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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 

CO2 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 CO2 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 CO2 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 CO2 flux measurements exhibited 

on average 2.0 to 2.6x greater microbial metabolism of SOM and 1.4 to 2.5x greater CO2 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 CO2 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 21ST CENTURY 

Wildfires alter ecosystems and can impart essential benefits onto adapted environments.1 

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.1,2 However, global 

wildfire activity has drastically changed during the 21st 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).3–5 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.6 Wildfires are becoming more severe in which fire severity refers to the 

degree of surface organic matter consumption from fire.7–10 Fire intensity (i.e. energy released 

during burning) has increased globally throughout 21st century.7,11 In fact, extreme wildfire events 

characterized by high intensity conditions have more than doubled in frequency from 2003 to 

2023.11 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 2019.10,12 Thus, wildfires are a prevalent force shaping 

global ecosystems and will continue to do so in the future.3,13 

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.14 In the western United States, wildfire-burned area has 

doubled over the past four decades,15 and 3 million ha were burned by nearly 65,000 fires in 2022 
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alone.16 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.5,11,15,17–19 These arid conditions result in drier vegetative fuel which is more susceptible 

to ignition and burning at hotter temperatures.15,20,21 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.18 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.”22 Globally, 3.5 billion people live within the WUI.23 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 2010.22 Now, approximately one in three U.S. houses are located in the WUI.22 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.22,24,25 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.26 Starting in the 1930s, federal 

land managers promoted fire suppression which effectively prevented wildfires from starting and 

spreading.4,26 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.27,28 However, fire 

suppression can lead to decadal accumulation of vegetative fuel on forest floors, increasing the 
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likelihood of larger, more severe wildfires after ignition.4,29,30 Such massive wildfires have been 

prolific in Colorado in which the 20 largest wildfires in Colorado history have all occurred since 

2001.31 Whether driven by climate change, WUI expansion, and/or forest management strategies, 

wildfire activity has been increasing in the 21st 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.32 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 CO2 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 CO2 equivalent emissions in 2020 were 

approximately two times greater than California’s total greenhouse gas emissions reductions since 

2003.33 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.34 A major carbon sequester is soil which contains ~ 2500 Pg of total 

carbon worldwide which is 3.1 times greater than atmospheric carbon content.35 Approximately 

70% of this total global topsoil carbon is exposed to fire.36 Therefore, wildfires may drastically 

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

microbial community diversity,38,4,39–41 increasing soil pH,40,42–50 decreasing soil C/N ratios,48,49,51–

55 and altering soil organic matter (SOM) composition.56 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.57 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.57,58 Thus, SOM plays critical roles in global carbon dynamics, soil biogeochemical 

cycling, and sustaining soil microbiology.17 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 CO2 by soil microbes.59,60 

Terms such as “bioavailability” and “lability” have been used to describe the propensity to which 

SOM is consumed by microbes,38,61–63 but we will use “biodegradability” to incorporate both the 

environmental60 and thermodynamic59 factors that influence microbial SOM consumption. SOM 

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. 
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 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).64–66 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.67 Identification confidence is frequently reported using 

the Schymanski index which ranges from Level 1 to Level 5 in order of decreasing identification 

confidence.68 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.69 Over 80,000 studies on metabolomics have been published from 1998 to 2023,70 

and 8% of all published metabolomics studies have examined soil metabolomics as of 2022.71 

Overall, metabolites propel soil carbon and nutrient cycling, microbial activity, and microbial 

metabolism, making metabolites a critical component of SOM.65,66,71–77 

Wildfires alter SOM composition resulting in SOM often becoming more enriched in 

nitrogen and more aromatic.52,56 Surficial soil temperatures typically range from ~50 to 1500 °C 
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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.42 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.2,61,78,79 While aromatic molecules and pyrogenic 

organic matter are well-studied components of SOM in burned soils,79 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.80–85 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).86 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. 
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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.87–89 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,62,63,90–92 2) that a SOM microbial decomposition priming 

effect can be initiated by the presence of pyrogenic organic matter,86 and 3) that pyrogenic organic 

matter decay rates can be thermodynamically faster than that of natural dissolved organic matter 

pools.48,93 Thus, pyrogenic organic matter may be more biodegradable than originally presumed. 
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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 muffle furnace heating 

to extensive field campaigns.94 Using muffle furnaces to simulate wildfires provides heightened 

control over experimental variables (e.g. soil type and heating temperature) and are widely 

available.37,49,52,94–98 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.99 Pyrocosms are metal containers of soil 

placed into the ground, and vegetation is burned over the soil to simulate a wildfire.99 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 
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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.80–85 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.46,100–102 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.103,104 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.38,46,96,103,105–115 FT ICR-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).103,116 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.103 FT ICR-MS only provides metabolite 

identification confidence up to Level 3 on the Schymanski index with van Krevelen plot 
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analysis.68,117–119 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.65,66,71–77 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.73 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 CO2 respiration 

measurements and experimental incubations. Soil CO2 respiration can be measured either in the 

field or in the laboratory, and more soil CO2 microbial respiration can be indicative of more 

biodegradable SOM.120–122 Experimental incubations feature a microbial inoculum spiked into 

soil-water extracts followed by measuring changes in oxygen or dissolved organic carbon 

concentrations.98,123–126 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 
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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 I co-authored outlining major knowledge gaps within the field of wildfire 

impacts on soil chemistry (Chapter 2).92 Chapter 3 describes a mesocosm-scale experiment using 

pyrocosms which was published in Environmental Science & Technology.127 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.128 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.105 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.129 The work in 

Appendix G “Role of permafrost thaw transitions in biogeochemical nitrogen cycling” was 

published in Soil & Environmental Health.130 I 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.131 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 13th 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 CHANGES1 

 

2.1. INTRODUCTION 

Wildfires are natural environmental disturbances that burn millions of acres each year1. 

Wildfires can benefit fire-adapted biomes by driving soil formation, managing pests and diseases, 

and promoting habitat heterogeneity, biodiversity, and seed germination2–4. 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 20191. During 2001–2019, an average 

area of 4.1 million km2 was burned annually across the world, constituting ~3% of vegetated 

surface area1 (Figure 2.1). Additionally, high-severity wildfires are projected to become more 

frequent under climate change1,5,6. 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 loss7,8. 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 

___________________ 

1Reproduced 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 

https://doi.org/10.1038/s43017-024-00548-8
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Figure 2.1. Distribution of global burn severity. Median difference of normalized burn ratio 
(dNBR; 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 database201. 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 compounds9 and plant-available phosphorus and nitrogen10–13. 

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 ash14–16, 

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. 

Trends in the total organic and metal content of pre-fire and post-fire soils17–23 and the role 

of erosion in transporting this material have been extensively explored19,21,24,25, 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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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 



40 

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 layers26,27. 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 fire28–32. 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)20,22,33,34 (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 O2-rich and O2-deficient microenvironments in which 

combustion and pyrolysis, respectively, can occur34. 

 

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. c, 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)30 (Table A1). 
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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 nutrients36. 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 

carbonates37. 

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 rings38,39. PAHs and their metabolites are carcinogenic, and some compounds (for 

example naphthalene) can inhibit post-fire seed germination14,40,41. Soils burned by wildfires can 

have up to double the concentration of ∑16PAH (sum of the US Environmental Protection Agency’s 

16 priority compounds) of unburned soils. Interestingly, there is no apparent link between post-

fire ∑16PAH concentrations and vegetation types (broad-leaf, conifer, shrub)42. 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 structures43 

(Figure 2.3). Therefore, PAH concentrations following low-intensity fires are 163% and 168% 

higher than after moderate and high-intensity fires, respectively42. 

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 cycling44. Alternatively, PyOM can behave as a terminal  
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Figure 2.3. The effect of temperature on chemical transformations in O2-abundant and O2-limited 
environments. More carboxylic acids are produced in O2-rich conditions (left) than in O2-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 O2 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 temperature44. 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 wood44. 

Fires also influence the redox properties of SOM through the generation of 

environmentally persistent free radicals (EPFRs)45,46. 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)45,46. The abundance of EPFRs 

produced depends on the burn conditions, including maximum fire temperature and O2 availability. 
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For example, flaming conditions often produce more EPFRs than smouldering fires46. 

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 EPFRs45. 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 groups45. 

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 SOM47,48. Organic N in unburned soils can be converted 

to pyrrolic, pyridinic and quaternary forms as the burn temperature increases49–51. 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 compositions52. The Maillard reaction pathway, which involves the condensation of 

amino acids and sugars47,51, is 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 
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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 conditions36. For example, average concentrations of inorganic C increase from 7.5 g kg-

1 in ash formed by low-severity fire to 12.3 g kg–1 in ash derived from high-severity fire54. 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 

carbonates20,36,55–57. 

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 solubility58. Alternatively, metal ions can be reincorporated into thermally altered 

minerals59. 

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 elements60. Although metals typically constitute a minor 

fraction of the chemical composition of biomass36,61, high-severity fires leave behind ash with high 
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metal concentrations36, 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–1 and 53.6 g kg–1, 

respectively, compared with 11.7 g kg–1 and 37.5 g kg–1 in ash from low-severity fires54. 

At burn temperatures between 300 °C and 800 °C, plant-derived Ca, Na, K and Mg form 

molten oxides and carbonates56. The formation of these carbonates alters the thermodynamic 

viability of redox transformations, such as the oxidation of Cr(III) to Cr(VI)62. Calcite (CaCO3) 

and fairchildite (K2Ca(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 CO2. 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 K2O (ref. 63). 

Fire temperature and duration affect mineral particle size64, morphology64, and solubility58, 

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 area65. The outcome is an increase in PM2.5 (the number 

of particles with an aerodynamic diameter less than 2.5 μm) 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 oxyhydroxides66,67. Oxidative heating 

transforms Fe(III) hydroxides and oxyhydroxides, such as ferrihydrite and goethite, into oxides of 

haematite or maghaemite (the latter being magnetic)62,68,69. The particle size and surface area of 

these firegenerated minerals can also change59. 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 decreases59, which is in contrast to the decreases 

in the particle size with increasing fire severity observed in the field65. 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 aggregation64. 

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(II), such as magnetite or wüstite, 

and even to phases composed of Fe(0)70. The metal particle chemistry of wildfires is beginning to 

be revealed, with extensive research on coal combustion71–74, industrial waste incineration75–77, 

and structural fires (fires involving a building or other structure)78,79 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 carcinogen80 (Figure 2.3). 

Conversely, the reduction of As(V) to As(III) 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 mineralogy69,81,82. 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)82,83, but the extent 

of oxidation depends on the temperature and Cr-host phase82. 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 cooling76,82. The formation of Cr(VI) is also inhibited by 

the absence of O2 (ref. 84), indicating that pyrolysis does not lead to Cr(III) 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 occurs78 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(III) in organic-rich soils, with reoxidation back to As(V) being 

promoted at higher temperatures and longer heating durations69. Both As(V) and As(III) phases 

were observed in ash nanoparticles collected after a wildfire, suggesting that As(V) reduction and 

As(III) oxidation both occurred78. 

Both natural and anthropogenic metal(loid) sources can contribute to wildfire-induced 

toxins85,86. Anthropogenic As sources (such as pesticides, smelting, coal from combustion, mining 

and wood preservatives) can contribute to As release during wildfires78,87–89. 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 areas79,90. 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–1 (2,650 mg kg–1 average), which contrast 

with those of metal-poor geologies, such as granites, often having soil Cr(III) concentrations less 

than 200 mg kg–1 (ref. 91). 

Biomass burning can serve as an additional source of metal toxins, depending on the 

vegetation type61. Common biomass ash constituents (such as Ca, Na, K and Mg oxides) can 

enhance the oxidation of Cr(III) in plants and form highly soluble CaCrO4, Na2CrO4, K2CrO4 and 

MgCrO4 phases16,76,77,84. 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 burning16. 

