzaldehyde, coumarin, and

cyclopropa(c)chromen-2-one were detected with liquid chromatography-mass spectrometry.
involved in key metabolic pathways, providing biologically-relevant metabolites for post-fire
microbial activity.

Organic acids were generally most abundant in the 250 °C soils (Figure 4.14A, B, C).
Three lodgepole pine forest organic acids (succinic acid, 2-furoic acid, and glyceric acid) were
significantly more abundant in 250 °C soils compared to control soils (Figure 4.15). Two mixed
conifer forest organic acids (succinic acid and 2-hydroxybutyric acid) were significantly more
abundant in 250 °C soils compared to control soils (Figure 4.16). Four spruce-fir forest amino
acids (succinic acid, 2-furoic acid, 2-hydroxybutyric acid, and oxoadipic acid) were significantly
more abundant in 250 °C soils compared to control soils (Figure 4.17). Thus, we accept the organic

acid-related component of hypothesis 2: abundances of amino acids, peptides, and organic acids

180



w

Vanillic Acid - Mixed Conifer Forest C Terephthalic Acid - Mixed Conifer Forest
4000 *

.
. N .
2000

A 4-Hydroxybenzoic Acid - Mixed Conifer Forest
.

. -
5

<
a
&

@
=
2

Abundance
Abundance
Abundance

500 b‘ .
|
c 20 .a 1000 b c
a a = | a == a a a C. mngetmg
Bl e gi— of et . g § =]
Control 150 250 450 Control 150 250 450 Cantrol 150 250 450
Heating Temperature (°C) Heating Temperature (*C) Heating Temperature (°C)
D Coumarin - Mixed Conifer Forest E Cyclopropa(c)chromen-2-one - Mixed Conifer Forest F Dehydremucic Acid - Mixed Conifer Forest
. 80 *
60 200|
@

@ 8
§ b 2 g
5 400 S . =
o T40 b £ a
£ € 5 .
=] a £100 b

a
a % - a a a a a .
M - et ——— 0 e e Pon o —e .

350 Control 450

Control 450 Control

Heeai?\?g Tempera\uzrseﬂ (°c) Heaﬁsnag Temperaiuzr!g\(’cj Heal}?ﬁq Temperatuz!? {°C)
Figure 4.11. Quantification of A) 4-hydroxybenzoic acid, B) vanillic acid, C) terephthalic acid,
D) coumarin, E) cyclopropa(c)chromen-2-one, and F) dehydromucic acid from mixed conifer
forest soil visualized with box plots. Abundance values were calculated by dividing the peak area
of the metabolites by the peak area of the internal standard to account for matrix effects and
analytical variation. Therefore, abundance values themselves are arbitrary and cannot be compared
across metabolites, but the abundance values can be compared across treatments for a given
metabolite. Letters above boxes indicate significant differences between treatments determined by
either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis
and Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests of plots A, B,
C, D, E and F were conducted independently of each other. n =5 for control, 150 °C, 250 °C, and
450 °C samples. Box plots show the median (central line), first and third quartiles (box edges), and
whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually. 4-
Hydroxybenzoic acid, vanillic acid, and terephthalic acid were detected with gas chromatography-
mass spectrometry. Coumarin, cyclopropa(c)chromen-2-one, and dehydromucic acid were

detected with liquid chromatography-mass spectrometry.

will peak at ~250 °C. Similarly to the aromatic metabolites, these organic acids are involved in
metabolic pathways. Succinic acid and fumaric acid are intermediates in the citric acid cycle
producing ATP,””3° 2-furoic acid can be the sole source of carbon and energy for Pseudomonas

),3182 glyceric acid is involved in glycine, serine, and threonine

putida (a saprophytic soil bacterium
metabolism,®* and 2-hydroxybutyric acid is involved in propanoate metabolism.3* Therefore, soils

burned to ~250 °C by wildfires likely feature enriched abundances of biologically-relevant organic

acids.
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Figure 4.12. Quantification of A) benzoic acid, B) 4-hydroxybenzoic acid, C) coumarin, and D)
cyclopropa(c)chromen-2-one from spruce-fir forest soil visualized with box plots. Abundance
values were calculated by dividing the peak area of the metabolites by the peak area of the internal
standard to account for matrix effects and analytical variation. Therefore, abundance values
themselves are arbitrary and cannot be compared across metabolites, but the abundance values can
be compared across treatments for a given metabolite. Letters above boxes indicate significant
differences between treatments determined by either ANOVA and Tukey HSD tests, Welch’s
ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9
within Methods). The statistical tests of plots A, B, C, and D were conducted independently of
each other. n = 5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots show the median
(central line), first and third quartiles (box edges), and whiskers extending to minimum and
maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers are
“outlying” points and are plotted individually. Benzoic acid and 4-hydroxybenzoic acid were
detected with gas chromatography-mass spectrometry. Coumarin and cyclopropa(c)chromen-2-
one were detected with liquid chromatography-mass spectrometry.
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Figure 4.13. Density plots showcasing Fourier transform ion cyclotron resonance-mass
spectrometry results that illustrate differences in modified aromaticity index values of unique
molecular formulae between control and 250 °C samples with A) lodgepole pine forest soil, B)
mixed conifer forest soil, and C) spruce-fir forest soil. A unique molecular formula, for example,
is a molecular formula assigned in Sample X but not assigned in Sample Y. In that case, that
assigned molecular formulae is unique to sample X.
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Figure 4.14. Heatmaps for annotated organic acids (A, B, C) and saccharide-like metabolites (D,
E, F) from lodgepole pine forest (A, D), mixed conifer forest (B, E), spruce-fir forest (C, E) soils.
For quantification, the internal-standardized normalized peak areas for each metabolite were
autoscaled and plotted using MetaboAnalyst (Version 6.0) software. For D, E, and F, horizontal
black line separates saccharide-like compounds detected with gas chromatography-mass
spectrometry (above-line) from nitrogen-containing saccharides detected with liquid
chromatography-mass spectrometry (below line). “GC-MS” and “LC-MS” denotes whether the
annotated metabolites were detected via GC-MS or LC-MS analyses. Yellow and red colors
indicate above-average abundance values while blue color indicates below-average abundance
values. n=5 for Control, 150 °C, 250 °C, and 450 °C samples. Succinic acid, 2-furoic acid, glyceric
acid, 2-hydroxybutyric acid, fumaric acid, oxoadipic acid, levoglucosan, and N-acetyl-D-
glucosamine, acylaminosugar 1, acylaminosugar 2, and acyl alpha hexosamine were identified
with Level 2 identification confidence.’” The sugar-derived organic acids, sugar alcohols,
monosaccharides, disaccharides, and trisaccharides were identified with Level 3 identification
confidence.’’

Soils heated to 250 °C were enriched in nitrogen-containing saccharides (Figure 4.14D, E,
F). Nitrogen-enriched organic matter often forms following soil heating and burning, presumably
due to the Maillard reaction pathway (i.e. condensation of reducing sugars and amino acids).?*"2
The increased abundances of nitrogen-containing saccharides in the 250 °C soils provide further
evidence of post-fire nitrogen enrichment in SOM and contribute to burned soils featuring

biologically-relevant saccharides for microbial activity. The results of saccharide-like metabolites

detected by GC-MS were less consistent compared to previous chemical categories (Figure 4.14D,
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Figure 4.15. Quantification of A) succinic acid, B) 2-furoic acid, and C) glyceric acid from
lodgepole pine forest soil visualized with box plots. Abundance values were calculated by dividing
the peak area of the metabolites by the peak area of the internal standard to account for matrix
effects and analytical variation. Therefore, abundance values themselves are arbitrary and cannot
be compared across metabolites, but the abundance values can be compared across treatments for
a given metabolite. Letters above boxes indicate significant differences between treatments
determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or
Kruskal-Wallis and Dunn'’s tests (see Statistics section 4.2.9 within Methods). The statistical tests
of plots A, B, and C, were conducted independently of each other. n = 5 for control, 150 °C, 250
°C, and 450 °C samples. Box plots show the median (central line), first and third quartiles (box
edges), and whiskers extending to minimum and maximum values within 1.5 times the
interquartile range. Data beyond the end of the whiskers are “outlying” points and are plotted
individually. All metabolites in this figure were detected via gas chromatography-mass

spectrometry.
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Figure 4.16. Quantification of A) succinic acid and B) 2-hydroxybutyric acid from mixed conifer
forest soil visualized with box plots. Abundance values were calculated by dividing the peak area
of the metabolites by the peak area of the internal standard to account for matrix effects and
analytical variation. Therefore, abundance values themselves are arbitrary and cannot be compared
across metabolites, but the abundance values can be compared across treatments for a given
metabolite. Letters above boxes indicate significant differences between treatments determined by
either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis
and Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests of plots A and
B were conducted independently of each other. n = 5 for control, 150 °C, 250 °C, and 450 °C
samples. Box plots show the median (central line), first and third quartiles (box edges), and
whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually. Both
metabolites in this figure were detected via gas chromatography-mass spectrometry.
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Figure 4.17. Quantification of A) succinic acid, B) 2-furoic acid, C) 2-hydroxybutyric acid, and
D) oxoadipic acid from spruce-fir forest soil visualized with box plots. Abundance values were
calculated by dividing the peak area of the metabolites by the peak area of the internal standard to
account for matrix effects and analytical variation. Therefore, abundance values themselves are
arbitrary and cannot be compared across metabolites, but the abundance values can be compared
across treatments for a given metabolite. Letters above boxes indicate significant differences
between treatments determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and
Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9 within
Methods). The statistical tests of plots A, B, C, and D were conducted independently of each other.
n =5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots show the median (central line),
first and third quartiles (box edges), and whiskers extending to minimum and maximum values
within 1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points
and are plotted individually. Both metabolites in this figure were detected via gas chromatography-
mass spectrometry.

E, and F). Nevertheless, 150 °C and 250 °C soils both featured saccharide-like metabolites that
could provide carbon and energy sources for post-fire microbes.
4.3.4 SOILS HEATED TO 150 °C AND 250 °C WERE ENRICHED IN METABOLITES
COMPARED TO CONTROL SOIL

For lodgepole pine forest, mixed conifer forest, and spruce-fir forest soils, 91 metabolites
were annotated (43 from GC-MS and 48 from LC-MS), 100 metabolites were annotated (52 from
GC-MS, 48 from LC-MS), and 102 metabolites were annotated (54 from GC-MS, 48 from LC-
MS), respectively, to Level 2 or 3 confidence.?’” 150 °C and 250 °C soils featured more significantly
abundant metabolites compared to the control soils. For example, for lodgepole pine forest, mixed
conifer forest, and spruce-fir forest samples, 24.2 %, 20 %, and 25.5 % of annotated metabolites,
respectively, were significantly more abundant in 150 °C compared to control soil while only 3.3
%, 4 %, and 2 % of annotated metabolites, respectively, were more abundant in control compared

to 150 °C soil. Similar results were observed for 250 °C soils. For lodgepole pine forest, mixed
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conifer forest, and spruce-fir forest soils, 30.8 %, 30 %, and 18.6 % of annotated metabolites,
respectively, were significantly more abundant in 250 °C compared to control soil while only 12.1
%, 15 %, and 22.5 % of annotated metabolites, respectively, were more abundant in control
compared to 250 °C soil. Thus, the majority of 150 °C and 250 °C soils featured significantly
greater annotated metabolite abundances compared to control soils. Such increased metabolite
abundances could have contributed to greater water extractable organic carbon values in 150 °C
and 250 °C soils (Figure 4.18 and Figure 4.19) which has been previously observed in other

studies.?? 3 Additional bulk soil parameters can be found in Appendix C (Figure C1-C4).

Aromatic metabolite, organic acid, and
nitrogen-containing saccharide enrichment
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Figure 4.18. Conceptual diagram summarizing key conclusions from this study. As the soil heating
temperature initially increases, water extractable organic carbon values (indicated by the black line
streaking across the plot) increase to 250 °C and then decrease to 450 °C (Figure 4.19). This
pattern may be due to the increased metabolite abundances at 150 °C and 250 °C. At ~150 °C, the
soils are enriched in amino acids and peptides as proteins in the soil denature. Cell lysis likely
contributes to the enrichment of aromatic metabolites, organic acids, and nitrogen-containing
saccharides observed in the soils heated to ~250 °C. This figure was made using BioRender.com.
Background image of wildfire was from www.iii.org.
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Figure 4.19. Water extractable organic carbon (WEOC) concentrations visualized with box plots
for A) lodgepole pine forest soil, B) mixed conifer forest soil, and C) spruce-fir forest soil. Letters
above boxes indicate significant differences between treatments determined by either ANOVA and
Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests
(see Statistics section 4.2.9 within Methods). The statistical tests within each forest type were
conducted independently of each other. n = 5 for control, 150 °C, 250 °C, and 450 °C samples.
Box plots show the median (central line), first and third quartiles (box edges), and whiskers
extending to minimum and maximum values within 1.5 times the interquartile range. Data beyond
the end of the whiskers are “outlying” points and are plotted individually.
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During wildfires, soil is often heated heterogeneously, contributing to a range of soil
heating temperatures.®>*>8587 To account for heterogeneous heating conditions, all heated soils
(150 °C, 250 °C, and 450 °C) vs control soil comparisons were made. For lodgepole pine forest,
mixed conifer forest, and spruce-fir forest soils, 51.6 %, 43 %, and 44.1 % of annotated
metabolites, respectively, were significantly more abundant in heated soils compared to control
soils whereas only 1.1 %, 4 %, and 1 % of annotated metabolites, respectively, were more abundant
in control soil compared to all heated soils. Thus, soil burned by wildfires could feature augmented
abundances of biologically-relevant metabolites.

Overall, the 150 °C samples were enriched in peptides and amino acids (Figure 4.4) while
the 250 °C samples were enriched in aromatic metabolites, organic acids, and nitrogen-containing
saccharides (Figures 4.9 and 4.14). This discrepancy between the temperatures suggests that at
150 °C, proteins in the soil began to denature and tripeptides were detected via LC-MS.®® Then at
250 °C, sufficient temperatures were met to form aromatic metabolites and nitrogen-containing
saccharides and to broadly cause cell lysis, releasing organic acids into the soil. Cell lysis occurs

during wildfires when high soil temperatures cause microbial cells to break open, producing
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necromass (i.e. organic matter from dead microbes)®® and releasing intracellular metabolites into
the soil.”!*2 This idea is further supported by the increased abundance of thymine in the heated
soils, especially in the 250 °C soils (Figure 4.20). Thymine is a nucleobase and is one of the four
building blocks of DNA. Thymine is housed within the nucleoid of prokaryotic cells (like archaea
and bacteria) and within the nucleus of eukaryotic cells (like fungi). When microbial cells lyse
open during soil heating, intracellular nucleobases like thymine would likely enter the soil,
increasing thymine abundances. Mortality thresholds of soil microbes can range between 35 °C
and 800 °C.” Thus, having cell lysis peak at ~250 °C is plausible. Within 450 °C samples, many
of the metabolites that lysed out of cells, including thymine, either volatilized or combusted into
CO,."?+% Therefore, 150 °C and 250 °C may be the “Goldilocks” zone for metabolite release in
soil during wildfires: hot enough to denature proteins, form aromatic metabolites and nitrogen-
containing saccharides, lyse cells open, and release intracellular metabolites into the soil but not
too hot to volatilize or combust those released metabolites (Figure 4.18).

The observed metabolomic results were largely consistent across the three forested
ecosystems. Despite collecting soils from three distinct forest types across Colorado, the following
parameters exhibited consistent results: metabolomic profiles of metabolites detected with GC-
MS changing at different heating temperatures (Figure 4.1A, B, C), amino acid abundances
(Figure 4.2), aromatic metabolite abundances (Figure 4.9), organic acid abundances (Figure
4.14A, B, C), and nitrogen-containing saccharide abundances (Figure 4.14D, E, F). Therefore,
the results observed within this study could potentially be extrapolated to soils of other forested

ecosystems.
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Figure 4.20. Quantification of thymine from A) lodgepole pine forest soil, B) mixed conifer forest
soil, and C) spruce-fir forest visualized with box plots. Abundance values were calculated by
dividing the peak area of the metabolites by the peak area of the internal standard to account for
matrix effects and analytical variation. Therefore, abundance values themselves are arbitrary and
cannot be compared across metabolites, but the abundance values can be compared across
treatments for a given metabolite. Letters above boxes indicate significant differences between
treatments determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-
Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9 within Methods). The
statistical tests of lodgepole pine forest, mixed conifer forest, and spruce-fir forest were conducted
independently of each other. n = 5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots
show the median (central line), first and third quartiles (box edges), and whiskers extending to
minimum and maximum values within 1.5 times the interquartile range. Data beyond the end of
the whiskers are “outlying” points and are plotted individually. Thymine was detected with gas
chromatography-mass spectrometry.

4.4 ENVIRONMENTAL IMPLICATIONS

Overall, heating soil to distinct temperatures drastically changed the soil metabolome
(Figure 4.1). Soils heated to 150 °C were enriched in amino acids and peptides (Figure 4.2). Soils
heated to 250 °C were enriched in aromatic metabolites, organic acids, and nitrogen-containing
saccharides (Figures 4.9 and 4.14). Lastly, soils heated to 150 °C and 250 °C were enriched in
metabolites compared to the control soils, and these results were largely consistent across the three
forested ecosystems. This study provides an initial description of expected changes to soil
metabolomes when exposed to wildfires of varying intensities, establishing boundary conditions
that can guide future investigations on wildfire impacts on SOM.

These results imply that soils burned by wildfires are likely not devoid of biologically-
relevant organic matter; rather, burned soils may be enriched in metabolites (especially by
wildfires of low to moderate intensity) and may feature an abundant, diverse metabolome

compared to unburned soils. These post-fire metabolites could then be utilized by microbes to
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accumulate biomass, generate cellular energy, and drive post-fire activity. Therefore, this flush of
metabolites may serve as a key component supporting microbial pioneer species that initiate post-
fire soil and forest recovery processes. On the other hand, increased metabolite abundances in post-
fire soils may lead to increased microbial CO; respiration rates, potentially increasing post-fire
soil greenhouse gas emissions.
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CHAPTER 5: WILDFIRE ENHANCES SOIL ORGANIC MATTER BIODEGRADABILITY,

METABOLOME, AND SOIL CO2 EMISSIONS

5.1. INTRODUCTION

Wildfires have become more prevalent during the past few decades. While global burn area
has declined since 2001 largely due to reductions in African savannah burning, every other
wildfire-prone continent has experienced increasing burn area and extreme wildfire events with
~367,000,000 ha burning globally in 2024.! Within the United States, the average wildfire size and
frequency have increased by 4-fold and 3-fold respectively in the 2000s compared to the 1980s
through the 1990s.? These wildfires can drastically impact forested ecosystems, watersheds, and
underlying soil.

Wildfires can change the composition of soil organic matter (SOM): a heterogenous
assemblage of organic molecules featuring small metabolites like saccharides and organic acids to
larger lignin-like compounds. SOM serves as key substrates driving microbial metabolism, fueling
microbial activity, influencing soil greenhouse gas emissions, and contributing to overall soil
health. Wildfires change SOM composition, often making the SOM more condensed and
increasing aromaticity.> "' However, the effects of wildfires on the abundances of soil metabolites
(a specific pool of SOM) is understudied, preventing further discoveries related to post-fire
nutrient cycling, SOM biodegradability, and microbial activity.

Metabolites are small, biodegradable compounds such as amino acids and saccharides
typically detected using gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass spectrometry (LC-MS).!!"!* Metabolites in a sample are often referred to as

the metabolome or metabolite profile, and metabolomics refers to the investigation of metabolites,

207



providing valuable insight into microbial metabolism and carbon cycling.!>! Nevertheless, the
effects of wildfires on soil metabolite profiles remain relatively unknown. Pyrolysis GC-MS has
been utilized to putatively identify small, volatile metabolites in burned soils but the abundances
of the individual metabolites and how changes to those metabolites impact microbial metabolism
were not examined.®?>2° In a study examining SOM in soil featuring pyrogenic organic matter,
individual metabolites were observed using LC-MS, but the metabolite identities were not
determined since only Level 4 and Level 5 on the Schymanski Index were achieved.?’-?
Metabolites in soils that were burned in pyrocosms have been putatively identified and relatively
quantified.”” However, metabolites and their abundances have yet to be studied within soils
impacted by a natural wildfire. Therefore, we do not know the extent to which wildfires change
the presence and abundance of key metabolites that can directly influence post-fire microbial
activity, reforestation, greenhouse gas emissions, and soil recovery. Understanding the post-fire
metabolome will also provide critical insight into the biodegradability of SOM from burned soils.

A direct assessment of SOM biodegradability from wildfire-impacted soils has yet to be
conducted. Herein, we operationally employ the term “biodegradable” to describe SOM that can
be accessed and mineralized to CO2 by microbes. The biodegradability of post-fire SOM will
influence post-fire microbial metabolism, soil recovery, and the degree to which burned
environments behave more as carbon sources or carbon sinks, warranting investigations of post-
fire SOM biodegradability. Historically, pyrogenic organic matter (thermochemically altered
organic matter produced from incomplete combustion often present in burned soils)*° has been
considered minimally biodegradable with half-lives ranging over millennial timescales.’'"*?
However, recent laboratory experiments conducted since 2018 have observed 1) the degradation

of pyrogenic organic matter within as few as 10 days,***7 2) that pyrogenic organic matter can
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induce a positive priming effect for SOM degradation,?’” and 3) that pyrogenic organic matter can
feature faster decay rates compared to non-pyrogenic organic matter.*>* While studying just the
pyrogenic content of soil is valuable to determine specifically how thermochemically altered
organic matter influences post-fire soil dynamics, examining the entire SOM pool within burned
soils provides a more holistic evaluation of wildfire impacts on SOM biodegradability. SOM from
wildfire-impacted soils have exhibited heightened reactivity based on mass spectrometry-driven
reactomics analyses compared to unburned soils.!®* A recent incubation-based experiment
observed significantly more biodegradation of organic matter from experimentally heated soil and
litter compared to unheated soil and litter.*! These reactomics- and incubation-based studies
provide a more holistic assessment of wildfire impacts on SOM biodegradability; however, a direct
assessment (i.e. an incubation) of SOM from soils burned by a natural wildfire has yet to be
conducted.

Herein, we determined how wildfires impact the soil metabolome and SOM
biodegradability. We specifically conducted a field study sampling soil from unburned, low
severity, and high severity areas within the 2024 Alexander Mountain Fire burn scar in which
“severity” refers to the degree of surface organic matter consumption from fire and is qualitatively
determined.*>* This study addresses these pertinent research questions: 1) In burned soil, what
metabolites are enriched and how biodegradable is the SOM compared to unburned soil? 2) How
would those chemical differences, in conjunction with changes to microbiology, influence short-
term soil carbon mineralization and CO> emissions? 3) Do recently burned soils act more as carbon
sinks or carbon sources? We hypothesized that 1). abundances of metabolites will be significantly
greater in low severity soil compared to unburned and high severity soils due to the release of

intracellular metabolites during fire-induced cell lysis and 2). low severity SOM will be
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significantly more biodegradable than unburned and high severity SOM because of augmented
metabolite abundances in low severity soil. We answered these questions and tested these
hypotheses by utilizing three state of the art mass spectrometry techniques, spectroscopy analyses,
16S rRNA gene and ITS amplicon sequencing for microbial community composition assessment,
laboratory incubations, and in-situ soil CO; flux measurements.
5.2 METHODS
5.2.1 FIELD SITE AND SOIL SAMPLING

The Alexander Mountain Fire began on July 28, 2024 and was 100 % contained on August
17, 2024.% In total, 9,668 acres were burned within the Roosevelt National Forest featuring areas
of low, moderate, and high burn severity within the burn scar.**

In a ponderosa pine-dominated (Pinus ponderosa) forest within the Alexander Mountain
Fire burn scar, soil was collected from October 2nd, 2024 through October 4th, 2024, and soil gas
flux was measured on October 8%, 2024. No precipitation events occurred during this sampling
period (October 2, 2024 through October 8™, 2024).*> Sampling occurred approximately 1.5
months after the fire was 100 % contained, providing an opportunity for more immediate post-fire
sampling compared to other studies.***** Approximately 2.7 cm of precipitation fell during the
period between the fire being 100% contained (August 17", 2024) and when sampling began
(October 8™, 2024).% The most prevalent soil types were within the Cypher-Wetmore-Ratake
families complex: loamy-skeletal Lithic Haplustepts, loamy-skeletal Lithic Haplustalfs, and
loamy-skeletal Typic Haplustolls.*” The dominant vegetation types in the sampling area were
Pinus ponderosa, Ribes aureum, cercocarpus montanus, Koeleria macrantha, Leymus cinereus,
Artemisia ludoviciana, Solidago nemoralis, Artemisia frigida, and Schizachyrium scoparium. The

total annual precipitation in the sample area averages 402.3 mm.>* The mean annual temperature
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is 9 °C, and the average annual minimum and maximum temperatures are -26°C and 37 °C,
respectively.>® The sample locations ranged in elevation from 2110 m to 2145 m (Bad EIf GNSS
Surveyor, Model: Be-GPS-3300).

Soil samples were collected from unburned, low burn severity, and high burn severity
locations within the Alexander Mountain Fire Burn Scar (Figures 5.1-5.10). GPS coordinates for
these locations were collected using a Bad Elf GNSS Surveyor (Model: Be-GPS-3300). Burn
severity conditions were classified based on surficial organic matter cover following US Forest
Service guidelines.** Low severity and high severity conditions featured greater than 50 % and
less than 20 % of surficial organic matter cover, respectively (Figure 5.9 and 5.10). At each
sampling location, ten 0.5 m x 0.5 m sampling grids were placed on the ground along the edge of
separate ponderosa pine (Pinus ponderosa) canopies. Within each grid, the O-horizon within
unburned and low severity samples was removed using a soil knife (sterilized with 70:30 reagent
alcohol [90 % ethyl alcohol, 5 % methyl alcohol, 5 % isopropyl alcohol, Fisher Scientific
International, Inc]:Milli-Q water [18 MQ cm]), and the ash layer was scraped away with a
sterilized soil knife for the high severity samples. Mineral soil (0-5 cm and 5-10 cm depths) was
collected with a sterilized soil knife for all samples. Mineral soil samples for chemical analyses
and DNA extractions were collected in plastic zip-top bags and sterile centrifuge tubes (15
mL, Falcon®), respectively. All collected samples were stored in coolers with blue ice in the field
and transported to Colorado State University on the same day. Mineral soil samples for chemical
analysis were air-dried, sieved to 2 mm, and then stored in a 4 °C fridge, and mineral soil samples
for DNA extractions were stored in a -20 °C freezer. A total of 60 mineral soil samples for both

chemical and microbial analysis were collected: 10 replicates for unburned 0-5 cm, unburned 5-
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10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high severity 5-10

cm, respectively.

1,000 km
e _——__=4

Figure 5.1. Map of sampling area. The green dot within Colorado, USA indicates the sampling
area. Map made with QGIS Desktop 3.40.8.

Figure 5.2. Map of sampling area. The green dot northwest of Denver, CO indicates the sampling
area. Map made with QGIS Desktop 3.40.8.
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Figure 5.3. Map of sampling area. Map made with QGIS Desktop 3.40.8.

Figure 5.4. Map of sampling area zoomed into high severity samples. Map made with QGIS
Desktop 3.40.8.
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Figure 5.5. Map of sampling area zoomed into unburned and low severity samples. Map made
with QGIS Desktop 3.40.8.

Figure 5.6. Image of firebreak. This manmade firebreak was likely constructed right before the
Alexander Mountain Fire. The left side of the firebreak is the unburned area while the right side is
the low severity area. Photo credit: Jacob VanderRoest
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Figure 5.7. Photos of unburned, low severity, and high severity sampling locations. The unburned
location featured minimal understory vegetation. The high severity location had substantially less
remaining surface organic matter compared to the low severity location. Photo credit: Jacob

VanderRoest

Figure 5.8. Photos of unburned sampling location. Note the minimal understory vegetation. Flags
were placed in ground to designate sampling positions. Photo credit: Jacob VanderRoest
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Figure 5.9 Photos of low severity sampling location. Recognizable charred organic matter (e.g.
charred pine needles) was present on the surface, contributing to the “low severity” classification
of this area. Photo credit: Jacob VanderRoest

Figure 5.10. Photos of high severity sampling location. Recognizable charred organic matter (e.g.
charred pine needles) was not present on the surface, contributing to the ‘“high severity”
classification of this area. Photo credit: Jacob VanderRoest
5.2.2 FOURIER TRANSFORM ION CYCLOTRON RESONANCE-MASS SPECTROMETRY
(FT ICR-MS)

For each sampling location (e.g., unburned 0-5 cm), a composite sample was prepared by
mixing 5 g from each of the 10 replicates (50 grams total of dry, sieved soil). This generated six

composite samples: unburned 0-5 cm, unburned 5-10 cm, low severity 0-5 cm, low severity 5-10

cm, high severity 0-5 cm, and high severity 5-10 cm. Each of the six composite samples were
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shaken with 100 mL of Milli-Q water for 1 h at 210 rpm. Extracts were centrifuged and filtered
through 0.22-micron polyethersulfone membranes (Merck Millipore Ltd.). The filtrates were
acidified to a pH of ~2 with a 37 % HCI solution (Fisher Chemical). The acidified filtrates were
then concentrated via solid phase extraction according to Dittmar et al. (2008) to concentrate the
carbon content and remove salts.>! For solid phase extraction, styrene-divinylbenzene polymer
cartridges (Agilent Bond Elut PPL [Priority Pollutant], 3 mL, 200 mg) were rinsed first with 15
mL of methanol (LC-MS grade, Supelco, Inc.) and then rinsed with 15 mL of pH 2 water. The
extracts that were filtered and acidified were then rinsed through separate PPL cartridges (six
cartridges total) after which 15 mL of pH 2 water were rinsed through each cartridge. The
cartridges were then dried by pulling vacuum through the cartridges followed by 2 mL of methanol
(LC-MS grade, Supelco, Inc.) being rinsed through each cartridge. The methanol eluents were
collected in separate glass test tubes that were combusted at 400 °C. One milliliter of each eluent
was pipetted into separate 1.8 mL borosilicate autosampler vials (VWR International) which were
stored in a -20 °C freezer. The vials were transported to the National High Magnetic Field
Laboratory at Florida State University. A blank sample was also generated by performing the entire
procedure from this paragraph but without any mineral soil.

Ultrahigh resolution data were generated with the Eclipse/FT-ICR MS at 21 T located at
the National High Magnetic Field Laboratory in Tallahassee, FL. Each sample was diluted with an
equal volume of methanol. After centrifugation at 3,000 rpm for 10 min, the supernatant was
transferred to an HPLC vial. For each sample, 25 uL was pumped to the source at 3 pL/min with
methanol (LC-MS grade, Honeywell) with a 0.5 um inline filter (MAC-MOD Analytical). The
lines were flushed with ~300 uL of methanol after each sample injection to minimize the likelihood

of sample carryover contaminating the next sample. A heated electrospray ionization source
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featured a voltage of -3,500 V and was operated in negative mode The auxiliary gas and sheath
gas were set at arbitrary units of 3 and 8, respectively. The vaporizer temperature was set to 35 °C.
The ion transfer tube temperature was set to 300 °C. The transient length was set to 3 s featuring
5 fills 0£ 400,000 ions each. For an individual sample, 100 scans were co-added and the subsequent
spectrum was phase corrected.’? Individual mass spectrum were calibrated using the “walking
calibration method” with 10 to 15 abundant homologous series covering the mass spectrum.>?

Masses, which were generated in the International Union of Pure and Applied Chemistry
(IUPAC) mass scale, were converted to the Kendrick mass scale®* to identify homologous series
within heteroatom classes. Here, heteroatom classes refer to molecular formulae with the same
carbon, hydrogen, nitrogen, oxygen, and sulfur content but feature different numbers of methylene
subunits.>®> Peaks were included in the peak lists only if the peak signal magnitudes surpassed six
times the baseline root-mean-square (rms) noise at m/z 500. PetroOrg © software was used to
assign molecular formulae to the peaks in the peak list.’® Singly-charged ions were assigned
molecular formulae within the bounds of C4.75H4.15001-30N0-4So-2 with molecular weights ranging
from 170 to 1200 Da. Assigned molecular formulae were discarded if the error exceeded 0.35
ppm.>® The molecular composition for each assigned molecular formula were used to calculate
nominal oxidation state of carbon (NOSC) and modified aromaticity index (Almod) values.’’’
5.2.3 GAS CHROMATOGRAPHY-MASS SPECTROMETRY

Two grams of mineral soil were shaken in 8§ mL of Milli-Q water for 1 h at 210 rpm. After
centrifugation, supernatants were filtered through nylon 0.45 um pore size, 13 mm diameter filters
(Celltreat Scientific Products). To generate a pooled quality control sample, 200 pL of each filtered

extract were mixed together. Seven 1-mL aliquots of the pooled quality control mixture and 1-mL

aliquots of each sample were freeze dried overnight. The remaining contents of the samples and
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pooled quality control aliquots were suspended in 175 pL of methanol (LC-MS grade, Supelco,
Inc.) and 75 pL of Milli-Q water and stored at -20 °C for approximately 2 h. Following
centrifugation, 200 uL of the supernatant were pipetted to individual 1.8 mL borosilicate, 12 x 32
mm GC-MS autosampler vials (Avantor, Inc.). To introduce an internal standard to assess
derivatization and sample injection variability, 40 pL of a 0.100 mg *C-glucose (99 % purity,
Cambridge Isotope Laboratories, Inc.)/mL Milli-Q H>O solution were pipetted into each.
Experimental blanks were generated by performing the procedure from this paragraph but without
the addition of mineral soil.

Methoximation and trimethylsilylation derivatization was performed. The vials were dried
with N2 gas after which 50 pL of 25 mg methoxylamine hydrochloride (98 % purity, Beantown
Chemical Corporation) per mL of anhydrous pyridine (99.5 % purity, Thermo Fisher Scientific
Inc.) solution were added to each vial. The vials were vortexed for 30 s. After incubating the
vortexed samples for 45 min at 65 °C, the vials were vortexed for an additional 30 s followed by
10 minutes of sonication. After sonication, the vials were incubated at 65 °C for 45 min. After
centrifuging the vials up to 2000 rpm, 50 uL of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) + 1 % trimethylchlorosilane (TCMS) (Thermo Fisher Scientific, Inc.) were pipetted into
each vial. The vials were then vortexed for 30 s and incubated at 65 °C for 30 min. After
centrifugation up to 2000 rpm, the vial contents were transferred into 250 puL glass inserts which
were put in the vials. The vials were centrifuged at 2000 rpm for 5 min.

The derivatized contents of the vials were analyzed with a Thermo GC-TSQ8000 Evo
Triple Quad GC mass spectrometer equipped with a liquid autosampler. For an individual vial, 1
pL was injected through a splitless liner (SSL liner 4 mm ID, 78.5 mm, Thermo P/N 453A1925)

to a gas chromatography column (Zebron ZB-5HT Inferno, 30 m x 0.25 mm i.d. x 25 film
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thickness, Phenomenex P/N 7THG-GO015-11). A 1.2 mL/min flow rate of helium gas was used. The
gas chromatography inlet temperature was 285 °C. The oven temperature was initially set to 80 °C
for 1 min after sample injection which was increased to 330 °C with a ramp-up rate of 15 °C
increase/min. The oven temperature was then maintained at 330 °C for 7 min. Electron impact
ionization was used to fragment analytes. Only the first quadrupole mass analyzer was utilized to
reproduce the methods of a prior publication examining metabolites in experimentally burned
soils.?’ Masses ranging from 50 m/z to 650 m/z were scanned at a scan rate of 5 scans/s. Ion source
temperature was set to 260 °C. Transfer line temperature was set to 300 °C.

Chromeleon 7 software (Thermo Fisher) was utilized to integrate the *C-glucose internal
standard chromatogram peak using extracted ion chromatogram m/z value of 323. The coefficient
of variation value of the internal standard extracted ion chromatogram peak areas within the pooled
quality control samples was 4.5 %. The detected features were analyzed using non-targeted
analysis. Peak detection, spectral deconvolution, and peak alignment were conducted with ADAP-
BIG software (Java Version: 19.0.1, Du-Lab). Feature annotation was performed with the ADAP-
KDB website (Version 1.8.8, accessed 11/5/2024) utilizing the following databases: MS-DIAL
GC-MS Library with Kovats RI | 2022-02-18, HMDB (v5) Experimental GC-MS Spectra, and
MassBank Release 2022.06 | 2022-07-18 (GC-MS). The fragmentation score threshold for
annotation was >700. Retention index matching using NIST MS Search 3.0 was used for
annotating features with fragmentation scores between 600 and 700. Out of 233 features, 29 of
them were annotated to Level 2 or Level 3 of the Schymanski index.?® For a given sample, peak
areas of features were normalized to the peak area of the internal standard within that given sample.
This internal standard normalization helps account for matrix effects and analytical variation

associated with the gas chromatography-mass spectrometer. Zero and n/a values normalized peak
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area values for a given feature were replaced with 10 % of the minimum abundance value of that
given feature across all samples and pooled quality control replicates. The normalized peak area
values for all features were multiplied by 10,000 to transform the data into values greater than 1.
This allows for easier comparison of whole number values as opposed to comparing values
comprised of only decimals. Normalized peak areas multiplied by 10,000 were reported as
“abundance” values. These abundance values were used to quantify individual metabolites in box
plots. Prior to principal component analysis, these abundance values were Pareto-scaled.

Features that were annotated as a saccharide-like molecules (except for levoglucosan and
N-acetyl-D-glucosamine) were putatively identified as either an “inositol,” “disaccharide,” or
“trisaccharide.” The “inositols,” “disaccharides,” and “trisaccharides” were designated an arbitrary
number to distinguish different features (e.g. “disaccharide 2” or “trisaccharide 17). This was
conducted because reaching level 2 confidence on the Schymanski index could not be achieved
with our annotation process.?® For instance, maltose, trehalulose, and sucrose are isomers that all
have the same molecular weight of 342.3 g/mol. The only distinguishing component across these
saccharides is the stereochemistry of their hydroxyl groups. Similar fragmentation patterns will be
generated during electron impact ionization of these saccharides, and the gas chromatography-
mass spectrometry instrument cannot differentiate the hydroxyl group stereochemistry of the
fragments. Therefore, these saccharide isomers cannot be distinguished from each other with this
method. Consequently, Level 3 of the Schymanksi index (i.e. “disaccharide 2” or “trisaccharide
17) rather than Level 2 (i.e. “sucrose” or “maltotriose”) were achieved for all saccharides other

than levoglucosan and N-acetyl-D-glucosamine.
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5.2.4 LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

Two grams of mineral soil were added to a 15 mL centrifuge tube. The soil was shaken
with 8 mL of Milli-Q water for 1 h at 210 rpm. After centrifuging, the supernatant was filtered
through a nylon 0.45 um pore size, 13 mm diameter filter (Celltreat Scientific Products), and a
pooled quality control (QC) sample was produced by mixing 200 pL of filtered extract from
sample. One milliliter aliquots of each sample and ten 1-mL aliquots of the pooled quality control
mixture were freeze-dried overnight followed by the addition of 125 pL of Milli-Q water,
vortexing, and centrifugation. All samples were pipetted into 1.8 mL borosilicate, 12 x 32 mm GC-
MS autosampler vials (Avantor, Inc.) followed by the addition 10 pL of a 10.125 pg/mL solution
of DL-tryptophan-2,3,3-d3 (98 % purity, CDN Isotopes) solution in Milli-Q water in each vial.
The DL-tryptophan-2,3,3-d3 served as an internal standard to assess sample injection variability
and ionization efficiency while also accounting for matrix effects. The procedure in this paragraph
was repeated for two experimental blank samples that didn’t feature any mineral soil. One of these
blanks received the internal standard while the other blank did not.