Volatilization contributes to the transport of Hg during wildfires88,89. 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 smoke92–95 (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 material92–95. 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 

wildfires96–99. 

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

reduced and subsequently emitted as arsine gas (AsH3) 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 AsH3 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–1) 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 

precipitation105. As with the geomorphological impacts of post-fire conditions, precipitation can 

also induce biogeochemical reactions that affect soils for weeks to months after wildfires106. 

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 humidity57. 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 recrystallization107. 

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 surfaces108,109. 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)107. 

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 fires36. 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 

oxyhydroxides110,111, in post-fire soils can increase the stability of PyOM by preventing abiotic and 

biotic oxidation112,113. For example, the chemical oxidation and biodegradation of laboratory-

generated PyOM decreased by 42.5% and 49.4%, respectively, when mixed with kaolinite64,113. 

Additionally, concentrations of benzene polycarboxylic acids, which are PyOM biomarkers, are 

correlated with concentrations of organically bound Al (R2 = 0.737) and Fe (R2 = 0.573), 

suggesting that increasing the concentration of organically bound metals or minerals decreases the 

degradation of PyOM114–116. 

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 soluble117. 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 reactions117. 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 Ca2+ and Mg2+) 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 minerals119. For example, phenol, quinone, 

and hydroquinone groups and aromatic C can accept and donate electrons44,118–121. 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 conductivity118. Such mechanisms make electron transfer between laboratory-

generated PyOM and common soil minerals such as Mn oxides, Fe oxides and Fe chloride118,121 

thermodynamically favourable. For example, laboratory-generated, wood-derived PyOM at 

concentrations of 5 and 10 g PyOM l–1 can donate electrons during the Fe(III) reduction of 

ferrihydrite121. 

2.3.3 MICROBIAL DEGRADATION OF PYOM 

Thermodynamic calculations and laboratory experiments122–127 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 

suggested that PyOM remains stable in soils for centuries to millennia128. However, 

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 degradation127. 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 oxidation129. 

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, respectively125,126. 

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 days123,124. 

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 conditions112,113,130. Thus, 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 observations128,131. 

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 PyOM125,129. The genes related to these aromatic PyOM degradation pathways have been 

found to be upregulated by Leotiomycetes and Coniochaeata ligniaria fungi from wildfire-burned 

soils129 and Pyronema fungi exposed to pyrolysed pinewood125. Intermediate products formed in 

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 

cycle125,129,132. Such 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 degradation124,126. Microbial 

exoenzymes generate ROS, such as hydroxyl radicals, which can oxidize condensed aromatic 

PyOM into smaller molecules124,126. Thereafter, these degraded compounds can be further oxidized 

to catechol and protocatechuate, feeding into the degradation pathways described above125,129. 

ROS can also be formed by EPFRs derived from PyOM in post-fire soils45,46. 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 15N in 

15N-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 

conditions125,128. 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(III) 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(III) directly or through the production of hydrogen 

peroxide134. 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 radicals134. In all postfire 

conditions, reducing conditions favour the reduction of As(V) to As(III), 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 

sparse135. 

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 

drinking water sources136. 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 Caledonia136. 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(III), which is less soluble and more benign than 

Cr(VI). The abiotic coupling of Cr(VI) reduction and Fe(II) 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) 

hydroxides137,138, 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)139–141 

or by transferring electrons to proximal Fe(III) minerals producing Fe(II), which secondarily 

reduces Cr(VI) to Cr(III)142. 

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 chaparral86, owing to continued dry conditions and 

below-average precipitation over an 11-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(III) oxidation by O2 (ref. 143), increasing the abundance of 

Cr(VI). Oxidation of Cr(III) can also be aided by Mn(III) or Mn(IV) oxides, which are often 

present in ash following biomass combustion142. 

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(II)145. Ash-

associated Hg in post-fire soils is less bioavailable than Hg in unburned vegetation litter144. 

Additionally, aromatic PyOM146 and sulfide functional groups144,147 adsorb Hg, reducing its 

bioavailability. Therefore, less than 1% of ash-associated Hg is expected to be released or 

methylated in post-fire soils146. 

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 

Arabidopsis14. Karrikins can form under both combustion and pyrolysis conditions14,148,149, making 

them a potentially common germination promoter regardless of fire type150. Other molecular 

classes produced by fires, such as PAHs, inhibit seed germination14,150 (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 patterns151–153. The variables that influence long-term soil and vegetation recovery 

are understudied for many ecosystem types154, making it hard to predict the duration of decreases 

in water quality. Fires also influence hydrological processes, leading to increased evaporative 

losses, reduced soil infiltration19, and increased runoff155; 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 quality105,156,157. For example, sediment transport in 

freshet is increased by 2–100 times following fire158,159. Increases in sediment and dissolved PyOM 
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can be exacerbated by post-wildfire storms and spring snowmelt153,160, increasing turbidity in 

nearby water bodies and increasing the cost of water treatment and fixing damaged 

infrastructure161–164. 

 

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 CO2. KARs 
can degrade growth-repressing proteins by first binding to an α/β-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 roots151. The chemical 

composition and concentrations of key nutrients in eroded material are influenced by burn severity, 

time since fire, and hydrology54,151,153,165,166. 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 management153 because 

municipalities could be required to adapt treatment methods to handle increased N and P, sediment, 

and DOM concentrations90,151,165,167. 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 watersheds25,151. Elevated nutrient concentrations in surface waters can 

persist for over a decade following severe fires155,166,168 but typically return to pre-fire levels within 

5 years169. 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 increases22,170,171. 

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 risk172. Meanwhile, sediment erosion is the primary 

vector of P transport in aquatic ecosystems173,174, which can also contribute to eutrophication and 

harmful algal blooms175. 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 watersheds176. 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 ecosystems177. 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 toxicity177. Further, eucalyptus AEA from soil surfaces is toxic across trophic 

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

cells178–181, potentially owing to the presence of dissolved metals178–180 and methoxy phenols181. 

However, overland flow from a burned (75%) eucalyptus plantation had no effect on Daphnia 

magna despite high PAH concentrations182. 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 bodies36,38,136, 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 A. 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 burning52. Additionally, fire severity negatively affected the 

community composition of soil arthropods in a mixed hardwood forest in the southern United 

States, but the fire products did not have any effect on aquatic arthropods183. Aquatic arthropods 

in southern Australian artesian springs were also unaffected for 2 years after a fire184. 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 regions185. 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 treatment48,186,187. 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 

regulated135, 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 

atoms188. Leachates from burned organic matter produce more N-DBPs than unburned organic 

matter during chlorination48,186,187, 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 environments189. 

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 μm) and clay-sized (<2 μm) 

particles, including PM10 (particles of <10 μm aerodynamic diameter) and PM2.5. Clay-sized 

particles have high surface area and dominate adsorption sites for surface-associated toxins and 

nutrients86,190, and they can be transported by wind or water. When inhaled, PM2.5 can penetrate 
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the lungs and be absorbed into the bloodstream, increasing the risk of cancer191–193 and oxidative 

stress. 

The relative composition and toxicity of wildfire smoke are poorly understood194 and vary 

with ecosystem type195 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 μm in diameter following wildfires and, owing to the fine particle size, can 

be resuspended, with implications for direct toxicity and oxidative stress70. 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 distances196–198 or 

redistributed on the soil surface within ash199. 

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 fires8. 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. 

 

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. 
c, 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 fire200 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 revegetation132. 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 toxicity52. 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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hydrocarbons, black carbon, and molecular markers in soils of Switzerland. Chemosphere. 2004, 

56, 1061–1076.  

(197) Choi, S.-D. Time trends in the levels and patterns of polycyclic aromatic hydrocarbons 

(PAHs) in pine bark, litter, and soil after a forest fire. Sci. Total Environ. 2014, 470–471, 1441–

1449.  



90 

(198) Santín, C. et al. Carbon sequestration potential and physicochemical properties differ 

between wildfire charcoals and slow-pyrolysis biochars. Sci. Rep. 2017, 7, 11233.  

(199) Kim, E.-J., Oh, J.-E. & Chang, Y.-S. Effects of forest fire on the level and distribution of 

PCDD/Fs and PAHs in soil. Sci. Total Environ. 2003, 311, 177–189.  

(200) Chen, H., Uzun, H., Chow, A. T. & Karanfil, T. Low water treatability efficiency of 

wildfire-induced dissolved organic matter and disinfection by-product precursors. Water Res. 

2020, 184, 116111. 

(201) Fernandez-Garcia, V. MOSEV: A global burn severity database from MODIS (2000-

2020). Earth Syst. Sci. Data. 2021, 13, 1925–1938.  

(202) Waters, M. T., Scaffidi, A., Flematti, G. R. & Smith, S. M. The origins and mechanisms 

of karrikin signalling. Curr. Opin. Plant Biol. 2013, 16, 667–673.  

(203) Keeley, J. E. Fire intensity, fire severity and burn severity: a brief review and suggested 

usage. Int. J. Wildland Fire. 2009, 18, 11.   

(204) Parsons, A., Robichaud, P. R., Lewis, S. A., Napper, C. & Clark, J. T. Field Guide for 

Mapping Post-Fire Soil Burn Severity, 243 (Citeseer, 2010). 

(205) Schwertmann, U. in Soil Color, 51–69 (Wiley, 1993). 

 

 

 

 

 

 

 



91 

CHAPTER 3: FIRE IMPACTS ON THE SOIL METABOLOME AND ORGANIC MATTER 

BIODEGRADABILITY2 

 

3.1 INTRODUCTION 

Wildfires are widespread ecosystem disturbances that burn millions of hectares each year 

and are beneficial within fire-adapted environments.1–4 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.5–8 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).9 SOM serves as carbon and energy sources for microbes, and 

microbial metabolism of SOM depends on SOM composition.10 Wildfires disrupt the interplay 

between SOM and  microbial communities by reducing soil microbial biomass,11  decreasing 

microbial Shannon’s diversity,12 shifting microbial community composition (e.g., enrichment in 

Actinobacteria  and loss of ectomycorrhizal fungi)12,13 and function (e.g., increased 

thermotolerance and aromatic organic matter  degradation),12,14–17 altering soil mycorrhizal-plant 

associations,13 and changing SOM composition.9,12,18–21 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.9,18,21–36 PyOM can be highly resistant to biological degradation compared 

to unburned OM, with half-lives ranging over millennial time scales (∼500 to 8000  years).23,37 

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.22,33,38 Fischer et al. observed PyOM metabolism by incubating fungi with 13C-labeled 

burned pine wood for 57 days and detected the release of respired 13C-labeled CO2.39 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.40,41 These studies demonstrate rapid PyOM 

metabolism that includes aromatic substrates previously  considered highly resistant to 

biodegradation.39,41 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).42–44 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.12,39 
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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.12,39 Both studies independently proposed pathways 

that generate two key intermediate compounds: catechol and protocatechuate.12,39 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.12,39 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.45 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.46–51 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.52,53 While ideal for detecting specific metabolites, GC-MS features relatively low 

mass resolution and mass accuracy, limiting its ability to evaluate SOM composition broadly. 
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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).54 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.12,18,19,24,55,56 

We simulated a wildfire using a controlled pyrocosm approach57 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 CO2 

and that 2) intermediate metabolites in  aromatic degradation pathways - namely, catechol, 

protocatechuate, and citric acid cycle metabolites - would be enriched  in burned soil.12,39 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.58 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.58 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).57 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). 

 
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 UB1, 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.59 No wood was burned on 

top of the UB1, UB2, or UB3 pyrocosms. The morning after the burns (referred to as “Day 0”), 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 MΩ 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.58 No additional water was deliberately added to the pyrocosms. Limited natural precipitation 

events did occur during the soil sampling period (Figure 3.4).60 

 

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. 
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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. 
 

 

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.60 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 

comparatively common.12,13,18,24,55,61,62 Pyrocosms were used in this experiment for the following 

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 
was used while “-“ indicates that the technique was not used. 

Technique: Sampling Day 

Day 0 Day 3 Day 7 Day 14 Day 28 

Total Soil Carbon 
and Nitrogen 

X X X X X 

pH X X X X X 

Water 
Extractable 

Organic Carbon 

X X X X X 

Water 
Extractable Total 

Nitrogen 

X X X X X 

Ammonium X X X X X 

Gas 
Chromatography-

Mass 
Spectrometry 

X X X X X 

Fourier 
Transform Ion 

Cyclotron 
Resonance Mass 

Spectrometry 

X - - - X 

Soil CO2 
Respiration 
Incubation 

X - X - X 

Microbial 
Analyses 

X X X X X 

 

3.2.2 SOIL CARBON AND NITROGEN 

Air-dried, 2-mm sieved mineral soil was ground and sieved through a 125-μm 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 

CaCl2 (Fisher Chemical) was added to each sample to produce a final concentration of 0.01 M 

CaCl2. 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 μm 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 µg/mL 13C-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 µm 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 µL of Milli-Q water and 175 µL 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 µL 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 µL 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 µL 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 µL) were injected at a 10:1 split ratio to a 30 m DB-5ms column (Agilent, 0.25 

mm i.d., 0.25 μm 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.63 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.64,65 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. 

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 13C-labelled glucose internal 

standard peak areas in the quality controls were 6.0% and 6.5% respectively (see Equation 3.1). 

Equation 3.1. Coefficient of variation= 

Standard deviation of C-labelled glucose internal standard peak values in quality control samples13

Average C-labelled glucose internal standard peak values in quality control samples13 *100%           

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 

µm polyethersulfone membrane (Merck Millipore Ltd.) using a vacuum flask-based filtration 

manifold. The extract was acidified to a pH of 2 using a 37 % HCl solution (Fisher Chemical) and 

concentrated via solid phase extraction according to Dittmar et al. (2008).66 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 µm i.d. fused silica 

emitter) at 500 nL/min by a syringe pump.67 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.68,69 Ions 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.70 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.71 The dynamically 

harmonized ICR cell in the 21 T FT-ICR is operated with 6 V trapping potential.70,72 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.73 Mass spectra were  

phase-corrected74 and internally calibrated with 10-15 highly abundant homologous series that 

span the entire molecular weight distribution based on the “walking” calibration method.75 

Experimentally measured masses were converted from the International Union of Pure and 

Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale76 for rapid identification of 

homologous series for each heteroatom class (i.e., species with the same CcHhNnOoSs content, 

differing only by degree of alkylation).77 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.78 Molecular formulas containing carbon (C), hydrogen (H), oxygen (O), nitrogen (N), 

and sulfur (S) were assigned using the experimentally measured masses.78–81 Singly charged ions 

(170-1200 Da) were assigned molecular formulae within the bounds of C1-150H1-200O1-40N0-4S0-2 

for negative ESI samples and C2-150H2-200O1-35N0-4S0-2 Na0-1 for positive ESI samples.78 Molecular 

formulae assignments with an error > 0.35 parts-per-million were discarded. Modified aromaticity 

index (AImod) 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.82–84 Molecular 
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formulae were classified by heteroatomic content (CHO, CHON, CHOS or CHONS) and 

categorized based on their elemental ratios and AImod. 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/OSF.IO/PB8QU (https://osf.io/pb8qu/).  

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

 Unburned 
Day 0 

Burned 
Day 0 

Unburned 
Day 28 

Burned 
Day 28 

Total detected peaks 35152 24818 56039 35205 

Number of assigned molecular 
formulae (including isotopes) 

16526 12515 21150 13944 

Average root-mean-square mass 
error (including isotopes) (ppb) 

35 29 36 28 

Number of assigned molecular 
formulae (excluding isotopes) 

9362 8364 12892 9033 

Average root-mean-square mass 
error (excluding isotopes) (ppb) 

32 29 35 27 

Number of nitrogen-containing 
molecular formulae 

1792 3920 3174 4035 

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 CO2 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 

https://osf.io/pb8qu/
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featuring a rubber septum and stored in the dark in a constant temperature room (25 °C).85 CO2 

accumulation in the jar headspace was measured using an infrared gas analyzer (IRGA, model LI-

6252, LICOR). After flushing the jars with CO2-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 analysis 

 Unburned 
Day 0 

Burned 
Day 0 

Unburned 
Day 28 

Burned 
Day 28 

Total detected peaks 24545 14482 26624 26063 

Number of assigned molecular 
formulae (including Na adducts and 

isotopes) 

13888 9891 15101 14086 

Average root-mean-square mass 
error (including and Na adducts and 

isotopes) (ppb) 

31 26 30 32 

Number of assigned molecular 
formulae (including Na adducts, 

excluding isotopes) 

8914 7485 10245 10322 

Average root-mean-square mass 
error (including Na adducts, 

excluding adducts) (ppb) 

29 26 29 32 

Number of assigned molecular 
formulae (excluding Na adducts and 

isotopes) 

6674 7030 8698 9476 

Average root-mean-square mass 
error (excluding Na adducts and 

isotopes) (ppm) 

28 26 29 31 

Number of nitrogen-containing 
molecular formulae 

2262 5412 3275 7233 

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 CO2 quantity in the jar headspace was subtracted by the prior CO2 

quantity to quantify CO2 emitted between sampling points. The jars were then flushed with CO2-

free air to prevent the jars from becoming too concentrated with CO2, and the baseline CO2 
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quantity was measured. This was repeated each time a CO2 measurement was made, and the 

accumulated CO2 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′ 

Illumina 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′ Illumina adapter, the reverse primer pad, the reverse primer linker, 

and the reverse primer, respectively).87 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).88 All primers were modified to include Illumina adaptors and unique barcodes as 

done in the Earth Microbiome Project (EMP) (https://earthmicrobiome.org/).89 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.90 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).91 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)92–94 while fungal (ITS) ASVs were 

assigned taxonomy using self-trained UNITE database classifiers.95,96 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.12,97 Resulting reads were deposited and 

are available at NCBI within BioProject PRJNA682830, 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 < 0.05.98 
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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 

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 ggpubr99 and the function “pairwise.wilcox.test” in the stats package.98 Differences 

in bacterial/archaeal and fungal community composition were similarly assessed using 

nonparametric permutational multivariate analysis of variance (PERMANOVA)100 using 

Bray−Curtis dissimilarity matrices and the “adonis2” function in the vegan package,63 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.101 All visualizations were 

produced with the ggplot2 package,102 except for combined LEfSe/LDA visualizations which came 

from MicrobiomeAnalyst 2.0101 and formatted in Adobe Illustrator 2023 (v27.2). All statistical 

codes are available at https://github.com/julieafowler/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) 

method103,104 or levoglucosan biomarkers.30,31 Therefore, it would be inaccurate to refer to all the 

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 microbes42 and 

thermodynamically oxidized.10 

 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 

https://github.com/julieafowler/Pyrocosm_%20Study_1Month
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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.53 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.53 

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.12,13,17,62,105 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 = 

2.317 × 10−11 and p = 2.2 × 10−16, 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.12,17,106 Other bacterial genera known to possess putative beneficial traits for the 

 

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).97 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)97 

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)107 and Kocuria (distribution via dust or 

smoke)108 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.12,57,110 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 



116 

microbes.79 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.10 Thus, two complementary mass spectrometry techniques 

were used to evaluate SOM composition. 

 

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 



117 

 

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.111,112 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,12 contributing to the “necromass zone” (an area of burned soil where remnants of dead 

microbes serve as biodegradable sources of carbon and nitrogen)57 which may fuel postfire 

microbial metabolism.56,113 

 

 

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).114 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 archaea (AOA) and were potentially enriched by the elevated soil ammonium 

concentrations in the burned soil (Figure 3.12 and Table B4).115–117 Additionally, 

Nitrososphaeraceae have been shown to uptake amino acids118 and may have the potential for 

heterotrophic carbon utilization.118–120 Therefore, AOA could utilize the enriched amino acids in 

the burned soil to fuel microbial metabolism. 

 

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. 

 

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). 
 

 
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 PATHWAYS 

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.12,39 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.121,122 

 

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.31 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.123 
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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. 

 

 

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 B5). Nitrogen enrichment in assigned molecular 

formulas was also observed in previous laboratory studies and may be due to the Maillard reaction 

pathway.18,19,24 Nitrogen is often a limiting nutrient in soil systems;124 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).125 

 

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 CO2 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 CO2−C from the burned and unburned soils, respectively, during the 50-day 

incubations. Overall, more CO2 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).19 Molecular formulae 
plotting above “ALIPH” line feature notable aliphatic content.54 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.125  
 

unburned soil, suggesting that heterotrophic microbes were consuming SOM in a complex burned 

soil environment. The CO2−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 CO2−C to WEOC was generally greater in the 

unburned soil (Figure 3.24 and Table B8). Additionally, the rates of CO2−C emissions were 

initially greater in the burned soil (Figure 3.25 and Table B9). 

CO2 emissions were likely due to both physical and biotic factors. When water was added 

to the soil during incubation preparation, CO2 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).19 Molecular 
formulae plotting above “ALIPH” line feature notable aliphatic content.54 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.125  
 

               

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. 
 

 

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. 
 



128 

 

Figure 3.25. Rate of CO2-C emissions from burned and unburned soil incubations normalized to 
soil mass. Rates were calculated by dividing the total CO2-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 Marañón-Jiménez et al. who measured CO2 respiration from burned 

soils in the Sierra Nevada Natural and National Parks.126 After comparing decay rates of CO2 flux 

after water was added to burned soil, they concluded that approximately 64% of soil CO2 emissions 

during the first 2 h could be attributed to the release of CO2 trapped in soil pores with the rest 

likely related to biological processes.126 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 

CO2 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 

laboratory studies which are comparable time periods to the incubations conducted here.23,39,127 

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 CO2 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.128–131 This aggregate disruption could 

make SOM more accessible by exposing physically protected SOM to microbial biodegradation, 

contributing to mineralization and CO2 soil emissions.110,132 

Considering that only ∼3.3% of total carbon in burned soil was released as CO2 during the 

50-day incubations, the readily biodegradable SOM pool in burned soil likely represents a 

relatively small fraction of the total SOM content.127 Nevertheless, the soil CO2 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 CO2 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.40,41 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.57 
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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,38−41,11738–41,127 and our 

findings provide further evidence for the degradation pathways of aromatic compounds in burned 

soils.12,39 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.6 

Wildfires are well-known to be fatal to many soil microbial taxa and to generate persistent 

forms of SOM.12,13,37,133 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.1 Wildfire activity, however, is changing. Fire weather across ~20 % of 

global burnable land area has deviated from historical patterns,2 and wildfire intensity (i.e. energy 

released during burning) has increased globally since the beginning of the 21st century.3,4 

Specifically, extreme wildfire events representing high intensity fires have more than doubled in 

frequency from 2003 to 2023.4 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.5–27 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.28 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).29–33 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).34–36 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).37 Metabolites identified at Level 2 or 3 confidence 

can also be referred to as “annotated” metabolites.38 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.39 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.35,36,40–46  

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.47–52 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).37,53 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 

to unburned soil.54 Such results imply that burned soil may contain an enriched, more abundant 

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 

heating may be more representative of wildfire conditions,55 we used a muffle furnace for soil 

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.17,30–33,56–58 Our 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)29–33 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 Network59: 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 6th, 

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 26th, 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 23rd, 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 

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 MΩ·cm) were added to each crucible to simulate a 15-minute intensity, 1 year 

return interval precipitation event.60 O-horizon and mineral soil were dried overnight and sieved 

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.30 

“Control” samples underwent the same procedure except these samples were not heated in the 

muffle 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 µm 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 muffle 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. 

 
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. 
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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 C AND 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 µm pore size, 13 

mm diameter filters, Celltreat Scientific Products). A pooled quality control sample was prepared 

by mixing 500 µL of each filtered extract. Seven 1-mL aliquots of the pooled quality control and 

1-mL aliquots of each filtered replicate were lyophilized overnight, suspended in 75 µL of Milli-

Q water and 175 µL of methanol (LC-MS grade, Supelco, Inc.), and stored at -20 °C for ~3 h. 