All 72 vials (60 soil samples, 10 pooled quality control samples, and 2 blanks) were ran on
a Waters Xevo G2-XS quadrupole time of flight mass spectrometer coupled with ultra-
performance liquid chromatography (Waters™). For each soil sample, pooled quality control
sample, and blank, 50 uL were injected using a Waters Acquity UPLC system and ACQUITY
Flow-thru-needle sample handler featuring a 15 pL flow-thru needle and a 50 pL sample loop. A
Waters ACQUITY UPLC Premier T3 1.7 um Column (1.7 uM, 2.1 x 100 mm) was used to separate
analytes. A 20 min gradient from solvent A (water + 0.1 % formic acid) to solvent B (acetonitrile
with 0.1 % formic acid) was used with a 0.5 mL/min flow rate (Table 5.1). The samples were held

at 6 °C. The column was held at 45 °C.
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Table 5.1. Solvent gradient for buffer B.

Time (min) Buffer B %
0—1 Hold 1%

1 — 13 Linear Gradient 1 % to 98 %
13—16 Hold 98 %

16—16.05 Step Gradient 98 % to 1%
16.05—20 Hold 1%

Electrospray ionization in positive sensitivity mode was used along with Fast-DDA
MS/MS. A mass range of 50-1200 m/z was used. The time for each scan was 0.13 s. For switching
from survey scan to MS/MS, a threshold of 10,000 counts needed to be exceeded. One MS/MS
scan with a scan time of 0.3 s was allowed per survey scan. The collision energy for MS/MS scans
was set to 25 V. Auto_CatV1 script was used for iterative exclusion. The exclusion list was reset
every 10 samples with an exclusion window of 0.5 Da and 6 s.

Sodium formate with <1 ppm mass accuracy was used for mass calibration. The capillary
voltage was set at 700 V. The source temperature was set at 150 °C. The nitrogen desolvation
temperature was set at 450 °C. The desolvation flow rate was set at 1000 L/hr. Mass drift was
corrected with WATERS Lockspray reference featuring 40 s interval between scans, 0.1
seconds/scan, and signal averaging over 3 scans. Mass correction with a reference mass of
+556.2771 m/z was performed with LeuEnk. WATERS DataConnect version 2.1.0 was used to
convert RAW data to mzML files for non-targeted analysis with MZmine software (Version 4.7.27)
which conducted peak detection, spectral deconvolution, and peak alignment. SIRIUS software
(Version 6.2.2) was used for annotating features that were detected with MZmine software by
utilizing the following databases: PubChem, Biocyc, Blood Exposome, CHEBI, COCONUT,
DSSTox, FooDB, GNPS, HMDB, HSDB, KEGG, KNApSAcK, LOTUS, LipidMaps, Maconda,
MeSH, MiMeDB, NORMAN, Plantcyc, PubChem: bio and metabolites, PubChem: drug,

PubChem: food, PubChem: safety and toxic, PubMed, SuperNatural, TeroMOL, and YMDB.®
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Features with confidence threshold values exceeding 0.650 were annotated. For the 12729 detected
features, 48 features were annotated. Internal standard normalization was conducted to account for
matrix effects and analytical variation. Specifically, for a given sample, peak areas of all features
were normalized to the peak area of the internal standard of that given. For a given metabolite
across samples, zero and n/a normalized peak area values were changed to 10 % of the minimum
abundance value of that given metabolite. All normalized peak area values were then multiplied
by 10,000 and reported as “abundance” values. These “abundance” values were used to quantify
individual metabolites. Prior to analysis via principal comment analysis, the normalized peak areas
that were multiplied by 10,000 were scaled with Pareto scaling.
5.2.5 PH AND ELECTRICAL CONDUCTIVITY

For each sample, 10 g of mineral soil were shaken in 20 mL of Milli-Q water at 210 rpm
for 1 h. An Orion Double Junction pH probe (Thermo Scientific) and an Orion COND 4 Cell Lab
& Field conductivity probe (Thermo Scientific), which were both connected to a Thermo Scientific
Orion Star A215 pH/conductivity meter, were calibrated with pH reference standards (VWR
International) and a 1413 uS/cm standard solution (Hach), respectively. The soil-water slurry was
shaken by hand to resuspend the soil. Then, the pH electrode was inserted into the soil-water slurry
to measure pH followed by insertion of the conductivity probe to measure electrical conductivity.
5.2.6 TOTAL SOIL CAND N

For each sample, ~ 20 g of air-dried, 2-mm sieved mineral soil were ground using a soil
grinder table. A VELP 802 elemental analyzer (VELP Scientific, Inc.) was then utilized to measure

total carbon and total nitrogen in the ground soil samples.
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5.2.7 NITRATE AND AMMONIUM

For each soil sample, 20 g of air-dried, 2-mm sieved mineral soil was shaken with 100 mL
of 2 M KCI for 1 h. The extract was filtered through alpha cotton cellulose filter paper (Whatman
plc). Ammonium and nitrate concentrations were quantified with a flow injection analyzer (Lachat
QuikChem, 8500, Hach Scientific, Loveland, CO).
5.2.8 GRAVIMETRIC WATER CONTENT

Mineral soil samples collected using a soil bulk density ring (6.1 cm diameter, 2.5 cm
height) were heated at 105 °C for 44 hrs. Gravimetric water content was calculated with the

following Equation 5.1:

(Mass of wet soil (g)-Mass of dry soil (g))
Mass of dry soil (g)

Equation 5.1. Gravimetric water content= ( ) *100 %

5.2.9 WATER EXTRACTABLE ORGANIC CARBON, WATER EXTRACTABLE TOTAL
NITROGEN, AND SPECTROSCOPIC MEASUREMENTS

For each sample, 1 g of soil was shaken in 5 mL of Milli-Q water for 24 hr at 200 rpm.
Following filtration through polytetrafluoroethylene (PTFE) 0.45 pm filters (Cole-Parmer®), 1
mL of the filtrate was diluted with 18 mL of Milli-Q water, and dissolved organic carbon and
dissolved total nitrogen values were measured using a Shimadzu TOC-L instrument (Shimadzu
Scientific Instruments, Inc.). The dissolved organic carbon and dissolved total nitrogen masses
were normalized to the extracted soil mass (1 g) to calculate water-extractable organic carbon and

water-extractable total nitrogen, respectively.

Fluorescent dissolved organic matter (DOM) composition was characterized with
excitation-emission matrix (EEMs) fluorescence spectroscopy. For each sample, 0.2 mL of the
filtrate and 2.5 mL of Milli-Q water were added to a quartz cuvette which was analyzed with a

HORIBA Scientific Aqualog 800 instrument (HORIBA Instruments Inc.). The instrument was
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calibrated using deionized water blanks, and subsequent fluorescent intensities were normalized
to the instrument’s Raman Area. Wavelengths between 230 nm and 700 nm were measured with 2
nm intervals and a 1 s integration time. Fluorescence peak indices (i.e., Coble Peaks A, C, B, and
T) were calculated and normalized to the previously-described dissolved organic carbon
concentrations.’! Fluorescent index (FI), humification index (HIX), and biological index (BIX)
were calculated®® %These peaks and indices were calculated using published equations, and the
chemical properties that the indices represent were inferred based on previous studies (Table
5.2).61-64
5.2.10 BIOLOGICAL OXYGEN DEMAND INCUBATIONS

Biological oxygen demand incubations were performed to assess the biodegradability of
the water-extractable organic matter from the unburned, low severity, and high severity soils.
Composite samples of 200 g, 100 g, and 100 g of mineral soil for unburned 0-5 cm, low severity
0-5 cm, and high severity 0-5 cm, respectively, were shaken in 1000 mL of Milli-Q water in
separate HDPE bottles at 200 rpm for 24 h. Water extracts were then filtered through autoclaved
0.1 um polyethersulfone filters (Sterlitech Corporation) to remove microbial biomass. Water from
the Big Thompson River (adjacent to sampling location), which was collected on Sept. 26, 2024
(GPS coordinates: 40.422034 N, -105.5220541 W) and filtered through 1.2 pm glass microfiber
filters (Whatman plc), served as the microbial inoculum for these incubations. The following
solutions were prepared in autoclaved 310 mL biological oxygen demand assay bottles (Flinn
Scientific Inc.) featuring autoclavable oxygen sensor spots (PreSens, Precision Sensing GmbH).
Ten milliliters of the filtered Big Thompson River water was mixed with filtered, unburned soil
extracts and Milli-Q water so that the dissolved organic carbon (DOC) concentration of the

incubation solution was ~10 mg/L (measured with Shimadzu TOC-L instrument [Shimadzu
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Table 5.2. Excitation-emission matrix indices, calculations, and corresponding chemical

properties.
Indices Calculation Representative Source
chemical
properties
Coble A Excitation 260 nm / Emission 450 nm Terrestrial-like (Coble
source, soil-humics 1996)%!
Coble C Excitation 340 nm / Emission 450 nm Terrestrial-like (Coble
source, soil-humics 1996)°!
Coble B Excitation 275 nm / Emission 305 nm Tyrosine-like (Coble
(CoH11NO3), 1996)°!
protein-like
Coble T Excitation 275 nm / Emission 340 nm Tryptophan-like (Coble
(CiiHI2N202), 1996)°!
protein-like
HIX HIX Higher values (Ohno
138 nm emission L indicate increased 2002)%
= S32Enm . at 254 nm excitation humic subst
300 nm €mMission umic substance
content (i.e. higher
degree of
humification)
BIX BIX = Higher values (Huguet et al.
—:ZZZZZ z:g :: at 310 nm excitation correspond to 2009)%
recently produced
microbially-
derived DOM
FI F] = Smisslon 470 mm. 250 0m excitation Approximates (Cory and
emission 520 nm DOM source. McKnight
Higher values 2005)%
indicate
microbially-
derived DOM
while lower values
indicate
terrestrially-
derived DOM.

Scientific Instruments, Inc.]). This process was repeated for three total unburned replicates, three
low severity extract replicates, and three high severity extract replicates so that all incubation
solutions started at ~10 mg/L DOC (Table 5.3). A 10 mg/L DOC mixture sample was prepared by

mixing unburned extract, low severity extract, high severity extract, and Milli-Q water so that a
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third of the DOC content was contributed by the unburned, low severity, and high severity extracts,
respectively, and no Big Thompson River water was added. Milli-Q water and Big Thompson
River water were also added to individual incubation bottles, generating 12 total solutions for these
incubations. The 12 solutions were stored in the dark at 20 °C for the duration of the 8.25-day
incubations, and dissolved oxygen concentrations in the bottles were monitored using oxy-4 probes
(PreSens, Precision Sensing GmbH) and PreSens Measurement Studio 2 software (Version
4.0.0.2353, PreSens, Precision Sensing GmbH). Dissolved oxygen concentrations were used to
calculate cumulative oxygen consumption during the incubations. DOC for each solution was
measured after the incubations (Table 5.3).
5.2.11 SOIL CO2 FLUX ANALYSIS

Soil CO» gas fluxes were measured on October 8", 2024 to determine how soil burn
severity alters soil-atmosphere gas flux. Gas fluxes were measured using a transparent, dome
chamber connected to a closed-loop chamber system attached to an FTIR gas analyzer (LI-7810,
LiCor). Gas fluxes were measured within the unburned, low severity, and high severity locations
directly beside each 0.5 m x 0.5 m grid used for soil sampling. Both “light” (i.e., transparent
chamber) and “dark™ (i.e., tarp over transparent chamber) measurements were collected at the
unburned and low severity locations, and only “light” measurements were collected at the high
severity location because there was no living vegetation, resulting in minimal photosynthetic
activity which negated the need for “dark” measurements. Fifty gas flux measurements were taken
in total: 10 unburned “light,” 10 unburned “dark,” 10 low severity “light,” 10 low severity “dark,”

and 10 high severity “light”. For each of the 50 measurements, gas CO> concentrations (ppm) were
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Table 5.3. Dissolved organic carbon concentration (DOC) changes during biological oxygen
demand incubations.

Sample Initial [DOC] (mg/L) Final [DOC] Final — Initial
(mg/L) [DOC] (mg/L)
Unburned extract + river 9.873 9.378 -0.495
water inoculum replicate 1
Unburned extract + river 9.847 9.446 -0.401
water inoculum replicate 2
Unburned extract + river 9.933 9.503 -0.430
water inoculum replicate 3
Low severity extract + river 10.26 8.916 -1.344
water inoculum replicate 1
Low severity extract + river 10.15 8.609 -1.541
water inoculum replicate 2
Low severity extract + river 10.32 8.785 -1.535
water inoculum replicate 3

High severity extract + river 9.749 8.592 -1.157
water inoculum replicate 1

High severity extract + river 9.877 8.616 -1.261
water inoculum replicate 2

High severity extract + river 9.826 8.635 -1.191
water inoculum replicate 3

River water inoculum only 2.613 2.679 +0.066

9.830 9.764 -0.066

Milli-Q water control 0.057 0.134 +0.077

recorded every 1 s for approximately 3 min. Gas fluxes were calculated using the following

Equation 5.2:

Equation 5.2. Soil Gas Flux="5122
At SRT

where c is the mole fraction of CO2 or CHain umol mol™!, ¢ is the observation time (3 min), V is
the total volume of the closed system, S is the surface area of the soil chamber, Pa is the
atmospheric pressure, R is the universal gas constant, and T is the surface soil temperature

measured with a K-type thermocouple (Extech Instruments). A linear fit was applied to calculate
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Ac/At using code previously developed in MatLab.®> Average R? values for CO; fits were 0.87
indicating that linear fits were applied when the atmospheric conditions inside the chamber were
stable. “Light” and “dark” measurements were used to calculate Net Ecosystem Exchange (NEE)
and Ecosystem Respiration (Reco).
5.2.12 SOIL BULK DENSITY

Soil bulk density was measured on November 10", 2024 from the following samples:
unburned replicate 1, unburned replicate 3, unburned replicate 5, unburned replicate 7, unburned
replicate 9, low severity replicate 1, low severity replicate 3, low severity replicate 5, low severity
replicate 7, low severity replicate 9, high severity replicate 1, high severity replicate 3, high
severity replicate 5, high severity replicate 7, and high severity replicate 9. Litter and ash were
brushed off the soil surface, and a soil bulk density core (2.5 cm height, 6.1 cm diameter) was
inserted into the soil. A soil knife was used to remove the core from the soil. Soil samples were
then dried at 105 °C for 24 h.®® The mass of the dried soil was then divided by the volume of the
core to calculate soil bulk density.
5.2.13 ION CHROMATOGRAPHY

Composite samples were prepared by combining two consecutive replicates (1 and 2, 3 and
4,5 and 6, 7 and 8, 9 and 10) from the ten replicates in of the unburned, low severity, and high
severity soil samples. Approximately 10 g of sieved soil were added from each replicate (~20 g
for each composite samples). The ~20 g composite samples were shaken in 100 mL of Milli-Q
water for 1 h at 2000 rpm. The samples were filterd with Q5 quantitative grade filter paper (Fisher
Scientific™). A Dionex Inuvion instrument using a Dionex IonPac™ AG28-Fast-4um RFIC ™ 4

X 150 mm analytical column was used to identify and quantify fluoride, chloride, nitrite, nitrate,
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bromide, sulfate, and phosphate in the samples based on a standard solution of those seven anions
(Thermo Scientific Dionex seven anion standard II, Sunnyvale, CA).
5.2.14 MICROBIAL ANALYSES METHODS

Genomic DNA was extracted from soil subsamples using the Zymo Quick-DNA Fecal/Soil
Microbe Miniprep Kit according to the manufacturer’s instructions. Amplicon libraries were
generated via a single-step PCR approach using barcoded primer sets specific to each sample. For
soil bacterial communities, the V4 region of the 16S rRNA gene was amplified using the primers
515F (5’-GTGYCAGCMGCCGCGGTAA-3") and 806R (5’-GGACTACNVGGGTWTCTAAT-
3°).7%% Soil fungal communities were amplified using primers targeting the first internal
transcribed  spacer  (ITS1) region of the ribosomal DNA, ITSIf (5'-
CTTGGTCATTTAGAGGAAGTAA-3") and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3") (White
et al., 2012).%° For each sample, duplicate PCR reactions were conducted using 1 pL of template
DNA, after which amplicons were pooled prior to purification and normalization using the
SequalPrep normalization kit (Invitrogen, CA). Multiplexed libraries were sequenced on the
[llumina MiSeq Platform using 251 bp paired-end sequencing at the Next Generation Sequencing
Core at Colorado State University. Raw reads were deposited on NCBI under BioProject
PRINA1403077.

Raw sequencing reads were analyzed in QIIME2 (release 2021.2).”° Reverse reads from
the ITS dataset were excluded due to low quality. Amplicon sequence variants (ASVs) were
inferred from demultiplexed 16S and ITS reads using the DADA2 pipeline, including merging,
denoising, and binning.”! Forward and reverse reads were truncated at 200 bp during denoising,
with no trimming applied to the 5" ends. Counts for 16S rRNA genes ranged between 1,071 —

91,049, and ITS gene counts ranged from 1,047 — 116,306. Bacterial and archaeal ASVs were
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assigned taxonomy using the pre-trained SILVA classifier (version 138),”>"* while fungal ASVs
were assigned taxonomy using a self-trained UNITE database classifier (version 9.0).”>’® Non-
fungal ITS sequences and bacterial ASVs classified as chloroplasts or mitochondria were removed
prior to downstream analyses. To standardize sequencing depth, samples were rarefied to 2,900
reads.

To evaluate variation in soil microbial community diversity and composition across sites
and soil layers, statistical analyses were conducted in R version 4.1.2 (R Core Team, 2021) with
significance defined at p < 0.05. Alpha diversity of bacterial/archaeal (16S) and fungal (ITS)
communities was assessed using Shannon diversity and observed ASV richness, calculated from
ASV count tables using the “diversity” and “specnumber” functions in the vegan package in R.”’
Differences in bacterial and fungal community composition across sites and depths were examined
using permutational multivariate analysis of variance (PERMANOVA)’® based on Bray-Curtis
dissimilarity matrices and implemented with the “adonis2” function in the vegan package.”’
Community patterns were visualized using Non-Metric Multidimensional Scaling (NMDS)
ordination. Soil chemical variables were fitted to NMDS ordinations using the “envfit” function
in the vegan package (999 permutations), and variables with significant fits (p < 0.05) were
overlaid. All figures for microbial data were generated using ggplot2.”

Fungal guilds were assigned using the FUNGuildR v0.3.0 package in R, which annotates
ASVs based on the FUNGuild database.®® Only ASVs with “Probable” or “Highly Probable”
confidence rankings were retained, while ASVs annotated as “Possible” or “NA” were classified
as Unassigned. To reduce annotation uncertainty, only taxa resolved to at least the genus level were
considered. For ASVs annotated with multiple potential guilds, only the primary guild (first-listed

assignment) was retained. Multi-guild assignments were further resolved using a functional
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priority hierarchy relevant to forest ecosystems: mycorrhizal > saprotroph > plant pathogen >
endophyte/epiphyte/lichenized > undefined. Saprotrophic subcategories (e.g., wood-, soil-, and
litter-associated saprotrophs) were consolidated into a single Saprotroph category, while
mycorrhizal subtypes (e.g., ectomycorrhizal, arbuscular) were retained and analyzed separately.
Taxa annotated as non-plant pathogens or parasites (e.g., animal or fungal parasites) were grouped
as Other Parasites/Pathogens, and taxa lacking guild assignment or with ambiguous multi-guild
assignments were classified as Unassigned.

5.2.15 STATISTICS

When determining significant differences across mean values from three samples (e.g.
unburned 0-5 cm soils, low severity 0-5 cm soils, and high severity 0-5 cm soils), data normality
and equality of variances were first determined using the Shapiro-Wilk test and Levene’s test,
respectively. If the data were not normally distributed (P<0.05 for Shapiro-Wilk test), Kruskal-
Wallis and Dunn'’s tests were used (P<0.05 indicates significant differences) regardless of whether
the variances were equal or not. If the data were normally distributed (£>0.05 for Shapiro-Wilk
test) but the variances of the data were not equal (P<0.05 for Levene’s test), Welch’s ANOVA and
Games-Howell tests were used (P<0.05 indicates significant differences). If the data were
normally distributed and the variances of the data were equal (P>0.05 for Levene’s test), ANOVA
and Tukey HSD tests were used (P<0.05 indicates significant differences).

When determining significant differences between mean values from two samples (e.g.
unburned 0-5 cm soils and unburned 5-10 cm soils). If the data were not normally distributed
(P<0.05 for Shapiro-Wilk test), Mann-Whitney U test (also known as the Wilcoxon rank-sum test)
was used (P<0.05 indicates significant differences). If the data were normally distributed (P>0.05

for Shapiro-Wilk test) but the variances of the data were not equal (P<0.05 for Levene’s test),
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Welch’s t-test was used (P<0.05 indicates significant differences). If the data were normally
distributed and the variances of the data were equal (P>0.05 for Levene’s test), Student’s t-test
were used.
5.3 RESULTS AND DISCUSSION
5.3.1 LOW AND HIGH SEVERITY SOILS LIKELY EXPERIENCED COMPARABLE SOIL
BURN TEMPERATURES

Soil from unburned, low fire severity, and high fire severity areas within the Alexander
Mountain Fire burn scar were collected for this investigation (Figures 5.1-5.10). Fire severity
refers to the degree of surface organic matter consumption from fire and is qualitatively
determined.*** Here, unburned soil featured no evidence of surface burning (Figures 5.7 and 5.8),
low severity soils exhibited charred yet recognizable surface organic matter (Figures 5.7 and 5.9),
and high severity soils featured complete consumption of recognizable surface organic matter
(Figures 5.7 and 5.10). Despite qualitative differences between low and high severity soils, the
soils likely experienced comparable heating temperature during burning due to minimal forest
understory and similar water-extractable organic carbon concentrations. The Alexander Mountain
Fire burned in a ponderosa pine (Pinus ponderosa)-dominated forest with relatively minimal
understory (i.e. grasses and fallen pine needles) contributing to less vegetative fuel for burning
compared to other forested ecosystems such as lodgepole pine (Pinus contorta)-dominated forests
and boreal forests. The presence of less vegetative fuel during the Alexander Mountain Fire likely
generated cooler soil burn temperatures compared to the other aforementioned forested
ecosystems, resulting in similar soil burn temperatures for low and high severity soils. Comparable
soil burn temperatures were also supported by the water extractable organic carbon results (Figure

5.11). Water-extractable organic carbon and dissolved organic carbon concentrations generally
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increase with soil burn temperature to ~250 °C (representing low to moderate severity conditions)
and then decrease at temperatures higher than ~250 °C which often occur during high severity
conditions.?!® Here, low severity and high severity 0-5 cm soil water-extractable organic carbon
concentrations were not significantly different (Figure 5.11a), suggesting comparable soil burn
temperatures. Overall, while the low severity and high severity soils are qualitatively different on
the surface, they likely experienced similar burn temperatures within the soil. Thus, we will be
focusing primarily on unburned vs. burned comparisons within this manuscript. Nevertheless, this
is a key ecosystem to investigate, for ponderosa pine forests cover ~15 million hectares in North
America, ranging from southern Canada to central Mexico and including 16 states within the
United States.”® Additional soil physical and chemistry parameters have been included in Figures
D1-D12.
5.3.2 FIRE ALTERS SOIL METABOLITE PROFILES AND AUGMENTS SOIL METABOLITE
ABUNDANCES

The metabolite profiles of the burned soils were distinct from that of the unburned soils
based on principal component analysis (PCA) scores plots (Figure 5.12a,b). In these plots, data
points that cluster closely (or separately) feature similar (or disparate) metabolite profiles. In both
Figures 5.12a and 5.12b, the unburned data points cluster separately from the burned data points.
Figure 5.12a shows GC-MS data featuring lower molecular weight, volatile metabolites while
Fig. 5.12b features LC-MS data which contains nonvolatile metabolites with higher molecular
weights compared to GC-MS. Despite these two methods detecting separate pools of SOM, their
results converge on the same conclusion: burned soil features distinctive metabolite contents

compared to unburned soil. While previous studies have observed similar results within laboratory-
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Figure 5.11. Water extractable organic carbon (WEOC) concentrations visualized with box plots.
a, Comparing WEOC concentrations amongst soil samples collected at 0-5 cm depth. Letters
above boxes indicate significant differences between treatments determined by either ANOVA and
Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests
(see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and high severity
samples. b, Comparing WEOC concentrations between depths of each sample type. The statistical
tests within sample types (i.e. unburned, low severity, and high severity) were conducted
independently of each other. Letters above the boxes indicate significant differences between
depths and were determined with either Student’s t-test, Welch’s t-test, or Mann-Whitney U tests
(see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low
severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high severity 5-10 cm samples.
UB = unburned. L = low severity. H = high severity. Box plots show the median (central line), first
and third quartiles (box edges), and whiskers extending to minimum and maximum values within
1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points and
are plotted individually.

or mesocosm-scaled experiments,?’? this study is the first to apply the field of metabolomics
within the context of a wildfire.

The impact of wildfires on metabolite contents diminished with depth (Figures 5.13 and
5.14). The principal component analysis scores plot in Figure 5.13 demonstrates this result more
clearly: the deeper burned soils (5-10 cm) plot in between the unburned soils and shallow burned
soils (0-5 cm). This implies that the wildfire changed the metabolite contents of the deeper soils
but less drastically compared to the shallower soils. This diminishing impact of wildfires on soil
chemistry with soil depth has also been observed in soil microbial communities.* While Figure

5.12 indicated that the overall soil metabolite profiles shifted due to wildfire, no information is
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Figure 5.12. Principal component analysis (PCA) scores plots and heat maps of metabolomics
data. a, PCA scores plot of GC-MS data. n=10 for Unburned 0-5 cm, Low Severity 0-5 cm, and
High Severity 0-5 cm samples. b, PCA scores plot of LC-MS data. n=10, n=9, and n=10 for
Unburned 0-5 cm, Low Severity 0-5 cm, and High Severity 0-5 samples, respectively. For both
Fig 2a and Fig 2b, the peak areas of detected features in the samples were normalized to the internal
standard peak areas, scaled with Pareto scaling, and then used as the input data for the PCA scores
plots. ¢, Heat map of annotated amino acids and peptides. d, Heat map of annotated organic acids.
e, Heat map of annotated saccharide-like metabolites. For all heat maps, “GC-MS” and “LC-MS”
denote whether the annotated metabolites derived from GC-MS or LC-MS analyses. For
quantification, the internal-standard normalized peak areas for each metabolite were autoscaled
and plotted using MetaboAnalyst (Version 6.0) software. Yellow and red colors above-average
abundance values while blue color indicates below-average abundance values. For all heat maps,
n=10 for unburned 0-5 cm, n=9 for low severity 0-5 cm, and n=10 for high severity 0-5 cm.

revealed regarding what fypes of metabolites are changing and whether their abundances are
increasing or decreasing. Thus, exploring specific molecular categories and individual metabolites
is essential to more thoroughly understand how wildfires may impact the soil metabolome.
Burned soils were enriched in amino acids and peptides (Figure 5.12¢). Figure 5.12¢
features amino acids and peptides whose abundance z-scores were generally greater in the burned

soils compared to unburned soils. Such enrichment in protein-like metabolites in burned soil was
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Figure 5.13. PCA scores plots of GC-MS data for soils sampled at 0-5 cm and 5-10 cm depths.
The peak areas of detected features in the samples were normalized to the internal standard peak
area, scaled with Pareto scaling, and then used as the input data for the PCA scores plots. “Pooled
Quality Control” samples were prepared by mixing aliquots of all the samples together, producing
a mixture that should plot in the middle of the samples in a PCA scores plot.
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Figure 5.14. PCA scores plots of LC-MS data for soils sampled at 0-5 cm and 5-10 cm depths.
The peak areas of detected features in the samples were normalized to the internal standard peak
area, scaled with Pareto scaling, and then used as the input data for the PCA scores plots. “Pooled
Quality Control” samples were prepared by mixing aliquots of all the samples together, producing
a mixture that should plot in the middle of the samples in a PCA scores plot.

also observed in the excitation-emission matrix fluorescence spectroscopy results where

tryptophan-like and protein-like fluorescent compounds were significantly more abundant in

burned soils (Figure 5.15). Augmented amino acid and peptide abundances in burned soils could
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help facilitate protein biosynthesis and microbial biomass accumulation while enhancing the

biodegradability of the SOM, contributing to post-fire microbial activity.
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Figure 5.15. Excitation-emission matrix spectroscopy results for soil collected at 0-5 cm depth
visualized with box plots. a, Coble T values correspond to abundances of tryptophan-like and
protein-like fluorescent compounds.®! b, Coble B values correspond to abundances of tyrosine-
like and protein-like fluorescent compounds.®! Letters above boxes indicate significant differences
between treatments determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and
Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15 within
Methods). The Coble B and Coble T statistical tests were conducted independently of each other.
n = 10 for unburned, low severity, and high severity samples. Box plots show the median (central
line), first and third quartiles (box edges), and whiskers extending to minimum and maximum
values within 1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying”
points and are plotted individually.

Burned soils were also enriched in organic acids (Figure 5.12d). Such organic acids play
key roles in biochemical pathways and metabolism. For example, 2-hydroxybutyric acid is
involved in propanoate metabolism,”! vanillic acid influences aminobenzoate degradation,’” and
2-furoic acid can be the sole source of carbon and energy for Pseudomonas putida (a saprophytic
soil bacterium).”*** Consequently, these are very biologically relevant organic acids whose
abundances were greater in the burned soils.

Comparatively to amino acids, peptides, and organic acids, saccharide-like compounds
were not consistently more abundant in burned soils (Figure 5.12¢). Interestingly, lower molecular
weight saccharide-like compounds detected via GC-MS were generally less abundant in burned

soils, perhaps due to disaccharides and trisaccharides volatizing during burning. Conversely, the

larger molecular weight saccharide-like compounds detected by LC-MS were generally more
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abundant in burned soils. These larger saccharides may have been less likely to volatilize during
burning due to their larger molecular weights. Three of the LC-MS-detected saccharides

29 ¢

(“acylaminosugar,” “aminosugar,” and “pyranosylindole”) are amino sugars containing nitrogen.
The increased abundances of these nitrogen-containing amino sugars in the burned soil provides
further evidence for fire-induced nitrogen incorporation into SOM.%%2 Overall, saccharide-like
compounds where detected and, in some cases, more abundant in the burned soils, providing
biodegradable organic matter for post-fire soil microbes. For the first time, this study successfully
evaluated the abundances of individual metabolite categories in post-wildfire soils, providing an
essential baseline for future investigations.

Figures 5.12¢-e demonstrated that burned soils can be enriched with biologically-relevant
metabolite categories such as amino acids, peptides, organic acids, and saccharide-like compounds
that provide biodegradable organic matter for post-fire microbial communities. Such analyses can
be interpreted further to examine individual metabolites and how their abundances respond to
wildfires (Figure 5.16).

Individual metabolites were significantly more abundant in burned soils compared to
unburned soils (Figure 5.16). Specifically, levoglucosan was significantly more abundant in the
burned soils (Figure 5.16a). Levoglucosan is an anhydrosugar involved in bacterial metabolism,
is produced during the burning of carbohydrates such as cellulose, and is one of the most well-
studied fire biomarkers.”>?® Thus, levoglucosan’s augmented abundances in the burned soils were
expected, providing confidence in our approach for identifying and quantifying individual
metabolites (Figure 5.16a). Serine was significantly more abundant in the burned soils and is an
amino acid involved in amino acid metabolism and protein biosynthesis (Figure 5.16b).””%® Thus,

microbes in burned soil have greater access to this key amino acid to fuel metabolism and biomass
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Figure 5.16. Quantification of annotated metabolites abundances from GC-MS analysis from soil
collected at 0-5 cm depth visualized with box plots. Abundance values were calculated by dividing
the peak area of the metabolites by the peak area of the internal standard to account for matrix
effects and analytical variation. Therefore, abundance values themselves are arbitrary and cannot
be compared across metabolites, but the abundance values can be compared across treatments for
a given metabolite. Letters above boxes indicate significant differences between treatments
determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or
Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15 within Methods). The statistical tests
of each individual metabolite (a through f) were conducted independently of each other. n =10 for
unburned, low severity, and high severity samples. Box plots show the median (central line), first
and third quartiles (box edges), and whiskers extending to minimum and maximum values within
1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points and
are plotted individually.

accumulation. 4-hydroxybenzoic acid was significantly more abundant in the burned soils and is
involved in the degradation of aromatic compounds and can be transformed into protocatechuate
(a key aromatic intermediate that can be further degraded into metabolites that feed directly into
the citric acid cycle producing adenosine triphosphate [ATP]) (Figure 5.16¢).***%>1% The
increased abundances of 4-hydroxybenzoic acid in the burned soils implies that microbes may be
metabolizing aromatic compounds, producing 4-hydroxybenzoic acid which can eventually
propagate the citric acid cycle. Post-fire microbes may be adapted to specifically consume
aromatic compounds in burned soils based on microbial genetic-based studies.*** Herein, we

provide further evidence of this emerging phenomenon of post-fire microbial consumption of
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aromatic compounds but from a novel chemistry perspective. N-acetyl-D-glucosamine and
glycerol significantly increased in abundance in the burned soils (Figures 5.16d and 5.16e). N-
acetyl-D-glucosamine is a saccharide-like compound and bacterial metabolite while glycerol

serves as the backbone of fatty acids and is involved in galactose and glycerolipid metabolism. %!

103

The increased metabolite abundances in burned soil likely come from microbial cell lysis.
Cell lysis occurs during wildfires when high soil temperatures cause microbial cells to break open,
releasing their intracellular metabolites into the soil. This idea is further supported by the increased
abundance of thymine in the burned soils (Figure 5.16f). Thymine is a nucleobase, one of the four
building blocks of DNA, and stored within the nucleus of eukaryotic cells (like fungi) and within
the nucleoid of prokaryotic cells (like bacteria and archaea). When microbial cells lyse open,
intracellular nucleobases would likely enter the soil matrix and increase thymine soil abundances.
Thus, the increased thymine abundance observed herein support this cell lysis premise.
Abundances of recently produced microbial derived organic matter were significantly greater in
the burned soils and the degree of SOM decomposition into stable humus was significantly lower
in burned soils based on excitation-emission matrix fluorescence spectroscopy (Figure 5.17),
implying that burned soils contained fresh, recently introduced organic matter likely from
microbes. Thus, this study provides further evidence supporting the notion of cell lysis contributing
to increased metabolite abundances in burned soils.

Herein we demonstrate that metabolite abundances were significantly greater in the burned
soils compared to unburned soils. These metabolites represent a broad suite of metabolite
categories such as amino acids, aromatic organic acids, anhydrosugars, and nucleobases. In total,

77 metabolites were putatively identified in this study at either levels 2 or 3 of the Schymanski
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Figure 5.17. Excitation-emission matrix spectroscopy results for soil collected at 0-5 cm depth
visualized with box plots. a, Biological Index (BIX) values correspond to abundances of recently
produced microbial derived organic matter.> b, Humification Index (HIX) values correspond to
abundances of humic substances and greater degrees of humification.®?> Letters above boxes
indicate significant differences between treatments determined by either ANOVA and Tukey HSD
tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 5.2.15 within Methods). The BIX and HIX statistical tests were conducted independently
of each other. n = 10 for unburned, low severity, and high severity samples. Box plots show the
median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.

index.?® Only 4 % of the putatively identified metabolites were significantly more abundant in
unburned soils compared to both burned soil types (i.e. low and high severity) (Table 5.4). 51 %
of the putatively identified metabolites featured no significant differences in abundance between
unburned and burned soils (Table 5.4). Conversely, 45 % of the putatively identified metabolites
were significantly more abundant in at least one of the two burned soil types compared to the
unburned soils (Table 5.4). In other words, 96 % of the putatively identified metabolites were
either statistically similar or significantly greater in abundance in the burned soils compared to the
unburned soils. Thus, burned soils were enriched in biologically relevant metabolites compared to
unburned soils, potentially providing microbes with key substrates for metabolism to promote
microbial activity and broader post-fire soil recovery. Consequently, we reject our first hypothesis

due to the surprising lack of differences in metabolite abundances between low and high severity

soils likely resulting from similar soil burn temperatures. Overall, this is the first investigation to
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reveal that soils impacted by a natural wildfire can be enriched with biologically-relevant

metabolites.

Table 5.4. Comparing significant differences between unburned and burned samples at a depth of
0-5 cm. For the left-hand column, an annotated metabolite is in the column if either the low severity
or high severity samples feature significantly greater abundances compared to the unburned
samples. For the middle column, an annotated metabolite is in the column if the unburned sample
features significantly greater abundances compared to both the low severity and high severity
samples. For the right-hand column, an annotated metabolite is in the column if the unburned
sample does not feature significantly greater abundances compared to both the low severity and

high severity samples

Significantly greater abundances in
burned soils compared to unburned

Significantly greater
abundances in unburned

No significant differences
between unburned and

soils. soils compared to burned burned soils
soils.
Glycerol Disaccharide 3 Citric acid
Levoglucosan Trisaccharide 1 Glutamic acid

Vanillic acid

Trisaccharide 3

5-Oxoproline

Thymine 2-Hydroxybutyric acid
4-Hydroxybenzoic acid Glycine
2-Furoic acid Sarcosine

Serine

Palmitic acid

Threonine

Isoleucine

N-Acetyl-D-glucosamine

Stearic acid

Inositol Benzoic acid
N-Acryloyl-L-Val-L-Val-L-Val-OH Disaccharide 1
Peptide Disaccharide 2
Pro-Pro-Pro-Pro Disaccharide 4
Pro-Pro-Glu Disaccharide 5
Thr-Pro-Phe Disaccharide 6
Acylaminosugar Trisaccharide 2
Amino sugar Diprotin B
Neosedumoside lii Thr-Val-Leu
Diterpenoid 1 Glu-Val-Leu
Diterpenoid 2 Thr-Leu-Leu
Diterpenoid 3 Ile-Pro-Pro
Diterpenoid 4 Ile-Pro-Tyr
Diterpenoid 5 Ala-Pro-Pro-Pro
Alkaloid 2 Pyranosylindole
Alkaloid 6 Alkaloid 1
Alpha amino acid 1 Alkaloid 3
Dehp Alkaloid 4
Furan-2,5-dicarbaldehyde Alkaloid 5
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Cgmp Amino acid derivative
alkaloid 1
Clindamycin Amino acid derivative
alkaloid 2
Aureine Alpha amino acid 2
Purine nucleotide Alpha amino acid 3
Fatty acid ester Benzoic acid ester
Azole Ampelopsin
Triphenyl phosphate Dechlorogriseofulvin
Dialkyl ether
Polyethylene glycol
Lipid-like
Napelline

5.3.3 SOM FROM BURNED SOILS WAS MORE BIODEGRADABLE THAN SOM FROM
UNBURNED SOIL

The burned soils contained more biodegradable molecules at lower molecular weights
compared to unburned soils. Figures 5.18a and 5.18¢ compare unique molecular formulae
between unburned and low severity soils and between unburned and high severity soils detected
using 21 tesla Fourier transform ion cyclotron resonance-mass spectrometry (21 T FT ICR-MS).
21 T FT ICR-MS features the highest mass resolving power and mass accuracy in the world,
providing sufficient analytical power to analyze complex soil matrices.?»!%%19 In both
comparisons, the burned soils feature more unique molecular formulae that have higher H/C ratios.
Molecular formulae with higher H/C ratios are generally considered more biodegradable.!*® These
more biodegradable molecular formulae can be quantified with the molecular lability boundary
(MLBL) value which divides the number of molecular formula with H/C ratio greater than 1.5 by
the total number of molecular formulae; the higher the MLBL value, the more biodegradable the
molecular formulae. The MLBL values for the low severity and high severity unique molecular
formulae (30.6 % and 28.9 % respectively) were substantially greater when individually compared

to the unburned unique molecular formulae (5.5 % and 5.6 % respectively), indicating that the
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burned soil contained more biodegradable SOM. Additionally, the burned unique molecular
formulae were considerably lower in molecular weight compared to the unburned unique
molecular formulae (Figures 5.18b and 5.18d). Specifically, the average molecular weight of the
low and high severity unique molecular formulae were 271 and 259 Daltons less than that of the
unburned unique molecular formulae. This may contribute to more biodegradable SOM in burned
soils due to lower molecular weight compounds being more easily carried through cellular
membranes and metabolized.!”” Additional FT-ICR MS results can be found in Figure D13. In
conclusion, the FT ICR-MS results indicated that SOM from the burned soils were more
biodegradable than that from the unburned soils, complementing the metabolomics results. For
further evidence, laboratory incubations were conducted to provide a more direct assessment of
SOM biodegradability.