After centrifugation, 200 µL of the water-methanol supernatant were transferred to 1.8 mL 

borosilicate, 12 x 32 mm GC-MS autosampler vials (Avantor, Inc.), and 40 µL of a 0.100 mg 13C-

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 13C-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 N2 gas, and 50 µL 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 µL 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 µL 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 5th, 2024 with 20 soil samples, 7 pooled quality control samples and 2 

blanks; mixed conifer forest samples on July 19th, 2024 with 20 soil samples, 7 pooled quality 

control samples and 2 blanks; spruce-fir forest samples on July 25th, 2024 with 20 soil samples, 7 

pooled quality control samples and 2 blanks).  
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 Samples (1 µL) 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 7HG-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 a rate 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.54 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 13C-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.37 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 µm pore size, 13 mm diameter filter, Celltreat Scientific 

Products). A pooled quality control (QC) sample was produced by mixing 200 µL 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 µL 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 µL of a 10.125 µg/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 14th, 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 (WatersTM). For each sample, 50 µL were injected using a Waters Acquity 

UPLC system and ACQUITY Flow-thru-needle sample handler, using a 50 µL sample loop and 

15 µL flow-thru needle. Separation was achieved using a Waters ACQUITY UPLC Premier T3 1.7 

μm Column (1.7 μM, 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 

25 V, 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 <1 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 
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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).61 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 µm 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).62 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, 1 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 µL of the sample was 

pumped to the source at 3 µL/min with a 0.5 µm 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 µL 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.63 Mass spectra were 

calibrated with 10-15 highly abundant homologous series spanning the molecular weight 

distribution according to the “walking” calibration method.64 

 Experimentally determined masses were converted from the International Union of Pure 

and Applied Chemistry (IUPAC) mass scale to the Kendrick mass scale65 for homologous series 

identification for each heteroatom class (i.e. molecular formulae with the same CcHhNnOoSs 

content but differ only by the number of methylene subunits).66 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.67 

Molecular formulae were assigned to singly-charged ions (170-12—Da) within the bounds of C4-

75H4-150O1-30N0-4S0-2 and were discarded if the error was greater than 0.35 parts-per-million.67 

Modified aromaticity index (AImod) and nominal oxidation state of carbon (NOSC) values were 

calculated for each assigned molecular formula.68–70 
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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. 
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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 types 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). 

 

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.37  
 

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. 
 

 

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 

repopulation. 

 

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. 

 
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.37  
 

Previous studies have observed soil organic matter from burned soils featuring heightened 

aromatic content.5,28,30,32,49,50,52,71–74 Such 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.71,75 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+.76–78 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 
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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,79,80 2-furoic acid can be the sole source of carbon and energy for Pseudomonas 

putida (a saprophytic soil bacterium),81,82 glyceric acid is involved in glycine, serine, and threonine 

metabolism,83 and 2-hydroxybutyric acid is involved in propanoate metabolism.84 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. 
 

 
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.37 The sugar-derived organic acids, sugar alcohols, 
monosaccharides, disaccharides, and trisaccharides were identified with Level 3 identification 
confidence.37 

 

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).30,72 

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. 
 

 

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.37 150 °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.29–33 Additional bulk soil parameters can be found in Appendix C (Figure C1-C4).  

 

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. 
 

During wildfires, soil is often heated heterogeneously, contributing to a range of soil 

heating temperatures.8,54,75,85–87 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.88 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)89 and releasing intracellular metabolites into 

the soil.71,90–92 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.93 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 

CO2.7,94,95 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 CO2 respiration rates, potentially increasing post-fire 

soil greenhouse gas emissions. 

4.5 ACKNOWLEDGEMENTS 

This research was funded by Dr. Mike Wilkins and Dr. Thomas Borch from the National 

Science Foundation under grant number 2114868 and the United States Department of Agriculture 

(USDA) National Institute of Food and Agriculture through AFRI grant number 2021-67019-

34608. We thank Dr. Charles Rhoades of the United States Forest Service for providing soil 

samples for this investigation. We thank Dr. Nathan Montgomery from the Bioanalysis and Omics 

Center within the Analytical Resources Core at Colorado State University for operating the LC-

MS instrument (RRID: SCR_021758). We thank Paul Mathews and Dr. Claudia Boot from the 

Analytical Resources Core at Colorado State University who assisted in GC-MS operation and 

provided guidance for the LC-MS data analysis process, respectively. We thank Daniel Reuss and 

Rodney Simpson from the EcoCore Analytical Facility at Colorado State University who provided 

access to a soil grinder and the instrumentation for measuring total carbon and total carbon. We 

thank Dr. Robert Young for establishing FT-ICR MS analysis within the Borch lab at Colorado 

State University and for providing helpful code for FT-ICR MS data processing. We also thank 

Isabel McPherson from the United State Forest Service Rocky Mountain Research Laboratory for 

operating the TOC-L Shimadzu analyzer. The TOC art was made using BioRender.com. 



191 

4.6 AUTHOR CONTRIBUTIONS 

Jacob VanderRoest contributed to conceptualization, data curation, formal analysis, 

investigation, project administration, software, visualization, writing – original draft preparation, 

and writing – review and editing. Corey Broeckling contributed to methodology, resources, writing 

– review and editing. Tim Fegel contributed to methodology, formal analysis, resources, 

supervision and writing – review and editing. Lydia Babcock-Adams contributed to data curation, 

investigation, resources, and writing – review and editing. Martin Kurek contributed to formal 

analysis, software, and writing – review and editing. Thomas Borch contributed to 

conceptualization, supervision, funding acquisition, project administration, resources, and writing 

– review and editing. 

Specifically, Timothy S. Fegel collected and provided the soil and litter samples and 

generated dissolved organic carbon and dissolved total nitrogen values that were used to calculate 

water-extractable organic carbon and water-extractable total nitrogen. Lydia C. Babcock-Adams 

operated the Fourier transform ion cyclotron resonance mass spectrometry instrument. Martin R. 

Kurek calibrated the data from the Fourier transform ion cyclotron resonance mass spectrometry 

instrument and assigned molecular formulae to the detected peaks. I conducted the soil heating 

experiments, measured soil pH, measured total soil C and N, led the gas chromatography-mass 

spectrometry analysis, led the liquid chromatography-mass spectrometry analysis, and analyzed 

the molecular formula assignment data from the Fourier transform ion cyclotron resonance mass 

spectrometry instrument, contributing to my conceptualization, data curation, formal analysis, 

investigation, project administration, and software contributions. For visualization, I produced all 

of the figures in this chapter.  

 



192 

CHAPTER 4 REFERENCES 

 

(1) Pausas, J. G.; Keeley, J. E. Wildfires as an Ecosystem Service. Front. Ecol. Environ. 

2019, 17 (5), 289–295. https://doi.org/10.1002/fee.2044. 

(2) Abatzoglou, J. T.; Williams, A. P.; Barbero, R. Global Emergence of Anthropogenic 

Climate Change in Fire Weather Indices. Geophys. Res. Lett. 2019, 46 (1), 326–336. 

https://doi.org/10.1029/2018gl080959. 

(3) Keeley, J. E. Fire Intensity, Fire Severity and Burn Severity: A Brief Review and 

Suggested Usage. Int. J. Wildland Fire 2009, 18 (1), 116–126. https://doi.org/10.1071/wf07049. 

(4) Cunningham, C. X.; Williamson, G. J.; Bowman, D. M. J. S. Increasing Frequency and 

Intensity of the Most Extreme Wildfires on Earth. Nat. Ecol. Evol. 2024, 8, 1420–1425. 

https://doi.org/10.1038/s41559-024-02452-2. 

(5) Jiménez-Morillo, N. T.; Almendros, G.; Miller, A. Z.; Hatcher, P. G.; González-Pérez, J. 

A. Hydrophobicity of Soils Affected by Fires: An Assessment Using Molecular Markers from 

Ultra-High Resolution Mass Spectrometry. Sci. Total Environ. 2022, 152957. 

https://doi.org/10.1016/j.scitotenv.2022.152957. 

(6) Knicker, H. How Does Fire Affect the Nature and Stability of Soil Organic Nitrogen and 

Carbon? A Review. Biogeochemistry 2007, 85 (1), 91–118. https://doi.org/10.1007/s10533-007-

9104-4. 

(7) Alcañiz, M.; Outeiro, L.; Francos, M.; Farguell, J.; Úbeda, X. Long-Term Dynamics of 
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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 2024.1 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.2 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.3–10 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).11–13 Metabolites in a sample are often referred to as 

the metabolome or metabolite profile, and metabolomics refers to the investigation of metabolites, 
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providing valuable insight into microbial metabolism and carbon cycling.12–21 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.8,22–26 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.27,28 

Metabolites in soils that were burned in pyrocosms have been putatively identified and relatively 

quantified.29 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)30 has been 

considered minimally biodegradable with half-lives ranging over millennial timescales.31–33 

However, recent laboratory experiments conducted since 2018 have observed 1) the degradation 

of pyrogenic organic matter within as few as 10 days,3,34–37 2) that pyrogenic organic matter can 
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induce a positive priming effect for SOM degradation,27 and 3) that pyrogenic organic matter can 

feature faster decay rates compared to non-pyrogenic organic matter.38,39 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.10,40 A recent incubation-based experiment 

observed significantly more biodegradation of organic matter from experimentally heated soil and 

litter compared to unheated soil and litter.41 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.42,43 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 CO2 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 CO2 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 

17th, 2024.44 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.44 

 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 8th, 2024. No precipitation events occurred during this sampling 

period (October 2nd, 2024 through October 8th, 2024).45 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.4,5,9,46–48 Approximately 2.7 cm of precipitation fell during the 

period between the fire being 100% contained (August 17th, 2024) and when sampling began 

(October 8th, 2024).45 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.49 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.50 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.50 The sample locations ranged in elevation from 2110 m to 2145 m (Bad Elf 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.43 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 MΩ 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. 

  

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 % HCl 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.51 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 µL was pumped to the source at 3 µL/min with 

methanol (LC-MS grade, Honeywell) with a 0.5 µm inline filter (MAC-MOD Analytical). The 

lines were flushed with ~300 µL 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 of 400,000 ions each.  For an individual sample, 100 scans were co-added and the subsequent 

spectrum was phase corrected.52 Individual mass spectrum were calibrated using the “walking 

calibration method” with 10 to 15 abundant homologous series covering the mass spectrum.53 

Masses, which were generated in the International Union of Pure and Applied Chemistry 

(IUPAC) mass scale, were converted to the Kendrick mass scale54 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.55 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.56 Singly-charged ions were assigned 

molecular formulae within the bounds of C4-75H4-150O1-30N0-4S0-2 with molecular weights ranging 

from 170 to 1200 Da. Assigned molecular formulae were discarded if the error exceeded 0.35 

ppm.56 The molecular composition for each assigned molecular formula were used to calculate 

nominal oxidation state of carbon (NOSC) and modified aromaticity index (AImod) values.57–59 

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 µm pore size, 13 mm diameter filters 

(Celltreat Scientific Products). To generate a pooled quality control sample, 200 µL 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 µL of methanol (LC-MS grade, Supelco, 

Inc.) and 75 µL of Milli-Q water and stored at -20 °C for approximately 2 h. Following 

centrifugation, 200 µL 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 µL of a 0.100 mg 13C-glucose (99 % purity, 

Cambridge Isotope Laboratories, Inc.)/mL Milli-Q H2O 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 µL 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 µL 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 µL 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 

µL 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 7HG-G015-11). 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.29 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 13C-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.28 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 1”). This was 

conducted because reaching level 2 confidence on the Schymanski index could not be achieved 

with our annotation process.28 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 

1”) 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 µm pore size, 13 mm diameter filter (Celltreat Scientific Products), and a 

pooled quality control (QC) sample was produced by mixing 200 µL 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 µL 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 µL of a 10.125 µg/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 (WatersTM). For each soil sample, pooled quality control 

sample, and blank, 50 µL were injected using a Waters Acquity UPLC system and ACQUITY 

Flow-thru-needle sample handler featuring a 15 µL flow-thru needle and a 50 µL sample loop. A 

Waters ACQUITY UPLC Premier T3 1.7 μm Column (1.7 μM, 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.60 
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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 µS/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 C AND 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 KCl 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: 

Equation 5.1. Gravimetric water content= ((Mass of wet soil (g)-Mass of dry soil (g))
Mass of dry soil (g) ) *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 µm 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.61 Fluorescent index (FI), humification index (HIX), and biological index (BIX) 

were calculated62–64These 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 µm 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 µm 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 

chemical 

properties 

Source 

Coble A Excitation 260 nm / Emission 450 nm Terrestrial-like 

source, soil-humics 

(Coble 

1996)61 

Coble C Excitation 340 nm / Emission 450 nm Terrestrial-like 

source, soil-humics 

(Coble 

1996)61 

Coble B Excitation 275 nm / Emission 305 nm Tyrosine-like 

(C9H11NO3), 

protein-like 

(Coble 

1996)61 

Coble T Excitation 275 nm / Emission 340 nm Tryptophan-like 

(C11H12N2O2), 

protein-like 

(Coble 

1996)61 

HIX  𝐻𝐼𝑋= ∑ 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛480 𝑛𝑚435 𝑛𝑚∑ 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛345 𝑛𝑚300 𝑛𝑚  𝑎𝑡 254 𝑛𝑚 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 

 

Higher values 

indicate increased 

humic substance 

content (i.e. higher 

degree of 

humification) 

(Ohno 

2002)62 

BIX 𝐵𝐼𝑋 =𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 380 𝑛𝑚𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 430 𝑛𝑚  𝑎𝑡 310 𝑛𝑚 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛                       
Higher values 

correspond to 

recently produced 

microbially-

derived DOM 

(Huguet et al. 

2009)63 

FI 𝐹𝐼 = 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 470 𝑛𝑚𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 520 𝑛𝑚  𝑎𝑡 370 𝑛𝑚 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛                       Approximates 

DOM source. 

Higher values 

indicate 

microbially-

derived DOM 

while lower values 

indicate 

terrestrially-

derived DOM. 

(Cory and 

McKnight 

2005)64 

 

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 CO2 gas fluxes were measured on October 8th, 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 CO2 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] 
(mg/L) 

Final – Initial 
[DOC] (mg/L) 

Unburned extract + river 
water inoculum replicate 1 

9.873 9.378 -0.495 

Unburned extract + river 
water inoculum replicate 2 

9.847 9.446 -0.401 

Unburned extract + river 
water inoculum replicate 3 

9.933 9.503 -0.430 

Low severity extract + river 
water inoculum replicate 1 

10.26 8.916 -1.344 

Low severity extract + river 
water inoculum replicate 2 

10.15 8.609 -1.541 

Low severity extract + river 
water inoculum replicate 3 

10.32 8.785 -1.535 

High severity extract + river 
water inoculum replicate 1 

9.749 8.592 -1.157 

High severity extract + river 
water inoculum replicate 2 

9.877 8.616 -1.261 

High severity extract + river 
water inoculum replicate 3 

9.826 8.635 -1.191 

River water inoculum only 2.613 2.679 +0.066 

Mixture of filtered unburned, 
low severity, and high 

severity extract only (no river 
water inoculum) 

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= ∆c
∆t

V
S

Pa
RT

 

where c is the mole fraction of CO2 or CH4 in µmol mol-1, t 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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Δc/Δt using code previously developed in MatLab.65 Average R2 values for CO2 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 10th, 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.66 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 

ScientificTM). A Dionex Inuvion instrument using a Dionex IonPac™ AG28-Fast-4µm 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’).67,68 Soil fungal communities were amplified using primers targeting the first internal 

transcribed spacer (ITS1) region of the ribosomal DNA, ITS1f (5′-

CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) (White 

et al., 2012).69 For each sample, duplicate PCR reactions were conducted using 1 µL 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 

Illumina 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 

PRJNA1403077. 

Raw sequencing reads were analyzed in QIIME2 (release 2021.2).70 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.71 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),72–74 while fungal ASVs 

were assigned taxonomy using a self-trained UNITE database classifier (version 9.0).75,76 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.77  

Differences in bacterial and fungal community composition across sites and depths were examined 

using permutational multivariate analysis of variance (PERMANOVA)78 based on Bray-Curtis 

dissimilarity matrices and implemented with the “adonis2” function in the vegan package.77 

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 ggplot2.79  

Fungal guilds were assigned using the FUNGuildR v0.3.0 package in R, which annotates 

ASVs based on the FUNGuild database.80 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 (P>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), 



234 

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.42,43 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.81–89 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.90 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,27,29 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.4 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. c, 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 types 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 5.12c). Figure 5.12c 

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. 

 

 

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 



239 

help facilitate protein biosynthesis and microbial biomass accumulation while enhancing the 

biodegradability of the SOM, contributing to post-fire microbial activity. 

 

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.61 b, Coble B values correspond to abundances of tyrosine-
like and protein-like fluorescent compounds.61 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,91 vanillic acid influences aminobenzoate degradation,92 and 

2-furoic acid can be the sole source of carbon and energy for Pseudomonas putida (a saprophytic 

soil bacterium).93,94 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 5.12e). 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 

(“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.6,82 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 5.12c-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.95,96 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).97,98 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 5.16c).4,34,99,100 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.4,34 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.101–

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.63 b, Humification Index (HIX) values correspond to 
abundances of humic substances and greater degrees of humification.62 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.28 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 

soils. 

Significantly greater 
abundances in unburned 
soils compared to burned 

soils. 

No significant differences 
between unburned and 

burned 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 Iii  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 5.18c 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.82,104,105 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.106 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.107 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 µm, 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.109–111 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 
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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.108 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. c, Van Krevelen diagram plotting assigned 
molecular formula unique to unburned and high severity samples.108 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.106 

 

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).57–59 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. 

 

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. 
 

 

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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Figure 5.22. Density plot comparing the nominal oxidation state of carbon (NOSC) values of 
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.59 Molecular formulae with high NOSC values require less energy to oxidize, resulting in 
those formulae being more biodegradable from a purely thermodynamic perspective.112 Note 
the slight shoulder near 1 on the x-axis for the low severity sample. 

 

Figure 5.23. Density plot comparing the modified aromaticity index values of 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.57,58  
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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. c, 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.4,29,39,48,113–117 

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.4,118 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.4,29,48,117 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 CO2 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 CO2 respiration fluxes were greater in 

burned soils than in unburned soils (Figure 5.25). Specifically, the high severity soils respired 

significantly more CO2 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 CO2 

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 CO2 uptake from photosynthesis and CO2 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 CO2 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. 

 

Figure 5.25. Soil CO2 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,4–10 
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Figure 5.26. Photos of soil CO2 gas flux measurements. a, Jacob VanderRoest measuring soil CO2 
net ecosystem exchange with the gas chamber not covered by a tarp. Photo credit: Dr. Sean 
Fettrow. b, Dr. Sean Fettrow measuring soil CO2 respiration by covering the gas chamber with a 
tarp during measurements. Photo credit: Jacob VanderRoest 

 

 

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.38,39 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,3 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.5–10,82,119 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 CO2 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 CO2 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. 

 

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 CO2 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.1 Deliberately burning vegetation can prevent the buildup of hazardous vegetative fuel 

quantities that contribute to massive, high severity wildfires if ignited.1 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.2,3 This increased microbial activity, while beneficial for 

producing a healthy soil system, may increase post-fire soil CO2 emissions through microbial 

metabolism. In this dissertation, burned soils respired more CO2 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,4,5 wildfire-burned soils may act as a substantial source of 

CO2 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.6  

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 CO2 

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.7 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.8,9 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 
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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.10,11 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.12,13 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 CO2 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 CO2 respiration measurements need to be conducted and incorporated into global 

climate models. Within climate models, these post-fire soil CO2 respiration quantities can be 

compared to other CO2 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 
(Severity/Intensity) 

Observations Reference 

PAH Pine bark, litter, 
and soil in 
Pohang, South 
Korea 

Samples 
collected 1, 
3, 5, and 7 
months 
after a 
forest fire 

 Control samples showed 
lowest PAH levels; 
PAHs decreased over 
time 

Choi, 
20141 

Varies 143 sets of 
published 
data 

 Total PAHs in fire-
affected soils increased 
by 205% compared to 
unburned soils 

Yang et al. 
20222 

Organic 
Carbon 

Computational 
study 

Representat
ive PyOM 
and DOM 
molecules 
from 
database 

 

N/A Observed considerable 
overlap between preicted 
metabolic rates of PyOM 
and DOM microbial 
degradation 

Graham et 
al. 20233 

Old-growth, 
lodgepole pine-
dominated (P. 
Contorta) forest 

Collected 
surface 
mineral soil 
(0-5 cm 
depth) 

Unburned control, 
low severity, and 
high severity 
samples 

Soil organic matter from 
high severity burned 
soils featured higher 
nominal oxidation state 
of carbon values, 
generating lower Gibbs 
free energy of oxidation 
values 

Nelson et 
al. 20224 

Laboratory 
Study 

Soil-water 
extracts 
from 
pyrolyzed 
oak wood 
were 
incubated 
with soil-
derived 
microbial 
consortium 

Oak wood 
(Quercus 
hemisphaerica) 
was pyrolyzed at 
400°C and 650°C 
for three hours 

25-67% of aromatic 
content was 
biomineralized within a 
10-day incubation 

Bostick et 
al. 20215 

Laboratory 
Study 

Soil-water 
extracts 
from 
pyrolyzed 
oak wood 
were 
incubated 
with soil-
derived 

Oak wood 
(Quercus 
hemisphaerica) 
was pyrolyzed at 
400°C and 650°C 
for three hours 

Upwards of 25% of 
carbon content was 
biomineralized within a 
10-day incubation 

Goranov 
et al. 
20226 
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microbial 
consortium 

Laboratory 
Study 

PyOM 
produced 
from 
pylrolzing 
pine wood 
was 
incubated 
with 
Pyronema 
domesticu
m fungi 

Eastern white pine 
wood (Pinus 
strobus) was 
pyrolyzed at 750°C 
for 30 minutes 

PyOM was 
biomineralized within 
the span of 57 days 

Fischer et 
al. 20217 

Organic 
Nitrogen 

Laboratory 
Study 

Mineral 
soil 
samples 
were 
collected 
from 
subalpine 
canyon 
located in 
northern 
Colorado 

Soil was burned 
under oxic 
conditions at low 
severity (225°C), 
moderate severity 
(350°C), and high 
severity (500°C) in 
a muffle furnace. 

Number of nitrogen-
containing soil organic 
matter molecules 
increased by 20% after 
burning at 225°C 

 

Cawley et 
al. 20178 

Laboratory 
Study 

Mineral 
soil 
samples 
were 
collected 
from 
coniferous 
forest 
located in 
northern 
Colorado 

Soil was burned 
under oxic 
conditions at 
150°C, 250°C, 
350°C, and 450°C 
in a muffle furnace. 

Number of nitrogen-
containing soil organic 
matter molecules 
increased by 32% after 
burning at 250°C 

Bahureksa 
et al. 
20229 

Karrikins Laboratory study Germinatio
n assays of 
Arabidopsi
s thaliana 
seeds with 
solutions of 
karrikins 

None Karrikins promoted the 
germination of 
Arabidopsis thaliana 
seeds 

Nelson et 
al. 200910 

Laboratory study Karrikin 
quantities 
in smoke 
water 
samples 
were 
measured. 