Biological oxygen demand incubations revealed that SOM from burned soil was more
biodegradable compared to unburned soil (Figure 5.19). For these incubations, SOM was
extracted with water, the extract was filtered to 0.1 um, and a river water microbial inoculum was
added to the extract to start the incubation. Dissolved oxygen concentrations in the incubation
solutions were monitored to calculate oxygen consumption as a proxy for SOM biodegradability;
the more oxygen consumption, the more biodegradable the SOM. Therefore, this established
method can provide a direct, holistic assessment of SOM biodegradability.!®!!! Over the course
of the incubations, significantly more oxygen was consumed in the burned samples compared to
the unburned samples (Figures 5.19 and 5.20, Table D1). This pattern was also observed in
dissolved organic carbon consumption during the incubation (Figure 5.21, Table D2). The three
samples (unburned, low severity, and high severity) all started at the same initial dissolved organic

carbon concentrations (~10 mg/L). Thus, differences in oxygen consumption are due to differences

246



Comparing Unique Formulae

a b
20
ALIPH
15: 0.004
2 fUnburned 0-5 cm
Q1o Unburned 0-5 cm L i Low Severity 0-5 cm
T Low Severity 0-56 cm [}
0 0.0021
0.5 —
AROM
Unburned MLB, = 5.5%
0.0 Low Severity MLB_= 30.6% 0.000{_*
00 03 06 09 12 250 500 750 1000
orc m/z
c d
20
0.005
15 e 0.004
20,003 e 5
o 7] nburne cm
28 3."9‘?.“'5"5"92{5 é:? cm 5 High Severity 0-5 cm
0 0.002
0.5
AROM 0.001
Unburned MLB, = 5.6%
0.0. High Severity MLB = 28.9% 0.000
0.0 03 06 0.9 12 500 750 1000
oic m/z

Figure 5.18. Fourier transform ion cyclotron resonance-mass spectrometry results illustrating key
differences in unique assigned molecular formulae for unburned, low severity, and high severity
soils collected at 0-5 cm depth. A unique molecular formula, for example, is a molecular formula
assigned in Sample X but not assigned in Sample Y. In that case, that assigned molecular formula
is unique to sample X. a, Van Krevelen diagram plotting assigned molecular formula unique to
unburned and low severity samples.!*® b, Density plot plotting m/z values of assigned molecular
formula unique to unburned and low severity samples. m/z values are representative of the
molecular weights of the assigned molecular formulae. ¢, Van Krevelen diagram plotting assigned
molecular formula unique to unburned and high severity samples.'®® d, Density plot plotting m/z
values of assigned molecular formula unique to unburned and high severity samples. m/z values
are representative of the molecular weights of the assigned molecular formulae. UB = unburned.
L = low severity. H = high severity. MLBL is the molecular lability boundary value indicates the
percentage of assigned molecular formulae featuring H/C ratios greater than 1.5 and is a metric for
quantifying more chemical constituents.'%

in SOM composition, not SOM quantity. The greater oxygen consumption in the low severity
samples compared to the high severity samples could be explained by the lower severity soils
featuring SOM with slightly higher nominal oxidation state of carbon values and slightly lower
modified aromaticity index values compared to the high severity soil samples (Figures 5.22 and
5.23).°7% Conversely, the nuanced differences between the low severity and high severity samples
may simply lie outside of the analytical techniques that we employed (GC-MS, LC-MS, FT ICR-

MS). Nuclear magnetic resonance spectroscopy, for example, could have been used to account for
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other pools of SOM not detected by our instrumentation. Nevertheless, SOM from the burned soils
were more biodegradable than that of the unburned soils, likely due to the increased metabolite

abundances observed within the burned soils.
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Figure 5.19. Biological oxygen demand incubation results. n = 3 for unburned, low severity, and
high severity samples. n = 1 for Milli-Q water control. Data points are average values, and error
bars are standard deviation values. “0-5 cm” indicates that the soils used in these incubations were
sampled at a depth of 0-5 cm.

5.3.4 BURNED SOILS WERE ENRICHED IN MICROBIAL COMMUNITIES THAT CAN
CONTAIN HETEROTROPHS AND COPIOTROPHS

Bacterial, archaeal, and fungal community compositions were assessed to determine if
there are any congruences between fire impacts on SOM and microbiology. 16S rRNA and ITS
amplicon sequencing were specifically conducted (Figure 5.24).

Microbial communities from unburned and burned soils were distinct based on nonmetric
multidimensional scaling (NMDS) ordination analysis (Figures 5.24a and 5.24b). In NMDS plots,
data points that cluster closely (or separately) have similar (or distinct) microbial communities
which is very similar to the interpretation of metabolomics PCA plots (Figures 5.12a,b). For both

bacterial/archaeal (Figure 5.24a) and fungal communities (Figure 5.24b), unburned and burned

soils plotted separately and to a significant extent based on PERMANOVA analysis. Thus, burning
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Figure 5.20. Biological oxygen demand incubation results with statistical comparisons. Within
each measurement period (e.g. Day 1 and Day 2), the values of the unburned, low severity, and
high severity samples were statistically compared amongst each other. For Day 0 (start of
incubation), Day 0.5, Day 1, Day 1.5, and Day 2, there were no significant differences amongst
unburned, low severity, and high severity samples. The letters next to data points in Day 2.5 and
beyond indicate significant differences amongst the amongst unburned, low severity, and high
severity samples determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and
Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15 within
Methods). For example, at Day 4, the unburned and high severity samples were not significantly
different whereas the low severity sample was significantly different compared to both unburned
and high severity samples. n =3 for unburned, low severity, and high severity samples. n = 1 for
Milli-Q water control. Data points are average values, and error bars are standard deviation values.
“0-5 cm” indicates that the soils used in these incubations were sampled at a depth of 0-5 cm.
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Figure 5.21. Dissolved organic carbon consumption during biological oxygen demand
incubations. Dissolved organic carbon concentrations were only measured at the beginning (Day
0) and end (Day 8) of the incubation. n = 3 for unburned, low severity, and high severity samples.
n = 1 for Milli-Q water control. Data points are average values, and error bars are standard
deviation values. “0-5 cm” indicates that the soils used in these incubations were sampled at a
depth of 0-5 cm. The Day 8 values for unburned, low severity, and high severity samples were all
significantly different from each other (ANOVA and Tukey tests, p<0.05).
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unique molecular formulae assigned with Fourier transform ion cyclotron resonance-mass
spectrometry within low (L) severity and high (H) severity soils collected at a depth of 0-5
cm.> Molecular formulae with high NOSC values require less energy to oxidize, resulting in
those formulae being more biodegradable from a purely thermodynamic perspective.!'? Note
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molecular formulae assigned with Fourier transform ion cyclotron resonance-mass
spectrometry within low (L) severity and high (H) severity soils collected at a depth of 0-5
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Figure 5.24. 16S rRNA and ITS amplicon sequencing results. Bacteria and archaea results are in
the left column while fungal results are in the right column. a and b, Nonmetric multidimensional
scaling (NMDS) ordination plots including Bray-Curtis ASV microbial community composition
dissimilarities for bacterial/archaeal communities (a) and fungal communities (b). n =10 for
unburned, low severity, and high severity soils. ¢, Bar plot showing relative abundance values
averaged across replicates for the top ten most abundant bacterial and archaeal phyla. d, Average

relative abundance values for notable fungal guilds. e, Average relative abundance values for the
top ten most abundant fungal families.

drastically alters soil microbial community composition as previously observed.*2%:3%48:113-117
However, the distinct separations between unburned and burned soils within both the microbial
NMDS plots (Figures 5.24a,b) and the metabolite PCA plots (Figures 5.12a,b) are novel,

suggesting that alterations to the soil metabolite profiles and microbial communities go hand in

hand.
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Burned soils were enriched in copiotroph-containing and heterotroph-containing phyla
(e.g. Firmicutes and Proteobacteria) and featured losses of oligotrophic-containing phyla (e.g.
Verrucomicrobiota, Acidobacteriota, Planctomycetota). Firmicutes (and Proteobacteria)
increased in relative abundance by 31.4 % (and 20.7 %) in low severity soils and by 48.5 % (and
16.1 %) in high severity soils compared to unburned soils (Figure 5.24c and Table D3). These
two phyla can contain heterotrophic microbes that may consume the enriched metabolites within
the burned soils.*!''"® Firmicutes feature endospore-forming taxa that can survive the initial heat
pulse during fire and capitalize on the post-fire biodegradable organic matter. The Firmicutes were
dominated by genera Bacillus and Paenibacillus which are known plant growth-promoting
rhizobacteria. Thus, these post-fire Firmicutes may not just be post-fire pioneer microbes but may
actively support early plant recovery. The Proteobacteria phylum specifically featured copiotrophs
which thrive in soils rich in organic matter and nutrients. The enrichment of this copiotrophic-
containing phyla further indicates that post-fire soils are rich in biodegradable SOM. While
Firmicutes and Proteobacteria increased in relative abundance in burned soils, Verrucomicrobiota,
Acidobacteriota, and Planctomycetota decreased in average relative abundance by 17.9 % and
18.0 % for Verrucomicrobiota, 18.8 % and 18.8 % for Acidobacteriota, and 11.7 % and 11.9 % for
Planctomycetota in low severity and high severity soils, respectively, compared to unburned soils
(Figure 5.24c¢ and Table D3). Verrucomicrobiota, Acidobacteriota, and Planctomycetota can
contain oligotrophs which populate nutrient-poor environments and exhibit slow growth and slow
rates of metabolism. The loss of oligotrophic-containing phyla here implies that the burned soils
are not nutrient-depleted environments; rather, in the burned soils, these oligotrophs are replaced
by spore-forming, copiotrophic Firmicutes and Proteobacteria that are better suited for the post-

fire soils rich in biodegradable SOM.
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Post-fire fungal communities were dominated by a singular ectomycorrhizal fungal
species: Wilcoxina rehmii. Wilxocina rehmii was the dominant species within ectomycorrhizal
fungal guild which increased in average relative abundance by 4.7 % and 24.0 % for low severity
and high severity soils, respectively, compared to unburned soils (Figure 5.24d and Table D4).
Furthermore, the Pyronemataceae fungal family (which increased in average relative abundance
by 51.0 % and 70.3 % within low severity and high severity soils respectively compared to
unburned soils [Figure 5.24e and Table D5]) was also dominated by Wilcoxina rehmii. Thus,
rather than a broad bloom of post-fire pyrophilous fungi, we observed ectomycorrhizal fungal
dominance by this one species. Generally, ectomycorrhizal fungal communities decrease in
abundance after fires and rarely collapse into a single taxon as observed here.*?**3!17 This fungal
homogenization may constrain the diversity of post-fire vegetation.

5.3.5 BURNED SOIL EMITTED SIGNIFICANTLY MORE CARBON DIOXIDE THAN
UNBURNED SOIL

Soil CO; respiration was measured to determine how the enrichment of metabolites, more
biodegradable SOM, and heterotrophic-containing bacterial/archaeal phyla in the burned soils may
impact soil activity and post-fire carbon emissions. Soil CO> respiration fluxes were greater in
burned soils than in unburned soils (Figure 5.25). Specifically, the high severity soils respired
significantly more CO> at the time of measurement compared to the low severity and unburned
soils (Figure 5.25). While there was no statistically significant difference between the soil CO2
respiration fluxes between unburned and low severity soils, the average value of the soil CO;
respiration fluxes for low severity soils was 41 % greater than that of the unburned soils. Soil CO2
net ecosystem exchange (i.e. the balance between CO, uptake from photosynthesis and CO; release

from respiration), was also measured (Figure 5.26), but there were no significant differences
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between respiration and net ecosystem exchange fluxes (Figure 5.27), suggesting that there was
minimal photosynthetic activity from the underlying vegetation. Overall, burned soils exhibited
augmented CO» respiration compared to unburned soils, likely due to burned soils featuring greater
abundances of metabolites, enriched heterotrophic-containing bacterial/archaeal communities, and

SOM with heightened biodegradability.
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Figure 5.25. Soil CO; respiration results visualized with a box plot. The gas analyzer chamber
was covered with a tarp during measurements to minimize photosynthetic activity, providing a
more direct assessment of soil respiration. The measurements were conducted 52 days after the
Alexander Mountain Fire was 100 % contained. Letters above boxes indicate significant
differences between treatments determined by either ANOVA and Tukey HSD tests, Welch’s
ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15
within Methods). n = 10 for unburned, low severity, and high severity samples. Box plots show
the median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.

5.4 IMPLICATIONS

This study, leveraging metabolomic, mass spectrometry, microbial, and gas flux analyses,
revealed the presence of enriched metabolites and enhanced biodegradable SOM within burned
soils. Specifically, 96 % of the putatively identified metabolites were either statistically similar or
significantly greater in abundance in burned soils compared to unburned soils, and over 2.0x more
microbial metabolism of SOM occurred during incubations with burned soil extracts compared to

unburned soil extracts. Burned soils can certainly feature augmented aromatic SOM content,*
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Figure 5.26. Photos of soil CO gas flux measurements. a, Jacob VanderRoest measuring soil CO»
net ecosystem exchange with the gas chamber not covered by a tarp. Photo credit: Dr. Sean
Fettrow. b, Dr. Sean Fettrow measuring soil CO> respiration by covering the gas chamber with a
tarp during measurements. Photo credit: Jacob VanderRoest
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Figure 5.27. Additional soil CO2 exchange results visualized with box plots. a, Soil CO2 net
ecosystem exchange results measured by not covering gas analyzer chamber with a tarp during
measurement, allowing for photosynthetic activity. Letters above boxes indicate significant
differences between treatments determined by either ANOVA and Tukey HSD tests, Welch’s
ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15
within Methods). n = 10 for unburned, low severity, and high severity samples. b, Comparison
between respiration and net ecosystem exchange (NEE) results. UB = unburned. L = low severity.
H = high severity. The statistical tests within sample types (i.e. unburned, low severity, and high
severity) were conducted independently of each other. Letters above the boxes indicate significant
differences between depths and were determined with either Student’s t-test, Welch’s t-test, or
Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low
severity, and high severity samples. “Dark” refers to respiration measurements conducted with the
gas chamber being covered with a tarp. “Light” refers to NEE measurements in which the gas
chamber was not covered with a tarp. The lack of significant differences between respiration and
NEE indicates that the vegetation within the gas chamber during measurement was relatively
photosynthetically inactive. Box plots show the median (central line), first and third quartiles (box
edges), and whiskers extending to minimum and maximum values within 1.5 times the
interquartile range. Data beyond the end of the whiskers are “outlying” points and are plotted
individually.
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contributing to SOM being more resistant to microbial degradation. However, conceptual models
describing SOM content in burned soils now need to include a biodegradable pool that features
the metabolites and biodegradable SOM observed in this study (Figure 5.28). The inclusion of this
biodegradable pool would complement previous studies that have identified a “slow cycling pool”
as well as a “fast cycling pool” in pyrogenic organic matter.>®*° The “slow cycling pool” is likely
comprised of more persistent, aromatic organic matter while the “fast cycling pool” likely contains
metabolites derived from cell-lysis and more biodegradable SOM which was observed in this
study. Thus, this study has laid the groundwork for a new fundamental understanding of SOM
from burned soil that includes the presence of metabolites and biodegradable SOM contributing to
a “fast cycling pool” of organic matter.

This fast-cycling pool could impact post-fire microbial activity, forest management
strategies, and soil greenhouse gas emissions. The increased biodegradable organic matter content
could provide heterotrophic microbes with key substrates for metabolism, initiating and fueling
post-fire microbial activity and broader soil recovery. Such soil recovery could aid in post-fire

reforestation,’

contributing to habitat redevelopment and carbon sequestration. The flush of
metabolites in burned soils would provide microbes with more nutrients compared to unburned
soil. This increase in nutrient content is additional evidence supporting low severity, prescribed
burning in forests as a forest management strategy. Not only will prescribed burning prevent the
buildup of vegetation that could fuel intense wildfires, but prescribed burning may also introduce
biodegradable nutrients into the soil, contributing to a more active, healthy soil microbiome.
However, more biodegradable SOM and more metabolites in burned soils could contribute

to post-fire soil greenhouse gas emissions via microbial respiration as observed in this study

(Figure 5.25). Thus, post-fire soils may behave more so as carbon sources rather than carbon sinks
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Figure 5.28. Conceptual diagram illustrating “slow cycling” and “fast cycling” organic matter
pools within burned soils. The organic matter content of the “slow cycling” pool was already
known due to extensive research examining aromatic organic matter in burned soils.”1%3211? This
study revealed the likely content of the “fast cycling” pool: biodegradable metabolites. Figure
created with BioRender.com.
in the immediate aftermath of a wildfire. Longer-term studies are necessary to determine the extent
of this post-fire greenhouse gas pulse. Overall, this study demonstrates that burned soils are not
sterile matrices devoid of biodegradable organic matter. Conversely, burned soils can feature
heightened metabolite abundances and organic matter that is more biodegradable compared to
nearby unburned soils.
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CHAPTER 6: SUMMARY, CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS

6.1 SUMMARY

Chapter 2 indicated that non-targeted mass spectrometry methods are needed to analyze
low-molecular weight organic molecules in burned soils. Chapter 3 discovered that soils burned in
pyrocosms were enriched in heterotrophic microbes, featured increased relative abundances of
glycine, protocatechuate, and other metabolites, and respired more CO; in laboratory incubations
compared to unburned soils. Chapter 4 featured soils from three different forested ecosystems
heated in a muffle furnace and observed greater abundances of amino acids and peptides in 150
°C soils and greater abundances of aromatic metabolites, organic acids, and nitrogen-containing
saccharides in 250 °C soils. In fact, 43 to 52 % of the detected metabolites across the tested forested
ecosystems were significantly more abundant in the heated soils compared to the control soils.
Chapter 5 examined SOM from unburned, low severity, and high severity soils within the 2024
Alexander Mountain Fire burn scar and reported that 96 % of the detected metabolites were either
statistically similar or significantly greater in abundance in burned soils compared unburned soils.
Additionally, burned soils exhibited on average 2.0 to 2.6x greater microbial metabolism of SOM
and 1.4 to 2.5x greater CO; fluxes, respectively, compared to unburned soils.
6.2 CONCLUSIONS

Chapter 1 posed the following research questions: How do wildfires impact the soil
metabolome, and how do abundances of soil metabolites change post-fire? Does SOM become
more or less biodegradable after wildfires? How do these changes in soil metabolite content and
SOM biodegradability influence biogeochemical carbon cycling and the propensity of burned soils
to act more as carbon sources rather than as carbon sinks? These questions were answered by the

following discoveries outlined in this dissertation: burned soils are enriched in metabolites
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(Chapters 3-5), SOM from burned soils immediately post-fire can be more biodegradable than
corresponding unburned soils (Chapters 3 and 5), and burned soils may act as carbon sources
immediately after fire due to the metabolite enrichment and biodegradability enhancement
(Chapters 3 and 5) (Figure 6.1). As Chapter 5 outlined (Figure 5.28), conceptual diagrams of
SOM from burned soils now ought to feature a “fast cycling pool” comprised of enriched

metabolites and more biodegradable SOM.

Unburned

Discovered in
this Disseration

. . H
9" . Increased nitrogen enrichment

HO™

Figure 6.1. Conceptual diagram outlining major discoveries of this dissertation in conjunction
with known phenomena related to wildfire impacts on soil chemistry and microbiology.

These major discoveries were largely consistent across experimental scales. Metabolomic
profiles were distinct between unburned/control and burned/heated soils as exhibited by principal
component analysis (PCA) scores plots in Chapters 3-5. Metabolite abundances and water

extractable organic carbon values were generally greater in burned/heated soils compared to
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unburned/control soils in Chapters 3-5. SOM from burned soils was more biodegradable than SOM
from unburned soils based on soil CO» respiration incubations in Chapter 3 and biological oxygen
demand incubations in Chapter 5. Such consistency was also observed in the microbial results in
which burned soils were enriched in heterotrophic bacteria and archaea in Chapters 3 and 5. These
consistent results bolster our confidence in our conclusions that burned soils feature increased
metabolite abundances and enhanced SOM biodegradability shortly after fire.
6.3 IMPLICATIONS

The major implications of this dissertation relate to prescribed burning as a forest
management strategy, post-fire microbial activity, and post-fire soil behaving as a carbon source
vs. carbon sink. Prescribed burning (i.e. any supervised burn conducted to meet specific land
management objectives) is a potential alternative to fire suppression as a forest management
strategy.! Deliberately burning vegetation can prevent the buildup of hazardous vegetative fuel
quantities that contribute to massive, high severity wildfires if ignited.! Additionally, if these
prescribed burns are conducted at lower severity conditions, the resultant soil may be enriched in
nutrients like metabolites and biodegradable SOM based on the results in this dissertation. Thus,
not only will prescribed burning help prevent larger, devastating wildfires, it may also contribute
to a healthy soil system with richer, more diverse SOM. This enriched SOM content could then
drive soil microbial activity which is an essential first step in post-fire soil recovery. For example,
providing metabolites and nutrients for ectomycorrhizal fungi (which form symbiotic relationships
with trees such as lodgepole pine) could help re-establish those beneficial relationships, aiding
post-fire forest recovery processes.’ This increased microbial activity, while beneficial for
producing a healthy soil system, may increase post-fire soil CO; emissions through microbial

metabolism. In this dissertation, burned soils respired more CO> than unburned soils, both in
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controlled experiments (Chapter 3) and in a burned forest (Chapter 5). Considering that soils
contain the largest dynamic carbon stock on Earth (3,500 to 4,800 Pg) and that around 70% of the
total global topsoil C is exposed to fire,*> wildfire-burned soils may act as a substantial source of
CO» emissions. Therefore, post-fire soils may act more as a carbon source than sink in the
immediate aftermath of a wildfire which agrees with recent projections indicating that wildfires
weaken the effectiveness of land carbon sinks.5
6.4 FUTURE DIRECTIONS

Future post-fire soil metabolomics studies can further elucidate wildfire impacts on soil
chemistry and soil CO2 emissions. While providing novel discoveries, this dissertation only
focuses on the immediate aftermath of wildfires and soil heating across a monthly post-fire
timeframe. While burned soils are enriched in metabolites and biodegradable SOM immediately
following burning, the persistence of that metabolite enrichment and SOM biodegradability
enhancement is unknown. Are metabolites enriched in post-fire soil one year, multiple years, or
even decades after a wildfire? What about the enhanced biodegradable SOM content? I surmise
that the flush of post-fire metabolites and biodegradable SOM persists for a few months post-fire
but decreases with time due to microbes consuming and respiring that reactive SOM pool. Multiple
years after a fire, I’d suspect that the metabolite profile and SOM biodegradability of once burned
soil are similar to that of nearby unburned soil. However, that remains entirely unknown. Beyond
temporal considerations, investigating changes in soil metabolomics and biodegradable SOM
across varying ecosystems is required. This dissertation focused on coniferous forests in Colorado.
While this is a relevant area to study wildfires, it represents one of the myriad of ecosystem types
affected by wildfires. Would the conclusions from this dissertation be observed in post-fire

chapparal forests in northern California, deciduous forests in southeast United States, boreal
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forests of Canada, savannah grasslands in Africa, rainforests of South America, or broadleaf forests
in China? Investigating the geographic extent of these results would provide a more accurate
assessment of how post-fire soil metabolomics and biodegradable SOM influence soil CO;
emissions on a global scale.

The metabolomics techniques in this dissertation are predominantly non-targeted analysis.
Thus, extensive targeted metabolomics work has yet to be conducted within post-fire soils.
Specific molecules should be targeted within burned soils to better understand post-fire soil
biogeochemistry and forest recovery. For example, karrakins — a family of carboxylate esters — can
promote seed germination.” Targeting for karrakins in post-fire soils could unlock a key
mechanism driving post-fire reforestation. For example, forests that didn’t recover well after a
wildfire may be deficient in soil karrakin concentrations. Beyond karrakins, more aromatic
intermediates produced during the degradation of aromatic SOM could be targeted to determine
the extent to which post-fire microbes harness aromatic, condensed pyrogenic organic matter as a
nutrient source.®® Additionally, intermediates within the citric acid cycle (e.g. isocitrate or malate)
could be targeted to assess adenosine triphosphate (ATP) generation in burned soils which may
drive microbial activity. Such metabolomics analysis could be coupled with microbial
metagenomics and metatranscriptomics analyses to further elucidate soil microbial responses to
post-fire metabolite enrichment. Overall, targeted metabolomics would provide a more detailed
understanding of how microbes are utilizing the enriched metabolite content while providing
insight into mechanisms driving post-fire soil and forest recovery.

Additional instrumentation could be employed to detect more soil metabolites and account
of the limitations of the instruments used in this dissertation. Traditional GC-MS only detects

volatile, electron-impact ionizable metabolites found in GC-MS library databases. LC-MS only

283



detects metabolites that are, in this case, ionizable with positive-mode electrospray ionization and
found within LC-MS library databases. To expand analytical scope, nuclear magnetic resonance
(NMR) spectroscopy could be utilized. While less sensitive than mass spectrometry, NMR
spectroscopy does not require ionization and does not preferentially detect molecules within a
specific mass range, allowing for the detection of a unique pool of metabolites. NMR spectroscopy
has been used to detect metabolites such as acetate, glycine betaine, and monomethylamine in
environmental samples and could be utilized within a post-fire soil context to broaden the scope
of detectable metabolites.!®!! Fourier transform ion cyclotron resonance-mass spectrometry (FT
ICR-MS)-based metabolomics is an emerging sector of metabolomics analysis with developing
library databases that could also be employed.!*!* Harnessing the mass accuracy and resolving
power of FT ICR-MS alongside curated library databases could drastically expand metabolite
identification in burned soils.

The increased CO> respiration from burned soils implies that burned soils may act more as
carbon sources immediately following wildfires. However, to confirm this implication, more
extensive soil CO; respiration measurements need to be conducted and incorporated into global
climate models. Within climate models, these post-fire soil CO; respiration quantities can be
compared to other CO> sources. Such comparisons will contextualize the role that post-fire soils
may serve in intensifying climate change. Without this contextualization, the extent and impact
that post-fires may have on CO2 emissions remain unknown.

Overall, the field of post-fire soil metabolomics has been initiated by this dissertation.
Further investigation is warranted to elucidate the climatic impacts of post-fire soil metabolite

enrichment and SOM biodegradability enhancement.
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Table A1. Summary of major organic and inorganic speciation changes in various fire-affected
ecosystems and controlled studies, such as laboratory heating simulations.

Topic Ecosystem Description | Fire Conditions Observations Reference
(Severity/Intensity)
PAH Pine bark, litter, Samples Control samples showed | Choi,
and soil in collected 1, lowest PAH levels; 2014!
Pohang, South 3,5,and 7 PAHs decreased over
Korea months time
after a
forest fire
Varies 143 sets of Total PAHs in fire- Yang et al.
published affected soils increased 20222
data by 205% compared to
unburned soils
Organic Computational Representat | N/A Observed considerable Graham et
Carbon study ive PyOM overlap between preicted | al. 20233
and DOM metabolic rates of PyOM
molecules and DOM microbial
from degradation
database
Old-growth, Collected Unburned control, | Soil organic matter from | Nelson et
lodgepole pine- surface low severity, and high severity burned al. 20224
dominated (P, mineral soil | high severity soils featured higher
Contorta) forest | (0-5 cm samples nominal oxidation state
depth) of carbon values,

generating lower Gibbs
free energy of oxidation

values
Laboratory Soil-water | Oak wood 25-67% of aromatic Bostick et
Study extracts (Quercus content was al. 2021°
from hemisphaerica) biomineralized within a

pyrolyzed | was pyrolyzed at 10-day incubation
oak wood 400°C and 650°C
were for three hours
incubated
with soil-
derived
microbial
consortium
Laboratory Soil-water | Oak wood Upwards of 25% of Goranov
Study extracts (Quercus carbon content was et al.
from hemisphaerica) biomineralized withina | 20226
pyrolyzed was pyrolyzed at 10-day incubation
oak wood 400°C and 650°C
were for three hours
incubated
with soil-
derived
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microbial

consortium
Laboratory PyOM Eastern white pine | PyOM was Fischer et
Study produced wood (Pinus biomineralized within al. 20217
from strobus) was the span of 57 days
pylrolzing | pyrolyzed at 750°C
pine wood | for 30 minutes
was
incubated
with
Pyronema
domesticu
m fungi
Organic Laboratory Mineral Soil was burned Number of nitrogen- Cawley et
Nitrogen Study soil under oxic containing soil organic al. 20178
samples conditions at low matter molecules
were severity (225°C), increased by 20% after
collected moderate severity burning at 225°C
from (350°C), and high
subalpine severity (500°C) in
canyon a muftle furnace.
located in
northern
Colorado
Laboratory Mineral Soil was burned Number of nitrogen- Bahureksa
Study soil under oxic containing soil organic et al.
samples conditions at matter molecules 2022°
were 150°C, 250°C, increased by 32% after
collected 350°C, and 450°C | burning at 250°C
from in a muffle furnace.
coniferous
forest
located in
northern
Colorado
Karrikins Laboratory study | Germinatio | None Karrikins promoted the Nelson et
n assays of germination of al. 200910
Arabidopsi Arabidopsis thaliana
s thaliana seeds
seeds with
solutions of
karrikins
Laboratory study | Karrikin None Developed method for Hrdlicka
quantities quantifying karrikins in et al.
in smoke smoke water using ultra- | 2019"!
water high performance liquid
samples chromatography-tandem
were mass spectrometry
measured.
Disinfectio | Watersheds from | 13 first- Sampled five Linear relationship Chow et
n ponderosa pine and unburned between watershed al. 20192
byproducts | (Pinus second- catchments, six that | burned area and
(DBP) ponderosa) and | roder burned at moderate | haloacetonitrile
Douglas-fir catchments | severity (<50% of | formation was observed
(Pseudotsuga were catchment area

289




menziesii) forests | sampled 12 | burned with <25%
located in years after | at high severity),
Colorado the 2002 and two that
Hayman burned at high
fire severity (75-95%
of catchment area
was burned with
50-60% at high
severity)
Laboratory study | Forest Forest detritus Formation potential of Wang et
detritus (0- | samples were haloacetonitriles al. 201513
5 cm) burned at 250°C increased by 324% in
collected and 400°C under detritus pyrolyzed at
from oxic conditions and | 250°C compared to
Stanislaus | pyrolyzed at 250°C | unburned detritus.
National and 400°C in a
Forest was | muffle furnace
burned, and
chlorinatio
n-based
DBP
formation
potential
tests were
conducted
on the
leachate of
the burned
samples
Cr Laboratory study | Synthetic 200, 400, 600, and | Cr(VI) detected in all Burton et
Cr(II)- 800°C at a duration | heated samples but al 2019
substituted | of 2h extent depended on
ferrihydrite oxide type. Moderate
, goethite, temperatures (200-
and 600°C) yielded greater
hematite Cr(VI) formation in the
and ferrihydrite, hematite,
ferrosol- and Ferrosol-type soil
type soil and decreased
were considerably at 800°C. In
heated in a contrast, Cr(VI)
muftle formation within the
furnace Cr(I1T)-substituted
goethite increased almost
linearly with
temperature,
approaching 100% of
total Cr at 800°C
Laboratory study | Grass 200°C for 4 h, then | Natural Cr(VI)/Total Cr | Panichev
samples, heated at specific concentration of 2.5% et al.
Hypertheli | max temperatures | increased to 23% when | 20083
a dissolute, | (500, 600, 700, heated at 500°C and to
burned ina | 800, and 900°C) for | 58% when heated to
muffle l1h 800°C.
furnace.
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Field study Soils from Unburned soil samples Panichev
South contained <1 % etal
Africa were (Cr(VID)/Total Cr and 2008
samples burned topsoil with grass
before and contained 2.7%. Black
after ash were shown to
bushfires contain higher

proportion (9.3%) of
Cr(VD).

Field study Soils and Low, moderate, High Cr(VI) Lopez et
ash and high severity concentration (222-3,335 | al 2023'91
collected fire pg/kg) observed in
from 3 surface ash layers in
natural wildfire-affected
preserves ultramafic soils.
that burned Elevated Cr(VI) in soil
during the and ash from a burned
Kincade chaparral persisted 10
fire of months after wildfire.

California
were
sampled
shortly
after fire
and 10
months
post-fire in
various
geology
types

Field study Collected Multiple fires of Dominant form of Cr Wolf et al
ash and varying severities | found was Cr(VI) and 20087
burned greater in the wildland-
soils from urban interface.

California
wildland
and
residential
areas

As Field study Speciation | Multiple fires of Unpolluted soil- and ash- | Wolf et al
of soils and | varying severities bound As concentrations | 2011'®
biological were relatively low after
leachates of multiple California
ashes from wildfires but when As
California was measured, it was
wildfires typically As(V)
were
assessed
(Cr, As, Se)

Hg Laboratory study | Brake fern | Heating Arsenic emissions from | Yan et al.
plants and | temperature of 100 | As(V) reduction 20081
mixtures to 800 °C with the | followed by
(plant heating rate of 25 volatilization as arsine
residue, °C/min for 4 h gas was observed when
As205 burning an As-

(aq), with hyperaccumulating plant,

291




or without brake ferns (Pteris
charcoal) vittata), even at
were temperatures less than
heated in a 400°C. Arsenic(I1T)
muffle volatilization increased
furnace as temperatures were
increased from 100-
800°C
Field study Mercury Varied Hg emissions varied Webster et
emissions across vegetation types al. 20162
from 2000- where low biomass
2013 ecosystems (desert
wildfires in scrub) are lower
the US emission sources
were
measured
in various
ecosystems

Table A2. Effects of fire on toxicity of aqueous ash extracts (AEA) or soils from burned areas.