None Developed method for 
quantifying karrikins in 
smoke water using ultra-
high performance liquid 
chromatography-tandem 
mass spectrometry 

Hrdlička 
et al. 
201911 

Disinfectio
n 
byproducts 
(DBP) 

Watersheds from 
ponderosa pine 
(Pinus 
ponderosa)  and 
Douglas-fir 
(Pseudotsuga 

13 first- 
and 
second-
roder 
catchments 
were 

Sampled five 
unburned 
catchments, six that 
burned at moderate 
severity (<50% of 
catchment area 

Linear relationship 
between watershed 
burned area and 
haloacetonitrile 
formation was observed 

Chow et 
al. 201912 
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menziesii) forests 
located in 
Colorado 

sampled 12 
years after 
the 2002 
Hayman 
fire 

burned with <25% 
at high severity), 
and two that 
burned at high 
severity (75-95% 
of catchment area 
was burned with 
50-60% at high 
severity) 

Laboratory study Forest 
detritus (0-
5 cm) 
collected  
from 
Stanislaus 
National 
Forest was 
burned, and 
chlorinatio
n-based 
DBP 
formation 
potential 
tests were 
conducted 
on the 
leachate of 
the burned 
samples  

Forest detritus 
samples were 
burned at 250°C 
and 400°C under 
oxic conditions and 
pyrolyzed at 250°C 
and 400°C in a 
muffle furnace 

Formation potential of 
haloacetonitriles 
increased by 324% in 
detritus pyrolyzed at 
250°C compared to 
unburned detritus. 

Wang et 
al. 201513 

Cr Laboratory study Synthetic 
Cr(III)- 
substituted 
ferrihydrite
, goethite, 
and 
hematite 
and 
ferrosol-
type soil 
were 
heated in a 
muffle 
furnace 

200, 400, 600, and 
800ºC at a duration 
of 2 h 

Cr(VI) detected in all 
heated samples but 
extent depended on 
oxide type.  Moderate 
temperatures (200-
600ºC) yielded greater 
Cr(VI) formation in the 
ferrihydrite, hematite, 
and Ferrosol-type soil 
and decreased 
considerably at 800ºC. In 
contrast, Cr(VI) 
formation within the 
Cr(III)-substituted 
goethite increased almost 
linearly with 
temperature, 
approaching 100% of 
total Cr at 800ºC 

Burton et 
al 201914 

Laboratory study 

 

 

Grass 
samples, 
Hypertheli
a dissolute, 
burned in a 
muffle 
furnace.  

200ºC for 4 h, then 
heated at specific 
max temperatures 
(500, 600, 700, 
800, and 900ºC) for 
1 h 

Natural Cr(VI)/Total Cr 
concentration of 2.5% 
increased to 23% when 
heated at 500ºC and to 
58% when heated to 
800°C.  

Panichev 
et al. 
200815 
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Field study Soils from 
South 
Africa were 
samples 
before and 
after 
bushfires  

 Unburned soil samples 
contained <1 % 
(Cr(VI)/Total Cr and 
burned topsoil with grass 
contained 2.7%. Black 
ash were shown to 
contain higher 
proportion (9.3%) of 
Cr(VI).  

Panichev 
et al 
200815 

Field study Soils and 
ash 
collected 
from 3 
natural 
preserves 
that burned 
during the 
Kincade 
fire of 
California 
were 
sampled 
shortly 
after fire 
and 10  
months 
post-fire in 
various 
geology 
types 

Low, moderate, 
and high severity 
fire 

High Cr(VI) 
concentration (222-3,335 
µg/kg) observed in 
surface ash layers in 
wildfire-affected 
ultramafic soils. 
Elevated Cr(VI) in soil 
and ash from a burned 
chaparral persisted 10 
months after wildfire.  

Lopez et 
al 202316l 

Field study Collected 
ash and 
burned 
soils from 
California 
wildland 
and 
residential 
areas 

Multiple fires of 
varying severities 

Dominant form of Cr 
found was Cr(VI) and 
greater in the wildland-
urban interface. 

Wolf et al 
200817 

As Field study Speciation 
of soils and 
biological 
leachates of 
ashes from 
California 
wildfires 
were 
assessed 
(Cr, As, Se)  

Multiple fires of 
varying severities 

Unpolluted soil- and ash-
bound As concentrations 
were relatively low after 
multiple California 
wildfires but when As 
was measured, it was 
typically As(V) 
 

Wolf et al 
201118 

Hg Laboratory study Brake fern 
plants and 
mixtures 
(plant 
residue, 
As2O5 
(aq), with 

Heating 
temperature of 100 
to 800 °C with the 
heating rate of 25 
°C/min for 4 h 

Arsenic emissions from 
As(V) reduction 
followed by 
volatilization as arsine 
gas was observed when 
burning an As-
hyperaccumulating plant, 

Yan et al. 
200819 
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or without 
charcoal) 
were 
heated in a 
muffle 
furnace 

brake ferns (Pteris 
vittata), even at 
temperatures less than 
400°C. Arsenic(III) 
volatilization increased 
as temperatures were 
increased from 100-
800°C 

 Field study Mercury 
emissions 
from 2000-
2013 
wildfires in 
the US 
were 
measured 
in various 
ecosystems 

Varied Hg emissions varied 
across vegetation types 
where low biomass 
ecosystems (desert 
scrub) are lower 
emission sources 

Webster et 
al. 201620 

 

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 
al., 201921 

Australian eucalypt, 
USA chaparral, 
Canadian spruce, 
Spanish heathland, 
Spanish pine forest, 
UK grassland 

Daphnia 
magna 

Composite ash 
samples; 1 : 10 
ratio of ash to 
culture medium 

Significant acute toxicity 
observed for 3 of 6 ash types 
tested  

Brito et 
al., 201722 

Brazilian Cerrado, 
pasture, and 
transition area 
between palm 
swamp and savanna 

Ceriodaphnia 
dubia, Danio 
rerio, 
Biomphalaria 
glabrata 

Ashes collected 
(five locations) 
within burned 
area one day 
postfire and 
homogenized; 1 : 
10 ratio of ash to 
culture medium 

All ash types caused acute 
toxicity to C. dubia, 
transition area ashes were 
toxic to D. rerio, all other 
species and ash types were 
not affected 

Campos et 
al., 201223 

75% eucalypt 
plantations 
(Eucalyptus 
globulus Labill.), 
25% Maritime Pine 
(Pinus pinaster), 
Portugal 

Vibrio fischeri, 
Pseudokirchne
riella 
subcapitata, 
Lemna minor, 
Daphnia 
magna 

Overland flow 
collected after 
first significant 
rainfall event 
following fire and 
about one year 
later 

Significant inhibitory effects 
on V. fishceri, P. subcapitata, 
and L. minor, but not D. 
magna; runoff immediately 
after fire was less toxic than 
water collected one year later 

Ré et al., 
202124 

Mixed Eucalypt 
(Eucalyptus 
globulus) and pine 

Human 
keratinocytes 

Ash from each 
site mixed for 
composite AEA 

Increasing concentration of 
aqueous ash extracts 
decreased cell viability  
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(Pinus pinaster), 
Portugal 

Afonso et 
al., 202225 

Maritime Pine 
(Pinus Pinaster), 
Eucalypt 
(Eucalyptus 
globulus)  

Skin bacteria 
from 
Salamandra 
salamandra 

1 : 4 v/v in culture 
medium  collected 
3 days post-
wildfire 

Growth inhibition found at 
low ash concentrations; 
eucalypt extracts had a higher 
negative impact than pine 

Atwi et 
al., 202226 

Pin oak foliage 
(Quercus plustris), 
Pignut hickory twigs 
(Carya glabra), 
Slash pine needles 
(Pinus elliottii) 

Immortalized 
human 
bronchial 
epithelial cells 

25 g of each fuel 
smoldered, fresh 
and aged (2 h 
photo-oxidation) 
PM2.5 collected  

Strongest reduction in 
microbial activity from PM 
from hickory combustion; 
fresh PM induced more 
reduction in metabolic 
activity for all fuels; aged PM 
induced higher apoptosis 

Coelho et 
al., 202227 

Eucalypt 
(Eucalyptus 
globulus) 

Iberian frog 
(Rana iberica) 
skin bacteria 

Black ash 
(moderate 
severity) and 
grey-white ash 
(moderate-high 
severity) collected 
3 days post-fire; 
AEA 

Increasing aqueous ash 
extract concentrations 
increased the number of 
bacteria whose growth was 
negatively affected; high 
severity ash had more 
adverse effects than moderate 
severity 

Priya et 
al., 202328 

Syringol exposure  Human 
embryonic 
kidney cell 
line (HEK-
293), 
Zebrafish 
(Danio rerio) 

Varying 
concentrations of 
syringol (0.5-2 
mg/L) 

HEK-293: syringol exposure 
induced concentration-
dependent cytotoxicity; 
zebrafish: dose-dependent 
embryo toxic effects and 
changes in growth metrics 

Muñiz 
Gonzàlez 
et al., 
2023 29 

Maritime pine 
(Pinus pinaster) 

Chironomus 
riparius 

High severity and 
low severity ashes 
prepared to 
concentration of 
10 g/L and diluted 
to several 
concentrations 

38 of 42 genes altered from 
high severity ashes, 22 genes 
altered from low severity 
ashes; apoptosis 
response/endocrine 
disruption observed 

Roth et 
al., 202330 

Lodgepole pine 
(Pinus contorta) 

Aliivibrio 
fischeri 

Soil burn severity 
gradient  

Increased heterocyclic N as 
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 PRJNA682830 

Accessio
n 

Samp
le 
Name 

SPUI
D 

Organ
ism 

Tax 
ID 

Strai
n 

Isolat
e 

BioProj
ect 

Link 

SAMN36
416513 

JQ1_1
6S 

JQ1_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416513: 
https://www.ncbi.nlm.nih
.gov/sra/36416513  

SAMN36
416514 

JQ10_
16S 

JQ10_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416514: 
https://www.ncbi.nlm.nih
.gov/sra/36416514  

SAMN36
416515 

JQ11_
16S 

JQ11_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416515: 
https://www.ncbi.nlm.nih
.gov/sra/36416515  

SAMN36
416516 

JQ12_
16S 

JQ12_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416516: 
https://www.ncbi.nlm.nih
.gov/sra/36416516  

SAMN36
416517 

JQ13_
16S 

JQ13_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416517: 
https://www.ncbi.nlm.nih
.gov/sra/36416517  

SAMN36
416518 

JQ14_
16S 

JQ14_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416518: 
https://www.ncbi.nlm.nih
.gov/sra/36416518  

SAMN36
416519 

JQ15_
16S 

JQ15_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416519: 
https://www.ncbi.nlm.nih
.gov/sra/36416519  

SAMN36
416520 

JQ2_1
6S 

JQ2_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416520: 
https://www.ncbi.nlm.nih
.gov/sra/36416520  

SAMN36
416521 

JQ3_1
6S 

JQ3_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416521: 
https://www.ncbi.nlm.nih
.gov/sra/36416521  

SAMN36
416522 

JQ4_1
6S 

JQ4_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416522: 
https://www.ncbi.nlm.nih
.gov/sra/36416522  

SAMN36
416523 

JQ5_1
6S 

JQ5_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416523: 
https://www.ncbi.nlm.nih
.gov/sra/36416523  

SAMN36
416524 

JQ6_1
6S 

JQ6_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416524: 
https://www.ncbi.nlm.nih
.gov/sra/36416524  

SAMN36
416525 

JQ7_1
6S 

JQ7_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416525: 
https://www.ncbi.nlm.nih
.gov/sra/36416525  

SAMN36
416526 

JQ8_1
6S 

JQ8_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416526: 
https://www.ncbi.nlm.nih
.gov/sra/36416526  

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
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SAMN36
416527 

JQ9_1
6S 

JQ9_1
6S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416527: 
https://www.ncbi.nlm.nih
.gov/sra/36416527  

SAMN36
416528 

PLJ1_
16S 

PLJ1_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416528: 
https://www.ncbi.nlm.nih
.gov/sra/36416528  

SAMN36
416529 

PLJ10
_16S 

PLJ10
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416529: 
https://www.ncbi.nlm.nih
.gov/sra/36416529  

SAMN36
416530 

PLJ11
_16S 

PLJ11
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416530: 
https://www.ncbi.nlm.nih
.gov/sra/36416530  

SAMN36
416531 

PLJ12
_16S 

PLJ12
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416531: 
https://www.ncbi.nlm.nih
.gov/sra/36416531  

SAMN36
416532 

PLJ13
_16S 

PLJ13
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416532: 
https://www.ncbi.nlm.nih
.gov/sra/36416532  

SAMN36
416533 

PLJ14
_16S 

PLJ14
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416533: 
https://www.ncbi.nlm.nih
.gov/sra/36416533  

SAMN36
416534 

PLJ15
_16S 

PLJ15
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416534: 
https://www.ncbi.nlm.nih
.gov/sra/36416534  

SAMN36
416535 

PLJ16
_16S 

PLJ16
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416535: 
https://www.ncbi.nlm.nih
.gov/sra/36416535  

SAMN36
416536 

PLJ17
_16S 

PLJ17
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416536: 
https://www.ncbi.nlm.nih
.gov/sra/36416536  

SAMN36
416537 

PLJ18
_16S 

PLJ18
_16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416537: 
https://www.ncbi.nlm.nih
.gov/sra/36416537  

SAMN36
416538 

PLJ2_
16S 

PLJ2_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416538: 
https://www.ncbi.nlm.nih
.gov/sra/36416538  

SAMN36
416539 

PLJ3_
16S 

PLJ3_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416539: 
https://www.ncbi.nlm.nih
.gov/sra/36416539  

SAMN36
416540 

PLJ4_
16S 

PLJ4_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416540: 
https://www.ncbi.nlm.nih
.gov/sra/36416540  

SAMN36
416541 

PLJ5_
16S 

PLJ5_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416541: 
https://www.ncbi.nlm.nih
.gov/sra/36416541  

SAMN36
416542 

PLJ6_
16S 

PLJ6_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416542: 
https://www.ncbi.nlm.nih
.gov/sra/36416542  

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
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SAMN36
416543 

PLJ7_
16S 

PLJ7_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416543: 
https://www.ncbi.nlm.nih
.gov/sra/36416543  

SAMN36
416544 

PLJ8_
16S 

PLJ8_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416544: 
https://www.ncbi.nlm.nih
.gov/sra/36416544  

SAMN36
416545 

PLJ9_
16S 

PLJ9_
16S 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416545: 
https://www.ncbi.nlm.nih
.gov/sra/36416545  

SAMN36
416546 

JQ1_I
TS 

JQ1_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416546: 
https://www.ncbi.nlm.nih
.gov/sra/36416546  

SAMN36
416547 

JQ10_
ITS 

JQ10_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416547: 
https://www.ncbi.nlm.nih
.gov/sra/36416547  

SAMN36
416548 

JQ11_
ITS 

JQ11_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416548: 
https://www.ncbi.nlm.nih
.gov/sra/36416548  

SAMN36
416549 

JQ12_
ITS 

JQ12_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416549: 
https://www.ncbi.nlm.nih
.gov/sra/36416549  

SAMN36
416550 

JQ13_
ITS 

JQ13_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416550: 
https://www.ncbi.nlm.nih
.gov/sra/36416550  

SAMN36
416551 

JQ14_
ITS 

JQ14_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416551: 
https://www.ncbi.nlm.nih
.gov/sra/36416551  

SAMN36
416552 

JQ15_
ITS 

JQ15_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416552: 
https://www.ncbi.nlm.nih
.gov/sra/36416552  

SAMN36
416553 

JQ2_I
TS 

JQ2_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416553: 
https://www.ncbi.nlm.nih
.gov/sra/36416553  

SAMN36
416554 

JQ3_I
TS 

JQ3_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416554: 
https://www.ncbi.nlm.nih
.gov/sra/36416554  

SAMN36
416555 

JQ4_I
TS 

JQ4_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416555: 
https://www.ncbi.nlm.nih
.gov/sra/36416555  

SAMN36
416556 

JQ5_I
TS 

JQ5_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416556: 
https://www.ncbi.nlm.nih
.gov/sra/36416556  

SAMN36
416557 

JQ6_I
TS 

JQ6_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416557: 
https://www.ncbi.nlm.nih
.gov/sra/36416557  

SAMN36
416558 

JQ7_I
TS 

JQ7_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416558: 
https://www.ncbi.nlm.nih
.gov/sra/36416558  

https://www.ncbi.nlm.nih.gov/sra/36416543
https://www.ncbi.nlm.nih.gov/sra/36416543
https://www.ncbi.nlm.nih.gov/sra/36416544
https://www.ncbi.nlm.nih.gov/sra/36416544
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
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SAMN36
416559 

JQ8_I
TS 

JQ8_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416559: 
https://www.ncbi.nlm.nih
.gov/sra/36416559  

SAMN36
416560 

JQ9_I
TS 

JQ9_I
TS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416560: 
https://www.ncbi.nlm.nih
.gov/sra/36416560  

SAMN36
416561 

PLJ1_
ITS 

PLJ1_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416561: 
https://www.ncbi.nlm.nih
.gov/sra/36416561  

SAMN36
416562 

PLJ10
_ITS 

PLJ10
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416562: 
https://www.ncbi.nlm.nih
.gov/sra/36416562  

SAMN36
416563 

PLJ11
_ITS 

PLJ11
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416563: 
https://www.ncbi.nlm.nih
.gov/sra/36416563  

SAMN36
416564 

PLJ12
_ITS 

PLJ12
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416564: 
https://www.ncbi.nlm.nih
.gov/sra/36416564  

SAMN36
416565 

PLJ13
_ITS 

PLJ13
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416565: 
https://www.ncbi.nlm.nih
.gov/sra/36416565  

SAMN36
416566 

PLJ14
_ITS 

PLJ14
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416566: 
https://www.ncbi.nlm.nih
.gov/sra/36416566  

SAMN36
416567 

PLJ15
_ITS 

PLJ15
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416567: 
https://www.ncbi.nlm.nih
.gov/sra/36416567  

SAMN36
416568 

PLJ16
_ITS 

PLJ16
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416568: 
https://www.ncbi.nlm.nih
.gov/sra/36416568  

SAMN36
416569 

PLJ17
_ITS 

PLJ17
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416569: 
https://www.ncbi.nlm.nih
.gov/sra/36416569  

SAMN36
416570 

PLJ18
_ITS 

PLJ18
_ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416570: 
https://www.ncbi.nlm.nih
.gov/sra/36416570  

SAMN36
416571 

PLJ2_
ITS 

PLJ2_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416571: 
https://www.ncbi.nlm.nih
.gov/sra/36416571  

SAMN36
416572 

PLJ3_
ITS 

PLJ3_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416572: 
https://www.ncbi.nlm.nih
.gov/sra/36416572  

SAMN36
416573 

PLJ4_
ITS 

PLJ4_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416573: 
https://www.ncbi.nlm.nih
.gov/sra/36416573  

SAMN36
416574 

PLJ5_
ITS 

PLJ5_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416574: 
https://www.ncbi.nlm.nih
.gov/sra/36416574  

https://www.ncbi.nlm.nih.gov/sra/36416559
https://www.ncbi.nlm.nih.gov/sra/36416559
https://www.ncbi.nlm.nih.gov/sra/36416560
https://www.ncbi.nlm.nih.gov/sra/36416560
https://www.ncbi.nlm.nih.gov/sra/36416561
https://www.ncbi.nlm.nih.gov/sra/36416561
https://www.ncbi.nlm.nih.gov/sra/36416562
https://www.ncbi.nlm.nih.gov/sra/36416562
https://www.ncbi.nlm.nih.gov/sra/36416563
https://www.ncbi.nlm.nih.gov/sra/36416563
https://www.ncbi.nlm.nih.gov/sra/36416564
https://www.ncbi.nlm.nih.gov/sra/36416564
https://www.ncbi.nlm.nih.gov/sra/36416565
https://www.ncbi.nlm.nih.gov/sra/36416565
https://www.ncbi.nlm.nih.gov/sra/36416566
https://www.ncbi.nlm.nih.gov/sra/36416566
https://www.ncbi.nlm.nih.gov/sra/36416567
https://www.ncbi.nlm.nih.gov/sra/36416567
https://www.ncbi.nlm.nih.gov/sra/36416568
https://www.ncbi.nlm.nih.gov/sra/36416568
https://www.ncbi.nlm.nih.gov/sra/36416569
https://www.ncbi.nlm.nih.gov/sra/36416569
https://www.ncbi.nlm.nih.gov/sra/36416570
https://www.ncbi.nlm.nih.gov/sra/36416570
https://www.ncbi.nlm.nih.gov/sra/36416571
https://www.ncbi.nlm.nih.gov/sra/36416571
https://www.ncbi.nlm.nih.gov/sra/36416572
https://www.ncbi.nlm.nih.gov/sra/36416572
https://www.ncbi.nlm.nih.gov/sra/36416573
https://www.ncbi.nlm.nih.gov/sra/36416573
https://www.ncbi.nlm.nih.gov/sra/36416574
https://www.ncbi.nlm.nih.gov/sra/36416574


302 

SAMN36
416575 

PLJ6_
ITS 

PLJ6_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416575: 
https://www.ncbi.nlm.nih
.gov/sra/36416575  

SAMN36
416576 

PLJ7_
ITS 

PLJ7_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416576: 
https://www.ncbi.nlm.nih
.gov/sra/36416576  

SAMN36
416577 

PLJ8_
ITS 

PLJ8_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416577: 
https://www.ncbi.nlm.nih
.gov/sra/36416577  

SAMN36
416578 

PLJ9_
ITS 

PLJ9_
ITS 

soil 
metage
nome 

410
658 

Not 
Appli
cable 

Not 
Appli
cable 

PRJNA
682830 

36416578: 
https://www.ncbi.nlm.nih
.gov/sra/36416578  

 

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

Treatment Soil Sampling Day 

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 Soil Sampling Day 

0 3 7 14 28 

Unburned 2.33±0.02 2.41±0.07 2.36±0.09 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 Day 

0 3 7 14 28 

Unburned 0.23±0.04 0.14±0.01 0.13±0.02 0.24±0.04 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 (µg N / g soil) (n=3, error = standard deviation) 
Treatment Soil Sampling Day 

0 3 7 14 28 

Unburned 4.8±1.2 5.40±1.0 4.7±0.8 4.5±1.5 5.7±0.3 

Burned 56.9±8.4 55.3±2.0 51.7±5.5 57.5±7.3 59.5±13.1 

 

Table B6. Cumulative CO2-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 
Unburned 

0.04
± 

0.00
3 

0.11± 

0.03 

0.14± 

0.07 

- 0.21± 

0.10 

- 0.25± 

0.13 

- 0.30± 

0.18 

- 0.3±0.2 - 0.5±0
.3 

0.6±0
.4 

- 0.8±
0.5 

Day 0 
Burned 

0.05
± 

0.00
5 

0.267± 

0.07 

0.34± 

0.13 

- 0.44± 

0.16 

- 0.47± 

0.18 

- 0.5±0.
2 

- 0.5±0.2 - 0.6±0
.2 

0.7±0
.2 

- 0.8±
0.3 

Day 14 
Unburned 

0.03
7± 

0.00
3 

0.10± 

0.03 

0.13± 

0.05 

- 0.21± 

0.06 

- - 0.27± 

0.10 

- - 0.36± 

0.15 

- - 0.6±0
.3 

- 0.8±
0.4 

https://www.ncbi.nlm.nih.gov/sra/36416575
https://www.ncbi.nlm.nih.gov/sra/36416575
https://www.ncbi.nlm.nih.gov/sra/36416576
https://www.ncbi.nlm.nih.gov/sra/36416576
https://www.ncbi.nlm.nih.gov/sra/36416577
https://www.ncbi.nlm.nih.gov/sra/36416577
https://www.ncbi.nlm.nih.gov/sra/36416578
https://www.ncbi.nlm.nih.gov/sra/36416578
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Day14 
Burned 