Reference | Ecosystem(s) Species tested | Sampling notes Observations
Harper et | Australian eucalypt, | Daphnia Composite ash Significant acute toxicity
al., 20192! | USA chaparral, magna samples; 1 : 10 observed for 3 of 6 ash types
Canadian spruce, ratio of ash to tested
Spanish heathland, culture medium
Spanish pine forest,
UK grassland
Brito et Brazilian Cerrado, Ceriodaphnia | Ashes collected All ash types caused acute
al., 2017% | pasture, and dubia, Danio (five locations) toxicity to C. dubia,
transition area rerio, within burned transition area ashes were
between palm Biomphalaria | area one day toxic to D. rerio, all other
swamp and savanna | glabrata postfire and species and ash types were
homogenized; 1 : | not affected
10 ratio of ash to
culture medium
Campos et | 75% eucalypt Vibrio fischeri, | Overland flow Significant inhibitory effects
al., 20122 | plantations Pseudokirchne | collected after on V. fishceri, P. subcapitata,
(Eucalyptus riella first significant and L. minor, but not D.
globulus Labill.), subcapitata, rainfall event magna; runoff immediately
25% Maritime Pine | Lemna minor, following fire and | after fire was less toxic than
(Pinus pinaster), Daphnia about one year water collected one year later
Portugal magna later
Réetal., Mixed Eucalypt Human Ash from each Increasing concentration of
2021 (Eucalyptus keratinocytes | site mixed for aqueous ash extracts
globulus) and pine composite AEA decreased cell viability
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(Pinus pinaster),

Portugal
Afonso et | Maritime Pine Skin bacteria 1 : 4 v/vin culture | Growth inhibition found at
al., 2022% | (Pinus Pinaster), from medium collected | low ash concentrations;
Eucalypt Salamandra 3 days post- eucalypt extracts had a higher
(Eucalyptus salamandra wildfire negative impact than pine
globulus)
Atwi et Pin oak foliage Immortalized | 25 g of each fuel Strongest reduction in
al., 20222° | (Quercus plustris), human smoldered, fresh microbial activity from PM
Pignut hickory twigs | bronchial and aged (2 h from hickory combustion;
(Carya glabra), epithelial cells | photo-oxidation) fresh PM induced more
Slash pine needles PM, 5 collected reduction in metabolic
(Pinus elliottii) activity for all fuels; aged PM
induced higher apoptosis
Coclho et | Eucalypt Iberian frog Black ash Increasing aqueous ash
al., 2022% | (Eucalyptus (Rana iberica) | (moderate extract concentrations
globulus) skin bacteria severity) and increased the number of
grey-white ash bacteria whose growth was
(moderate-high negatively affected; high
severity) collected | severity ash had more
3 days post-fire; adverse effects than moderate
AEA severity
Priya et Syringol exposure Human Varying HEK-293: syringol exposure
al., 202328 embryonic concentrations of | induced concentration-
kidney cell syringol (0.5-2 dependent cytotoxicity;
line (HEK- mg/L) zebrafish: dose-dependent
293), embryo toxic effects and
Zebrafish changes in growth metrics
(Danio rerio)
Muiiiz Maritime pine Chironomus High severity and | 38 of 42 genes altered from
Gonzalez | (Pinus pinaster) riparius low severity ashes | high severity ashes, 22 genes
et al., prepared to altered from low severity
2023% concentration of ashes; apoptosis
10 g/L and diluted | response/endocrine
to several disruption observed
concentrations
Roth et Lodgepole pine Aliivibrio Soil burn severity | Increased heterocyclic N as
al., 20233 | (Pinus contorta) fischeri gradient burn severity increased,;

positive relationship between
soil burn severity and toxicity
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3

Table B1. Details for BioProject PRINA682830

Accessio | Samp | SPUI | Organ | Tax | Strai | Isolat | BioProj | Link
n le D ism ID |(n e ect
Name

SAMN36 | JQ1 1 |JQ1 1 | soil 410 | Not Not PRINA | 36416513:

416513 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416513

SAMN36 | JQ10_ | JQ10_ | soil 410 | Not Not PRINA | 36416514:

416514 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416514

SAMN36 | JQ11_ | JQ11_ | soil 410 | Not Not PRINA | 36416515:

416515 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416515

SAMN36 | JQ12_ | JQ12_ | soil 410 | Not Not PRINA | 36416516:

416516 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416516

SAMN36 | JQ13_ | JQI3_ | soil 410 | Not Not PRINA | 36416517:

416517 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416517

SAMN36 | JQ14 | JQ14 | soil 410 | Not Not PRINA | 36416518:

416518 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416518

SAMN36 | JQ15 | JQ15_ | soil 410 | Not Not PRINA | 36416519:

416519 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416519

SAMN36 | JQ2 1 |JQ2 1 | soil 410 | Not Not PRINA | 36416520:

416520 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416520

SAMN36 | JQ3 1 |JQ3 1 | soil 410 | Not Not PRINA | 36416521:

416521 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .oo0v/sra/36416521

SAMN36 | JQ4 1 | JQ4 1 | soil 410 | Not Not PRINA | 36416522:

416522 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416522

SAMN36 | JQ5 1 |JQ5 1 | soil 410 | Not Not PRINA | 36416523:

416523 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416523

SAMN36 | JQ6 1 | JQ6 1 | soil 410 | Not Not PRINA | 36416524:

416524 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416524

SAMN36 | JQ7 1 |JQ7 1 | soil 410 | Not Not PRINA | 36416525:

416525 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416525

SAMN36 | JQ8 1 |JQ8 1 | soil 410 | Not Not PRINA | 36416526:

416526 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416526

298



https://www.ncbi.nlm.nih.gov/sra/36416513
https://www.ncbi.nlm.nih.gov/sra/36416513
https://www.ncbi.nlm.nih.gov/sra/36416514
https://www.ncbi.nlm.nih.gov/sra/36416514
https://www.ncbi.nlm.nih.gov/sra/36416515
https://www.ncbi.nlm.nih.gov/sra/36416515
https://www.ncbi.nlm.nih.gov/sra/36416516
https://www.ncbi.nlm.nih.gov/sra/36416516
https://www.ncbi.nlm.nih.gov/sra/36416517
https://www.ncbi.nlm.nih.gov/sra/36416517
https://www.ncbi.nlm.nih.gov/sra/36416518
https://www.ncbi.nlm.nih.gov/sra/36416518
https://www.ncbi.nlm.nih.gov/sra/36416519
https://www.ncbi.nlm.nih.gov/sra/36416519
https://www.ncbi.nlm.nih.gov/sra/36416520
https://www.ncbi.nlm.nih.gov/sra/36416520
https://www.ncbi.nlm.nih.gov/sra/36416521
https://www.ncbi.nlm.nih.gov/sra/36416521
https://www.ncbi.nlm.nih.gov/sra/36416522
https://www.ncbi.nlm.nih.gov/sra/36416522
https://www.ncbi.nlm.nih.gov/sra/36416523
https://www.ncbi.nlm.nih.gov/sra/36416523
https://www.ncbi.nlm.nih.gov/sra/36416524
https://www.ncbi.nlm.nih.gov/sra/36416524
https://www.ncbi.nlm.nih.gov/sra/36416525
https://www.ncbi.nlm.nih.gov/sra/36416525
https://www.ncbi.nlm.nih.gov/sra/36416526
https://www.ncbi.nlm.nih.gov/sra/36416526

SAMN36 | JQ9 1 |JQ9 1 | soil 410 | Not Not PRINA | 36416527:

416527 6S 6S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416527

SAMN36 | PLJ1_ | PLJ1_ | soil 410 | Not Not PRINA | 36416528:

416528 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416528

SAMN36 | PLJ10 | PLJ10 | soil 410 | Not Not PRINA | 36416529:

416529 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416529

SAMN36 | PLJ11 | PLJ11 | soil 410 | Not Not PRINA | 36416530:

416530 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416530

SAMN36 | PLJ12 | PLJ12 | soil 410 | Not Not PRINA | 36416531:

416531 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416531

SAMN36 | PLJ13 | PLJ13 | soil 410 | Not Not PRINA | 36416532:

416532 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416532

SAMN36 | PLJ14 | PLJ14 | soil 410 | Not Not PRINA | 36416533:

416533 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416533

SAMN36 | PLJ15 | PLJ15 | soil 410 | Not Not PRINA | 36416534:

416534 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416534

SAMN36 | PLJ16 | PLJ16 | soil 410 | Not Not PRINA | 36416535:

416535 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416535

SAMN36 | PLJ17 | PLJ17 | soil 410 | Not Not PRINA | 36416536:

416536 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416536

SAMN36 | PLJ18 | PLJ18 | soil 410 | Not Not PRINA | 36416537:

416537 _16S | 16S | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416537

SAMN36 | PLJ2 | PLJ2 | soil 410 | Not Not PRINA | 36416538:

416538 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416538

SAMN36 | PLI3_ | PLI3_ | soil 410 | Not Not PRINA | 36416539:

416539 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416539

SAMN36 | PLJ4_ | PLJ4_ | soil 410 | Not Not PRINA | 36416540:

416540 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416540

SAMN36 | PLJ5 | PLI5 | soil 410 | Not Not PRINA | 36416541:

416541 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416541

SAMN36 | PLJ6_ | PLI6 | soil 410 | Not Not PRINA | 36416542:

416542 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416542
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https://www.ncbi.nlm.nih.gov/sra/36416527
https://www.ncbi.nlm.nih.gov/sra/36416527
https://www.ncbi.nlm.nih.gov/sra/36416528
https://www.ncbi.nlm.nih.gov/sra/36416528
https://www.ncbi.nlm.nih.gov/sra/36416529
https://www.ncbi.nlm.nih.gov/sra/36416529
https://www.ncbi.nlm.nih.gov/sra/36416530
https://www.ncbi.nlm.nih.gov/sra/36416530
https://www.ncbi.nlm.nih.gov/sra/36416531
https://www.ncbi.nlm.nih.gov/sra/36416531
https://www.ncbi.nlm.nih.gov/sra/36416532
https://www.ncbi.nlm.nih.gov/sra/36416532
https://www.ncbi.nlm.nih.gov/sra/36416533
https://www.ncbi.nlm.nih.gov/sra/36416533
https://www.ncbi.nlm.nih.gov/sra/36416534
https://www.ncbi.nlm.nih.gov/sra/36416534
https://www.ncbi.nlm.nih.gov/sra/36416535
https://www.ncbi.nlm.nih.gov/sra/36416535
https://www.ncbi.nlm.nih.gov/sra/36416536
https://www.ncbi.nlm.nih.gov/sra/36416536
https://www.ncbi.nlm.nih.gov/sra/36416537
https://www.ncbi.nlm.nih.gov/sra/36416537
https://www.ncbi.nlm.nih.gov/sra/36416538
https://www.ncbi.nlm.nih.gov/sra/36416538
https://www.ncbi.nlm.nih.gov/sra/36416539
https://www.ncbi.nlm.nih.gov/sra/36416539
https://www.ncbi.nlm.nih.gov/sra/36416540
https://www.ncbi.nlm.nih.gov/sra/36416540
https://www.ncbi.nlm.nih.gov/sra/36416541
https://www.ncbi.nlm.nih.gov/sra/36416541
https://www.ncbi.nlm.nih.gov/sra/36416542
https://www.ncbi.nlm.nih.gov/sra/36416542

SAMN36 | PLJ7_ | PLI7_ | soil 410 | Not Not PRINA | 36416543:

416543 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416543

SAMN36 | PLJ8 | PLI8 | soil 410 | Not Not PRINA | 36416544:

416544 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416544

SAMN36 | PLI9 | PLI9 | soil 410 | Not Not PRINA | 36416545:

416545 16S 16S metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416545

SAMN36 | JQ1 I |JQ1 I | soil 410 | Not Not PRINA | 36416546:

416546 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416546

SAMN36 | JQ10_ | JQ10_ | soil 410 | Not Not PRINA | 36416547:

416547 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416547

SAMN36 | JQ11_ | JQ11_ | soil 410 | Not Not PRINA | 36416548:

416548 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416548

SAMN36 | JQ12_ | JQ12_ | soil 410 | Not Not PRINA | 36416549:

416549 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416549

SAMN36 | JQ13_ | JQ13_ | soil 410 | Not Not PRINA | 36416550:

416550 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416550

SAMN36 | JQ14 | JQ14 | soil 410 | Not Not PRINA | 36416551:

416551 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416551

SAMN36 | JQ15 | JQ15_ | soil 410 | Not Not PRINA | 36416552:

416552 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416552

SAMN36 | JQ2 1 |JQ2 I | soil 410 | Not Not PRINA | 36416553:

416553 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416553

SAMN36 | JQ3 1 |JQ3 I | soil 410 | Not Not PRINA | 36416554:

416554 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416554

SAMN36 | JQ4 1 |JQ4 1 | soil 410 | Not Not PRINA | 36416555:

416555 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416555

SAMN36 | JQ5 1 |JQ5 T | soil 410 | Not Not PRINA | 36416556:

416556 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416556

SAMN36 | JQ6 1 |JQ6 1 | soil 410 | Not Not PRINA | 36416557:

416557 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416557

SAMN36 | JQ7 1 |JQ7 1 | soil 410 | Not Not PRINA | 36416558:

416558 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416558
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https://www.ncbi.nlm.nih.gov/sra/36416545
https://www.ncbi.nlm.nih.gov/sra/36416545
https://www.ncbi.nlm.nih.gov/sra/36416546
https://www.ncbi.nlm.nih.gov/sra/36416546
https://www.ncbi.nlm.nih.gov/sra/36416547
https://www.ncbi.nlm.nih.gov/sra/36416547
https://www.ncbi.nlm.nih.gov/sra/36416548
https://www.ncbi.nlm.nih.gov/sra/36416548
https://www.ncbi.nlm.nih.gov/sra/36416549
https://www.ncbi.nlm.nih.gov/sra/36416549
https://www.ncbi.nlm.nih.gov/sra/36416550
https://www.ncbi.nlm.nih.gov/sra/36416550
https://www.ncbi.nlm.nih.gov/sra/36416551
https://www.ncbi.nlm.nih.gov/sra/36416551
https://www.ncbi.nlm.nih.gov/sra/36416552
https://www.ncbi.nlm.nih.gov/sra/36416552
https://www.ncbi.nlm.nih.gov/sra/36416553
https://www.ncbi.nlm.nih.gov/sra/36416553
https://www.ncbi.nlm.nih.gov/sra/36416554
https://www.ncbi.nlm.nih.gov/sra/36416554
https://www.ncbi.nlm.nih.gov/sra/36416555
https://www.ncbi.nlm.nih.gov/sra/36416555
https://www.ncbi.nlm.nih.gov/sra/36416556
https://www.ncbi.nlm.nih.gov/sra/36416556
https://www.ncbi.nlm.nih.gov/sra/36416557
https://www.ncbi.nlm.nih.gov/sra/36416557
https://www.ncbi.nlm.nih.gov/sra/36416558
https://www.ncbi.nlm.nih.gov/sra/36416558

SAMN36 | JQ8 I | JQ8 I | soil 410 | Not Not PRINA | 36416559:

416559 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416559

SAMN36 | JQ9 I |JQ9 I | soil 410 | Not Not PRINA | 36416560:

416560 TS TS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416560

SAMN36 | PLJ1_ | PLJ1_ | soil 410 | Not Not PRINA | 36416561:

416561 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416561

SAMN36 | PLJ10 | PLJ10 | soil 410 | Not Not PRINA | 36416562:

416562 _ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416562

SAMN36 | PLJ11 | PLJ11 | soil 410 | Not Not PRINA | 36416563:

416563 _ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416563

SAMN36 | PLJ12 | PLJ12 | soil 410 | Not Not PRINA | 36416564:

416564 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416564

SAMN36 | PLJ13 | PLJ13 | soil 410 | Not Not PRINA | 36416565:

416565 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416565

SAMN36 | PLJ14 | PLJ14 | soil 410 | Not Not PRINA | 36416566:

416566 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416566

SAMN36 | PLJ15 | PLJ15 | soil 410 | Not Not PRINA | 36416567:

416567 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416567

SAMN36 | PLJ16 | PLJ16 | soil 410 | Not Not PRINA | 36416568:

416568 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .o0v/sra/36416568

SAMN36 | PLJ17 | PLI17 | soil 410 | Not Not PRINA | 36416569:

416569 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416569

SAMN36 | PLJ18 | PLJ18 | soil 410 | Not Not PRINA | 36416570:

416570 ITS | ITS | metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416570

SAMN36 | PLJ2 | PLJ2 | soil 410 | Not Not PRINA | 36416571:

416571 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .oov/sra/36416571

SAMN36 | PLI3_ | PLI3_ | soil 410 | Not Not PRINA | 36416572:

416572 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416572

SAMN36 | PLJ4 | PLJ4 | soil 410 | Not Not PRINA | 36416573:

416573 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416573

SAMN36 | PLJ5 | PLI5 | soil 410 | Not Not PRINA | 36416574:

416574 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416574
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SAMN36 | PLJ6_ | PLI6_ | soil 410 | Not Not PRINA | 36416575:

416575 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416575

SAMN36 | PLJ7 | PLJ7_ | soil 410 | Not Not PRINA | 36416576:

416576 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416576

SAMN36 | PLJ8 | PLJ8 | soil 410 | Not Not PRINA | 36416577:

416577 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416577

SAMN36 | PLJ9 | PLJ9 | soil 410 | Not Not PRINA | 36416578:

416578 ITS ITS metage | 658 | Appli | Appli | 682830 | https://www.ncbi.nlm.nih
nome cable | cable .gov/sra/36416578

Table B2. Water Extractable Organic Carbon Values (mg C / g soil) (n=3, error = standard

deviation)
Treatment Soil Sampling Da
0 3 7 14 28
Unburned 0.14+0.02 0.145+0.016 0.143+0.010 0.15+0.03 0.17+0.03
Burned 0.49+0.08 0.41+0.04 0.379+0.009 0.41+0.07 0.40+0.11
Table B3. Total Carbon Values (% by weight) (n=3, error = standard deviation)
Treatment Soeil Sampling Da
0 3 7 14 28
Unburned 2.33+0.02 2.41+0.07 2.36x0.09 2.51%£0.03 2.57+0.14
Burned 2.6+0.3 2.5+0.2 2.19+0.05 2.1+0.2 2.5+0.2
Table B4. Ammonium-N Values (mg/L) (n=3, error = standard deviation)
Treatment Soil Sampling Da
0 3 7 14 28
Unburned 0.23+0.04 0.144+0.01 0.13+0.02 0.2440.04 0.34+0.22
Burned 11.57+£1.07 13.73+0.78 13.37+1.31 12.50+1.13 12.77+0.95

Table B5. Water Extractable Total Nitrogen Values (ug N/ g soil) (n=3, error = standard deviation)

Treatment Soil Sampling Da
0 3 7 14 28
Unburned 4.8+1.2 5.40+1.0 4.7+0.8 4.5+1.5 5.740.3
Burned 56.9+8.4 55.3+2.0 51.745.5 57.5+7.3 59.5+13.1

Table B6. Cumulative CO>-C Emitted (mg) / Soil Mass (g) (n=5, error = standard deviation)

Sample Incubation Day
1 4 6 8 11 13 14 15 18 19 22 28 29 36 43 50
Day 0 0.04 0.11% 0.14= - 0.21+ - 0.25+ - 0.30+ - 0.3+0.2 - 0.5+0 0.6+0 - 0.8+
Unburned + 0.03 0.07 0.10 0.13 0.18 3 4 0.5
0.00
3
Day 0 0.05 0.267+ 0.34= 0.44+ 0.47+ 0.5+0. 0.5+0.2 0.6+0 0.7+0 0.8+
Burned + 0.07 0.13 0.16 0.18 2 2 2 0.3
0.00
S
Day 14 0.03 0.10+ 0.13+ 0.21+ 0.27+ 0.36+ 0.6+0 0.8+
Unburned 7+ 0.03 0.05 0.06 0.10 0.15 3 0.4
0.00
3
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Dayl4 0.09 0.36+ 0.42+ - 0.56+ - - 0.64+ - - 0.73= - - 0.83= - 0.96
Burned 2+ 0.02 0.04 0.06 0.08 0.07 0.09 +
0.01 0.16
3
Day 28 0.03 0.10+ 0.15+ 0.21 0.27+ 0.33+ - - - 0.44+ 0.52+ 0.66 - 0.83+ 0.99 1.14
Unburned 1+ 0.05 0.04 + 0.04 0.04 0.08 0.10 + 0.11 + +
0.00 0.04 0.11 0.11 0.13
8
Day 28 0.11 0.24+ 031 0.33 0.35+ 0.36+ - - - 0.39+ 0.42+ 0.5+ - 0.5+0 0.5+ 0.6+
Burned 2+ 0.11 0.11 + 0.14 0.15 0.18 0.18 0.2 2 0.2 0.3
0.01 0.13
5

Table B7. Cumulative CO,-C emitted divided by total soil carbon (g/g) (n=5, error = standard

deviation)
Sample Incubation Day
1 4 6 8 11 13 14 15 18 19 22 28 29 36 43 50
Day 0 0.002 0.00 0.006 - 0.009 - 0.011 - 0.013 - 0.015 - 0.02 0.025 - 0.03
Unburned 09 478 +0.003 +0.004 +0.006 +0.008 +0.009 0 +0.01 +0.0
+0.00 +0.0 +0.0 5 2
013 015 11
Day 0 0.002 0.01 0.013 - 0.017 - 0.018 - 0.020 - 0.021 - 0.02 0.026 - 0.03
Burned 13 0 +0.005 +0.006 +0.007 +0.008 +0.009 4 +0.00 1
+0.00 +0.0 +0.0 9 +0.0
018 03 09 11
Day 14 0.001 0.00 0.0051 - 0.008 - - 0.01 - - 0.014 - - 0.024 - 0.03
Unburned 46 39 +0.0018 +0.002 1 +0.006 +0.01 3
+0.00 +0.0 +0.0 2 +0.0
012 011 04 15
Day14 0.004 0.01 0.020 - 0.026 - - 0.03 - - 0.034 - - 0.039 - 0.04
Burned 3 67 +0.002 +0.003 0 +0.003 +0.00 5
+0.00 +0.0 +0.0 4 +0.0
06 010 04 08
Day 28 0.001 0.00 0.0060 0.00 0.0105 0.012 - - - 0.017 0.020 0.02 - 0.032 0.038 0.04
Unburned 2 38 +0.0017 80 +0.0015 8 +0.00 +0.004 6 +0.00 4 4
+0.00 +0.0 +0.0 +0.00 3 +0.0 4 +0.00 +0.0
03 019 015 16 05 4 05
Day 28 0.004 0.01 0.0124 0.01 0.014 0.015 - - - 0.016 0.017 0.01 - 0.020 0.022 0.02
Burned 5 0 +0.004 3 +0.006 +0.00 +0.00 +0.007 8 +0.00 +0.01 3
+0.00 +0.0 +0.0 6 7 +0.0 9 0 +0.0
06 04 05 08 10

Table B8. Cumulative CO»-C emitted divided by water-extractable organic carbon (g/g) (n=5,
error = standard deviation)

Sample Incub Day
1 4 6 8 11 13 14 15 18 19 22 28 29 36 43 50

Day 0 0.34 0.8+ 1.0+ - 1.5+0. - 1.7+ - 2.1+ - 2.4+1. - 3.3+ 4.142. - 5.4+3.6
Unburned + 0.2 0.5 7 0.9 1.2 5 1.8 5

0.02
Day 0 0.11 0.53 0.7+ - 0.9+0. - 1.0+ - 1.0+ - 1.1%0. - 1.3+ 1.4+0. - 1.6£0.6
Burned 2+ + 0.3 3 0.4 0.4 5 0.5 5

0.01 0.14

0

Day 14 0.24 0.65 0.8+ - 1.4+ - - 1.8+ - - 2.4+1. - - 4.0+2. - 5.4+2.6
Unburned + + 0.3 0.4 0.6 0 0

0.02 0.18
Day14 0.23 0.87 1.03 - 1.36+ - - 1.6+ - - 1.80+ - - 2.0+0. - 2.4+0.4
Burned + + + 0.15 0.2 0.18 2

0.03 0.05 0.11
Day 28 0.18 0.6+ 0.9+ 1.2+ 1.6+0. 1.9+ - - - 2.5+0. 3.0+0. 3.8+0. - 4.8+0. 5.7+ 6.6£0.8
Unburned + 03 0.3 0.2 2 0.2 5 6 7 6 0.7

0.05
Day 28 0.28 0.6+ 0.8+ 0.8+ 0.9+0. 0.9+ - - - 1.00. 1.0+0. 1.10. - 1.3£0. 1.4 1.4+£0.6
Burned + 0.3 0.3 0.3 4 0.4 5 5 5 6 +0.6

0.04
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Table B9. Rate of CO, emissions normalized to soil mass (mg CO»-C / (day * g soil)) (n=5, error

= standard deviation)

Sample Incubation Da
1 4 6 8 11 13 14 15 18 19 22 28 29 36 43 50
Day 0 0.049 0.02 0.013 - 0.01 - 0.010 - 0.013 - 0.010 - 0.019+ 0.018 - 0.01
Unburned + 1+ + 5+ + + + 0.008 + 3+
0.003 0.01 0.017 0.00 0.011 0.012 0.009 0.013 0.01
Day 0 0.055 0})7 0.04+ 0.?)1 0.010 0.010 0.011 0.0098+ 0.008 0.?)0
Burned + + 0.03 9+ + + + 0.0010 2+0.0 8+
0.005 0.02 0.00 0.008 0.007 0.005 019 0.00
5 2
Day 14 0.037 0.02 0.015 - 0.01 0.014 0.014 0.017 0.01
0;03 0%(?0 0;10 0(?(?0 0,509 0.307 0;1 1 0?(?0
8 4 8
Dayl4 0.092 0.08 0.031 - 0.02 0.020 0.014 0.007 0.00
" 0;13 0?(?0 0;15 0?50 OEOS 0.307 0.306 0?(?0
6 4 8
Day 28 0.031 0.02 0.029 0.02 0.02 0.02 0.018 0.029 0.023 0.021 0.023 0.02
Unburned + 2+ + 6+ 2+ 9+ + + + + 1£0.0 2+
0.008 0.01 0.004 0.00 0.00 0.01 0.013 0.009 0.006 0.006 017 0.00
Day 28 0.112 0,‘(‘)4 0.030 0,‘(‘)1 0,?)0 0.(())0 0.005 0.009 0.006 0.006 0.006 O.A(‘)O
" OA(j):14 0?)3 08:07 0?3:1 073:0 Oégl 0;08 0.3:04 0;06 0.3:04 01?03 0%3:0
0 8 2 2
Table B10. Total Nitrogen Values (% by weight) (n=3, error = standard deviation)
Treatment Soil Sampling Da
0 3 7 14 28
Unburned 0.108+0.013 0.099+0.007 0.112+0.010 0.101+0.008 0.111+0.019
Burned 0.144+0.010 0.136+0.011 0.121+0.009 0.134+0.015 0.19+0.10
Table B11. Soil pH Values (Water Extracted) (n=3, error = standard deviation)
Treatment Soil Sampling Da
0 3 7 14 28
Unburned 5.12+0.05 5.17+0.05 5.22+0.03 5.13+0.08 5.19+0.05
Burned 5.6+0.3 5.37+0.08 6.0+0.4 6.7+0.2 6.0+0.2
Table B12. Soil pH Values (CaCl, Extracted) (n=3, error = standard deviation)
Treatment Soil Sampling Da
0 3 7 14 28
Unburned 4.27+0.04 4.31£0.03 4.327+0.015 4.343+0.006 4.36+0.03
Burned 5.44£0.4 5.14+0.13 5.8+0.3 6.68+0.18 5.76+0.17
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4

A Lodgepole Pine Forest B Mixed Conifer Forest C Spruce-Fir Forest
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Figure C1. Water extractable total nitrogen carbon (WETN) concentrations visualized with box
plots for A) lodgepole pine forest soil, B) mixed conifer forest soil, and C) spruce-fir forest soil.
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn’s tests (see Statistics section 4.2.9 within Methods). The statistical tests within each forest
type were conducted independently of each other. n = 5 for control, 150 °C, 250 °C, and 450 °C
samples. Box plots show the median (central line), first and third quartiles (box edges), and
whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually.
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Figure C2. Total carbon concentrations visualized with box plots for A) lodgepole pine forest soil,
B) mixed conifer forest soil, and C) spruce-fir forest soil. Letters above boxes indicate significant
differences between treatments determined by either ANOVA and Tukey HSD tests, Welch’s
ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9
within Methods). The statistical tests within each forest type were conducted independently of
each other. n = 5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots show the median
(central line), first and third quartiles (box edges), and whiskers extending to minimum and
maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers are
“outlying” points and are plotted individually.
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A Lodgepole Pine Forest B Mixed Conifer Forest C Spruce-Fir Forest
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Figure C3. Total nitrogen concentrations visualized with box plots for A) lodgepole pine forest
soil, B) mixed conifer forest soil, and C) spruce-fir forest soil. Letters above boxes indicate
significant differences between treatments determined by either ANOVA and Tukey HSD tests,
Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 4.2.9 within Methods). The statistical tests within each forest type were conducted
independently of each other. n = 5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots
show the median (central line), first and third quartiles (box edges), and whiskers extending to
minimum and maximum values within 1.5 times the interquartile range. Data beyond the end of
the whiskers are “outlying” points and are plotted individually.

A Lodgepole Pine Forest B Mixed Conifer Forest C Spruce-Fir Forest
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Figure C4. Soil pH values visualized with box plots for A) lodgepole pine forest soil, B) mixed
conifer forest soil, and C) spruce-fir forest soil. Letters above boxes indicate significant differences
between treatments determined by either ANOVA and Tukey HSD tests, Welch’s ANOVA and
Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 4.2.9 within
Methods). The statistical tests within each forest type were conducted independently of each other.
n =5 for control, 150 °C, 250 °C, and 450 °C samples. Box plots show the median (central line),
first and third quartiles (box edges), and whiskers extending to minimum and maximum values
within 1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points
and are plotted individually.
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 5

5 1.251
2 a a
s .
3 1.00
J]
a .
=
2 0.751
Unburned Low Severity High Severity
Sample

Figure D1. Bulk density values visualized with box plots. Letters above boxes indicate significant
differences between treatments determined by either ANOVA and Tukey HSD tests, Welch’s
ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics section 5.2.15
within Methods). n = 5 for unburned, low severity, and high severity samples. Box plots show the
median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.
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Figure D2. Gravimetric water content values visualized with box plots. Letters above boxes
indicate significant differences between treatments determined by either ANOVA and Tukey HSD
tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 5.2.15 within Methods). n = 5 for unburned, low severity, and high severity samples. Box
plots show the median (central line), first and third quartiles (box edges), and whiskers extending
to minimum and maximum values within 1.5 times the interquartile range. Data beyond the end of
the whiskers are “outlying” points and are plotted individually.
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Figure D3. Soil total carbon values visualized with box plots. Comparing soil total carbon values
amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b). Letters above boxes
indicate significant differences between treatments determined by either ANOVA and Tukey HSD
tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 5.2.15 within Methods). n = 10 for unburned, low severity, and high severity samples. c,
Comparing soil total carbon values between depths of each sample type. The statistical tests within
sample types (i.e. unburned, low severity, and high severity) were conducted independently of each
other. Letters above the boxes indicate significant differences between depths and were determined
with either Student’s t-test, Welch’s t-test, or Mann-Whitney U tests (see Statistics section 5.2.15
within Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low severity 0-5 cm, low severity
5-10 cm, high severity 0-5 cm, and high severity 5-10 cm samples. UB = unburned. L = low
severity. H = high severity. Box plots show the median (central line), first and third quartiles (box
edges), and whiskers extending to minimum and maximum values within 1.5 times the
interquartile range. Data beyond the end of the whiskers are “outlying” points and are plotted
individually.
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Figure D4. Soil total nitrogen values visualized with box plots. Comparing soil total nitrogen
values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b). Letters above
boxes indicate significant differences between treatments determined by either ANOVA and Tukey
HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see
Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and high severity
samples. ¢, Comparing soil total nitrogen values between depths of each sample type. The
statistical tests within sample types (i.e. unburned, low severity, and high severity) were conducted
independently of each other. Letters above the boxes indicate significant differences between
depths and were determined with either Student’s t-test, Welch’s t-test, or Mann-Whitney U tests
(see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low
severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high severity 5-10 cm samples.
UB =unburned. L = low severity. H = high severity. Box plots show the median (central line), first
and third quartiles (box edges), and whiskers extending to minimum and maximum values within
1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points and
are plotted individually.
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Figure D5. Soil pH values visualized with box plots. Comparing soil total carbon values amongst
soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b). Letters above boxes indicate
significant differences between treatments determined by either ANOVA and Tukey HSD tests,
Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests (see Statistics
section 5.2.15 within Methods). n = 10 for unburned, low severity, and high severity samples. c,
Comparing soil pH values between depths of each sample type. The statistical tests within sample
types (i.e. unburned, low severity, and high severity) were conducted independently of each other.
Letters above the boxes indicate significant differences between depths and were determined with
either Student’s t-test, Welch’s t-test, or Mann-Whitney U tests (see Statistics section 5.2.15 within
Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low severity 0-5 cm, low severity 5-10
cm, high severity 0-5 cm, and high severity 5-10 cm samples. UB = unburned. L = low severity.
H = high severity. Box plots show the median (central line), first and third quartiles (box edges),
and whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually.
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Figure D6. Soil electrical conductivity values visualized with box plots. Comparing soil total
carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b). Letters
above boxes indicate significant differences between treatments determined by either ANOVA and
Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and Dunn’s tests
(see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and high severity
samples. ¢, Comparing soil electrical conductivity values between depths of each sample type. The
statistical tests within sample types (i.e. unburned, low severity, and high severity) were conducted
independently of each other. Letters above the boxes indicate significant differences between
depths and were determined with either Student’s t-test, Welch’s t-test, or Mann-Whitney U tests
(see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low
severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high severity 5-10 cm samples.
UB =unburned. L = low severity. H = high severity. Box plots show the median (central line), first
and third quartiles (box edges), and whiskers extending to minimum and maximum values within
1.5 times the interquartile range. Data beyond the end of the whiskers are “outlying” points and
are plotted individually.

311



[V}

0-5cm ¢

75
o
E b :
=50 "
- ==
2
g 25 ) '
E c
a
£ a 5
0 S e e :75
Unburned Low Severity High Severity g’
Sample = a el
T 50 .
s b
2 . .
b 5-10 cm b - - ; === :
*. [} g——
30 b UBOBem  UB5%0cm | Lo5em  L510em | HOBom  H510om
g . = Sample
z20 ﬁ
e .
= .
S .
E 10
< a
o —————
Unburned Low Severity High Severity
Sample

Figure D7. Ammonium-N concentrations in soil-water extracts visualized with box plots.
Comparing soil total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10
cm depth (b). Letters above boxes indicate significant differences between treatments determined
by either ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-
Wallis and Dunn’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low
severity, and high severity samples. ¢, Comparing ammonium-N concentrations in soil-water
extracts between depths of each sample type. The statistical tests within sample types (i.e.
unburned, low severity, and high severity) were conducted independently of each other. Letters
above the boxes indicate significant differences between depths and were determined with either
Student’s t-test, Welch’s t-test, or Mann-Whitney U tests (see Statistics section 5.2.15 within
Methods). n=10 for unburned 0-5 cm, unburned 5-10 cm, low severity 0-5 cm, low severity 5-10
cm, high severity 0-5 cm, and high severity 5-10 cm samples. UB = unburned. L = low severity.
H = high severity. Box plots show the median (central line), first and third quartiles (box edges),
and whiskers extending to minimum and maximum values within 1.5 times the interquartile range.
Data beyond the end of the whiskers are “outlying” points and are plotted individually.

312



a 0-5cm b

1.04 -

a *

5061 L
E
P ) .o
506 a 5
& * : c ] a
z 10 uk a

0.44 n L9

. a * *
. J . - 1L $ . L
Unburned Low Severity High Severity g *
Sample z a a - *
UIJ 06 . . .
© 0

b 5-10 cm Zos : g

1.0 . [o b ‘ J
= * O 505 em UBSToom | Lobom  Lofoom | Hobom  H5Toom
0.8 e Sample
2 R
z da
& 0-61 Lo
B
Z 0.4

02 . - - -

Unburned Low Severity High Severity
Sample

Figure D8. Nitrate-N concentrations in soil-water extracts visualized with box plots. Comparing
soil total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b).
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn'’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and
high severity samples. ¢, Comparing nitrate-N concentrations in soil-water extracts between depths
of each sample type. The statistical tests within sample types (i.e. unburned, low severity, and high
severity) were conducted independently of each other. Letters above the boxes indicate significant
differences between depths and were determined with either Student’s t-test, Welch’s t-test, or
Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm,
unburned 5-10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high
severity 5-10 cm samples. UB = unburned. L = low severity. H = high severity. Box plots show
the median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.
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Figure D9. Sulfate concentrations in soil-water extracts visualized with box plots. Comparing soil
total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b).
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn'’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and
high severity samples. ¢, Comparing sulfate concentrations in soil-water extracts between depths
of each sample type. The statistical tests within sample types (i.e. unburned, low severity, and high
severity) were conducted independently of each other. Letters above the boxes indicate significant
differences between depths and were determined with either Student’s t-test, Welch’s t-test, or
Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm,
unburned 5-10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high
severity 5-10 cm samples. UB = unburned. L = low severity. H = high severity. Box plots show
the median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.
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Figure D10. Chloride concentrations in soil-water extracts visualized with box plots. Comparing
soil total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b).
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn'’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and
high severity samples. ¢, Comparing chloride concentrations in soil-water extracts between depths
of each sample type. The statistical tests within sample types (i.e. unburned, low severity, and high
severity) were conducted independently of each other. Letters above the boxes indicate significant
differences between depths and were determined with either Student’s t-test, Welch’s t-test, or
Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm,
unburned 5-10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high
severity 5-10 cm samples. UB = unburned. L = low severity. H = high severity. Box plots show
the median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.
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Figure D11. Fluoride concentrations in soil-water extracts visualized with box plots. Comparing
soil total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b).
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn'’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and
high severity samples. ¢, Comparing fluoride concentrations in soil-water extracts between depths
of each sample type. The statistical tests within sample types (i.e. unburned, low severity, and high
severity) were conducted independently of each other. Letters above the boxes indicate significant
differences between depths and were determined with either Student’s t-test, Welch’s t-test, or
Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n=10 for unburned 0-5 cm,
unburned 5-10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and high
severity 5-10 cm samples. UB = unburned. L = low severity. H = high severity. Box plots show
the median (central line), first and third quartiles (box edges), and whiskers extending to minimum
and maximum values within 1.5 times the interquartile range. Data beyond the end of the whiskers
are “outlying” points and are plotted individually.
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Figure D12. Water extractable total nitrogen concentrations visualized with box plots. Comparing
soil total carbon values amongst soil samples collected at 0-5 cm depth (a) and 5-10 cm depth (b).
Letters above boxes indicate significant differences between treatments determined by either
ANOVA and Tukey HSD tests, Welch’s ANOVA and Games-Howell tests, or Kruskal-Wallis and
Dunn'’s tests (see Statistics section 5.2.15 within Methods). n = 10 for unburned, low severity, and
high severity samples. ¢, Comparing Water extractable total nitrogen concentrations between
depths of each sample type. The statistical tests within sample types (i.e. unburned, low severity,
and high severity) were conducted independently of each other. Letters above the boxes indicate
significant differences between depths and were determined with either Student’s t-test, Welch’s t-
test, or Mann-Whitney U tests (see Statistics section 5.2.15 within Methods). n=10 for unburned
0-5 cm, unburned 5-10 cm, low severity 0-5 cm, low severity 5-10 cm, high severity 0-5 cm, and
high severity 5-10 cm samples. UB = unburned. L = low severity. H = high severity. Box plots
show the median (central line), first and third quartiles (box edges), and whiskers extending to
minimum and maximum values within 1.5 times the interquartile range. Data beyond the end of
the whiskers are “outlying” points and are plotted individually.
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Figure D13. Fourier transform ion cyclotron resonance-mass spectrometry mass spectra.
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Table D1. Total oxygen consumption during biological oxygen demand incubations.

Sample Total Oxygen Consumption (mg)

Unburned extract + river water inoculum 0.751
replicate 1

Unburned extract + river water inoculum 0.726
replicate 2

Unburned extract + river water inoculum 0.595
replicate 3

Low severity extract + river water inoculum 1.731
replicate 1

Low severity extract + river water inoculum 1.813
replicate 2

Low severity extract + river water inoculum 1.673
replicate 3

High severity extract + river water inoculum 1.494
replicate 1

High severity extract + river water inoculum 1.370
replicate 2

High severity extract + river water inoculum 1.179
replicate 3

River water inoculum only (no soil extract) 0.013

0.399

Milli-Q water control -0.047
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Table D2. Dissolved organic carbon concentration (DOC) changes during biological oxygen
demand incubations.

Sample Initial [DOC] (mg/L) Final [DOC] Final — Initial
(mg/L) [DOC] (mg/L)
Unburned extract + river 9.873 9.378 -0.495
water inoculum replicate 1
Unburned extract + river 9.847 9.446 -0.401
water inoculum replicate 2
Unburned extract + river 9.933 9.503 -0.430
water inoculum replicate 3
Low severity extract + river 10.26 8.916 -1.344
water inoculum replicate 1
Low severity extract + river 10.15 8.609 -1.541
water inoculum replicate 2
Low severity extract + river 10.32 8.785 -1.535
water inoculum replicate 3

High severity extract + river 9.749 8.592 -1.157
water inoculum replicate 1

High severity extract + river 9.877 8.616 -1.261
water inoculum replicate 2

High severity extract + river 9.826 8.635 -1.191
water inoculum replicate 3

River water inoculum only 2.613 2.679 +0.066

9.830 9.764 -0.066

Milli-Q water control 0.057 0.134 +0.077

Table D3. Average relative abundance values of the top 10 most abundant bacteria/archaea phyla.

Phyla Unburned 0-5 cm Low Severity 0-5 cm High Severity 0-5
average relative average relative cm average relative
abundance (%) abundance (%) abundance (%)

Acidobacteriota 20.8 2.0 2.0
Actinobacteriota 13.0 15.3 10.1
Bacteroidota 2.2 4.3 0.8
Chloroflexi 5.8 2.5 0.4
Crenarchaeota 2.6 0.4 0.1
Firmicutes 6.7 38.1 55.2
Myxococcota 0.8 0.2 0.1
Planctomycetota 13.0 1.3 1.1
Proteobacteria 11.4 32.1 27.5
Verrucomicrobiota 20.3 2.4 2.3
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Table D4. Average relative abundance values of fungal guilds.

Fungal guilds Unburned 0-5cm | Low Severity 0-5 | High Severity 0-5
average relative cm average cm average
abundance (%) relative abundance relative

(%) abundance (%)
Ectomycorrhizal 52.2 56.9 76.2
Arbuscular Mycorrhizal 0.0 0.0 0.0
Saprotroph 10.3 17.7 0.9
Plant Pathogen 1.1 1.0 0.0
Endophyte/Epiphyte/Lichenized 0.0 0.0 0.0
Other Parasites/Pathogens 24 0.0 0.0
Unassigned 339 24.5 22.9

Table D5. Average relative abundance values of the top 10 most abundant fungal families.

Families Unburned 0-5 cm Low Severity 0-5 cm | High Severity 0-5 cm
average relative average relative average relative
abundance (%) abundance (%) abundance (%)

Cochlearomycetaceae 1.0 15.6 0.3
Cortinariaceae 6.1 0.0 0.0
Hymenogastraceae 3.22 0.0 0.0
Inocybacaea 11.9 0.0 0.0
Leucosporidiaceae 3.0 0.6 0.0
Lyophyllaceaea 3.1 1.6 0.4
Mortierellaceae 4.8 0.1 0.3
Pyronemataceae 5.8 56.8 76.1
Russulaceae 8.9 0.0 0.0
Tricholomataceae 13.8 0.0 0.0
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APPENDIX E: CO-AUTHOR CONTRIBUTIONS TO “CHARACTERIZATION OF BURNED
SOIL ORGANIC MATTER VIA SEQUENTIAL SOLVENT EXTRACTIONS AND 21 T FT-
ICR MASS SPECTROMETRY WITH ELECTROSPRAY AND ATMOSPHERIC PRESSURE

PHOTOIONIZATION”

Reprinted from Roth, H. K.; McKenna, A. M.; Aguilera, M. L.; VanderRoest, J. P.; Chen,
H.; Borch, T. Characterization of Burned Soil Organic Matter via Sequential Solvent Extractions
and 21 T FT-ICR Mass Spectrometry with Electrospray and Atmospheric Pressure
Photoionization. Anal. Chem. 2025, 97 (43), 24040-24049.

https://doi.org/10.1021/acs.analchem.5c04154.

According to CRediT criteria, my contributions include conceptualization, methodology,
resources, and writing — review & editing. I introduced the use of pyrocosms within the Borch lab
which was used as the method of soil burning in this publication, resulting in my conceptualization,
methodology, and resources contributions. Content of this publication was also featured in the

appendix of Holly Roth’s dissertation.
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Solvent Extractions and 21 T FT-ICR Mass Spectrometry with
Electrospray and Atmospheric Pressure Photoionization
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ABSTRACT: Wildfires significantly alter soil organic matter (SOM) composition, generating complex mixteres of polar and
nonpolar compounds which are difficult te analyze. This study combines sequential extractions with electrospray ionization (EST)
and atmospheric pressure photoionization {APPI) followed by 21 T Fourier transform jon cyclotron resonance mass spectrometry
(FT-ICR M5} to improve the molecular characterization of SOM from bumed soils. Solls were extracted first with water and then
Soochlet extracted with oeganic solvents {acetone /cyclohexane and methanol toloene tetrahydrofuran ). The compositional range of
species identified by positive and negative ESI was expanded by 8-62%, and AFPI enabled the detection of hydrocarbons and
nitrogen-containing species that were largely undetected by ESI alone. Among the identified compounds, molecular formulas
consistent with biomarkers such as stigmasta-3,5-diene, a plant-derived sterol degradation preduct, were present only in the organic
solvents. Stigmasta-3,5-diene and similar compounds have been observed after fire events across various vegetation types, Incloding
forest ecosystems. Highly abundant compounds detected at four double bond equivalents (e.g. 25-izacoprostine | may represent
sterol interrupters or cholesteral metabolism inhibitors, potentially serving as additional biomarkers for fire conditions. The
calcolated nominal oxidation state of carbon (NOSC) revealed distinct groupings based on solvent type and ionization mode,
emphagizing the selective sxtraction of less labile organic matter by organic solvents compared to water. These results highlight the
critical role of sequential solvent extraction and diverse data analysis strategies in advancing the understanding of fire-impacted S0OM
chemistry and provide a framework for biomarker discovery in environmental monitoring and blogeochemical studies.

B INTRODUCTION hydrocarbons (PAHs), & class of low-polirity carcinogenic
compounds produced by incomplete combustion " In nxygen-
rich conditions, fires can alsa catalyze the formation of polar
carboxylic acid-rich compounds,” highlighting the system’s
complexity and the potential limitations of single extraction
methods in capturing all analytes of interest.

Wildfires are natural environmental distorbances that have
been increasing in both frequency and severity since the
1970s.'~ High-severity wildfires, characterized by significant
organic matter loss from the soll surface, directly alter physical
and chemical soll properties, potentially degrading water
quality and other ecosystem services."" Fires also modify soil
organic matter (SOM) composition and concentration, alter
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soil minerals, and inflaence SOM redox properties.” Revised:  Ohctober 3, 2025
Soll organic matter in burned soils often exhibits higher Accepted . Ockolies 4, 2005
aromaticity and hydrophobicity, along with altered elemental Published: Ohctober 22, 2015

stodchiometries, which can alter biogeochemical processes™
Among the aromatic species generated are polycycic aromatic
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Molecular speciation of 50M in bumed soil is inherently
challenging due to the low water solubility of many fire-derived
species and their mmpln!x composition, which can hinder mass
spectrometry a.nal};es i Aqueous extraction effectively
isolates the mobile fraction while organic solvents enhance
recovery of organic matter, particularly in systems where gas
chromatography {GC)-based techniques are used; howewer,
these are restricted to compounds within the GC volatility
window. In contrast, Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), assisted by
atmospheric pressare photoionization and electrospray foniza-
tion, offers unparalleled capability to resolve monvolatile
maolecular species with mass differences as small as the mass
of an electron, enabling detalled characterization of the
ultracomplex arganic matter.’

Before analysis, SOM must be extracted from the soil matric
Aqueous and solid-phase extractions (SPE) are commonly
uwsed during FT-ICR M35 amalysis to solate water-soluble
organics (W50} and detect highly polar, oxygen-eariched
species across a broad carbon range. However, agqueoos
extractions alone are insufficient for recovering hydrophobic
molecules er those adsorbed ents mineral surfaces.'™*
Consequently, incorporating organic solvent fractionation
into the extraction process extends the analytical window
and enables the detection of less polar species.’ ™'

Organic solvent fractionation via Soxhlet extraction has been
widely used for heavy oil characterization'” and has high
recovery vields for the 16 US Environmental Protection
Agency (EPA) pricrity pollutant PAHs in biochar '™ Soxhlet
extraction can be used o isolate specific chemical functional
groups such as nonpolar hydrocarbons, abundant O, species,
and weakly acidic or neatral N|_, compounds that are not
identified in the water-soluble fraction ™' Specifically,
acetone selectively removes small/pericondensed rings capable
of dipola—dipole interactions™** Methanol routinely mlntu
polar species from o wide range of carbon matrices,”* and
mixing methanol with toloene and tetrahydroforan further
facilitates the extraction of polar, aromatic species that can
form hydrogen bonds with the silanol groups in soils and
mineral surfaces.” ™" Therefore, solvent fractionation methods
could be applied to bomed soil systems to expand the
detection of SOM molecules.

While FT-ICR M5 provides valusble insights into S0M
composition, analyses are further limited by the ability of ion
sources to volatlize and fonize compounds within the
samples™ The complementarity of electrospray ionization
(ESI) and atmospheric pm:ure Jphntumnrmﬂnn (APPI) has
been reported for petrolenm, ™" like and marine dissolved
organic matter,""" and biochar-desived OM," but has not
been routinely applied to fire-impacted soils. Negative ES] &
well-suited to ionize highly polar lignin derivatives, ]lpudg, and
pyrolytic sugars with varying degrees of oxygenation,™ while
positive-ion mode (+ESI) b5 more specific to sugar desivatives
and nitrogenated species.' " APPI extends the dynamic range
and molecolar coverage to less molecules, especially
complex and low-volatility PAHs. ™ Because burned soils are
ultracomplex mixtures that are subject to selective ionization, ™
coupling solvent extractions, extrography, and targeted
fonization methods in FT-ICR M5 :u:nl!.rsu provides 2 more
comprehensive molecalar investigation.™

In this study, we investigate burned S0M as a highly
complex, polyfunctional misture of organic molecoles and
introduce a solvent fractionation method aimed at dissociating
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aggregated species for enhanced moleculsr characterization.
First, we compare the chemical properties of S0M from
burned sofl after sequential extraction with water and organic
solvents lonized by ESI Second, we leverage APPI to target
nonpolar aromatic species isolated by organic solvents,
complementing ESI for broader compositional coverage. ESI
results reveal that Soochlet fractionation increases the number
of assigned molecalar species by 8=62%, capturing compounds
undetected in the water-soluble fraction alone. APPI further
enabled the identification of 981 additional hydrocarbons and
136 nitrogen-containing hydrocarbons (N-hydrocarbons),
demonstrating its efficacy in detecting low-polarity compounds
beyond ESI's capabilities. These findings advance our under-
standing of fire-impacted soil chemistry and extend the
potential application of these methods to other environmental
matrices. Furthermore, the fractionation approach developed
here provides a robust framework for sample preparation in
complementary analytical technigues, such as nuclear magnetic
resonance (NMR) spectroscopy, facilitating comprehensive
analyses of complex organic mixtures.

B METHODS

5oil Sampling. Mineral soil and forest litter were collected
from unbomed lodgepole pine (Pinus contorta)-dominated
forest in Roosevelt Mational Forest, Colorado, USA. The forest
type is representative of subalpine forests that frequently bum
in Colorado.®® The O horizon was removed to expose the
mineral soil, which was then sampled from a depth of 0=10
cm. Before buring, the soil was deved to a particle size of 12.7
mm (0.5 in.).

Pyrocosm Experimental Design. Pyrocosms were
constructed to simulate wildfire conditions while maintaining
control over key experimental variables, including soil type,
fuel type, fuel load, and burn duration™"" Briefly, 12-quart
galvanized steel buckets were methanol-washed and marked at
05, 5 and 10 cm depths, and holes were drilled to
accommodate thermocouple leads (two holes at 0.5 cm, one
hole each at 5 and 10 cm} to measure soil temperature { Figore
815 Ty = 455 “C). Soil was added to 5 cm from the rim of the
bucket, and 2 stainless-stesl screen (20 mesh, Valchoose),
precleaned with HPLC-grade toloene, was placed at the 5 om
mark to ensure consistent sampling depth. Additional soil was
ﬂlmjaddedtnﬁllﬂle bucket for a final bulk density of | g
om

Pyrocosm Burning. After assembly, the pyrocosms were
transported to the Colorsdo State University Agricultural
Research, Development, and Education Center (CSU
ARDEC) in field 100A, where all vegetation had been cleared.
To insufate the system, each bucket was placed into a dog hale.
Before the bum, a layer of pine litter (~2.54 cm or 1 in.) was
added to the soll surface, along with small twigs to serve as
kindling. During the bum, approximately 9 kg of pine wood
was gradually added to the soil surface to sustain combustion.
After 24 h, large debris was removed and ash and mineral soil
up to 5 cm depth were callected with 2 small trowel {cleaned
with HPLC-grade methanol) in a gallon bag and transported
to CSU. The soll was then aie-dried and sieved to 2 mm before
storage at 4 “C.

Soil Extractions. All glassware was solvent-washed with
toluene and combusted in a muffle furmace (400 °C for 6 h).
All solvents were purchased from Sigma-Aldrich Chemical Co.,
St, Louis, MO, USA.
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Water-Soluble Organics (WS0). 100 g of soil and 200 mL
Milli-Q water were combined in precombusted Erlenmeyer
flasks and shaken for 10 h at 170 rpm. The resulting soil slurry
was transferred to 50 mL centrifuge tubes and centrifuged at
7500 rpm for 20 min. The supernatant was filtered through 0.2
um polyether sulfone (PES) filters prior to acidification to pH
2 using trace-metal grade hydrochloric acid. A styrene-
divinylbenzene (SDVB) polymer modified with a proprietary
nonpolar surface (Bond Elut Priority Pollutant, Agilent
Technologies) cartridge was prepared by sequentially rinsing

with HPLC-grade methanol and pH 2 water. Following the
sample introduction, the cartridge was rinsed again with pH 2
water to remove salts, and then the water-soluble ox&amcs
(WSO) were eluted with 2 mL HPLC-grade methanol.™
Soxhlet Extractions. After the water extraction, the
remaining soil was dried and prepared for Soxhlet extractions,
as Hllustrated in Figure 1. 40 g of dried soil was placed in a glass
fiber thimble and positioned in a toluene-washed Soxhlet
extractor, with a layer of glass wool added on top. Two
sequential extractions were conducted: for the first extraction,
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250 ml of I:1 acetone and cyclohesane (AC) was added to o
ronnd-bottom flask containing a stir bar and heated on 2
mantle. The sobvent was brought to 2 boll and refluxed for 24 h
or until it became clear. The solvent was then evaporated, and
the extract was resuspended in 2 mL of solvent and transferred
to a glss amber vial and stored at 4 *C. The soil-packed
thimble was subsequently atr-dried, and the process was
repeated with a 1:1:1 mixture of methanol, toluene, and
tetrahydrofuran (MTT).

lonization: +APPI and -ESI. For negative-ion micro-E5I,
widely applied to dissolved organic matter to target acidic
species, soil extracts were analyzed at 250 ug/mL {in 50:50
toluene: methanol), and WSO extracts were analyzed in 100%
methanol at a flow rate of 0.5 wL/min. Positive-ion APPT was
selected to ionize aromatics,”" and solvent extracts were
resuspended in toleene to yield o final concentration of 125
pg/mL for dopant-assisted jonization at a 50 pL/min flow rate.
lons were generated at atmospheric pressure wia an APPL
source (lon Max APPI source, Thermo-Fisher Scientific, Inc.,
San Jose, CA, USA) or microelectrospray. Due to the
requirement of a high ratio of dopant to analyte for APPI,
samples were redissolved to vield a final solvent composition of
7030 (v/v), MeOH/ Toluene before APPI analysis. Complete
experimental details on ionization can be found In the
Sepporting Information, The W50 samples were analyzed
by FT-ICRE MS in positive- and negative-ion mode electrospray
jonization {+EST1). The solvent extracts (AC and MTT) were
analyzed by +ESI and positive-ion atmospheric pressure
photoionization {+APPIL).

21 T FT-ICR M5 and Data Analysis. Soll extracts were
analyzed with a costom-built hybsid linear fon trap FT-ICR
mass spectrometer equipped with a 21 T superconducting
solencid magnet ' The dynamically harmonized ICR cell in
the 21 T FT-ICR is operated with 6 V trapping potential ***'
Mass spectra were phase-corrected ™ and internally calibrated
with 10=15 highly abundant homologous series that span the
entire molecular weight distribution based on the “walking”
calibration method. ™" Additional information can be found in
the Supporting Information,

W RESULTS AND DISCUSSION

Solvent Partitioning Affects Formula Assignments.
Three distinct fractions of a burned soil sample were generated
using sequential extractions: water solated the water-soluble
organics {WS0), acetone/cyclohexane (AC) isolated targeted
aromatic species, and methanol/toluene/tetrahydrofuran
(MTT) extracted polar-substituted compounds. All three
extracts were analyzed in negative and positive-ion electrospray
fonization at 21 T FT-ICR M5 In negative-ion ES1, the
number of mssigned peaks ranged from 1,408 to 15,755, while
positive-ion ESI produced 360 to 15,107 peaks.. Regardless of
jonization mode, W50 vielded the highest number of assigned
species (»15000 for both medes). The number of formulas
assigned followed the order: WSO = AC > MTT for positive-
and negative-ESL

Solvent fractionation expands the compositional diversity of
analytes, particularly within the CHO elemental class. This
effect & best illustrated in the density plot of CHO species
across sequential extractions analyeed by positive and negative
ESI (Figure 51}, highlighting a shift toward lower oxygen
content (O] in organic solvent extracts compared to WSO
extracts. To further analyze solvent partitioning effects on
detected species, we plotted C# vs O/C of the CHO species
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observed in EEL (Figure 2} and noted a clear distinction in C#
and O/C when comparing W50 to AC and MTT, in
agreement with the C# data in Table 1 and O/C data in Table

Table 1. Elemental Assignment Ranges for Carbon (C),
Hydrogen (H), Oxygen (0), Nitrogen (N), and Sulfur (S)
from Positive-lon and Negative-Ion ESI a FT-ICE M5
for Water-Soluble Species (W50) Isolated by SPE-PPL and
Organic Solvent Extraction with Acetone + Cyclohexane
(AC) and Methanol + Toluene + Tetrahydrofuran (MTT)"

Sample C H Q N 8
—E5l W50 —dd Eoa 1—2x o—4 =1
—ES1 AC 12—80 4—154 1-19 o-2 -1
—ES1 MTT &—T4 I0—5 -n -1 o]
+E51 WS a—i41 -t 1—18 o—4 Ma
+E51 AC 3-8 116 =12 -1 -1
+ESL MTT 19—390 26—114 =16 o-1 -2

“Na, = not assigned.

52. The C range of W50 was much smaller compared to the
organic solvent exteacts, and the aversge C per molecole
decreased by 2 to 26 (Table 51} The O/C range was also
substantially impacted by the extractant, with the average O/C
of W50 nearly doable that of the organic selvent extracts. The
observed differences in O/C and C# can be attributed to WSO
selectively extracting smalles molecules,” which must have
enough oxygen to be water-soluble. In contrast, organic
solvent-extracted species displayed a pronounced shift toward
higher hydrophobicity, indicated by lower O/C ratios and
higher C# values,

Oxygen-containing hetercatoms were consistently observed
across all extractions, with data overlaps trending toward lower
oxygen in organic solvent extracts and higher oxygen in W50
fractions. The resolts reported here are consistent with biochar
studies that showed that across the same hetercatom class,
water-soluble species correspond to lower C# compounds
compared to organic solvent extracts.'” The C# vs O/C plots
in Figure 2 reveal common homologous series across all
extractions, with distinct molecules detected within each series.
WEO are enriched in molecules with lower carbon numbers
(C#) and higher oxygen content (0), whereas molecules with
higher carbon numbers and lower oxygen content dominate
AC and MTT extracts.

Species Composition Differs among Solvents. To
evaluate compositional differences in the spectra from the
sequential extractions, elemental assignments of carbon (C),
hydrogen (H), nitrogen (N} cxygen (0), and sulfur {5) were
compared (Table 1). In general, WSO exhibited a higher
heteroatom content and lower carbon centent than the organic
solvent extracts, reflecting the detection of smaller molecular
species in the spectra. Hydrocarbons were exclusively observed
in + ESI AC and MTT spectra, as -ESI predominantly targets
highly acidic species.''*"

Van Krevelen disgrams are widely applied to rapidly
visnalize compositional differences between samples analyzed
by FT-ICR M3 by plotting the H/C ratio versus O0/C ratio of
neutral species. ™ Figure 53 displays van Krevelen disgrams of
the W50, AC, and MTT samples analyzed by + ESL WSO
species [ Figare 53a,d) are centered around O/ C ~03=0.5 and
span H/C ratios of ~035 to 1.8, Compared to the WSO
assignments, AC s shifted toward higher H/C and lower O/C
ratios (Figure 53b.f), highlighting the relationship between the
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solvent and the composition of the assigned species The
species assigned in MTT were similar in O0/C and H/C ratios
to AC (Figuee S3cg), althoogh fewer species were assigned.
Orverall, we observed lower O/C ratios and higher H/C ratios
for organic solvent extracts than WSO, which is consistent with
previous repm'u.m'u

To further explore the differences in elemental compesition
between samples, heteroatom classes of the assigned species
were plotted in a bar chart (Figure 54). WSO samples
exhibited the highest proportions of CHNO species,
accounting for over 50% of the formulas assigned in both
jonization modes. The proportion of CHO increased across
the extractions for the <ESI spectra, 2z the organic solvents
targeted species with lower polarity than those extracted by
water. In +ESI, we noted a substantial contribution from
CHOS, attributed to alkylbenzenesulfonic acids or other man-
made contaminants™ These contaminants could be intro-
duced during sample preparation steps of may represent
ubiquitous chemical noise commonly observed in mass
spectrometry.

Solvent Extraction ldentifies Unigue Species in +ES|
21 TFT-ICR M5. To assess the uniqueness of species detected
in each spectrum, we made Venn diagrams illustrating the
overlap of assigned formulis among extractions and the species
unique to ezch extract In the +ES] spectra (Figure 3, top), the
organic solvent extractions identified an additional 837 unique
formulas, representing a 5.24% increase compared to WSO
alone. Interestingly, there was no overlap in formulas assigned
between the WSO fraction and the two organic solvents due to
the prevalence of sulfonated species in the solvent spectra
However, 1 substantial overlap was observed between the two
organic solvent extractions, suggesting shared compositional
features.

In =ESI, sequential extractions resulted in a substantially
higher number of elemental composition assignments
compared to +ESL Organic soivent extractions resulted in
9821 new assignments that were not present in the WSO, 1
62% increase in total assigned elemental compositions. There
was limited overlap in the proportion of assigned species
between WSO and the organic solvent extracts, although
substantial overlap was observed between MTT and AC
(Figure 3, bottom). We attribute these observations to ion
suppression in =E5l of complex organic mixtures, which &
dominated by low molecular weight carboodic acids resdily
soluble in water. Since solvent extraction was performed
sequentially, the most polar species were isolated during the
initial water extraction and were less prevalent in the soivent
extracts due to their redoced polar functional group content.

Positive APPI FT-ICR M5 Expands the Analytical
Window. Figure 55 ilustrates 1 broadband positive-ion
APP1 21 T FT-ICR mass spectrum for the acetone/
cyclohexane fraction of burned soll. The spectrum contains
more than 4,000 distinct peaks, each with a signal magnitude at
least 4 above baseline noise and within the mass range of
175=1000 Da. The resolving power (m/Am, % )—defined as
the full mass spectral peak width at halfmaodmum peak
height—is greater than 1,800,000 at m/z 400 (botrom left)
The mass-scale expanded segment at m/z 411 (bottom right)
highlights the spectral density with peaks resolved within a
4476 mDa mass window (top right) that is necessary to
accurately assign element compositions,

Previous studies have demonstrated that EST and APPI are
highly complementary in their ionization cnp:ﬂ:li.]irju.” APPI
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Figure 3. Venn diagrams comparing assigned formulas across the
sequential extractions in +ESI (top) and —ESI {bottom). Formulas
are derived from -ES1 FT-ICR MS for water-soluble species isolated
by SPE-PPL (W80, and solvent extraction with acetone +
cyclohexne {AC) and methanol + toluene + tetrahydrofuran
(MTT). Numbers outsde of the cirdles represent the total number
of formulas assigned.

broadens the analytical window by detecting less polar and
more aromatic species and is effective for analyzing environ-
mentally relevant molecules such a5 palycyclic aromatic
hydeocarbons (PAHs) which ionize pooely via electrospray.”
The results presented here are consistent with the afore-
mentioned findings, as shown in Figure 53, which highlights
species with relatively low O/C and high H/C ratios in the
organic solvent extractions compared to WSO.
Hydrocarbon Analysis Is Enabled by +APPL. Although
a small number of hydrocarbons (HCs) were identified in
+ESL +APP] significantly improved the ionization of HCs
Previous studies have also reported mproved analysis of HCs
with APFI, which are not as efficiently ionized by ES1 due to
their low polarity.'” Double bond equivalents (DRE)
distributions for HCs detected in the AC and MTT +APPI
spectra are presented in Figore 4. The AC-soluble fraction
exhibited a relatively even distribution between lonization
mechanisms {Figure 4a), with a maximum relative abundance
at DBE of 6 for radical species and B for protonated species.
The data reflected selective ionization by the two mechanisms;
protonated species were shifted toward lower DBE walues,
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Figure 4. (a—). Double bond equivalents (DBE, ber of rings plus double bonds to carbon) distributions for hydrocarbon (HC) and
nitrogenated hydrocarbon (HCN) species isolated by Soxhlet extraction with acetone + cyclohexane (AC) and methanol + toluene +
tetrahydrofuran (MTT) derived from positive-ion APPI FT-ICR MS. (d—i). Iscabundance color-coded contour plots for HC and HCN species
plotted according to DBE versus carbon number for HC and HCN. Dotted lines and formulas represent species of high relative abundance.
Formulas matching polycydic aromatic hydrocarbons (PAH) and nitrogenated polycyclic ic hydrocarbons (N-PAH) are in bold. Orange

bers denote the ive core structures of PAH (1-3) and N-PAH (4—9) species with ding ek tal positions d d

L3 S

in the bomed soil extract:

while radical species were shifted toward higher DBE values. plotted separately.”” Here, DBE vs C# plots are used to
The MTT HC spectrum had a higher proportion of highlight the pericondensed molecular structures identified in
protonated species than radical species (Figure 4b), as did the HC and HCN elemental classes. Identified species
the MTT nitrogenated hydrocarbon (HCN) series (Figure correspond to DBE values between 1 and 20 and C# values
4¢). This trend can be attributed to the MTT extract isolating between 10 and 45, which indicate the prevalence of aromatic
more polar species with higher proton affinities in the gas molecules with limited alkyl substitution. Such species are
phase. Similar behavior has been reported for asphaltenes, similar to highly pericondensed structures reported in previous
where protonated ions typically dominate the signal in APPL wildfire studies."**
For samples extracted using MTT, the enhanced ionization Across both the AC and MTT +APPI spectra, we identified
efficiency of polar species preferentially leads to the formation three elemental compositions that match the molecular
of protonated ions due to the higher polarity and favorable formulas of known PAHs (Structures 1-3 in Figure 4; Table
proton affinity of the extracted compounds.”™ §5), which have routinely been identified in burned soils.”***
Contour plots of DBE vs C# (Figure 4d-i) allow Potential PAHs were more likely to be present in a radical
visualization of the most abundant core structures and form due to the presence of aromatic rings in the structure. No
highlight specific structural trends. APPI produces two ion PAH formulas were assigned in the corresponding +ESI
types, and both the protonated and radical cation species are spectra due to their low polarity and low abundance, whereas
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APP] more effidently fonizes PAHs. The putative identi-
feation of PAHs in buth AC and MTT specira reindurces tee
need for prios separations to obsérve fractions that are difficult
to ionize.

+APPI MTT Allows Putative Identification of Diverse
Araarenes. Heterocyclic PAHs are formed by the incomplete
combustion of a number of substances and are ubiquitous in
environmental matrices. "= Mitrogenated PAHs (N-PAHs),
or azaarenes, frequently co-ocour with PAHs in contaminated
soils. Emerging evidence suggests that N-PAH: may pose
ecotoxicity and human health ricks ™ Despite being
recognized as combustion byproducts, a Web of Science
search for “azaarenes” and “soll” yielded only 11 results, none
of which referenced fire or wildfires.

Within the +APPlI MTT spectrum, 136 HCMNs were
nssigned. All species were plotted in Figure 4, and the most
abundant species were identified in Table 55 Among the HCN
class, eight homelogous azasrene series (DBE 9=16) were
investigated, based an prior seports that identified these
species using high-perfarmance liquid chromatography-quad-
rupaole time-of-flight mass spectrometry (HPLC-qTOFE MS) in
PAH-contaminated soils™ Eighteen potential szxarene con-
geners were tentatively identified {Table 56), incuding seven
highly abundant congeners (Structures 4—9 in Figure 4) that
have not been previousty reported in wildfire-affected soils.
Azaszenes are toxic species that are more water-soluble, and
therefore more mobile, than PAHs™ thus, the putative
identification of such structures here Hluminates the need to
understand  their occurrence and fate in environmental
systems,

Potential Biomarkers identified by Organic Solvent
Extractions and FT-ICR M5. A highly abundant peak
corresponding to CaHy was conserved across all four HC
plots {AC and MTT, peotonated and radical; Figure 4d,eg.h).
Although exact structures cannot be determined from +APPI
FT-ICE M5 alone, 3 ChemSpider search revealed that T, H,,
matches the formula for the terpene stigmasta-3.5-diene, a
koewn plant biomarker. Terpenes, including stigmasta-3,5-
diene, are aromatic compounds commonly found in plants
where they serve varions biological functions such as acting as
antioxidants, Stigmasta-3,5-diene is 2 sterol degradation
product, and its formation can be promoted by elovared
temperatures.” " It has been previously identified in smoke from
shrub-dominated forests™ and in extracts from charred jack
pine (Pinus banksigna) wood and soil™ The high abundance
of CyHyg in all fowr hydrocarbon spectra, and its previous
identification in other fre-affected systems, suggests that it
could be a possible indicator of combustion across forested
ecosystems. However, further analysts (g, collision-induced
dissociation) is required to positively identify the isomer(s)
that contribute to this highly abundant peak

Within the HCN class, we noted the presence of abundant
specles at DBE 4 (Figure 4£), the most abundant of which was
CoHeN. Although FT-ICR MS data does not allow for the
definitive assignment of structural isomers, C, ) H,-N matches
the chemical formula of 25-azacoprostane, a cholesterol
metabolism inhibitor in nematodes™ and insects™ Other
compounds detected at DBE 4 may represent sterol
interrupters or aliphatic amines,™ potentially serving as
additienal biomarkers in soil that could provide insights into
ecosystem recovery in futare stadies. Given the effects of steral
interrupters on physiolegical development and larval viability,
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such compoond classes could represent important indicators
for revegetation and succession in burned soils.

APPI Increases the Compaositional Range of Formula
Assignments. To visualize broad compositional differences
between extracts and lonization modes, we determined
compound disses based on the elemental stoichiometry and
aromnaticity index (Table 57) of the assigned formulas in each
spectrum (Figure 5).%7 Although the classifications are an

A5 0.298
Esiwso 1l a5 [
a4 1.85 | 5.55
ESAC | see I

0583 —
-ESMTT ST
- 205 LAS—"
+eswso [ ny SV
=111 0.225 —
«estac | T
419

+£5 T F i
— 114
sapeiac [0 Taae S

iar O3L4
+APPI MTT [ s e RS
[x] 20 40 EQ ao m
Proponion |%|
B {ondensed aromaties B Lignin
B Lpids B Protomns
B Carboby drates LA

Figure 5. Molecular composition for watersoloble species (WS0)
isclated by SPE-PPL and organic solvent extraction with acetone +
cyclohexane {AC} and methanol + toluene + tetrahydrofuran (MTT)
a5 observed by ESl and AFPL FT-ICR M5, Biochemical categories
were determined according to Hockaday et al*

oversmplification of the data, they facilitate rapid comparisons
betwsen the samples. Each formuls was assigned to one of sx
categories: condensed aromatics, lipids, carbohydrates, lignin,
proteing, and not assigned (N/A)L" Across all solvents and
jonization modes, Figure 5 demonstrates that selectivity is
highly variable between samples. Specifically, WSO contains
the highest proportion of protein-like assignments, and +ESI
WSO contains more protein-like species than -EST WSO which
agrees with previous research.' "™ Additionally, carbohydrate-
like species were only identified in —<ESI MTT. APPI shifted
the assigned formulas toward higher proportions of condensed
arpnatics and 3 mech lower proportion of Bpids than either
ESI ionization mode for the corresponding solvent. Collec-
tively, these results show that 3 combination of ESI and APPL
represents 3 more comprehensive view of the compounds
present in SOM.

There iz a myriad of ways to demonstrate shifts in
compositional clazses, but another method commonly wsed
to describe FT-ICR M5 data is the nominal oxidation state of
carbon (MOSC). NOSC describes the degradability of a
molecule through its relationship to the Gibbs free energy of
the redoction half-reaction betwsen organic matter as the
electron donor and the available terminal electron acceptor
{oxygen in aerobic systems).” Box and whisker plots of the
assigned formulas demonstrate that both the extractant nsed
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and the Jonizatton mechanism influenced the NOSC
distribution of each sample {Figure 56). Distinct groupings
were observed between spectra, where + ESI AC and MTT
displayed the lowest variahility in NOSC. =ESI AC and MTT
and APTI AC displayved intermediate vartability and low
median NOSC, representative of less degradable OM.™ —~ES1
W50, +ESI WSO, and +APPI MTT displayed the highest
vartation in calculated NOSC values, although the median
MNOSC for both WSO samples was higher than for +APP1
MTT. Taken together, the data presented in Figore 5 and
Figure 56 demonstrate that solvents are selective for
compounds with differing characteristics and both jonization
mode and solvent choice influence calculated classes and
chemical propesties. Such differences emphasize the selective
extraction of less degradable SOM by organic solvents
compared to water. Collectively, the elemental stoichiometry
and NOSC results indicate that solvent extractions and
ionization are selective toward specific compound classes and
must be carefully chosen to highlight the analytes of interest.

B CONCLUSIONS

This study demonstrates the efficacy of sequential solvent
extractions combined with advanced ionization technigues in
expanding the compositional range of analytes from burned
SOM. The choice of solvents significantly influenced the
extraction of molecular species, with water selectively
extracting more polar, cxygen-rich compounds while organic
solvents selactively isolated more hydrophobic, aromatic, and
nitrogen-containing species. Similarly, the choice of onization
method played a critical role in detecting and characterizing
distinct compound classes. Negative electrospray ionixation
[=ESI) was particularly effective at identifying highly polar,
acidic molecules, whereas positive atmospheric pressure
photoionization (+APPI) expanded the analytical window to
include less polar and highly aromatic compounds, such as
polveydic arematic hydrocarbons (PAHs) and nitrogenated
PAHs {M-PAHs).

The combined use of ESI and APPI demonstrated their
complementarity, enabling 2 more comprehensive molecolar
characterization of S0OM. This integrative approach uncovered
unique molecular species, including stigmasta-3,5-diene and
azaarenes, which would otherwise remain undetected in single-
maode extractions or ionization methods, These compounds
serve as potential biomarkers for fire. conditions, providing
valuable insights into the complex chemical nature of fire-
impacted soils. Moreover, the study underscores the
impaortance of molecular markers, such as sterol degradation
products and aliphatic amines, in understanding fire-affected
SOM and their potential applications in tracking fire severity
and soil recovery. The findings emphasize the importance of
tailoring both extraction methods and jonization technigues to
specific research objectives, as each step selectively shapes the
datected molecular compaosition.

The enhanced understanding of S0M composition follow-
ing wildfires establishes a foundation for assessing its role in
biogeochemical cycles, ecosystem recovery, and global change.
Future stodies should build upon this framework by integrating
diverse analytical approaches to fusther elucidate the ecological
and chemical impacts of wildfires on soil systems. This inclodes
identifying additional biomarkers and evaluating long-term soil
transformations across varying environmental conditions.
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DBE =1+ 3(2C—H+N) (EQ S1)
Where DBE conveys hydrogen deficiency as the number of rmgs plus double bonds to C,
which cakulate the number of 7 bonds and rmgs within the sample.*

SC+H-3N-20-28

NOSC =4 - > (EQ 82)

In which NOSC 15 dependent on the number of carbon (C), hydrogen (H), ntrogen (M),
oxygen (D), and sulfur (S) atoms. *

Table 8 1. Waxs-io-charge rafle {ms) and elemental assignment averages for carbon (O), kvdrogen (), oogen (04, sitragen (N),
and sulfier (3 from positive-tor aud regaive-ion ES] speara FT-ICR MS for waler-soluble specier isolated by SPE-PPL ¢W50)
amd sedvent extraciion Widh geetone + evclodexvane (AC) amd iodvene + ereelnulrofuran = medaenol YT

Sample mz C H 0 N S
-ESI WSO 514 24.54 27122 10.87 1.1% 0.0825
-ES1 AC 657 40.42 6412 .62 0. 167 00147
=ESI MTT 503 30.03 46.69 5.46 0.0249 .149
+ESI WSO 482 23.99 311.89 847 1.17 na.

+ESI AC 798 4956 75.42 631 0.0866 0.744
+ESIMTT T12 41.62 68.47 .86 (.51 {.995

Table 82, Rarge of oxygen ko carbon (O0C) and Tvdrogen to carbon (HAC) ratios coloulaied from positive-ion amad negaive-ion
EST spectra FT-ICR MS for warer-solieble species Goleted by SPE-PPL (WS and solven evraction with geelone + oyelafiscane
(AT amd mluere + fetralnulrofuran + metfanol (AMTT),

Sample ' H/C

-ES1 WSO (.0588-1.17 0.231-1.92
-ES1 AC 0.0250-0.538 0.235-2.17
-ESI MTT 0.0441-1.00 0.423-2.17
+ESI WSO 0.0530-0.833 0.364-1.96
+ESI AC 0-0.293 1.05-1.81
+ESI MTT 0-0.294 1.07-1.82

Table 83 Selected mz, mass ervor, and elananial composinon for DEE valves derived from posiive-ton APPT vdrocarbon species
extracted fFom hurned sodls with aosore and cywelohecane. A complete s of elemental comporinons & pebfiich availoble vie
D L PANEASEIOAOZVGD.