0.09
2± 

0.01
3 

0.36± 

0.02 

0.42± 

0.04 

- 0.56± 

0.06 

- - 0.64± 

0.08 

- - 0.73± 

0.07 

- - 0.83± 

0.09 

- 0.96
± 

0.16 

Day 28 
Unburned 

0.03
1± 

0.00
8 

0.10± 

0.05 

0.15± 

0.04 

0.21
± 

0.04 

0.27± 

0.04 

0.33± 

0.04 

- - - 0.44± 

0.08 

0.52± 

0.10 

0.66
± 

0.11 

- 0.83± 

0.11 

0.99
± 

0.11 

1.14
± 

0.13 

Day 28 
Burned 

0.11
2± 

0.01
5 

0.24± 

0.11 

0.31± 

0.11 

0.33
± 

0.13 

0.35± 

0.14 

0.36± 

0.15 

- - - 0.39± 

0.18 

0.42± 

0.18 

0.5±
0.2 

- 0.5±0
.2 

0.5±
0.2 

 

0.6±
0.3 

 

Table B7. Cumulative CO2-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 
Unburned 

0.002
09 

±0.00
013 

0.00
478 

±0.0
015 

0.006 

±0.003 

- 0.009 

±0.004 

- 0.011 

±0.006 

- 0.013 

±0.008 

- 0.015 

±0.009 

- 0.02
0 

±0.0
11 

0.025 

±0.01
5 

- 0.03 

±0.0
2 

Day 0 
Burned 

0.002
13 

±0.00
018 

0.01
0 

±0.0
03 

0.013 

±0.005 

- 0.017 

±0.006 

- 0.018 

±0.007 

- 0.020 

±0.008 

- 0.021 

±0.009 

- 0.02
4 

±0.0
09 

0.026 

±0.00
9 

- 0.03
1 

±0.0
11 

Day 14 
Unburned 

0.001
46 

±0.00
012 

0.00
39 

±0.0
011 

0.0051 

±0.0018 

- 0.008 

±0.002 

- - 0.01
1 

±0.0
04 

- - 0.014 

±0.006 

- - 0.024 

±0.01
2 

- 0.03
3 

±0.0
15 

Day14 
Burned 

0.004
3 

±0.00
06 

0.01
67 

±0.0
010 

0.020 

±0.002 

- 0.026 

±0.003 

- - 0.03
0 

±0.0
04 

- - 0.034 

±0.003 

- - 0.039 

±0.00
4 

- 0.04
5 

±0.0
08 

Day 28 
Unburned 

0.001
2 

±0.00
03 

0.00
38 

±0.0
019 

0.0060 

±0.0017 

0.00
80 

±0.0
015 

0.0105 

±0.0015 

0.012
8 

±0.00
16 

- - - 0.017 

±0.00
3 

0.020 

±0.004 

0.02
6 

±0.0
05 

- 0.032 

±0.00
4 

0.038
4 

±0.00
4 

0.04
4 

±0.0
05 

Day 28 
Burned 

0.004
5 

±0.00
06 

0.01
0 

±0.0
04 

0.0124 

±0.004 

0.01
3 

±0.0
05 

0.014 

±0.006 

0.015 

±0.00
6 

- - - 0.016 

±0.00
7 

0.017 

±0.007 

0.01
8 

±0.0
08 

- 0.020 

±0.00
9 

0.022 

±0.01
0 

0.02
3 

±0.0
10 

 

Table B8. Cumulative CO2-C emitted divided by water-extractable organic 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 
Unburned 

0.34
± 

0.02 

0.8±
0.2 

 

1.0±
0.5 

- 1.5±0.
7 

- 1.7±
0.9 

- 2.1±
1.2 

- 2.4±1.
5 

- 3.3±
1.8 

4.1±2.
5 

- 5.4±3.6 

Day 0 
Burned 

0.11
2± 

0.01
0 

0.53
± 

0.14 

0.7±
0.3 

- 0.9±0.
3 

- 1.0±
0.4 

- 1.0±
0.4 

- 1.1±0.
5 

- 1.3±
0.5 

1.4±0.
5 

- 1.6±0.6 

Day 14 
Unburned 

0.24
± 

0.02 

0.65
± 

0.18 

0.8±
0.3 

- 1.4± 

0.4 

- - 1.8±
0.6 

- - 2.4±1.
0 

- - 4.0±2.
0 

- 5.4±2.6 

Day14 
Burned 

0.23
± 

0.03 

0.87
± 

0.05 

1.03
± 

0.11 

- 1.36± 

0.15 

- - 1.6±
0.2 

- - 1.80± 

0.18 

- - 2.0±0.
2 

- 2.4±0.4 

Day 28 
Unburned 

0.18
± 

0.05 

0.6±
0.3 

0.9±
0.3 

1.2±
0.2 

1.6±0.
2 

1.9±
0.2 

- - - 2.5±0.
5 

3.0±0.
6 

3.8±0.
7 

- 4.8±0.
6 

5.7± 

0.7 

6.6±0.8 

Day 28 
Burned 

0.28
± 

0.04 

0.6±
0.3 

0.8±
0.3 

0.8±
0.3 

0.9±0.
4 

0.9±
0.4 

- - - 1.0±0.
5 

1.0±0.
5 

1.1±0.
5 

- 1.3±0.
6 

1.4 

±0.6 

1.4±0.6 
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Table B9. Rate of CO2 emissions normalized to soil mass (mg CO2-C / (day * g soil)) (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 
Unburned 

0.049
± 

0.003 

0.02
1± 

0.01
1 

0.013
± 

0.017 

- 0.01
5± 

0.00
6 

- 0.010
± 

0.011 

- 0.013
± 

0.012 

- 0.010
± 

0.009 

- 0.019± 

0.008 

0.018
± 

0.013 

- 0.01
3± 

0.01
6 

Day 0 
Burned 

0.055
± 

0.005 

0.07
± 

0.02 

0.04± 

0.03 

- 0.01
9± 

0.00
5 

- 0.010
± 

0.008 

- 0.010
± 

0.007 

- 0.011
± 

0.005 

- 0.0098±
0.0010 

0.008
2±0.0
019 

- 0.00
8± 

0.00
2 

Day 14 
Unburned 

0.037
± 

0.003 

0.02
1± 

0.00
8 

0.015
± 

0.010 

- 0.01
6± 

0.00
4 

- - 0.014
± 

0.009 

- - 0.014
± 

0.007 

- - 0.017
± 

0.011 

- 0.01
5± 

0.00
8 

Day14 
Burned 

0.092
± 

0.013 

0.08
8± 

0.00
6 

0.031
± 

0.015 

- 0.02
8± 

0.00
4 

- - 0.020
± 

0.005 

- - 0.014
± 

0.007 

- - 0.007
± 

0.006 

- 0.00
9± 

0.00
8 

Day 28 
Unburned 

0.031
± 

0.008 

0.02
2± 

0.01
4 

0.029
± 

0.004 

0.02
6± 

0.00
4 

0.02
2± 

0.00
4 

0.02
9± 

0.01
0 

- - - 0.018
± 

0.013 

0.029
± 

0.009 

0.023
± 

0.006 

- 0.021
± 

0.006 

0.023
1±0.0
017 

0.02
2± 

0.00
4 

Day 28 
Burned 

0.112
± 

0.014 

0.04
± 

0.03 

0.030
± 

0.007 

0.01
2± 

0.01
0 

0.00
7± 

0.00
8 

0.00
6± 

0.01
2 

- - - 0.005
± 

0.008 

0.009
± 

0.004 

0.006
± 

0.006 

- 0.006
± 

0.004 

0.006
± 

0.003 

0.00
4± 

0.00
2 

 

Table B10. Total Nitrogen Values (% by weight) (n=3, error = standard deviation) 
Treatment Soil Sampling Day 

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 Day 

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 (CaCl2 Extracted) (n=3, error = standard deviation) 
Treatment Soil Sampling Day 

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 5.4±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 

 

 

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. 
 

 

 

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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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. 
 

 
 

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. 
 

 

 

 

 

 



307 

APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

 

 
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. 
 

 
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. c, 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. c, 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. 
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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. c, 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. 
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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. c, 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. c, 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. c, 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. c, 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. c, 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 
replicate 1 

0.751 

Unburned extract + river water inoculum 
replicate 2 

0.726 

Unburned extract + river water inoculum 
replicate 3 

0.595 

Low severity extract + river water inoculum 
replicate 1 

1.731 

Low severity extract + river water inoculum 
replicate 2 

1.813 

Low severity extract + river water inoculum 
replicate 3 

1.673 

High severity extract + river water inoculum 
replicate 1 

1.494 

High severity extract + river water inoculum 
replicate 2 

1.370 

High severity extract + river water inoculum 
replicate 3 

1.179 

River water inoculum only (no soil extract) 0.013 

Mixture of filtered unburned, low severity, and 
high severity extract only (no river water 

inoculum) 

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] 
(mg/L) 

Final – Initial 
[DOC] (mg/L) 

Unburned extract + river 
water inoculum replicate 1 

9.873 9.378 -0.495 

Unburned extract + river 
water inoculum replicate 2 

9.847 9.446 -0.401 

Unburned extract + river 
water inoculum replicate 3 

9.933 9.503 -0.430 

Low severity extract + river 
water inoculum replicate 1 

10.26 8.916 -1.344 

Low severity extract + river 
water inoculum replicate 2 

10.15 8.609 -1.541 

Low severity extract + river 
water inoculum replicate 3 

10.32 8.785 -1.535 

High severity extract + river 
water inoculum replicate 1 

9.749 8.592 -1.157 

High severity extract + river 
water inoculum replicate 2 

9.877 8.616 -1.261 

High severity extract + river 
water inoculum replicate 3 

9.826 8.635 -1.191 

River water inoculum only 2.613 2.679 +0.066 

Mixture of filtered unburned, 
low severity, and high 

severity extract only (no river 
water inoculum) 

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 

average relative 
abundance (%) 

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

High Severity 0-5 
cm average relative 

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 0-5 cm 

average relative 
abundance (%) 

Low Severity 0-5 
cm average 

relative abundance 
(%) 

High Severity 0-5 
cm average 

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 2.4 0.0 0.0 

Unassigned 33.9 24.5 22.9 

 

Table D5. Average relative abundance values of the top 10 most abundant fungal families. 
Families Unburned 0-5 cm 

average relative 
abundance (%) 

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

High Severity 0-5 cm 
average relative 
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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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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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/j.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, I helped produce the TOC art and Figure 3. This publication 

was included as a chapter in Merritt Logan’s dissertation. 
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APPENDIX H: 2025 LOS ANGELES FIRES FIELDWORK 

 

 From February 4th to February 6th, 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 2025.1,2 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.1 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.  
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Figure J2. Sampling debris from destroyed property.  

 

 

Figure J3. Sampling debris next to microwave as a “point source” sample.  
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Figure J4. Photo of myself from the first destroyed property that we sampled from.  
 

 
Figure J5. Collecting soil samples from a vegetable garden at an undamaged property. 
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Figure J6. Photo of one of the destroyed properties that we sampled from.  
 

 
 

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 J10. Burned car labelled “NOT EV” to designate it as a non-electric vehicle.  
 

 

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 Clim te Le dership 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 

https://sustainablelivingassociation.org/youth-leadership-summit/
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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 Bilingüe. 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 K5). 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 

https://www.youtube.com/watch?v=jD29W6TTpXc
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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 K5. Speaking at a “Managing the Planet” event organized by the School of Global 
Environmental Sustainability at Colorado State University. 

 

 

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 
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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). 

 

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 



409 

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, I 

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. 

 

 

 

 

 

 

 

 