Experimental mass (Da) Elemental Composition DBE Mass error (ppm)
Protonated
397.38288 [CaoHag+H]" 6 -0.0050545
219.11682 [Ci7His+H]" 11 0.03149484
23917943 [CisHa2+H]* ] -0.0118839
395.36724 [CzeHas+H]" 7 -0.0305354
52
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243.11682
381.35159
25319508
JU3.35159
255.21073
377.32027

396.37505
394.3594
390.32808
388.31244
392.34377
202.0777
402.32809
234.14029
408.37505
248.15595

[CioHua+H]"
[CasHas+H]"
[CigHza+H]"
[CasHaa+H]"
[CioHze+H]™
[CasHao+H]"
Radical
[CagHas]™
[CaaHan]™
[CaoHaa]™
[CasHo]™
[CaoHas]"
[CisHio]™
[CsoHaa]™
[CisHis]™
[CsoHas]"
[CiaHzo]™

335

13

0.02838574
-0.0318259
-0.0109728

=LLUEAE S S
-0.0106348
0.02049948

0.00746606
0.0073415%
0.0583277
0.03271343
-0.0437599
0.00861401
0.03173266
0.05123962
0.00724667
0.00830687
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Talble 84 Selected miz, mass ervor, and elananal compasition for DEE valees devived from positive-ton APPI Invdrocarban species
extracted from burmed sods with methanod, toduene, and tetrativdrafiran. A compiete fixt of elfemental composittens &5 publicly
avaifable via DOI 0.1 78050SF I0/QZVGD

Experimental mass (IDa) Elemental composition DBE Mass error (ppm)

Protonated
239.17943 [CrsHa2+H] 8 -0.0118839
219.11682 [CisH+H] 11 0.03149484
243.11682 [CroHi4+H] 13 0.02838574
237.16378 [CisHag+H]" 9 -0.0122554
225.16377 [Ci7Hap+H]" 8 0.0315036
181.10121 [CraHi2+H]" 9 -0.1831191
397.38288 [Ca9Hag+H]' 6 -0.0050545
S [Ci4Ha+H] 8 -0.1261432
253.19508 [CroHaa+H] 8 -0.0109728
195.11682 [CisHia+H] 9 0.03536881
Radical

396.37505 [C2oHas]™ 6 0.00746606
202.0777 [CiaHio]™ 12 0.00861401
394.35939 [C29Hss]™ 7 0.03269916
178.0777 [CiaHia]™ 10 0.00977495
234.1403 [CisHis]™ 10 0.00853018
22800335 [CisHia] 13 0.00791273
20409335 [CisHiz]™ 11 0.00884321
390.3280%8 [CaeHaa]" 9 0.0583277
254.2029 [CisHa]™ 7 0.00886622
222.1403 [Ci7Hus]" 9 0.00899098
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Table 55 Selecred =, mass error, ond elemenial comporinon for DBE values devived from posithre-ton APPY nitragenaned
hyvdracarbon flLe, CHN) species eqracied from bursed sedls with methanol, tolvene, and ieralivdrafiran, A complete Bst of
elemtenial compositions & publich avalfalle vie DO 0 70505 IGO0

Experimental mass (Da) Elemental composition DB Mass error (ppm)
Protonated ¢
208.11208 [CisHiaN+H]* 10 -0.019826%0)
210.12773 [CisHisN+H]" 9 -0.01933150
220L11208 [CisHiaN+H]* 11 -0.01874600
194.09642 [CiraHy N+H]" 10 002993172
232.11207 [Ci7HisN+H]" 12 0.02530579
37437812 [CaaHarN+H]" 4 (LO186A0194
196.11207 [C1aHysN+H]" 9 0.02995114
246.12772 [CisHysN+H]' 12 0.02412536
218.09643 [CisHy N+H]" 12 -0.01921330
258.12772 [CioHisN+H]" 13 0.02300381
Radical
273.15119 [CaoHiaN] 12 (.04039569
245.11989 [CisHisN] 12 (0.04449190
217.0886 [CisHuN]" 12 0.003581810
231.10425 [CirHisNT 12 0003642120
207.10425 [CisHisNT™ 10 0.004064190
259.13555 [CireHisN]™ 12 0003743150
235.13554 [CisHisN]™ 10 0.04665390
271.13553 [CaoHiaNT™ 13 007734135
197.1199 [CiaHisN]T™ B 0.004595430
221.11991 [CisHisN|™ 10 -0.04112770
55

337



Tuble 86 Potersiol poficyelie aromatte fvdrocarbons (PAHs | and rirogemeted (N)-PAHs ddentified dn the moss speetra, CF =
merlntared, 2 = dimethylated, C3 = wimakylated. DBE refers i double-hond equivalenis,

Elemental DBE Potential (N-)PAH Solvent
Composition
CisH1o 10 Phenanthrene, anthracene AC, MTT
CisH1io 12 Fluoranthene, pyrene AC, MTT
CigHi2 13 Benzolalanthracene, chrysene AC, MTT
CaoH12 15 Benzo[b]fluorene, benzolk]fluorene, MTT
benzola]pyrene
CizH11N 9 Ci-azafluorene MTT
C14HaaN g C2-azafluorene MTT
CiaHi1 N 10 Cl-acridine
CisHiaN 10 C2-acridine MTT
CigHisN 10 C3-acridine MTT
CisHuN 11 Phenylguinoline MTT
CisHiaN 11 Cl-phenylguinoline MTT
CizH1sN 11 C2-phenylquinoline MTT
CisHaN 12 Azapyrene MTT
CigHuN 12 Cl-azapyrene MTT
CizHizN 12 C2-azapyrene MTT
CizHisN 12 C3-azapyrene MTT
CizHuN 13 Benzalajacridine MTT
CigHizN 13 C1-benzofalacridine MTT
CiaHasN 13 C2-benzolalacridine MTT
CagHizN 13 C3-benzo[alacridine MTT
CiaHiaN 14 Phenylacridine MTT
CzoHisN 14 C1-phenylacridine MTT
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Table S7: Compound class criteria, adapied from Hockaday et. al, 2009." Al refers to “aromaticity index™,

Compound Class Criteria

Lignin 1.5>H/C >0.7: 0.67 > 0/C > 0.1

Protem 800>m/z >300; N=1:22>H/C > 1.0; 0.67>0/C> 0.1
Carhohydrates HIC > 15:0/C =067

Lipids 20>H/C>15:0/C<03

Condensed aromatics Al =07

thermocouple

Figure S1. Schematic of pyrocosm semp. Holes were drilled to measure temperature at (.5 cm, 5 cm, and 10 cm depths from the
top of the soil.
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Figure S2. Density plot of carbon, hydrogen, and oxygen-containing species (CHO) of negatve-ion and positive-ton ESI FT-ICR
MS for water-soluble species tsolated by SPE-PPL (WS0) and solvent extraction with acetone + cyclohexane (AC) and methanol

o -
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+ toluene + tetrakydrofiuran (MTT). Density plots represent the proportion of data that corresponds with the x-axis. The integral
over the entire space is 1.
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Figure 8§3. Van Krevelen diagrams of the H/C versus O/C ratio for the moleclar formulae derived from negative-ion and positive-
lon electrospray lontzation (ESI) FT-ICR MS for water-soluble species (WS0O) isolated by SPE-PPL (a and d) and solvent extraction
with acetone + oyclohexane (AC, b and f)) and methanol + toluene + terahydrofuran (MTT; ¢ and g). Plos h and | are derived
from positive lon atmospheric pressure photoionization (APPI) FT-ICR MS for AC (k) and MTT (i) extracts. Number of assigned
Jormulas (n) is denoted in the bottom right corner of each plot.
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329 162
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Figure S4. Elemental composition assignments derived from negative-ion and positive-ion electrospray ionization FT-1CR MS for
water-soluble species (WSO) isolated by SPE-PPL and solvent extraction with acetone + cyclohexane (AC) and methanol + toluene
+ tetrahydrofuran (MTT). Numbers in the bars represent the number of formulas assigned per elemental class, and each bar is
scaled to 100%. C = carbon, H = hydrogen, N = nitrogen, O = oxygen, and S = sulfur.

|2C YSC Vs 1H14N21602
—+ #-4.476 mDa

m/z 411.1914546
[CaaHzsN,05 +HJ*
n\IAm“nl‘z 1,830,000

m/z 411,1910077
[C2rH2404"3C] ™
m/AMs,= 2,060,000

411188 411.190 411.192
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Acetone/Cyclohexane

4,464 assigned > 40

sk
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200 400 p/z 600 800 1000 411.14 anite o 41148 411.20
Figure S5. Broadband positive-ion atmospheric pressure photoionization (APP1) 21 T Fourier transform ion cyclotron resonance
mass spectrum of the acetone/cyclohexane fraction of a burned soil. Bottom left: Broadband FT-ICR mass spectrum containing
more than 4,000 mass spectral peaks, each with a signal magnitude greater than 4o of baseline noise. Bottom right: mass-scale
expanded segment across m/z 411.14-411.20, demonstrating the high occurrence of isobaric overlaps. Top right: ~0.004 Da mass
scale-expanded segment, showing resolution of a 4.476 mDa isobaric overlap.
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Fignre $6. Nominal axidation state of carbon (NOSC) diswibution for the assigned species v each spectrum. The lower and upper
hinges of the boxplots represent the 25th and 73th percentile and the middle fine is the median. The upper whisker extends to the
madian phie I 5x imterquartile range and the lower whisker extends o the median minus { Sy imterquartile range. NOSC' valwes
were calculated according to LaRowe and van Cappellen, 20017
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APPENDIX F: CO-AUTHOR CONTRIBUTIONS TO “DETERMINATION OF SOIL
CONTAMINATION AT THE WILDLAND-URBAN INTERFACE AFTER THE 2021

MARSHALL FIRE IN COLORADO, USA”

Reprinted from Jech, S.; Adamchak, C.; Stokes, S. C.; Wiltse, M. E.; Callen, J.;
VanderRoest, J.; Kelly, E. F.; Hinckley, E.-L. S.; Stein, H. J.; Borch, T.; Fierer, N. Determination
of Soil Contamination at the Wildland-Urban Interface after the 2021 Marshall Fire in Colorado,
USA.  Environmental  Science &  Technology 2024, 58 (9), 4326-4333.

https://doi.org/10.1021/acs.est.3c08508.

According to CRediT criteria, my contributions include investigation (preparing soil
samples for metal and polycyclic aromatic hydrocarbon analyses) formal analysis (reviewing how

data were interpreted and presented) and writing — review & editing.
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ABSTRACT: Wildfines at the wildland-urban nterface (WU are incressingly common. The impacts
of such events are likely distinct from those thet occar stebetly o wildland areas, a5 we would expect an
elevated likelihood of soil contamination due to the combustion of anthropogenic materials We
evaluated the impacts of a wildfire a8 the WUI on soil contamination, sampling soils from residential
and nooresidential aress located inside and outside the perbmeter of the 2021 Marghall Fire in
Coloeado, USA We found that fire-affected rezidential properties had elevated concentrations of somse
hesvy metals (including Zn, Cu, Cr, and Ph), but the concentrations were still below lavels of likaely
concern, and we observed no corresponding increases in concentrations of polycyclic aromatic
hydrocarbons (PAHs). The postfire increases in metal concentrations were oot generally observed in
the nmonresidential soils; highlighting the importance of combustion of anthropegenic materals for
potential soll contamination from wildfices at the WUL While sofl contamination from the 2021
Marshall Fire was lower than expected, and likely below the threshold of concern for human lealth, our
study highlights seme of the challenges that need to be considered when assessing soll contamination

after such fires.

KEYWORDS: soil contamination, wildfire, 2021 Marshall Fie, wildlond-wrban interfoce, PAH, heavy metals, mencury

B INTRODUCTION

Wildfire risk at the wildland-urban interface (WUT) &5 expected
to increase n the future due to expansion of the WUL and
increased wildfire activity.™ The WUL defined a5 the area
where houses meet or intermingle with undeveloped wildland
ueseur.inn,‘ le expanding in many reglons across the globe,
This expansion 8 particulardly evident in the United States,
where home construction fram 1990 to 2010 incressed the
WU area from 581,000 km” to 770,000 km® and increased the
number of houses at the WU from 308 million to 434
million.’ The frequency and dze of WU wildfires are expected
to increase as many wildland-urban regions become hotter,
drier, and experence more frequent drosght events due to
climate change.™"~ The increased risk of catastrophic WUIL
wildfire events is exacerbated by the elevated potential for
buman-delven ignition, barriers to fire prevention and
suppresston,” and the high fammability of stroctures™"
Compared to wildland fives, WUI fires can be particulasly
damaging to public health and costly for local economies, with
potentially larger societal repercuisions. Unfortunately, thens
are numerous global examples of the devastation wrought by

contrast, the environmental impacts of wildfires that pecur at
the WL have received far less attention, 2 point highlighted in
2 recent US. Natlonal Academies report.’” Addressing this
knowledge gap is erucial because the impacts of WUT wildfires
on sodl quality are likely distinct from those of wildland fires,
including a grester potential for sodl contamination. Whereas
wildland fires are typically fueled solely by wvegetatbon
combustion, WU fires can also be fueled by the partial or
complete combustion of stroctures, vehicles, and other
compongnts of urban infrastructure. These anthropogenic
fuels often contain materials with high concentrations of toxie
compounds. These compounds inclode toxe metals and
palyeyelic aromatic ydrocarbons {PAHs) that can be refeased
into sofl after a fire event.” ™' In fact, studies that have
investigated soil contamination after fires fueled entisely, or in
part, by structures have often found evidence for significant
postiire soll contamination. ™ ™" This potential for postwild-
fire soil contamination could have long-term fmpacts on the
health of people, animals, and plants living in or near burned
areas of the WiL"

WL wildfires, including multiple fres in Greece and Portugal Received,  October 13, 2023
in 2023, the 2018 Camp Fire that destroyed Paradise, Revised:  Fehruary £, 2024
California, and the 2023 Lihainy fire in Maui, one of the  Aceepted: February 7, 2024
deadliest wildfires in US history. Pklatoed . Pebeigiry 2, 204

The impacts of wildland fires on air, water, and soil quality in
nenrestdential aress have been relatively well-studied """ In
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Resdental Propemas

Figure 1. Map of the sampling area. Residential properties (triangles) and nonresidential grasstand (circles) sampling Incations are plotted with the
outline of the Marshall Fire {shaded in light orange ). Bum status of sampling locations indicated with red (bumed) and bloe (umbumed) symbols.

The primary objective of this study was to determine the
existence and extent of soil contamination following the 2021
Marshall Fire in Colorade, USA, a particularly catastrophic
example of the types of wildfire events that can occur at the
WUL The fire started on December 30, 2021, and quickly
spread into suburban neighborhoods due to unseasonably
warm, dry, and exceptionally windy conditions. This resulted in
the most destructive wildfire in terms of strocture loss in
Colorado history with over 1000 homes being destroyed across
a ~2500 ha area. In fact, more homes were destroved in the
Marshall Fire than in the two largest wildfires in recorded
Colorade history, both of which were ~80,000 ha in size.”

We conducted an extensive and systematic sampling of soils
from bumed and onburned residential properties thar were
within or adjacent to the perimeter of the 2021 Marshall Fire.
In addition, we collected soils from nonresidential sites
(grasslands) inside and outside of the bum perimeter to
provide samples representative of a wildland wildfire. We
hypothesized that, given the presence of anthropogenic
materials in residential areas, burned residential soils would
have significantly higher concentrations of metals and PAHs
than unburned residential and nonresidential sodls. Ultimately,
we sought to pse this study of the 2021 Marshall Fire to better
assess how wildfires at the WUL may uniguely impact sodl
quality, building the knowledge base needed to safeguard the
reestablishment and repopulation of impacted and adjacent
residential areas after WU wildfire evenis.

B MATERIALS AND METHODS

Study Area. The Marshall Fire began on 30 December
2021 in the semiarid Colorado Front Range wrban corridor
situated in the foothills east of the Mountains at an
elevation of ~ 1650 m (Figure 1}. The climate in the region is
characterized by mean monthly temperatures typically ranging
from 1 o 23 °C (NOAA 2023a) and mean monthly
precipitation  amounts between 20 and 30 mm (NOAA
2023b). The vegetation in the study area is mainly grasslands
Interspersed with patches of Ponderosa pine (Pinus ponderesa )
forests. This land cover is mostly intact at the western to
central part of the stedy area, but an urban landscape
dominates the eiastern area. Prior to the wildfire event,
conditions were unusually dry and warm for that time period,
and the fire moved rapidly from west to east with wind speeds
often exceeding 160 km h™'. The fire was contained on 31
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December 2021 due to fire-fighting activities, 1 decrease in
wind speeds, and a snowfall event that occurred. For additional
details on the fire event and associated conditions, see Fovell et
al™ and the NOAA Boulder Web site” which also includes
images and videos taken from the area during and after the fire
event.

Site Selection. In March 2022, we developed a sorvey to
identify homeowners within the wildfire-affected area whe
were willing to participate in this project. The survey was
distributed by the Cooperative Institute for Research in
Environmental Sciences (CIRES, University of Colorade
Boulder) and received nearly 300 responses. We selected 58
properties within or adjacent to the fire perimeter for sampling
{Figure 1), 29 properties that were completely barned and 29
properties that were completely unburned (noting that these
“unburned” properties may have received some wind-deposited
ash during the fire event, but were outside the fire perimeter
and were not directly damaged by the fre). We selected
properties that minimized geographic distances and other
potentially confounding landscape characteristics (including
topography and vegetation cover). We also did not select
properties where there was evidence of sobstantial postfire
delbyris removal or surface soil scraping, In addition to sampling
from these residential locations, we alse selected bumed and
unburned locations distributed across the Marshall Fire
footprint in neighboring, undeveloped (nonresidential) grass-
lands for comparable sampling of wildland conditions { Figure
L)

Field Sampling. Sampling sites were visited over a three-
week period in April 2022, four months after the Marshall Fire
with multiple rain and snow events occurring during this
peried between the fire event and the soil sampling. Sod
samples were collected from four different locations at each of
the 59 residential properties selected for this study. Specifically,
lawns and landscaped areas were sampled at these properties,
avoiding any structural debris, nonsoil surfaces, or areas where
any alteration to the soil surface (including mulching or
scraping) was evident. For each soil sample, rocks and loose
plant material were scraped off the soil surface, and eight soil
cores (-5 em depth) were collected from four separate ~1 m?
areas per property to obtain sufficient material for chemical
analyses (total of 32 soil cores from each property), These
sampling areas were selected without considering whether they
were on the windward or leeward side of the main structure

fillpestidi o 10U I et 303508
S Techool 2004, 54 433543313



Environmental Scence & Technology

puls_aei oG et

during the fire event as this was often difficult to determine and
many properties did not have soil on all sides of the main
structure. In nearly all cases, the sampling areas were within 20
m of the main strocture on each property. The eight soil cores
collected within each individual ~1 m® area were combined,
yielding four composited soil samples per residential property.
Each composited sample was sieved to <2 mm to remove
rocks and larger debris and then stored at 4 °C until further
analysis. In total, we collected 118 soll samples from the
residential properties for chemical analyses: 50% from borned
properties and 50% from unbumed properties. We note that
there was no visible ash on the surface of the sampled sails. We
presume that any ash had been transported away from the
sampling site via wind or transported deeper into the soil
profile via rainfall ar melting snow over the four-month period
between the fire event and the soil sampling.

Soil cores from 33 nonresidential, grassland locations were
also collected inside and outside of the fire perimeter {Figure
1). Soils from these grassland sampling sites were collected in
the same manner a8 described above with eight soil cores (0-5
cm) collected and composited per sampling location. This
effort yielded a total of 17 fre-affected nonrcesidential,
grassland soil samples collected from sites within the fire
perimeter and a corresponding 16 grassland seil samples
collected from neighboring sites outside the fire perimeter. No
ash was visible at the surface of these soils but we did note the
presence of partially combusted vegetation (shrubs, grass,
trees) in close proximity to all of the grasshind sampling sites
located within the fire parimeter.

Bulk 5oil Chemical Analyses. For measuring pH, total
nitrogen (TN), total carbon (TC), total inorganic carbon
{TIC), and total organic carbon {TOC), soils were air-dried
for I week and then ground using a roller mill for 24 h. A
subsample of each soil {100 + 0.01 mg) was combusted at
>1000 “C within a2 CN 802 Carbon Nitrogen Elemental
Analyzer (VELP Scientific, Deer Park, NY) to determine TC
and TN content (LOD = 0.5% TC and 0.001 mg TN). TIC
was calculsted using a modified pressure-calcimeter method,™
Total TOC was calculated by subtracting TIC [mrn the TC.
Soil pH was measured in 2 1:1 soil/water ;h.trq.r

Soil Metal Analyses. EPA Method 6200™ was used for X-
ray fluorescence (XRF) measurements of bulk soil concen-
trations of common metals. Alr-dried, ground soil samples
were packed tightly into plastic XRF sampling cups (SC-4331-
32 mm) and covered with a 4 gm thick plastic film
{SpectroMembrane, Chemplex Industries). A hand-held XRF
analyzer (Olympus Delta} was used in a secure tabletop setup
to maximize accuracy of total metal concentrations with the
analyzer calibrated using a certified XRF reference material
before conducting analyses on the soil samples. We focused
our analyses only on elements that are potentially toxc (Zn,
Pb, Cu, Mi, Cr, As) or generally nontoxic elements that are
important soil nutrients (Ca, Fe, K. P, 5, Mn, Cl).

A subset of the soil samples collected from the barned and
unburned residential properties (43 samples in total) were also
analyzed via indoctively coopled plisma-mass spectrometry
(ICP-MS) to provide a better indication of metal bicavail-
ability. This subset was selected from 19 soils for which the
XRF results indicated high concentrations of metals of human
health concern and an additional 24 soils collected from six
properties (4 samples per property} which were heavily
impacted by the fire event The air-dred and ground soil
samples were extracted using the Mehlich 3 method: a
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nondigestion method that is morg representative of metal
bioavailability tham eotal dlg;e:hm:_ The extractant solution
utilized trace metal-grade quality chemicals and all clean
glassware was thoroeghly washed with pH 2 HCL The extracts
were diluted with 2% nitric acid and then analyzed with an
1CP-MS instrument {NexION 3500, PerkinElmer, Waltham,
MA) following EPA Method 6020 with 6 calibration
standards and multiple internal standards run alongside the
soil sam)

Soil Polycyelic Aromatic Hydrocarbon (PAH) Anal-
yses, We selected a subset of 20 soil samples for PAH analyses
with one randomly chosen sample from each of 10 burned and
10 unburned properties. The ten bomed samples were selected
from residential properties located in the center of
neighborhoods with extensive fire damage. The ten unburned
samples were selected from nearby residential properties that
were unaffected by the fire. PAH extraction was conducted
following a cyclohexane/acetone extraction using a Soxhlet
distillation extractor following a protocol described previ-
ously.”* A mixture of standards connining 5 ppm of
phenanthrene, fluoranthene, anthracene, naphthalens, chrys-
ene, acenaphthylene, pyrene, perylene, benzo[a]pyrene, benzo-
[2,h]anthracene, 9-methylanthracene, 9,10-dimethylanthea-
cene, |-phenylnaphthalene, 2-ethylnaphthalene, and I-methyl-
naphthalene. and a nitrobenzene-d5 (15 ppm) internal
standard was prepared for accurate tion. This mixture
was serially diluted to 2.5, 1, 0.5, 0.1, and 0.05 ppm. Singular
standards were also made to confirm retention times. These
PAH componnds were sefected since they are all known to be
toxic and are likely present in the WU fire-impacted soils.

PAH concentrations in the Soohlet extracts were quantified
using atmospheric pressure gas chromatography (APGC)
coupled with Waters Xevo G2 guadrupole time-of-flight
{QTOF) mass spectromater {Milford, MA). One microliter
of each sample was injected and componnds separated using
an Agilent DB-5MS {30m % 250 pm = 0.25 pm) column. The
chromatography temperature gradient was set to 18 “C/min
with a final temperature of 330 “C resulting in o mun time of
16.89 min. The inlet was split/splifless using a pulsed splitless
mode. The pulse time was 0,50 min. The mass spectrometer
wiais run in positive mode with 0.1 s of scan time at a collision
energy of 4 V. The analyzer was set to sensitivity mode with an
API source, The scan range was 50-1200 Da

Soil Mercury Analyses, A subset of 31 soil samples from
both bumed and unburned areas were analyzed for their
mercury  concentritions on a Milestone Direct Mercury
Analyzer (DMA) at AIRIE, Fort Colling, Colorado. The
detection limit is about 5 ppb, and the external precision is
<5% at ome standard deviation. AIRIE routinely verifies
external precision through analysis of an in-house organic-
rich garden soil and the NIST SRM 1632e. Standard data and
analytical details including stepwise temperature rests are
available at https: / /www.airieprograrm_ong. Whole soil samples
{ full organic plus clastic components ) were used for this stady.
Sample sizes were between 50 and 200 mg of soil, optimized to
yield 3-12 ng total Hg for DMA analysis. Samples were
combusted ar 650 “C to release all Hg.

Statistical Analyses. All statistical analyses were per-
formed in R (4.2.1). The XRF data and soil chemistry data
were based on a hierarchical experimental design with four
sampling locations per residential property. Thus, we used
linear mixed effects models to determine differences in metal
concentrations and soil characteristics between burned and
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Figure 3. Comparison of the concentrations of generally nontosic elements in soils from burned and unburned residential properties 28 measured
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unburned residential solls with property as a random effect in
the Imed package.” For each response variable, we
implemented a mixved effects model nsing the Gawssian error
distribution. When necessary, we used a log transformation of
the response varizhle to meet assumptions of the linear model.
Values that were beyond three absolute deviations from the
median value were corsidered oatliers and were removed. ™"
Elemental concentrations below detection limits were adjusted
to the limit of detection divided by the square root of two. For
analyses where a hierarchical experimental design was not used
{including soil metal concentrations as determined by ICP-MS,
soil Hg and PAH concentrations, and analyses of the
nonresidential, grassland soils from bomed and unburned
locations) we used parametric f tests and Wilcoxon rank-hased
tests, depending on the distnbution of the data.

B RESULTS

Measured total soill nitrogen (TN, total inorganic carbon
[TIC), total organic carbon (TOC), 2nd soil pH were not
statistically different between bumed and unburned residential
properties (linear mixed effects models, pvalue =005}
(Supplementary Table 1). However, TN concentrations in
bumed nonresidential grassland soils (031 + 0.13%) were
significantly lower as compared to unburned grassland soils
(036 + 0.19%, linear mixed effect model, ¢ = 225, pvalue =
0.02} (Supplemental Table 2).
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The results of the XRF analyses show that the fire-impacted
residential properties had significantly higher concentrations of
total soil Cr, Cu, Pb, and Zn (Figure 2, 5up|.'m:u1ﬂ:m1 Tn]:-!; i)
which are typically considered taxic contaminants.”™ " Fire-
impacted properties had significantly lower concentrations of
Cl and K (Figowre 3, Supplemental Table 3). For the
nonresidential grassland soils, total metal concentrations were
not significantly different between burned and unburned soils
(Supplemental Figure 1, Sopplemantal Table 4) with the
axception of Cl concentrations which were significantly lower
in the fire-impacted nonresidential grassland soils {Supple-
mental Figure 1, linear mived effect model, £ = 3017, pvaloe =
0.003).

ICP-MS analyses of the bioavailable fraction demonstrated
that Zn, As, and P concentrations were significantly higher in
fire-impacted residential properties (Sepplemental Figure 2,
Supplemental Table 5}, We also measured mercury concen-
trations in a subset of samples and found that mercury
concentrations do not appear to be significantly different
between soils from borned and unburned residential properties
{Supplemental Figure 3, Supplemental Table 7).

Concentrations of the 12 rargeted PAHs were not
statistically different between buomed and unbumed soils
from the residential properties (Supplemental Table &)
Importantly, the concentrations of the five PAHs of most
concern for human health (anthracene, pyrene, benzofal-

Impayitda g 18] Lot oS5t
Sl Terheal X024 53, 4336-4333



Environmental Science & Technoloay pubrs.acs org/est E
200 ns B0 ns ns ns ns

= :

E1s0 i

3 o ok

| 00 u

=) : 20 * a

g 50 . . tf

(= a

a 10 . .

(4] ﬁ — *——
o o . . m o ST F .

benzo{apyrena flugranthane naphihalene anthracens pyrens

B Unburmad B8 Burnad

Figure 4. Concentrations of fve PAHS of human health concemn in residential scils. Note different scales on y-aves. We found no significant
differences in PAH concentrations between burned and onburned soil samples from the residential properties { Wilcoxon rank-based test, p = Q05
ns = not significant. For the concentrations of the other measured PAHs, see Supplemental Table &

pyrene, flnoranthene, and napthalene, shown in Figure 4) were
not ditferent between bumed and unbormed properties.

B DISCUSSION

Some of the toxic metals measured, namely Cr, Cu, Ph, and Zn
were more concentrated in goils from barmed residential
properties compared to soils from unbumed properties | Figure
1), However, the concentrations of these metals were not
elevated In nonresidential grassland areas (Supplemental
Figure 1), highlighting the likely importance of anthropogenic
material combastion (induding stroctures and '.'ahideg) o
postfire s0il contamination. These results are consistent with
previons studies which have also documented increases in soil
metal concentrations after fire events driven in part by the
burning of structures and other urban infrastructues !5+ =23
While other studies of wildland fires have observed increases in
soil PAH concentrations postfire,”™" such increases were not
observed in this smdy (Figure 4, Supplemental Table 6).
However, it is difficolt to place our PAH results in the context
of the broader literature given the lack of studies examining
WU fire-driven soil PAH concentrations.

Given the elevated concentrations of some toxic metals in
burned residential properties, we sought to determine if soil
contamination from WUl wildfires could pose a threat to
human health. To determine the human health risk of the
quantified concentrations of the PAHs and metals, we used the
threshold concentration for dermal exposure to children in
residential soils using a Target Hazard Quotient (THQ) = 0.1,
4 conservative approach to estimating tesdcity/carcinogenicity
risk when exposed te multiple contaminants.” We determined
that dermal exposures were the most plassible exposure
pathway for metal contaminints since it is onlikely that
residential soil would be ingested or inhaled in amounts of amy
concern to human health. Although concentrations of toxic
metals did increase in fire-impacted residential soils {Figure 2,
their concentrations were well below the estimated thresholds
of concemn. More specifically, we note that the concentrations
of Zn, Cr, As, Cu, and Pb measured in the collected soils, even
soils from bumed residential properties, are all well below
thresholds commonly considered to pose a risk to homan
health through dermal exposure. ™

We acknowledge there are still unquantified risks associated
with these postfire changes in soil metal concentrations since
our analysis only quantified elemental concentrations. Thus,
we cannot exclode the possibility that the fire event mobilized
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or transformed metals to increase their bioavailability /toxicity
and, perhaps, elevate their risk to human health. For instance,
even at low concentrations, methylmercury and hexavalent
chromium can threaten human health **' Finally, we are
hesitant to define risk with specific threshold values for soil
metal concentrations given that the risk s context dependent.
Health risks associated with exposure to metals in wind-blown
soil (dust) could be very different from risks associated with
growing and consuming crops in fire-impacted soils or risks
associated with the movement of metals from soils into
.lqmﬁars.;: We need additional studies of soil contamination
after WUl wildfires to specifically examine how the
bioavailability of metals or other contaminants are affected
by wildfires and the potential for the transport of soil
contaminants into the atmosphere and water sources.

All wildfire events are unique, and the effects of wildfires on
soils will always be context dependent. The specific effects of
fire events on soil chemistry will vary depending on the
intensity and duration of the fire event, soil properties, and the
characteristics of the combusted materials."™' Thus, we need
to be careful mot to extrapolate the results from this single
wildfire event to all wildfire events, including those in other
WUIs. The high winds associated with this fire event may have
dispersed contaminants away from the fire perimeter, reducing
the potential for local seil contamination Likewise, the
domimant grassland vegetation type in the sampled area
could lead to distinct fire characteristics | faster moving, lower
intensity ) than wildfire events that may occur in more forested
WUT areas. Also, we sampled soils four months after the fire
event, making it possible that contaminants were transported
away from surface soils by wind, surface water mnoff,*’ postfire
debris removal, or movement of contaminants deeper into the
soll profile with melting snow or rainfall. Similardy, we note
that we only collected soils from a small fraction of the
residential properties located within or adjacent to the: fire
perimeter and we only collected soil from four locations per
property. Clearly there is a high degree of spatial variation in
soil PAH and metal concentrations (Figures 2-4). This
variation, which is likely a product of soil heterogeneity,
landscape position, ash transport and deposition, land-use
practices, proximity to combusted structures or wehicles, and
other factors, needs to be accounted for in future studies,
particulacly in highly heterogeneous residential areas: Sampling
soils from fre-tmpacted residential areas s not trivial and
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careful design of such sampling efforts is essential when trying
to guantify postfive soil contamination.

Soil contamination results from wildland fire studies may not
necessarily apply to WUT fires. The nature and distribution of
the contaminants are likely affected by the unigue source of
combusted materials, WU regions can be highly dissimilar,
and the wildfire events that may ocour in these areas can be
highly variable. There is a dear need for more sudies
specifically investigating the impacts of wildfires at the WU on
potential soil contamination. WUI wildfires are likely to
become more common and pose greater risks to homan
populations in coming }.nenrs." Thus, additional information is
needed on the impacts of WUI fires on soil quality to guide
policy and provide informed recommendations for the

resettlement of areas affected by WU wildfires.
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Supplemental Table 1: Summary of basic soil chemical characteristics for soils collected from
burned and unburned residential properties. 5D = standard deviation

Unburned Burned Statistical
Comparison
Range Median (SD) Range Median (SD) of Means
W = 406.5
pH 560-8.50 7.69 (0.49) 6.22-8.28 7.63 (0.42) p=0.8337
(Wilcoxon)
Total W =az3.9
i - 0-0.63 0.38 (0.11 0.11-0.88 0.32 (0.11 =0.1334
Nitrogen (%) 01 A qucumn}
Total WEND
1.88-11.24 417 (1.28) 1.83-10.73 3.1 (1.53) p=0.3121
Carbon (%) .
' (Wilcoxon)
Total W=4295
Inarganic 0-2.10 0.18 (0.38) 0-1.28 0.18 (0.30) p= 0.7135
Carbon (%) (Wilcoxon)
; W =327
ng’r'bg;g{ﬂzf 1.44-11.24 | 387(1.32) | 1591072 | 3.71(1.54) p = 0.1481
(Wilcoxon)
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Supplemental Table 2: Summary of basic soil chemical characteristics for soils collected from

burned and unburned nonresidential grassland sites. 5D = standard deviation

Unburned Burned Statistical
Comparison of
Range Median (SD) Range Mfsdé?n Means
W=1185
pH 515-8.17 6.68 (1.03) 563-7.59 | 6.66(0.62) p=0.54
(Wilcoxon)
Total W=83
Ni £ 0.25-0.88 0.36 (0.19) 0.15-0.67 | 0.31(0.13) p=0.06
itrogen (%) ;
{Wilcoxon)
Tora) 3.02-18.22 549 (369) | 1.87-12.31 | 4.06 (2.54) ﬁ?ﬁ%
Garbon (e} . ) - . . . . . (Wilcoxon)
Total 0.002 W=45
Inorganic 0-0.45 0.09 (0.15) 0-0.01 fD-UUT.l p= 0.006
Carbon (%) - {Wilcoxon)
Total W=19a1
Organic 3.02-18.22 524 (3.72) | 1.86-12.31 | 4.1 (2.54) p=011
Carbon (%) {Wilcoxon)
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Supplemental Table 3: Summary of soil metal and metalloid concentrations as measured via
XRF for the samples collected from the residential properties. 5D = standard deviation.

Unburned Properties Burned Properties Statistical
Comparison
Element Range Median Range Median of Means
(ppm) (SD) (ppm) (SD)
(ppm) (ppm)
L= 1.42
P 1.784-10.238 | 3.696(1,750) | 1590-9881 |[3641(1428)| 755
s 1285-3306 | 1854(352) | 1,473-11,113 | 1,948 (960) :_';'?l'g
t=2.08
cl 90 - 359 151 (48) 83 — 421 141 (48) iy
20,164 L= 262
K |16,543-26983( 21,088 (1,759) | 1463926058 | (g 0 =001
18,723 t = 0.002
Ca |6:860- 156,758 | 19.478 (21,561) [ 3,587 815675 | 1oncs, o
t=-3.50
Cr 6 — 50 15 (6) -4 18(7) p = 0.0003
L= 0.44
Mn 183 — 472 290 (54) 137 — 664 288 (81) d e
20,234 t=1.07
Fe [12782-20807| 21,376 (2:992) | 10814 -41430 | (/o gy iy
_ t=-0.63
Ni 7-26 17 (5) 7-30 17 (5) s
t=-2.24
Cu 14-73 22 (11} 16 - 88 25 (14) i
t=-6.12
Zn 43 - 186 71 (23) 591,030 104(34) | 5 - 94e-10
t = 0.052
As 4-17 9(2) 4-32 9 (4) 5 = 0.96
t=-2.51
Pb 24 - 80 30 (11) 24 -129 31(11) p=0.01
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Supplemental Table 4: Summary of soil metal and metalloid concentrations as measured via
XRF for the samples collected from the nonresidential grassland locations. 5D = standard

deviation.
Unburned Properties Burned Properties Statistical
Comparison
Element Range Median (SD) Range Median (SD) | of Means
(ppm) (ppm) (ppm) (ppm)
t=-0.26
P 1,879 - 3,788 2433 (639) 2340 -2972 2,805 (284) b =0.79
t=155
S 1,284 — 5297 1,883 (996) 1,180 - 3,501 1,533 (593) o=012
t=23.02
Cl 101 - 238 142 (38) 93- 150 112 (20) p =0.003
K |10277-25332 | 20429 (4132) (15763 -22.084 | 18714 (2258) | |35
t=059
Ca 3,748 - 46620 | 8018 (10.813) | 227112708 | 5387 (2.617) p =055
t=-0.93
Cr 7-25 16 (5) 8-48 20 (10} p =035
t=1.31
Mn 196 - 440 315 (76) 147 - 457 263 (76) Ex
p=0.19
Fe |11162-20438| 21,913 (4925) | 9,384-23988 | 16,924 (4,130) ;__ E‘?];,
. t=0.18
Mi 7-25 15 (6) 7T—-24 13 (6) p =085
=195
Cu 11-37 21(7) 11 29 16 (3) b =00
t=10.43
Zn 36 - 200 70 (39) 44 - 101 67 (18) b= 0.67
t=-0.13
As 5_ 15 10 (2) 5-12 10 (2) 50,89
t=047
Pb 28-75 44 (14) 32 - 54 42 (1) n =064
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Supplemental Table 5: Summary of soil metal and metalloid concentrations as measured via
ICP-MS for the subset of samples collected from residential properties and the results of the

statistical tests comparing concentrations in burned versus unburned properties.

358

Unburned Properties Burned Properties
N N Statistical Comparison of
Median Median Means
Elemant Range (ppm) (SD) Range (ppm) (SD)
(ppm) (ppm)
W =1305
P 26.48-900.47 EEE'SE 98.04-719.90 1?2'2,5 p=0.018
(228.87) (179.12) (Wilcoxon)
W= 290
382 .38 187.16- 47343
Mg 244 HH-479.50 7 p=0.049
(77.56) 1181.50 (262.50) (Wilcoxan)
W =250.5
Cr 0.08-0.21 0.13 (0.05) 0.07-0.76 0.14 (0.18) p=0.336
{(Walch's t-last)
W =343
Zn 2.8-51.11 l}Eg?] 10.83-212.21 égfﬁ:‘ p = 0.001
. . (Wilcaxan)
t=0.016
4 202.74 - 196.43 di=28
Fe 123.04-281.99 (30.44) 122.73-247 .31 (29.89) p=0.988
(Walch's t-tast)
t=127
Co 0.37-1.18 075 (023) | 048127 0.91(0.23) "-;’: [‘;'11? 7
(Walch's 1-last)
W=2005
Cu 1.16-10.78 3.02 (3.06) 1.23-5.82 227119 p=0.768
{Wilcoxan)
t=0295
’ 4846 582.34 di=386
M 22 227385 {13.55) 15.18-79.89 (16.67) p=0.348
{Walch's 1-last)
L=0.20
df=298
i 1.21-2.76 1.89 (0.37) 1.27-2.64 1.81 {0.30) b = 0.840
{(Walch's t-tast)
W =288
1024 59 424 92- 14B7.76 =
w el Y 2.946.97 (670.92) ifﬂfﬁiﬁﬁ}
W=171
cd 0.0740.42 013 (0.11) 0.04-0.34 012 (0.07) p=0292
{(Wilcoxon}
S5




W= 142

Pb 2.07-26.52 6.60 (8.27) 1.7-17.14 3.48 (4.02) p=0.073
(Wilcoxon)

W =350
As 0.10-0.93 0.15 (0.21) 0.20-7.99 0.42(1.72) p = 0.0005
(Wilcoxon)
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Supplemental Table 6: Summary of measured PAH concentrations for the subset of soil
samples collected from residential properties and the results of the statistical tests comparing

concentrations in burned versus unburned properties.

Unburned Properties

Burned Properties

Statistical
Median Median | Comparison
PAH Range {ppb) (SD) Range (SD) of Means
(ppb) (ppb) (ppb)
W = 62
anthracene ar12031 | 278 | 3643383 | BY7 p=039
(3:41) (&11) {Wikcouon)
W =60
pyrene 0-17.09 ;-fg} 0-13.17 {;'gg} p =050
B : {Wilcowan)
W =38
43.98 20.83
benzo[a]pyrene 1241-195.88 [ oo | 017453 [ Sron, {fw.hggi
W =51
19.59 19.12
flucranthene 0-33.11 (10.09) 0-44.83 (10.88) ﬂW?k;-uxf}n}
W =63
naphthalene 0-15.43 1504 01613 | 1212 p=034
(6.37) (6.50) {Wilcoxon)
t=-0.17
65.17 57.51 df = 15.5
chrysene 214114770 | a5aq) | 387412744 | Does) 0= 0.86
(Walch's 1-last)
W = 56
9.68 9.75 _
acenaphthylens 0-10.04 (3.08) 9.52-10.38 (0.33) E-.- r-tg‘_:r‘l}
erylene 0-29.78 g 0-16.09 2 ui:ﬂ%%
L | (9.98) | (643) | Brcoion)
9-methylanthracens 0-19.59 D 0-23.59 mas H{TJ%EE
¥ : (9.14) ' (10.96) ﬁ-.-.'m o
W =60
9,10-dimethylanthracene|  0-28.81 ﬁfg‘;} 0-29.20 ﬁg-gg} b =047
: . {Wilcaxan)
4.44 4.44 W =54
1-phenyinaphthalene 0-4.49 (1.41) 4 32-4 52 (0.07) p=0.79
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{(Wilcoxon)

t=1.84
8.30 8.62 df = 11.5
1-methylnaphthalene 8.24-8.67 (0.15) 8.14-9.27 (0.41) p = 0.09
(Weleh's ttest)
S8
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Supplemental Table 7: Subset of samples with measured Hg concentrations in soils from
burned and unburned residential sites (designated by first letter B or U in sample name). All
concentrations are at the ppb level with replicates (boxed) showing reproducibility.

AIRIE Hg Run Sample Sample Hg Conc
Number Name Weight [g] Hg [ng] [ppb]
Hg-3434 B10.4 0.1373 4.49 32.73
Hg-3435 B10.4 repl 0.1267 4.50 35.51
Hg-3436 B10.4 rep2 0.1185 3.53 33.17
Hg-3429 B11.3 0.1278 5.58 43.67
Hg-3430 B11.3 repl 0.1181 4.24 35.88
Hg-3418 B12.2 0.1218 2.79 22.92
Hg-3427 B13.4 0.1326 3.02 22.76
Hg-3407 B21.4 0.1384 3.54 25.55
Hg-3450 B23.1 0.1181 2.54 24.88
Hg-3437 B23.2 0.1247 3.63 28.13
Hg-3428 B233 0.1254 5.07 40.44
Hg-3446 B23.4 0.1318 4.21 31.94
Hg-3447 B23.4 repl 0.1286 4.05 31.51
Hg-3404 B25.4 0.1380 3.01 21.84
Hg-3465 B25.4 repl 0.1274 3.30 25.94
Hg-3423 B26.3 0.1366 2.52 18.47
Hg-3420 B28.2 0.1286 7.00 54.47
Hg-3421 B28.2 repl 0.1229 5.89 47.94
Hg-3425 B6.2 0.1229 4.76 38.75
Hg-3426 BE.2 repl 0.1403 5.63 40.16
Hg-3469 BE.3 0.1303 351 26.95
Hg-3433 B9.1 0.1180 2.27 19.24
Hg-3451 B9.1 repl 0.1947 3.599 20.50
Hg-3452 B9.1 rep2 0.1895 3.76 19.87
Hg-3453 B9.1 rep3 0.1961 381 19.45
Hg-3400 BGE.1 0.1181 5.56 50.50
Hg-3401 BGB.1 repl 0.1268 6.01 47.41
Hg-3402 BGE.1 rep2 0.1242 5.89 47.41
Hg-3405 U1z 0.1343 7.56 56.26
Hg-3466 u2.1 0.1263 573 45.40
Hg-3467 U2.1repl 0.1231 531 43.14
Hg-3468 uiz.2 0.1289 292 22.64
Hg-3422 U134 0.1273 531 41.69

=9
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Hg-3406
Hg-3431
Hg-3444
Hg-3424
Hg-3403
Hg-3432
Hg-3470
Hg-3419
Hg-3454
Hg-3455
Hg-3456
Hg-3445
Hg-3448
Hg-3449
Hg-3441
Hg-3442
Hg-3443

U14.3
U172z
U201
U204
U222
U23.4
U281
U282
U28.2 repl
U28.2 rep2
U28.2 rep3
U28.3
u2s.4
U28.4 repl
UBG.1
UBG.1repl
UBG.1 rep2

0.1432
0.1235
0.1397
0.1199
0.1291
0.1237
0.1025
0.1173
0.04596
0.0487
0.0505
0.1226
0.1265
0.1267
0.1256
0.1375
0.1254

19.13
3.04
4.37
2.60
3.85
B.48

1345

20.15
7.86
8.00
B.42

14.58

1196

12.02
5.12
6.53
5.55

133.60
24.60
31.26
21.71
290.83
BE.58

131.57

171.76
158.44
164.18
166.73

118.94

94.51
94.85

40.77
47.36
44.24

Sample Name, first letter: B = Burned Soil, U = Unburned Soil
Analyses by Direct Mercury Analyzer (DMA), AIRIE, Colorado
Instrument external precision <5% (one standard deviation)
repl, rep2, rep3, repd = replicate analyses of same sample

Analyst, Aaron Zimmerman, Research Associate, AIRIE

510

363




Supplemental Figure 1: Comparison of the concentrations of metals (as measured via XRF) in
soils collected from the nonresidential grassland locations. ns = not statistically significant.
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Supplemental Figure 2. Comparison of metal and metalloid concentrations in burned and
unburned residential properties as measured by ICP-MS. The statistical results for each element
(comparing burned versus unburned) are shown at the top, ns = not significant.
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Supplemental Figure 3: Concentrations of mercury in a subset of soils collected from burned

and unburned residential properties (see Methods for details). The differences were not
statistically significant (ns).
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APPENDIX G: CO-AUTHOR CONTRIBUTIONS TO “ROLE OF PERMAFROST THAW

TRANSITIONS IN BIOGEOCHEMICAL NITROGEN CYCLING”

Reprinted from Logan, M. N.; Patzner, M. S.; VanderRoest, J. P.; McGivern, B. B.;
Srikanthan, N.; Simpson, M. J.; McKenna, A. M.; Wrighton, K. C.; Bryce, C.; Kappler, A.; Borch,
T. Role of Permafrost Thaw Transitions in Biogeochemical Nitrogen Cycling. Soil &amp,

Environmental Health 2025, 3 (2), 100148. https://doi.org/10.1016/1.seh.2025.100148.

According to CRediT criteria, my contributions include formal analysis (interpreting data
and evaluating how the data should be presented in the publication), writing — review & editing,
and visualization. As for visualization, | helped produce the TOC art and Figure 3. This publication

was included as a chapter in Merritt Logan’s dissertation.
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Palsa and thaw from
Dissolved orgamic N
Tmnscripeomic gene expression

ol & Enviroremeniol Health 3 (2025) 1k 148

ammumium-producing genes was significantly higher in the bog compared to the palsa. Our findings highlight the
release and rapid compasitiona) shift of ON during thaw tramsitions. This underscores the teed for further studies
om thaw-relesed N to enhance models predicting N cycling and Arctic greenhouse pas emissions.

1. Intreduction

Approximately 15 % of land area in the northern hemisphere is un-
derlain by permafrost, serving as & major sink for both carbon and ni-
trogen (Hupelius ot ol , 201 4; Hugelivs et al, 2020; Mishra et al, 2017
Oba, 2021; Schunr ef al, 2013 Thang et al, 2008). The northern
cireumpolar permafrost region stores an estimated 1600 Pg of carbon and
67 Pg of nitragen accumulated over thousands of years in frozen or
saturated anoxic solls, representing approximately 33 % and 50 % of the
total global casbon and nitrogen stocks respectively (Batjes, 19%6;
Hurden ef gl 2012 Schuwr et ol | 2022 Voigt ef ol , 2017). CHmate
change is expected 1o release large quantities of these stocks 85 green-
howse gas (GHGY, and berween 1971 and 2019 warming in permafrost
regions has inereased two to four times faster than global averages,
accelersting permafrost loss and environmental dismrbances (Abbor
of al 2022 ANTAP, MXT),

Permafrost peatlands, a subset of permafrost, cover ~3.7 million km®
and store ~415 Pg of carbon and - 10 Pg of nitrogen {Herris et ol 1988;
Holmes et al, 2022 Hugelins ot al, 2020, Wilson et &L, 2016} Many
permafrost peatlands are especially susceptible to thewing as their
average annual near-surface temporamres are within 1 °C of freezing
(Jorgenson e al., 2001). Therefore, minimal warming can raise average
annual temperatures above 0 °C, inducing thaw and exposing the stored
organic carbon and nitrogen to biogeochemical mineralization (MoGuine;
et al, 2018 Schikdel et al., 2014). This increased mineralization s ex-
pected to release substantial amounts of GHG, contributing to climate
change and further accelerating thawing (Schunr er al., 2015). While
many studies focus on carbon cyeling and carbonaceous GHG {Coopier
ot ul., 2017, Knoblawsch ot al., 2018; Schoefer et ol | 20114}, research on
nitrogen cycling and nitrogenous GHG release is comparatively limited.
Haowever, the fate of organic nitrogen is drawing increased interest due in
part o its potentinl trensformation to NaO (a greenhouse gas with a
warming potential 298 times greater than COgz {Butterbach-Bahl et al,
2013; Hugelins et al., 2020: Muoroshchek et al., 20213 Volgt et o, 2017)
and the impartant role that nitrogen plays in nutrient cycling.

Nitrogen availability and utilization in permafrost peatlands are
influenced by seasonal thaw depth and thaw conditions {Flancke ot al,
2 Harms and Jones, 2012; Marby at al | 3019 Walker of al | 2005).
The active layer, which thaws each summer, varies in depth depending
on seasonal condidons and temperature. Within this layer, the upper
5-15 cm contains lower nitregen concentrations than deeper, perennially
frozen solls. However, nitrogen bicavailahility is limited by either
restricted root access within the deeper active layer or by frozen condi-
tions in the permafrost below (Keuper et al., 20012 Salmon o1 &L, 20018).
Resaarch has demonstrated that active layer expansion of ~10 cm into
permafrost can result in a sevenfold increase in dissolved inorganic ni-
trogen [DIN) release compared to seasonally thawed regions (Keuper
ot gl M1 Salmon ef al., 2015). Nirogen inputs to peatlands through
biological fixation and atmospheric deposition ere relatively minor
compared to stoved nitrogen content (Ramm et al, 2022}, despite vary-
ing with landscape and vegetation type. In permafrost systems, thaw
events provide the primary source of nirogen for biogeochemical eyeling
(Burke s al. 2033 Chen et 6l., 2018; Fiencke et ol 20 Kenper et al,
2012)

Nitrogen cyeling in terresrrial ecosystems involves complex in-
terartions between organbke and inorganic forms, mediated by microbial
processes and environmental conditions (Kuvpers er al, 2015) In
permafrost systems, these cycles are particularly important as they in-
fluence ecosystem produwctivity and greenhouse gas emissions (Abbor

ond Jones; 2005; Marushehak et al, 20217 Patrner et o 20225),
Recently, Bamm et ol (2022) proposed an opdated model for nitrogen
cycling within permafrost soils suggesting higher nitrogen cycling ac-
tivity in semsonally thawed surface soils than previously presumed
(famm et al, 2022). This model illustrates the relationships between
organic nitrogen pools and the production of bioavailable nitrogen forms
(ammonium, nitrate, and N;). Their work indicates that while protein
depolymerization rates are high, they do not directly control nitrogen
turnover. Instead, dissolved organic nitrogen (DON) concentration dur-
ing seasonal thawing appears 1o be the primary driver of inorganic ni-
trogen eyeling (Ramm et ol | 2022), Furth e, the oo sition of the
DON can affect ammonification and production of inorganic nitrogen;
however, the controds of ammonification in thawing permafrost are still
not well-stodied [Fienche ez al, 2022 Ramm of af,, 2022; Wegner et al,
2023 Wild e1al, 2014). Soil conditions during thaw also affect inorganic
nitrogen concentrations by influencing the activity of nitrogen cycling
pathways (Fiescke et al, 20227 Vaigt et al, 20207, For éexample, thaw
transition studies have obsorved increased nitrate concentrations in
thawed soil with moderate moisture (40-80 % water filled pore zpace)
adjacent to existing permafrost. These studies suggest that increased ni-
trate concentrations could enhance M20 emissions via denitrification,
provided that an sctive nitrogen reducing microbial community is pre-
sent (¥ao el 2019 Wegner et al., 2027 INdmately, nitrogen demand
and fate in permafrost systems are contralled by the interplay of availahle
ammaoniam, nitrification and dendtrification activity, and soil molsture
conditions. In permafrost peattands, thaw creates distinct moismure in-
terfaces that manifest as either thermokarst feamres or thaw slumps (Moo
et al, 2009 Schuur et al., 2007; Wepner at al., 2022). When thaw occurs
adjacent to bog areas, soil can collapse and become saturated depending
on water inble depth. In thaw slumps, rather than exhibitng the peat
breakage characteristic of thermokarsts, the peat surfece undergoes
elevation loss while maintaining stroctoral integrity (Vamer etal., 2022
These thaw transitions represent zones of variable water samuration and
rapldly shifting microbial communities and have been identified as po-
tential howpots of GHG relesse due 1o thelir fluctuating oxde and anoxic
conditiong (Elder et al., 2021; Flencke et al., 2023 Wegner ot al,, 2023),
However, w our knowledge, previous smdies examining nitrogen dy-
namirs scross thaw transidons have not investigated fully saturated
thawed soil canditions (Moo et sl 201 % Wegner et sl 2022 nor have
they characterized the composition of the organic nitrogen pool
(AminiTabrizl et al, 2020 Hodglins et al, 2014; Hodglins et al | 2016;
Mann et sl 215; Moore et ol 2023). Understanding biogeochemical
nitrogen cycling within these dynamic thaw front envirenments requines
detalled characterization of both the relessed organie nitrogen compo-
zitlon and the expression of microbial genes involved in nitrogen rans-
formation pathways (Grosse of ol 201 6; Humm et ol , 2022 Yoigt et sl
2017).

Evaluating organic nitrogen compositon within complex organic
matter requires mobecular-level amalytical technigues capable of
resolving tens of thousands of polyfunctional maolecules. Such charac-
terization demands a mass amalyzer with high dynamic range, high
sensitivity, and ultrshigh resolving power across a wide molecular
weight range (m/z 150-1500) (Bahurelen o al, 2023 Smith ef &l
2018). Fourler transform fon cyclotron resonance MAss Spectrometry
(FT-ICR MS) oniquely meets these requirenvents, with the 21 T hybrid
linear ion wap/FT-ICR mass analyzer achieving the highest resolving
power to date {3,000000 at m/z 200) (Bahureksa e al, 2022). The ul-
trahigh resolution of 21T FT-ICR MS enables accurate molecular formula
assignments within complex dissolved organic matter (DOM) matrices
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(Bahureksa et al., 2021; Hawkes and Kew, 2020; Nebbloso and Plecolo,
2013; Patzner et al., 2022a; Sleighter and Hatcher, 2007). This capability
allows for post-analysis isolation of nitrogen-containing formulae, sepa-
rating them from the larger, total DOM pool. Such Isolation enhances our
ablility to track patterns of selective degradation or preservation of
nitrogenous species that would otherwise be obscured in the total DOM
pool. While FT-ICR MS has been successfully employed to study OM
composition changes between bogs and fens and in laboratory incubation
studies, it has not yet been applied to characterize organic nitrogen
within a thaw front (Hodgkins et al, 2016; MacDonald er al., 2021;
Stuchell er al, 2018; Textor et al., 2019; Wilson et al, 2022 Zherebker
er al., 2019).

In this study, we examined the thaw transition from palsa to thaw
front to bog, which represents the progressive stages of permafrost thaw.
We present a molecular-level characterization of DON and inorganic
nitrogen using electrospray lonization FT-ICR MS, NMR spectroscopy,
and elemental analysis, allowing us to examine the changes in the
composition of both organic and Inorganic nitrogen and corrob
shifts in molecular structure. In addition, we complemented our chemical
analysis by examining previously collected palsa and bog samples for the
expression of genes assoclated with microblal nitrogen cycling pathways.
Although these samples were collected during a separate fleld campaign
than the porewater samples used for molecular and elemental analysis,
the site conditions are highly comparable. This allowed us to evaluate the
microblome response in these distinct systems and provide a possible

planation for the blogeochemical shifts we observed. We hypothesized
that () the thaw front will have elevated ammonium concentrations but
not elevated nitrate concentrations due to wet, anoxic conditions, (1i)
across the palsa-to-thaw front transition, peptide-like molecules will be
depleted while aromatic molecules will be more abundant due to pref-
erential microblal degradation, and (iii) the predominantly anoxic bog
will not show Increased microblal gene expression assoclated with
denitrification due to nitrate limitations.

2. Materials and methods
2.1. Site description

Fleld sampling was conducted at Stordalen Mire (68 22' N, 1903'E), a
subarctic peatland underlain by discontinuous permafrost in northem
Sweden with peat depth between 1 and 3 m (Malmer et al., 2005). This
site has been studied since the 1970s, with anthropogenic warming
driving ecosystem changes through permafrost thaw (Holmes et al,
2022: Rosswall et al., 1975; Rosswall and Granhall, 1980). The site
comprises three distinct ecosystems (palsa, bog, and fen), whose char-
acteristics and boundaries have remained stable over time, as demon-
strated through DOM and gas flux measurements (AminiTabelzl et al.,
2020; Holmes et al., 2022; Lakomiec et al., 2021; Pawzner et al., 2022a;
Patzner etal., 2022; Varner et al., 2022 Wilson et al., 2022). Although at
our sampling site the position of the thaw front has progressed into the
palsa, the adjacent palsa and bog have been stable ecosystems since at
least 2000 (Olefeldt and Rouler, 2012). Greenhouse gas emissions at
Stordalen are primarily controlled by thaw state and saturation condl-
tions rather than interannual varlation, and ecosystem differences
remain consistent Interannually (Lakomiec et al., 2021; Varner et al,
2022). This temporal stability supports the validity of comparing our
samples collected at different time points (cores in 2016; porewater in
2019 and 2022).

We selected Stordalen Mire because its palsa-to-bog thaw transition
provides a well-defined system where the shift to waterlogged, anoxic
conditions coincides with reductive dissolution of Fe(1ll) mi Is and
substantial DOC release and oxidation (Patzner et al., 20223). The sam-
pling location within the mire as well as a photo of the sampling site are
shown in Fig. 1. The three dominant vegetation communities of the mire
are (1) ericaceous and woody plants in palsa (intact permafrost); (2)
Sphagnum spp., sedges, and shrubs in ombrotrophic peatland or bog
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Fig. 1. (A) Stordalen mire, Abisko (Sweden) shown with palsa and bog regions.
Transects 1-4 are shown as biue lines, transect 5 is shown as a purple line, and
the soil cores used for metatranscriptome analysis are shown as red arrows.
Palsa and bog regions are based on reported hydrological data (Holmes et al,
2022; Johansson et al., 2006; Olefeld: et al., 2012) and first hand observation
during sampling. Maps data: Google Earth, CNES/Airbus, Lantmateriet/Metria,
Maxar Technologies; copyright 2024. (B) Transect one lysimeters shown
crossing the thaw transition. Palsa, thaw front, and bog regions in addition to
sample points for transect one are shown. Dashed lines show thaw front moving
away from the camera. Photo was taken looking north at 68°21°18.70°N,
19° 238.00'E

(intermediate thaw); (3) sedges, mainly Eriophorum spp. in minero-
trophic peatland or fen (full permafrost thaw) (Bickstrand er al., 2010;
Olefeldr et al., 2012).The palsa Is oxic, features pH values of 4.5-5.5, and
is elevated by underlying intact permafrost, leading to higher elevation
than nearby bogs (Bockheim and Munroe, 2014; Payandi-Rolland et al.,
2021). Bogs generally feature pH values of 3.6, are waterlogged, and
contain deep underlying permafrost (Fofana et al., 2022; Hodgkins et al.,
2014, 2016; Olefeldr and Roulet, 2012).

2.2, Sample collection

Sampling was conducted along four transects Incorporating the thaw
transition (Fig. 2A). A fifth transect was collected 3 m adjacent to the
initial sampling grid for Inorganic and organic nitrogen content analysis.
Transects 1-4 were collected in June/July 2019 and wansect 5 was
collected in September 2022, Transect locations were based on previ-
ously sampled palsa and bog locations (Patzner et al., 2020). Thaw front
location was determined by measuring rapid reductive dissolution of
reactive lron (I) (oxyhydr)oxide minerals due to soll saturation,
releasing a pulse of aqueous Fe** (Patzner et al., 20222). Therefore, the
thaw front position was defined as the point in the transect with the
highest Fez‘(.u concentration, correlating with the point of sofl satura-
tion. Due to natural variation in the thaw progression, the thaw front
occurred at different points in our sampling transects (Fig. 2A). Based on
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lmrga.l.l.l:nngm:P.umur etal,, 3020 Patrney ot al. 20200 Treat et al.
2016) Ammoniumg.), nitratesg and nltrite.) concentrations were
measured with a flow injecthon analyzer (Seal Analytical Germany)
equipped with a dialysls membrane o remove Ra"':m and prevent side
reactions during measurement. Due w sample volume limittlons, nitrie
and nitrate were analyzed in ransects 1-4, DOC, Fe™* |, . and ammo-
nlum were snalyzed in ransects 1-5, and DON was analveed in transect 5
(Table S2)

The mean analyte concentrations of the palsa samples (n = 13), thaw
front samples (n = 5), and bog samples (n = 11) were statistically
[ d o each other. First, the normality of the analyte concentra-

Fig. 2. (A} Top-down view of porewater sampling tansscts with sample poimts

ked by thaw along the transect. Palsa [P) and bog (B} are
numbered accarding to their distance from the thaw frant. The thaw front [TF)
is identifind as the point with the macimum F|=='|.qj conceptmation o each
transect, Transects are labeled as T1-4 and are spaced 1 m apart. Transect 5 is
located approximatefy 3 m o the south of T4 and croses the same thaw tan-
sition. Transects 1-4 were used for elemental analysis. FT-ICR M5 and NMR
analyses were conslucted an parewater from T1 and T4, respectively, and dis-
solved organic mitrogen (DON) was measured for TS (B) Cross-section of
‘porewater sampling within each tramsect showing sampling depth st 30 om,
lysimeters spaced every meter, permafrost coflapse ot the thaw front, and the
approximate height of the water table in the bog. Green and gray layers
comprise the acive layers primarily organic content and tangition betwesn
oeganic and mineral hormwons  respectively. The light blue region shows
permafrost ice.

tharw front locatlon, the palsa (defined as intact permafrost) and the bog
(opposing the palsz on the other slde of the thaw front) were both labeled
according to thelr respective distances froan the thaw frent (Fig. 240,
Parewater was collected along each transect at a degeh of 30 em, corre-
sponding to the interface between the seasonally thawed acrive layer and
the underdylyg perennially frozen permafrost, and consistently located
within a transithon 2one between the srpanke and minecal hoslsons
(Patzmer er al | 2i22a). Samples were labeled according to their position
in the transect (Flg. 28). The thawed-frozen interface serves as a bngeral
flow path, directng water from precipization and active layer despening
from palsa to bog (Koch e al, 2005} Porewater was collected uslng
lysimeters thar were spaced 1 m apart along & given transect. The
collected porewater was syringe filered (0.22 pm) and ransfersed 1o
dinitrogen-fushed SCHOTT bottles that were wrapped In aluminem fiofl
o prevent photodegradation, The samples were then stosed st 4 *C wniril
further analyais, and sample volumes are reported in 51 Table 51, In-
strament access and semple volume limlvations necessitated the use of
select ramsects for FT-100 MS and NME, which are shown In Fig 24
Further deseription of porewater sampling can be found in previous work
(Patrner & al., 20225),

2.5 Porewater analysis

Total bron (Fey, and E‘ez’[w] was measured by acddifylng the pore-
warer using 2 M HC followed by a ferrozine assay and colorimerrle
analysls measured ar 560 am with further detall deseribed In previous
work (Parmer et al, 2023 Pazner of al, 2020 Swokey, 1970L To
measure POC concentration, posewater was acldified with 2 M HO 10
remove Inorganie carbon and analyzed by total carbon analyzer (High
TOC U, Elementar, Germany). Dizsolved organle nitrogen was deter-
mined by measuring total nivogen alongside DOC and suberacting

tons from each thaw state were evaluated using the Shapiro-Wilk test. If
the populations of each thaw state were normally distributed, then the
average analyte comcentration of two thaw states were compared with
the Welch's t-test. If ane of the populations was not normally disteibuted,
then the Mann-Whitney U test was osed.

24, Nucleor magnetle resonance (NME) speciroscopy

Nuclear magnetle resonance spectriscopy was utilized o determine
the distribution of strueturs] grougs in total ceganle mamer. Although ' H
MMHA does not select for nitrogen contadning compounds, it does provide
an overview of the DOM chemistry that can be used for sample com-
parlson with the corroborating moleculsr elass abundances dentified
using FT-ICH MS (Bahurekss 2t ol 2021: Kim et ol 2020 Zark &
Dltomiae, 20016} Filtered (0.22 pm) posewater was lyophilized and ylel-
ded approximately 1 mg of freeze dded material. The freeze dried ex-
macts were further dried over phosphorus pentoxide In a vacuum
deslocator and then re-dbsolved into 60 pL of deuterium oxide (D0,
909 % D) and 5 pl of sodlum deuteroxide (NaOD, 99.5 % D, 30 wt % In
D0, These dissolved samples were then centrifuged (10,000« g and 4
“C), and the supernatants were transfesred Into 1.7 nun NME fubes
(Morelll All samples were analyzed using a Bruker BioSpin Avance I
500 MHz NMR spectrometer (Karlsruhe, Germany) equipped with a
V-5 B0 T 17 mim microprobe with an actively shielded Z gradient.
Cine-dimensicnal "H MM spectra were collected wsing witer suppres-
ston via pre-samratbon uilizing relaxatbon gradients and, the spectra
wiere collected wsing 2048 scamns per sample with a recyele delay of 2 5
and 32K time domaln polats. The spectra were processed using a
zero-flllng fector of two and were apodized by multiplication with an
exponential decay coresponding to 0.3 Hz line broadening (Michell
er al, 2018). NMR specra were Integrared based on tvpleal DOM
chemleal shift reglons assoclated with materials derived from linear
erpenodds (MDLT; 06-1.6 ppm). earbooyl-rlech alicyclic - molecubes
(CRAM; 1.6—35.2 ppm), carbohydrates and peptides (3.2-4.5 ppm), and
aromatie and phenolic components (6.5—8.4 ppm) (Mitchell eral | 2008;
Woods s Simpecn, 2011). The Integration was performed using
Analysls of Mixtures (AMIX; v. 3.9.15) software and expressed a5 pes-
centage of the sum of the specific Integration reglons such that our
comparson considered relative changes berween these specific reglons.
It ds immportant 1o sete thal some resonances {—1.9 ppo Hkely from acetie
acid: 3.3 ppm likely from methanol; and 8.4 ppm: lkely from formile
acid) (Mitchell et al | 2018; Tong et al,, 2021 ; Woods and Simpson_ 20011)
do not align with the wypleal reglons of DOM but were not excluded
durdng Integratlon due o overlapping resonances In somse samples.

2.5 Meteronscrptome saquenicing

et prome sequencing wis utilized to evaluate vpregularion or
downreguiation of gene expression of ensymes in nlmogen cyeling path-
wiays, Inchiding bur not limited 1o ammonification, nlerifieation, and
denitrification. To survey microblal gene expression in Stordalen Mire, we
used the genomes recovered In Wooderodft and Singleton et al, (Woodcd
e nl, 2018) The 1529 metagenome-assembled penomes (MAGS) were
dereplicated &t 99 % Identity with dRep (v2.6.2) (Olm ef ol , 2017} nto 649
MAGSE. The 99 % dereplicared MAGS were annotated with DRAM (v1.4.4)
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(Shaffer eral, 20200, To assess the gene expression of these MAGs In the
palsa and bog, we wsed mettmnseripome samiples previously published in
Ellenbogen et al (20291 The memiranscripiomes derive (i cores taken
o Judy 2016 from defined palsa and bog environmental conditions ar an
mdfjacent thas transitbon, and the thaw sgtaes have been well deflned by
previons work (Ricksomnd er al, 2010, 2008 Holmes et al 2023
Jutansson et ol 2006 Vamer etal | 2020). We recognlze the possibility of
varlability between the po it cts and met peat
cores. However, sife tslr]ﬂim:s prevented the eallection afpeal ot 8t
the posewater thaw transiton lecathon, Furthermore, bath sites represint
well-defined thaw transitions in Stordalen Mire (Hoblmes o0 ol 2022,
Addidonally, the condithons of the palia and bog are consistent at an
Interanmnand scale although there are vear to yesr differences, the observed
differences between them are conststent {Amilnl Tabeizl et ol | 2020 Wilson
ef al, 2002), Therefore, we are confident that the Andings from the met-
atranseriptome analysi can be applisd to the comparable porewater
sampled from the palea to beg ransiton. Soll cores were sectioned in the
field at three depils: “surface™ (14 cm), “middbe” (10-14 em), and “deep™
(20-24 em) and immediatedy put Into LifeGusrd (Qlagen). Metatron-
seripiome analyels used the deep section of the cores, a5 the 20-24 cm
depth is most comparable to the 30 em depth of porewater samples, Core
sections were sfored at -20 "C untll ansalysis, DNA and BMA were
co-extracted from 5 to 10 g peat using the Mobto PowerMax Soll DNA/RNA
Lleofation kit (eat# 12066-10). Detalls on metatranseripiome libeary prep-
aratlon, raw reads, gene annotadon, and pathway exp

ol i
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measurement securacy of 55-70 ppb with achleved resolving powerol 3,
400,000 ar msz 200, The msr range Including all samples was
165.0193-1155.211. Data processing post-formila assignment was pes-
formed with RSudio wilidag B software (V41,21 Table 54 shows the
sample pame, HMS error, and mumber of assignments for all spectra
discussed hereln. PetroOrg files, calibeared peak lists, and peak assign-
ments are publicly available via the Open Sclence Framework via DOI
10.17605,/08F 10,/ TAKWN.

3. Results

2.1 The thaw frons feanred the hghess Fe*, Do,

and DON comesimationg

Transects 1-4 exhibited a pulse of Fez'n.” and DOC at the satu-
rated thaw front (Plg. 3A). Teansect 5, which was eollected 1o analyze
DON concentrations, showed changes In concentration of Fe“.;..t},
ammonium, and DOC consistent with the previeusly sampled four
transects, desplte the 3-year gap In campling thme. The palss, genercally
dry and axic (Hodgklns e ol, 2004), had the lowest levels: of all
measured specles (Fig. 3 and Table 52). The only exceptlon to this was
nitrate, which had oo statistically significant change between any of

are provided bn more detadl bn the 81081 Section 1 ord 51 Dogs 1)
26, 21 T FI-ICR M5 analysis

Fourler transform lon eyelotron resonance mass spectrometry assigng
nitrogen-contalning moleculas formulae within the dizsolved organie
muatter pool. The ability o segregute formulse sccording o demental
classes, like thode thar incluede nltrogen, enables us to differentiare
compositdonal variatlons within each class that might otherwise be
Indizcernible within the total FT-HCR MS |dentified OM pool. Porewater
DOM was anslyzed with 21 T FI-ICR MS o |dentfy and monitor DON
compositional changes. Porewater was prepared for FT-ICR MS analysis
by solid phase sxtraction (SPE) under My ammosphers (glove bag)
following a modified procedure based on Dt ef ol (20087 and LI
el al. (2016}, which has been described in previous work {Parener et al,
2022y Parener of al, 2020 Sllcheld et al, 2018} The samples were
processed under Ny using degassed solvents to maintaln the oxygen
concentrathons present in sin, and Hypersep Retaln CX canridges were
selected for SPE due to reported Improved nlrogen contalning formulae
and peptbde-like formulae recovesy compared o commonly wed PPL
cartldges (Stichell o1 gl 2018). Hypersep Retaln CX SPE eartridpes
(part# 60107-305, Thermo Flsher Scientific, Waltham, MaA) were rinsed
with 5 mL of HPLC grade methanol (Sigma-Aldrich, Rehovor lsrael)
followed by 5 mL of 0,01 M HOL Each DOM sample was acldified o pH
~25 amnd 05 mg C was loaded onto the SPE columns. After sample
ksading, the SPE cartrbdges were dinsed with 5mL of 0,01 M HCI followed
by deying with N; for 3-5 min. Finally, the samples were eluted with 1
ml of HPLE grade methanol and stored [n alrtight amber sample vials
wrapped bn aluminom fodl at 4 "C No additional dilution of the samples
was performed peior to FT-1CH MS analysis.

Samples were analyzed as negative fons in a custom-bullt hybrid
lmear bon trap FT-1CH mass spectrometer equipped with a 21 T super-
conductng solenold magner (Heodrickson =t al, 2015% Smith et al,
201E) lonization conditons, [nstrument settings, and molecular formula
asgignmsent procedure are deseribed In mose detall in the 51 {58 Section
21 The molecular formulse were assigned mobecular cliss (condensed
arunatie, aromatics/polyphencls, highly unsaturared, unsatarated
aliphatic, sarated bty achds, peptides, and supgars) according to the
formula boundaries outlined by Poalin e gl (2007) (Tabde S2) For all
mass speetra presented herein, benween 10,024-11,357 mass peaks were
asgigned  elemental ecompositions  with  root-mean-sgquare  nsass
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concentrations across the thaw transbon. (B Ammonium, nerate amsxd DON
concentratinns  across the thaw tmnsiticn. Reported values and error bars
represent the average and standard deviation of paksa-to-bog sampling tmnsscis.
Erroc bars are not present for DOMN as ooly ane transect (T5) was anabyoed for
DOM, =0 n = 1 for all BOK vahses. There were no DON valoes for Bog 2 and Bog
3 sipce there were no Bog 2 and Bog 3 sampling poings for transect 5 due 1o the
positinn of the thaw front. Novalues for the ining sample p varied
dhee o different thaw front positions in the transects (see Table 52 for foll
Emensect daia).
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the thaw states (Welch's r-test, P > 0.05) ranging between 1.27 and
0.07 mg/l. The thaw front had the highest concentrations of all
analyzed species, with significantly higher levels (Welch's t-test, P <
0.05) of DOC and ammonium compared to the palsa and bog. The bog,
which the palsa drains into via the thaw front (Olefeldr and Rouler,
2012), ¢ ined conc tions of fum that were not signifi-
cantly different (Welch's t-test, P > 0.05) from the palsa. Similardy to
ammonium, DON concentration decreased by 73 % immediately after
the thaw front (Fig. 3B). Differ in DON {ons could not
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3.2. Thaw front DON has lower H/C and lower relative abundance of
aliphatic formula compared to palsa and bog

Van Krevelen diagram analysis showed clear compositional differ-
ences between the palsa and thaw front sites (Fig. 4A) The palsa (P2),
d\aw front, and bog (B3) featured 11272, 10852, and 10024 total mon-

L f 1 § in
lhelhawﬁmthadbwerﬂ/Candhlgher 0/C ratios and were more
aromatic-like than In the palsa (Fig. 4A and B). Specifically, the per-

Hioh, lati: Fnd. . 1.

be evaluated with Welch's r-test or the Mann-Whitney U test b
DON was only measured along transect 5. Nevertheless, the thaw front
DON concentration was substantially higher compared to other sam-
pling points (10-fold Increase compared to the average palsa concen-
tration). Since the trends in DOC and Fe?* (g are consistent across all
transects when aligned to the pulse of Fe?* (. (Le., the thaw front),
wemomdudemmegeodmlmlpmﬂlesdthetmmemm

Th e, we propose that results from more detalled
moleculm' analyses (FT-ICR MS and NMR) that were performed on

of tic/polyphenols-like and condensed aromatic-like
fotmuhelnueasedfmm%%md\epdnmm%lnthed\awm
followed by a decrease to 23 % in the bog. Higher aromatic-like content
in the thaw front could be attributed to microbial degradation of poly-
phenolic compounds (Patzner et al., 20224). Despite a 7.5-fold increase
in DOC and a tenfold increase in the DON concentration at the thaw front,
the number of identified DOC and DON formulae underwent minimal
change. Assigned DON formulae represented approximately 27 % of the
total formulae across all conditions. As observed In the total formulae,

select transects can be applied to the general thaw transition at Stor- when only nitrog g formulae (referred from here as CHNO
dalen Mire. fi lae) were d, the highly abundant CHNO fi lae in the
A Total Formulae Palsa Thaw Front
¥ CHO Rel obund.|
204 oin%| 1B e ‘
Abund .59 1
* W
15w pe :: %"o‘
Y 054
.
. »n
g‘-" o 0.01
2.04
] 1.54
M
00q11272 10852) *
L2 03 0.6 09 12 :
o/C 0.04 +
B More abundant in Paisa [[l] More abundant in TF
1
D rasa 46 Thawfront | E 'I’haw Front Bog
1113 ‘g7 00 40 1 00 0045 51,
‘ 1
1
1
1
1
1
459 1
= Aromatics/Polyphenols L Condensed Aromatics
= Highly Unsaturated Aliphatic = Peptide-like
= Sugar-like = NA
Fig. 4. Moalecular formula ch ization performed by FT-ICR MS of porewater samples. (A) Van Krevelen diagrams displaying comparisons b palsa (P2) and
thaw front T Distrib of the total f I sh ng reg dhlﬂm in palsa (green) and higher abundance in thaw front (purple). Color is
determined by the difference in the relative abund for a given f t!lepnlnmdlheduwfmﬂ.m&pmlﬂvevaheshmnghﬂu’mh&m
abundance in the palsa and negative values having higher relative abundance in the thaw front. The total count of identifi is i i and color matched to
palsa and thaw front. (B) Unique CHO formulae for palsa and thaw front and (C) unique CHNO formulae in palsa and thaw front colored by p bund: of the
formula. Inserted numbers in (B) and (C) are the number of formulae plotted in each plot. (D and E) Formula count of unique CHNO molecules shown as g ges of

moletnlardnlunymdbynlmusbﬁwem(b)pﬂn(n)mdmﬁummd(!)mmfmmdbog(BBlmmmdldmﬁdmCHNOhmd&h

each thaw state are shown underneath each chart. Mol

of each class was d d

according to Poulin et al. (2017). U d aliphatic and

dass is defined by the b
d fatty acid classes are not shown as there are no unique CHNO formulae in those classes.
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thavw front also featured higher 0/C and lower H/C ratios and were mone
armmatic-like than the palsa (Flg 4C).

To further examine compositlonal differences in the sssgned CHNO
formulae, we tsolated and compared formulae that wese undgue 1o each
thavw state, hesealter refemed o as the “unlgue poal™. When comparing
the unique CHNO pools between the palsa and thaw front, there |5 a clear
compositons] difference in CHNO formulse, which is distinet from the
vnigue CHO pools. (Fiz. 98 and CL Compatable to the total formulae
pools, the unkgue CHNO formulse shifted from more aliphatie-like in the
palsa to mose arcmate-like o the thaw front. In the pales, most unigue
CHNO formules with high redative abundance feature HAC values around
1.5, with osdy a few formulae In the reghon of highest unigue CHO.
Conversely, the thaw fronn lacks unigue formulae with H/C values near
1.5 but features & chester of formulee (n the more aromatie-like reglon,
conabment with i unigque CHO pool. The unlgque CHNO pools reveal a
distinet pamtern: many formulse found in e palsa are missing from the
thaw front, and vice wersa (Fig. 4C).

To determine which fosmulse contributed o the differences in the
umlgue CHNO pools, we compared unigue CHNO formulae by assipned
mrolecular class (Table 53). The thaw front contained more aromatic-lke
and les pepride-like unbque CHNO f lae when d to elther
palsa or bog (Fig. 4D-Table 553 Moably, when comparing the palsa and
thurw front, the propomion of unkgue CHNO formuolae that were pepride.
like decreased from 17 % to 0 %, Simultanecasly, the aromatie
polyphensds-dike and condensed aromatle-like formulae Increased from
5 % to 50 % Although the thaw front dralns into the bog, the high pro-
portons of condensed armatie/polyphenol-like and low proportion of
peptide-tke unique CHNO fommulae of the thaw front were not present in
the bog. From the thaw front to the bog, the undque CHNO condensed
arsmatic and aromatle/polyphenol-like fraction decreased from 43 % w6
. Unigue CHMO peptide-like formula increased from the thaw froat 1o
the bag, Increasing from 1 % in the thaw froat to 8 % in the bog, but did
nol refum 1o palsa levels.

3.3, Corbolydrate- and pepide-like content was fowest ai the thaw front
The FT-ICR MS resulis were complemented with solution-state 'H

MMH spectroscogsy’ data o evaluare the molecular structure of porewater
DOM throughout transect 4 (Fig. A, spectra shown In Fig 51% The

A % .
i §3|9?-=

20 1 »

;i An ;i:!_:,ﬁ Y
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Structural clase %

P3 P2 Pi1 TF B1 B2

haageed 27
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Fig. B, {A} Relati beand: af g | structural classes within porewater
samples along the thaw transition determined by "H NMEB. Sample position
shown on the xaxis 25 P1-3 (pals 1-3}, TF {thew front), B1-2 (bog 1-2) CRAM
= carboxylrich alicyclic mobecubes, MDLT = materials devived from Finear
terpenaizls. {B] Fold change in average metatranscriptome expression of mi-
crobial nitrogen cycling pathways between palsa (n = 3] and bog (o = 3] cores.
The expression of pathways marked with (*) significantly (LIMMA, p < ODG)
increased, (#) increased but oot sgnificandly (UBAA p > 005), and (-}
decreaserd but oot significantly (LIMMA p > 0.05) when comparing gens
expression in the bog to that in the palss. Positive y-axis valoes indicate that the
gene featured average greater expression in the bog tham the palsa, See 51 Data 1
for pathway information and statistics.
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percentage of carbohydeates and peptides In the thaw front were
approximately half of any other sample polor (13 % In thaw front and
21-35 % in all other samples). The propordonal decrease In carbohy-
drates and peptides correlated with a propordonal increase in carbosylic
rich allcycle molecules (CRAM), considered an Important product of
microbial degradadon (Hethorn e al, 2006), which increased from 41
% in P1 1o 60 % the thaw frons. Like the FT-ICR MS resulis, the chemlical
composition tn the thaw front did mot persist ingo the beg. Notably the
propartonal CAM content of the bog fell within the range of CRAM
percentages In the palsa, and carbohydeate and peptide proportional
content Inereased from thaw front 1o bog, although 1o anly —75 % of the
palsa average. The remaining fractions, materals derdved from linear
terpenolds (MDLT) and arcmatic/phenslic, featured nominal propos-
tonal changes across the thaw transidon.

3.4, Microhial mitrogen cycling gene expression incrensed in the bog

To wcover the potential microbial processes contributing to nl-
rogen oycling in the palsa and bog, we mapped fleld metatenn-
seripiome  reads to a database of Stordalen Mire microbdal
metagenome assembled genomes (Woodcrodt ef al, 2018) We then
aggregated genes Into nltrogen cycling pathways and looked for
altered gene expresston  levels between the palea and bog
(Fig. SB-Supplementary Data 1) In the anoxic bog, several gene
pathways were significandy upregulared [(LIMMA, p < (L05) including
nitroegenase (aUDKH), disimilatory nitrate reducton o ammonia
(DNRA, nmfd and nirBD), nivogen transposters; denltrification en-
zymes (perGH, niek, norB), and pepthdase pathways, Additionally,
expression of genes In nitrogen assimilation (nird, nesd) were upre-
gulated in the bog but not toa significant extent (LIMMA, p = 0L05).
Expression of nirlfcatdon (hoo) was the only pathway to have lower
expression in the bog than the palsa, but the decrease was not aig-

alficant (LIMMA, p = 0.05).
4. Discussion
4.1, Thow-indieesd eonverslon of DON o inorgende iirogen

Several modeling smdies suggest that the maln factor controlling the
production of [norganic nltrogen n thawing permafrost 8 the release of
organle nitrogen (Hansen mnd Elberling, 2023, Hamm e ol, 2003
Salmen et 4l 20048) This release occurs due o the deepening of the
active layer and the subseguent transformadon of DON into ammoniam
fLaciula o1l 2022 Mao e gl 2020: Ramm etal, 2022}, When there is
limired ammonium, which is the sase for the active layer in asst arctic
solls, plant and microbtal mmobilizadon of olimgen 1 dominant
{Plenchs o1 al, 2022 Hansen and Ell!-:':h:lg_ A% Jones and Klalland,
2002 Salmon e ol , 2018; Wegner et al., 3022). However, two n siiu
studies of permafrost thaw collapse linked DON release 1o alevated ni-
wrate concentrations due o the improved dralnage and oxde conditions
after thaw (Moo et &l 2019 Wegner ef ol 2022). Unlike these studies,
the soll during and after the thaw front a1 our slie remalned saturated and
ot or below water level. At the thaw front we observed a large pulse of
DO and slgnificantly higher levels of ammoninm compared to palsa and
bog (Fig. J). Despite the substantial ammonium within the thaw frong,
there was no significant change in nitrate concentrations across the thaw
ransition. In the well drained and oxbe palsa, the Imited nirate is lkely
due to the low concentrations of DON and the lack of ammonivm, which
acts a5 substeate for nitrificatbon. Conversely, In the thaw front and bog,
the high saturation and anode condithons were likely the maln lmiters of
nirriflcation {(Fienche et al, 2022 Kuypers et al, 2008 Olefieldr and
Roaler, 3012 Wegner ot al, 2022). Therefore, it is likely that the DON
released during thaw is prmarily mineralized 10 ammonlum and any
further nitrification k& lmited by the anoxic conditdons. Our findings
allgn with reported seasosnl saturation of thaw slump Ooors, which
observed Increased ammonium concentrations and DON  without
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accumulating niteate (Flencle et al, 2022 Wegner of al, 2023). We
propose that, confirming our first hypothesis, the high levels of ammo-
nlum within the thaw fronn are lkely the result of rapid ammonification
af DOMN.

4.2, Shifring compasiton of dissovled organdc niregen ar the thaw frone

‘Within the thaw front, both NMR and FT-ICR MS results indicated the
lowest proportions of pepthdelike and carbohypdrate modecules
throughout the thaw wransitdon (Flgs. 3 and 4), desplie a tenfold increase
I DO concentration (Fig. 3). FI-10R M5 analysis of nitrogen-containing
Formulas showed the highest proportions of sromatics/ polyphenols and
condensed aromatics within the thaw front. NMB analysis of the togal
DOM poal revealed little change in sromatie and phenolle strsctures along
the thaw transitdon, but it showed a substantial ineresse (o CRAM strue-
tures af the thaw front. This increase likely reflects the overall oxidaton
and condensation of the DOM pool observed in previoss studies (Potaner
et al, 20225), a pattern not captured In the nitrogenspecific FT-1CR MS
analysis. The shift toward more condensed, less labile structures in both
analyses, coupled with the decrease in peptide-like compounds, suggests
setive degeadation of the nitregen poal at the thaw freat (VAL e al,
201 5 Herthorn et al, 2008}, This Interpretation aligns with soll amend-
tent and eobatbon studies showing preferental mineralizaton of pep-
tides and amino acids over lasger nitrogen-contalning organic molecules
under conditions with abundant [nbile organte carbon (e, sheose)
[Chen et al, 2008; Wild et gl, 2013, 2014}, Purthermore, aretle plant
communites can preferentdally uptake aming aclds over nitrate, further
Inereasing demand for labile DON (Jones and Kiellsmd, 2002 Kielland,
1994 Selikmel and Stunrl Chagin, 19658, Whd &t al, 201BL ngh Fustrient
demand kn thaw fronts Is expected as they have bean ldentified as polns of
elevared microblial activity and actve oeganic matter decompositon
[Elencks &£ al, 2022 Parzner of ab., 20225 Vodgr ot al, 20207, While we
did not directly measure DON tramsformation, multiple Uses of evidence
sugpest slective degradation |5 oecurring. We observed a simultaneous
decrease in labile peptide-like compounds pnd enrichment of less labile
aromatic or eyelle molecules. This selective tramsformation of the DON
pool parallels panterns documented In anode mardne sediments, where
peptides undergo selective deamdnation and mibcroosganisms preferen-
tially urilize free amine scids for collular synthesls (Abdulla et ol 201E).
The Increased microbial sctivity previously repormed at the thaw front
(Patzner e al, 20225 Patener ec al., 2022) would create higher demand
for cellular bullding bhocks, drving the observed depletion of available
peptides. These findings confiem our second hypothesis and align with
previons sudies of permafrost autdent cyeling and DOC ramfmaton
(AminfTabeid et gl 23 Hodgkins et al, 2016; Mao et al, 2019 Ramm
e al., 2025 Ward snd Cory, 2015; Widd er al, 2014)

4.3, Organle nitrogen consurmprion af the thaw front [zoves the bog
nitrogen-limited

Meratranee ptomie data revealed an upregulation of pene expression
for enzymes [0 nitrogen scavenging pathways i the bog (Flg. 58] These
pathways include nitrogen foarion, DNRA (a process often overlooked In
p&mfﬂ!ﬂt shsdies) (Ramm ot al, 23022, and minerallzation via pepd—
dases. Furthermore, In the water-samsated and anoxde bog, dendrificarion
gmemlmmshgmﬁ:mﬂﬂﬂgh&rﬂunmm palsa. Notably, we saw
expression of genes ding {rerGH], niwite reductase
[nirk(), and nitrie oxide reductase [nan] bt not mitrous axide reductase
[mes), hinting that incomplete dendrification occurred [n the bog. This
coaldd represent a parhway of nitrogen loss i the bog and N0 generation,
Tarther contributing to nitrogen limitacon (Famm e al, 2022). However,
saturated wedands in the arctle have been found o have negligible M0
emisstons, due 1o the high water table acting as a diffusion barder (Volgt
et gl 2020) Angerobic ammoniz ocddatlon and complete ammonia
axtdatien eould be additonal pathways of nltrogen loss from the system,
yet we did not desect gene expression for elther of these processes.
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Ar the thaw front, we observed 8 substantial Increase |n notal DON
concurrent with & reduction in the proportdon of peptide-like molecular
ocomtent. The adjacent bog showed a greater proportbonal decrease in DO
concentration eompared to DOC concentration (Flg. 2), indicating elther
preferential removal of ndirogen-conzalning molecules from solution or
subsequent DOC release. This decrease In the proportion of ndtrogen-
containing organke maner In the bog corresponds with our metatran-
seriplomic results showing increased expression of nlrogen scavenging
genes, suggesting a microbial response to reduced bioavailable DOMN.

Alfter the pulse of ammenium at the thaw fronr, the anoxle condittons
In the bog would lmic niteification, an aeroble process, which axplaing
the persistence of low nltrate concentrations from thaw front o bog
(Flg. 3% Furthermore, this lmited nitrificadon would in turn limit
denitrification by restricting production of altrate (Flemncke of ol 20022
Vadgr a1 sil., 2% Wazner & al., 2072}, The ohserved decrease in DOM,
anumondum, and nltrate concentrations between the thaw front and bog
suggests that the most labile and bMoavallable nltrogen was likely trans-
formed Into [um and subsequently i bilized throwgh bi
Incorporation or removed though denbrification to Mo (Kuy pers o al.,
H01E; Volgr et al, 2007 However, contrary tor our thind hypothesis,
denltrification Inereased in the bog desplte the restrleted nitrage sub-
strate avatlability. This unexpected finding may reflect elther Increased
denlerfcarion acrvity or, more Hkely, upeegulation of denitificatbon
pathways a5 a mediating response 1o kmited nitrate avallability - similar
to the upregulation of alirogen scavenging pathways obessrved peore
broadly n the bog gene expeession (Flg 5). Although we did not coltect
metatranseriptome samples from the thaw front, our previous study
decumented Increased activity of ron rediscers and methanogens within
v {Parmner of ol 20223}, ‘Therefore, we propose the rapld appeasanes of
high ammonhun concentrations In this zone suggests simiarly elevated
nlrogen cycling activity, pardcenlady ammonification. Although pore-
water and metatranscriptome samples were collected from different lo-
cations within Stordalen Mire, dJ.e mlvmeut thaw conditlons and
ecology across sites (Holmes of al
datasets o inform our understanding of nitrogen transfommations aceoss
the thaw transithon.

4.4, Nirrogen ovallabilicy b byfluenced by pepoide content during
permajiost thaw

Our data reveal an nverse relationship between peptide-like DON
and ammonlum concentrations alang the permafross thaw ransiton. At
the thaw f[ont, we observe depletion of labile peptide-like DON
alongslde endelhment of aromatic DON and elevated ammonlum levels.
In contrast, both the bog and palsa show higher peptide content with
limbted ammeondum (Flge 3-5) The consistent inverse relationship be-
tween pepiide content and ammonlum levels across sites sugpests that
peptide availability may act as a contral point for nitrogen eyeling, with
peptide degradation regulating the ammonium poal avallable for sob-
sequent nitrogen ransformations. Although we did sot directly mea-
sure nitrogen transformarlons at the thaw front, cur metatranseriptomic
analysis of the bog revealed increased expression of bloavallable ni-
rogen scavenging genes. These metatranserd promic results suppost the
role of microblal communities In driving nitrogen ransformations at
the thaw feont. The relationship between nitrogen and earbon eyeling in
thawing permafrost remains poorly characterized, though nirogen
avallability 1s expected o Influence carbon minerallzation and perma-
frosat carbon feedback through both cellular synthests and DOC miner-
allzation priming {Abdulls et 51, 2008; Schuvr et sl 2022 Volgreral.,

20). Based on our findings, we propose that components of Ramm's
moded [ Lamm et ul |, 2022), particulardy the controls on ammond fleation
rates, can be applled 1o thaw fronts and boge, with our suggested ex-
tenstons [lustzated in Fly 6. Future studies divectly examining meta-
rranseriptomie activity at the thaw front will be eruckal for fully
understanding the fate of nltrogen-containing organle mater durlng
permafirost thaw.
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Fig. 6. {A) Modified conceptial model for nitrogen cycling within permafrost
soils bemed on Bamm ef gl (20224Ramm et pl, 202270 Green arrows show
uptake processes, yellow arrows show mineral N tumover processes, and red
armows show caseous bosses. {B) Adapted model to show paisa v thew front
organic matier and noident tmnsformastion supparted by empirical data re-
paried herein. Data shows that high concentmations of organic mitrogen within
the thaw front to high i ions anxl reduced pepesd
content. The production of ammonis can prime the microbéal degradagion of
highly abundant DOC, potentially elevating the production of GHGs and
biomass. Artows are siped to indicate the expected relative amount of the
transformation process based on previows GHG emdssion and nitrogen priming
EBndings (Keupes et al, 2012 Map et al., 2020 Voigs et al., 2007). Fig 6(A) is
‘based on Fig, | in "A review of the importance of mineral nitrogen .." by Ramm
et al {Famm et al | X2 T) and is leensed under & Crestive Commons Attribation
4.0 Imternational License (OC BY 4.00.

4.5, Conclisions

Our results provide some of the first detailed characterizaton of
organic nlirogen dynambes with|n a permafrost thaw transidon, revealing
tiat the compositon of ofganic nltrogen released durlng thaw signifi-
cantdy Impacts nuirlent cycing and creates biogeochemical hotzpots
within the thaw frong environment. Notably, permafrast collapse and soll
samratbon resulied in high ammonlum concentrathons localized o the
thaw froal. Among nlifrogen-contalnlng molecules, the thaw front
exhiblted lower fractions of peptlde and carbohydrate molecules and a
higher fraction of aromatic molecules, allgning with previously reported
selective degradation pamterns of the weal arganke matter pool (Pacnes
et nl, 2028y Ramm et al, 2022 Wild et al., 2014). Nirogen tranc-
formation during and after thaw appeared Umited fo DON minesalizs-
tian, with no significant changes (n nitrate concentration, However, the
upregulation of denltrflcation wnder anoxbe conditlons in the bog sug-
eeats microblal metabolism could elther contribute to N0 emissions vin
Incomplete denitrification (nitrate o N0) or mitgate N0 release
through complete denfirification (nitrage to M) (MoGelne; er ol 2018;
Mueller et al | 2005; Wegner et ol., 2022}, The absence of genes encoding
M20 reductase in the bog suggests thaw fronts may serve a3 previously
underrepreasented NpO sources in climate models Futues siodies
combining metatranceripiome daty from the thaw front with NyO flux
measurements would further elucidate nltrogen dynamibcs and Improve
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our underszanding of nitrogen mass balance In these systems. Our find-
Ings emphasize that future permafrost peatland studies and GHG modeds
should Ineorporate thaw transitbons dse to their rapld and highly local-
Ized nitrogen dynamics.
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1. Figure 81, Solution state '"H NMR spectra of dissolved organic matter samples

Samples are labeled as TF (thaw front), B1-2 (bog 1-2), P1-3 {palsa 1-3). All samples are from

transcet 4. Carboxyl-rich alicyclic molecules (CRAM) region also includes acetic acid (~1.90

ppm) and residual water 1s marked with a red asterisk and formic acid (~8.44 ppm) is marked

with a blue asterisk. The palsa and bog samples exhibited higher proportions of carbohydrates

and peptides compared to the thaw front. In contrast, the thaw frontl was charactenized by a lower

proportion of carbohydrates and peptides and a higher proportion of CRAM. Chemical shif

integration regions and assignments arc based on Woods, 2011{Woods & Simpson, 2011).
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2. Section 1. Metatranscriptome library and read assignments

Metatranscriptome libraries were prepared for the six palsa and bog samples using the
QlAseq FastSelect —535/165/238 (Qiagen) kit following the kit protocol with the following
modifications: addition of probes for plant and veast and using one-third the probe volumes.
Then, the TruSeq Stranded Library Preparation kit (11lumina) was used to prepare the sequencing
library. Libraries were sequenced on an [lumina NovaSeq 6000 system at the Genomics Core at
the University of Colorado Anschutz Medical Campus.

Raw metatranscriptome reads were quality timmed and adapters removed using
bbduk{Bushnell, n.d.) with the following flags: k=23 mink=11 hdist=1 gtrim=tl tnmgq=20
minlength=735. Reads were filtered with rqefilter?(Bushnell, n.d.) using the following flags: jni=t
ma=t trimfragadapter=t qtrim=r tnmg=>0 maxns=1 mag=10 minlen=51 mlf=0.33 phix=t
removertbo=t removehuman=t removedog=t removecal=t removemouse=t khist=t
removemicrobes=t mtst=t sketch kapa=t clumpify=t tmpdir=null barcodefilter=f trimpolyg=3.
Filtered and trimmed reads were mapped against the 99% dereplicated MAGs using
bowtic2{Langmead & Salzberg, 2012) (v2.4.5) using the following settings: (-D 10-R2-N 1-L
22 -1 5.0.2.50). The output SAM file was converted to BAM using samtools{Li et al., 20049)
{v1.9), and filtered using the reformat.sh script in the bbtools package using: (1dfilter=0.495
pairedonly=t primaryonly=t). Mapped reads were counted using featureCounts{Liao et al., 2014)
{v1.5.3) using the following flags: (-t CDS -g ID -s 2 -p). Read counts were filtered to remove
counts <3, and were converted to ge TMM(Smid et al., 2018) in R. To curate nitrogen cycling
reachions, geTMM values of genes annotated as enzymes involved in the nitrogen cycle were
summed within samples at a pathway level {Supporting Data 1). Differences in pathway

expression between palsa and bog samples were analyzed using LIMMA({Smyth, 2005) in R.
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3. Section 2. FT-ICR MS instrument details

The sample solution was infused through a microclectrospray source{ Emmett et al., 199%)
(50 pm vd. fused silica emitter) at 500 nL / min using a synnge pump. Typical conditions for
negative on formation were as follows: emiter voltage, -2.8-3.2 kV; S-lens RF level: 4(0%%; and
heated metal capillary temperature, 350°C. DOM cxtracts were analyzed with a custom-built
hybrid linear jon trap FT-1CR mass spectrometer equipped with a 21 T superconducting solenoid
magnet{ Hendrickson et al., 2015; Smith et al., 2018). lons were initially accumulated in an
external multipole 1on guide (1-5 ms) and released m/z-dependently by decrease of an auxiliary
radio frequency potential between the multipole rods and the end-cap clectrode{Kaiser et al.,
2013). lons were excited to m/z-dependent radius to maximize the dynamic range and number of
observed mass spectral peaks (32-64% ) Kaiser et al., 2013), and excitation and detection were
performed on the same pair of electrodes(Chen et al.. 2014). The dynamically harmonized ICR
cell in the 21 T FT-ICR 1s operated wath 6 V trapping potential{ Boldin & Nikolaev, 2011; Kaiser
et al., 2013). Time-domain transients of 3.1 scconds were conditionally co-added and acquired
with the Predator data station that handled excitation and detection only, imtiated by a TTL
trigger from the commercial Thermo data station with (W) tme-domain acquisitions averaged for
all experiments{Blakney et al., 2011). Mass spectra were phase-corrected( Xian et al., 2010) and
mtemnally calibrated with 10-15 highly abundant homologous series that span the entire
molecular weight distribution based on the “walking™ calibration method(Savory et al., 2011).
Experimentally measured masses were converted from the International Union of Pure and
Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale(Kendnck, 1963} for rapid
identification of homologous series for each heteroatom class (i.c., species with the same non

carbon or hydrogen heteroatom content, differing only in degree of alkylaton)(Hughey et al.,
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2001). For each clemental composition, the heteroatom class, double bond equivalents (DBE =
number of rings plus double bonds to carbon, DBE = C -h/2 + n/2 +1) and carbon number, C,
were tabulated for subsequent generation of the relative abundance distributions and the
graphical relative-abundance weighted images and van Krevelen diagrams(van Krevelen, 1950).
Peaks with signal magnitude greater than six times the baseline root-mean-square (rms) noise at
m/z 400 were exported to peak lists, and molecular formula assignments and data visualization
were performed with PetroOrg © software{ Bahurcksa et al., 2022; Corilo, n.d.; Kim et al., 2003).
Molecular formula assignments with an error =0.3 parts-per-million were discarded, and only

chemical classes with a combined relative abundance of =0.15% of the total were considered.

4. Table S1. Porewater sample volumes

Porewater volumes collected across the thaw wansition. While the exact volumes from ransect 1
and transect 5 (marked with *) were not documented., they featured comparable volumes to that

of transects 2-4 and provided sufficient volume for the required analyses. Cells marked with ="

indicate the transect did not feature that corresponding location.

Transect 1 Transect 2 Transect 3 Transect 4 Transect 5
| {mL}) | {mL) | {mL} | {mL} | (mlL}

Palsa 3 - = 32 24 *
Palsa2 | * ' 26 ' 24 ' 44 ' *
Palsal * ' 18 ' 42 ' 48 ' *
Thaw ' * ' 17 ' 7 ' 26 ' *
Front . | | | |

Bog 1 . 14 19 16 A
Bog 2 ' * ' 29 ' 23 ' 15 ' )
e | ) | . . _ | : . -
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5. Table 52. Transect porewater chemistry

Porewater chemistry of cach transect and sampling point. Transects (T) are aligned to thaw front
position. Sample name (P3, P2, P1. thaw front. BI, B2, B3) refers to the position in the transcet
relative to the thaw front. The letter refers to the thaw state (P for palsa and B for bog), and the
number refers to the number of meters from the thaw front. N-values for each thaw state include
all samples across all transects. Cells marked with - indicate the transect did not feature that

corresponding location,

SAMPLE NAME F3 P Pl Thaw front  B1 [TH] B3
DOC [myg C/L| TI - 3872 4080  S5SE25 36268 29290 171D
Palsa n=13 T2 - 5283 45089 63894 32401 2207E 32808
Thaw front n=5 T3 6963 4472 7768 32227 14036 ISEA3 -
Bog n=11 T4 4632 2338 26122 3M613 15989 10436 -

TS 670 640 588 40,1 214.1 = E
Nitrite [mg/L] T - a0 .03 o2 002 o2
Palsa n=11) 2l - gor  am 0.03 e 0 o
Thaw front n=4 T o0l o6l ool 0.01 ol 0l -
Bog n=10 T4 001 00l ool 0.01 001 00l Z

TS NiA
Nitrate [mg/L| T - 127 04l .33 03 017 019
Palsa n=11 = - ‘oM a2 0.12 012 014 0I5
Thaw front n=4 T 019 0ls 012 008 ol e z
Bog n=10 T4 11 Q13 4 .17 thi4 015 2

TS HIA
Ammonium [mgl] | T1 - L62 037 6.39 1.44 055 019
Palsa n=13 R A B 437 L4 021 D48
Thaw front n=5 T3 025 013 ol 107 07 048 -
Bag n=11 T4 031 011 009 2.0 119 148 Z

TS 020 004 004 2.12 0.25 & 5
Fe* [mg/L| e i i3 136,84 6702 4692 1599
Palsa n=13 Tl = L6E 7632 0509 E266 6200 1434
Thaw front n=5 T3 670 279 1061 12232 2793 6591 i
Bog n=11 T4 18 294 108 109.25 E024 10425 -

TS 15 085 0.30 5.1 67.78 z -
DON [mg ¥/L| Tl

T2 NA

E]

T4

TS 434 259 125 1758 73 = F
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6. Table 53. FT-ICR M5 molecular class assignment
FT-ICR. MS molecular class assignments based on atomic composition of the assigned formula,

adapted from Poulin et af 2017(Poulin et al., 2017).

Condensed Aromatic-like A =067
Aromatic/Polyphenol-like 0.5 > Algoa™ 06T

Highly Unsaturated Aliphatic-like Adpea< (1L5; HIC <1.5; O/C <09
Unsaturated Aliphatic-like H/C = 1.5-2.0; O/C =09 N=10
Saturated Fatty Acid-like HIC=20: 0/C= 0.9
Peptide-like HIC=1.5-2.0: /C <09 N =0
Sugar-like o/iC=0.9

7. Table 84. FT-ICR MS total identified peaks
Total identified peaks from FT-ICR MS analysis for samples discussed herein. Total identified
peaks include all "*C peaks that were not included in sample comparison as they mirror the

higher relative abundance "*C peaks.

Sample Name Total 1dentified Peaks RMS error (ppm)
Palsa 2 ' 18908 ' 0.062219
Thaw Front ' 17370 ' 0.055763
Bog 2 ' 18782 ' 0.063072
Bog 3 ' 16314 ' 0.070826

S8

386



8. Table 85. FT-ICR MS assigned total and unique monoisotopic formulae

Counts of FT-ICR MS assigned total and unique monoisotopic formula for samples P2, thaw front, and B3 in transect one.

5 : ARUDMATICY CONDENSER HIGHLY . e S e SATURATEDR
SAMPLE r()]tm\;ll‘?l‘ POLY PHENOL- AROMATIC- UNSATURATED F'i:';é:?‘i‘ ali:‘&_" A}L‘I:{:.:Ilm - . NA FATTY ACID-
: LIKE LIKE ALIPHATIC:LIKE * = LIKE

FORMULAE | Palsa (P2) Nz S 606 AT TOR(I01%)  1I0(10%)  2Z8(0.2% 2938 2DHL0%) i)
COUNT (% OF ]

TOTAL) | Thaw front 10852 2192002%)  GO4(64%) TROEETH)  INOIN)  4(04% ALIIR%)  24D(22%) o)
)

Bag (B3) 10024 1833(18.3% 491{4.9%) 6O9T(60.8%)  S2(0S%)  27(0.3% A1440%)  210(2.1%) o[
)

(Ts) Falsa (P2) 3008 SSI183%) TR IO 10T S02%) ) BS(LE%) )
(,Fl_ﬁ!‘:;'tf;"gs Thaw front 2920 GBI33%)  10235%) 20116R9%) 3% O(0%) W) ME.2%) 0i0)

"OUNT (%

TOTAL} | Bog (B3) 209 SO7(18.7%) (2% 1IN SHIS%)  INO%) 00%)  TIZ9%) o(0ei)
PALSATTHAW Palss (P2) 459 21{4.6%) HOT%) JABT5A%)  TRITA%)  S{L1%) i) 6{1.3%) D02}

FRONT s PRy % 2 . : S =
COMPARISON Thaw front 37t E51(40.T¥a) I6(9.7%) 16W45.6%) (N0%) (NO™%) (L0 15(4.0%) Oi0%a)
UNIQUE CHNO
(% OF GROUP)

THAW Tisaw front 346 191(35.0%) 4B IRMF0%)  T(13%)  ND%) 0%)  20(3:7%) 0((P%)
(;‘ﬁ:}ﬁggx Bog (B3) 335 1745.1%) H06%) IBHEAEW) IT(RI%M) (D% move)  S1.5%) 0i0%)
UNIQUE CHNO
(% OF GROUP)
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APPENDIX H: 2025 LOS ANGELES FIRES FIELDWORK

From February 4" to February 6, 2025, I participated in a field sampling campaign in the
aftermath of the 2025 Los Angeles Fires alongside Dr. Thomas Borch, Dr. Srinidhi Lokesh, Dr.
Sean Fettrow, Dr. Ali Namayandeh, Katie Ann Huy, Frida Garcia-Ledezma, and Austen Michael
Lambert. The 2025 Los Angeles Fires were comprised of multiple fires, including the Palisades
Fire and Eaton Fire, that collectively burned ~20,000 ha and destroyed ~18,000 buildings in
January 2025."2 Due to this destruction, ~179,000 people were forced to evacuate, making these
fires some of the most devastating urban fires in U.S. history.! Now that post-fire debris removal
and reconstruction efforts are underway, residents are beginning to repopulate these areas,
potentially exposing themselves to dangerous metals and toxic organic molecules in soil and dust.
I was a part of a multi-institutional team comprised of scientists from Colorado State University,
Stanford University, Chapman University, and NASA’s Jet Propulsion laboratory to sample soil
and debris from the Los Angeles Fires and determine what contaminants may have been released
during the fires. We sampled from 11 destroyed, 5 partially damaged, and 13 undamaged properties
within the Eaton Fire burn scar with permission granted directly by the individual property owners.
At each property, we collected three soil samples in which surface debris, vegetation, and/or ash
were cleared and mineral soil was collected to a depth of ~5 cm (Figure J1). The three soil samples
were combined to make a composite soil sample for each property. At each destroyed property, a
debris composite sample was prepared combining three debris samples collected within the
destroyed building (Figure J2). Additionally, debris samples were collected from recognizable
household objects (e.g. washing machine, dishwasher, microwave) and were referred to as “point

source” samples (Figure J3). My responsibilities for this field sampling campaign included
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crafting the itinerary for each sampling day, prioritizing sampling locations, photographing all
locations and sampling, collecting soil and debris samples, and recording all observations. Samples
from this field campaign were included in a publication submitted to Environmental Science &
Technology Water titled “Enrichment of Disinfection Byproduct Precursors in Fire-Affected Soils
from the 2025 Eaton Fire in Los Angeles, California.” These samples will also be included in a
manuscript evaluating per- and polyfluoroalkyl substances contamination in soil and building

debris. Figures J4-J11 feature additional photos from this sampling campaign.

Figure J1. Sampling soil from undamaged property.

393



Figure J3. Sampling debris next to microwave as a “point source” sample.
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Figure JS. Collecting soil samples from a vegetable garden at an undamaged property.
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Figure J7. Dishwasher in debris from destroyed property.
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Figure J8. Collecting “point source” sample next to washing and drying machines within
destroyed property.

Figure J9. Collecting “point source” debris sample next to burned car.
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Figure J11. Burned electric vehicle.
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APPENDIX I: EDUCATIONAL OUTREACH AND EXTRACURRICULARS

My extracurricular involvement in sustainability and educational outreach influenced local
to global communities. Starting at the local to regional scale, I started the Graduate Student Chapter
of the Student Sustainability Center within the School of Global Environmental Sustainability
during my first year of graduate school at Colorado State University. This was a group of ~30
graduate students conducting sustainability-related research who were interested in participating
in educational outreach. We regularly presented our research to classes of undergraduate students
at Colorado State University and to classes of high schoolers at Timnath Middle-High School,
showcasing what it’s like studying sustainability-related topics as a graduate student (Figure K1).
Furthermore, we participated in Climate Leadership Summits: climate conferences at Colorado
State University for high school attendees. At these summits, hundreds of high school students
from across northern Colorado came to Colorado State University and learned about various
climate-related topics via presentations given by Colorado State University professors (Figure
K2). I was responsible for helping coordinate these summits and recruit graduate students to chat
with the high school attendees during the lunchtime session, facilitating novel interactions between
high school and graduate students. As a part of the Graduate Student Chapter of the Student
Sustainability Center, I also organized workshops for graduate students where I invited Colorado
State University professors to present on relevant academic topics such as applying for grant
funding.

My local outreach extended beyond my involvement with the School of Global
Environmental Sustainability at Colorado State University. During my first year of graduate

school, I was a tutor and outreach coordinator for local elementary schools. Specifically, I was a
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Figure K1. Some members of the Graduate Student Council of the Student Sustainability Center
and I discussing our research to a class of high school students.

Figure K2. The opening keynote address of the 2022 Climate Leadership Summit at Colorado
State University. The audience is comprised of high school students from schools across northern
Colorado.

tutor in the Triunfo program in which elementary students from Harris Bilingual Elementary
School would come to Colorado State University and receive one-on-one mentoring. I was

partnered with a fifth-grade student and helped him develop foundational scientific skills such as

practicing multiplication, using a microscope, and refining his English reading and writing skills
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(Figure K3). Additionally, a group of Colorado State University graduate students and I
coordinated hands-on chemistry outreach events for fifth-grade students at Irish Elementary
Escuela Bilingiie. For example, I taught 40 elementary students how to clean corroded pennies
with a vinegar-based mixture, using the experiment to highlight the chemical concepts of solutions
and oxidation. My educational efforts have been directed at homeschooled children as well.
Working with the Heart-J Center in Loveland, CO, I organized an outreach event in which Dr. Sean
Fettrow (a postdoctoral scholar in the Borch lab) and I gave a presentation about wildfires to a
group of ~20 homeschooled children, led the children to our Alexander Mountain Fire field site,
and showed them how to sample soil and measure soil temperature and pH (Figure K4). I have
also been an invited speaker to multiple community events in northern Colorado. I have been a
panelist for two “Managing the Planet” events hosted by the School of Global Environmental
Sustainability at Colorado State University where experts discuss diverse topics related to relevant
sustainability issues in front of a public audience (Figure KS5). I was invited to give a presentation
about my wildfire research to the Boulder, CO chapter of Citizens’ Climate Lobby. Lastly, I was
an invited speaker at a Latino Conservation Week in Fort Collins, CO where I delivered a five-
minute “lightning talk” about my wildfire research which was actively translated to Spanish
(Figure K6). Such experiences reinforced the importance of allocating time to community
engagement and presenting to non-technical audiences.

Extending my participation to the national level, I was invited to be the keynote speaker at
the Faithfully Advancing Sustainability Together conference hosted at Calvin University in
Michigan (Figure K7). This was a conference for undergraduate students to learn more about how
they can get involved and advance sustainability initiatives at their respective schools. Here, I

delivered the keynote address and led a workshop titled “Make Your Idea a Reality” in which I
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Figure K3. Tutoring a fifth-grade student through the Colorado State University Triunfo program.

Figure K4. Answering a homeschooled child’s question during my wildfire presentation (left) and
teaching homeschooled children how to measure soil temperature (right).
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Figure KS5. Speaking at a “Managing the Planet” event organized by the School of Global
Environmental Sustainability at Colorado State University.

Mobile Home Park Water Quality En

Compromiso con la calidad del agua en parques de casas moviles

2024 Water Filter Distribution  Partnership with M
Distribucidn de filtros de agua Park Re w"m w“ne::om S
202

Filters (Bo

Figure K6. Speaking at a Latino Conservation Week community event at Fort Collins, CO.
guided students on how to design a sustainable initiative for their school and how to effectively
implement it. Beyond Michigan, I lobbied on capitol hill in Washington, D.C. as a part of Citizens’
Climate Lobby (Figure K8). Here, I spoke with staffers from the offices of Senator John

Hickenlooper, Representative Joe Neguse, and Representative Brittany Pettersen advocating for

404



the Seedlings for Sustainable Habitat Restoration Act which sought to provide aid for tree nurseries

to support post-fire reforestation efforts.

Figure K7. Delivering the keynote address at the 2023 Faithfully Advancing Sustainability
Together conference at Calvin University.

Figure K8. Lobbying at Washington D.C. through Citizens’ Climate Lobby.
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Lastly, on the global scale, I was a Colorado State University delegate at the 2023 United
Nations Climate Change Conference (COP28) at Dubai, United Arab Emirates (Figure K9). Here
I sat in on climate negotiations featuring negotiators from dozens of countries discussing climate
financing, supporting developing countries, and tracking greenhouse gas emissions. I also gave a
presentation titled “Youth Engagement on College Campuses: How to Spark Efficacious
Involvement” to an audience of early career researchers describing the lessons that I’ve learned
about how to encourage and foster effective climate action from younger generations (Figure

K10).
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Figure K9. Participating in the 2023 United Nations Climate Change Conference (COP28) at
Dubai, United Arab Emirates as a Colorado State University delegate.
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Figure K10. Presenting at the 2023 United Nations Climate Change Conference (COP28) at
Dubai, United Arab Emirates.

These experiences from teaching homeschooled children how to sample soil to presenting
at a global climate change conference broadened my perspective as a PhD student beyond my own
research and graduate program. Due this extracurricular engagement, I am a more well-rounded

scientist who will continue to engage with the public in the next stages of my career.
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APPENDIX J: ADVICE FOR PHD STUDENTS

I wanted to conclude this dissertation with some advice for current PhD students. While I
enjoy discussing this topic and would do so for a long time, I will narrow down my advice here to
just three suggestions. 1). Practice asking questions. Asking questions is an essential skill for
graduate students. Asking questions makes you a more curious and inquisitive student, can help
you stand out in a crowd at a conference, develop new research ideas, and is essential for job
interviews. Push yourself to ask questions at conferences or in seminars at your home institution.
The more you practice, the easier asking questions becomes.

2). First learn how to say “yes” followed by learning when to say “no.” To me, saying “yes”
doesn’t just mean signing up for additional classes or pursuing a graduate certificate; saying “yes”
means advocating for yourself and positioning yourself as someone who takes the initiative. It
means saying “yes” to asking a question in a crowded seminar lecture, saying “yes” to walking up
to a respected scientist in your field and introducing yourself, and saying “yes” to the opportunity
to organize a conference symposium. These are skills that can be developed. The more you say
“yes” to opportunities and establish yourself as a go-getter, it becomes easier to be an engaged
scientist. I advise that the first few years of one’s PhD experience should be focused on getting
comfortable with saying “yes.” However, saying “yes” to too much can lead to overload,
exhaustion, and burnout. Once you’ve mastered saying “yes,” focus on prioritizing by saying “no.”
Rather than going to another conference, maybe say “no” and prioritize working on publishing a
key manuscript. Instead of traveling to share your research, reschedule that for another time and
prioritize meeting your dissertation defense deadlines. Of course, learning to say “yes” precedes

learning when to say “no;” you can’t say “no” to opportunities unless you position yourself to

408



receive opportunities by saying “yes” in the first place. But, learning when to say “no” during the
latter years of your PhD will help you prioritize and prevent burnout and overextending yourself.

3). Write handwritten thank-you letters to collaborators. Expressing gratitude is very
important in graduate school. While we technically lead papers, us graduate students often receive
an abundance of support from advisors, collaborators, and fellow graduate students. To recognize
that support, I believe that writing handwritten letters for collaborators effectively demonstrates
one’s appreciation and admiration for others. After the contents of Chapter 3 were published, |
wrote individual letters for every co-author on the publication. Not only did that let my
collaborators know how much I appreciated their help, but it also reminded me how blessed I was
to work with a generous, selfless team. Overall, thanking others helps you realize how much
support you truly receive and helps to communicate your appreciation, and handwritten letters are

a unique, personal way to express that gratitude.
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