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ABSTRACT: Global wildfire activity has increased since the 1970s and is
projected to intensify throughout the 21st century. Wildfires change the
composition and biodegradability of soil organic matter (SOM) which
contains nutrients that fuel microbial metabolism. Though persistent forms of
SOM often increase postfire, the response of more biodegradable SOM
remains unclear. Here we simulated severe wildfires through a controlled
“pyrocosm” approach to identify biodegradable sources of SOM and
characterize the soil metabolome immediately postfire. Using microbial
amplicon (16S/ITS) sequencing and gas chromatography−mass spectrom-
etry, heterotrophic microbes (Actinobacteria, Firmicutes, and Protobacteria)
and specific metabolites (glycine, protocatechuate, citric cycle intermediates)
were enriched in burned soils, indicating that burned soils contain a variety of substrates that support microbial metabolism.
Molecular formulas assigned by 21 T Fourier transform ion cyclotron resonance mass spectrometry showed that SOM in burned soil
was lower in molecular weight and featured 20 to 43% more nitrogen-containing molecular formulas than unburned soil. We also
measured higher water extractable organic carbon concentrations and higher CO2 efflux in burned soils. The observed enrichment of
biodegradable SOM and microbial heterotrophs demonstrates the resilience of these soils to severe burning, providing important
implications for postfire soil microbial and plant recolonization and ecosystem recovery.

■ 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, proteina-
ceous, 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 composi-
tion.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 associa-

tions,13 and changing SOM composition.9,12,18−21 Therefore,
studying linkages between 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-
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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 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 compo-
sition. 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. 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, protoca-
techuate, 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.

■ MATERIALS AND METHODS
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 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 S1). 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).
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
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 S2), and soil
temperature was monitored during burning (Figure S3). 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)
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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 (see Figure S4 for
precipitation details).60

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 S4). 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 (see in Section 2 of
the Supporting Information for more rationale for using
pyrocosms).12,13,18,24,55,61,62 See Table S1 for a summary of the
analytical techniques employed for each soil sample.
Total 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).
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 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.
Water-Extractable Organic Carbon and Water-Ex-

tractable 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, respec-
tively.
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).

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. Section 3 of the Supporting Information
includes descriptions of soil-water extractions, GC-MS
operating conditions, and data processing. Peak areas were
normalized with total ion current normalization, and
annotations were assigned by comparing fragmentation spectra
to library databases. Standards for catechol (Sigma-Aldrich,
>99% purity) and protocatechuate (Sigma-Aldrich, >97%
purity) were used for targeted analysis.

Twenty-One Tesla Fourier Transform Ion Cyclotron
Resonance Mass Spectrometry (FT-ICR MS). After shaking
50 g of air-dried, 2-mm sieved mineral soil with 100 mL of
Milli-Q water for 19 h at 170 rpm, each soil-water extract was
filtered (0.22 μm poly(ether sulfone) membrane, Merck
Millipore Ltd.). The SOM was concentrated with solid-phase
extraction (Agilent Bond Elut PPL [Priority Pollutant] styrene-
divinylbenzene polymer cartridges) and infused via a micro-
electrospray ionization (ESI) source operating in negative and
positive modes.63 SOM extracts were analyzed with a custom-
built hybrid linear ion trap FT-ICR mass spectrometer
equipped with a 21 T superconducting solenoid magnet.64,65

Mass spectra were phase-corrected and internally calibrated
with 10−15 highly abundant homologous series that span the
entire molecular weight distribution based on the “walking”
calibration method.66,67 Using PetroOrg© software, exper-
imentally measured masses were converted to the Kendrick
mass scale68 to identify homologous series for each heteroatom
class (specifically KMDCH2 for molecules differing only by
degree of alkylation),69 and molecular formulas containing
carbon (C), hydrogen (H), oxygen (O), nitrogen (N), and
sulfur (S) were assigned using the experimentally measured
masses.70−73 Molecular formula assignments with a mass error
>0.35 parts-per-million were discarded. 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 S2
and S3 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/). Section 4 of the Supporting In-
formation includes further descriptions of the soil-water
extractions, solid phase extraction, and FT-ICR MS operating
conditions and data processing procedure.

Soil CO2 Respiration 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 featuring a rubber septum and stored in the dark in
a constant temperature room (25 °C).74 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
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extracted using a syringe 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 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.
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 515F75 (5′-AATGATACGGC-
GACCACCGAGATCTACACGCT 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 se-
quence includes the reverse compliment of the 3′ Illumina
adapter, the reverse primer pad, the reverse primer linker, and
the reverse primer, respectively).76 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 se-
quence 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 the 3′ Illumina adapter, the
Golay barcode, the reverse primer linker, and the reverse
primer, respectively).77 All primers were modified to include
Illumina adaptors and unique barcodes as done in the Earth
Microbiome Project (EMP) (https://earthmicrobiome.org/
).78 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.79 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).80 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)81−83 while fungal (ITS) ASVs were
assigned taxonomy using self-trained UNITE database
classifiers.84,85 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
(<1000) were included because rarefaction curves (produced
using the function “rarecurve” in the vegan package in R)
showed that we reached representative diversity in all samples
(Figure S5). 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.12,86 Resulting reads were deposited and are
available at NCBI within BioProject PRJNA682830, and
details are available in Supporting File 1.

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 < 0.05.87 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 with a
Bonferroni p-value adjustment for multiple tests using the
function “stat_compare_means” in the package ggpubr88 and
the function “pairwise.wilcox.test” in the stats package.87

Differences in bacterial/archaeal and fungal community
composition were similarly assessed using nonparametric
permutational multivariate analysis of variance (PERMANO-
VA)89 using Bray−Curtis dissimilarity matrices and the
“adonis2” function in the vegan package,90 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 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.91 All visualizations were produced with the ggplot2
package,92 except for combined LEfSe/LDA visualizations
which came from MicrobiomeAnalyst 2.091 and formatted in
Adobe Illustrator 2023 (v27.2). All statistical codes are
available at https://github.com/julieafowler/Pyrocosm_
Study_1Month.

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) method93,94 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 terminol-
ogy (”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
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and plant material. We operationally use the term “biodegrad-
able” 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 thermodynami-
cally 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 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

■ RESULTS AND DISCUSSION
Microbial Community Assemblage in Burned Soils is

Altered and Contains Heterotrophic Microbes. Microbial

Figure 1. (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).86 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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amplicon (16S/ITS) sequencing was utilized to assess postfire
changes in microbial richness and community composition.
Fire impacted the soil microbiome species richness (Figure
1A,B) and community composition (Figure 1C,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 1F), mirrors trends
observed in prior high severity wildfire studies.12,13,17,62,95

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 1A,B). Nevertheless,
multivariate analyses (nonmetric multidimensional scaling
[NMDS] plots) revealed that burning led to distinct microbial
communities and increased stochasticity compared to un-
burned conditions in both bacterial/archaeal and fungal soil
communities (beta dispersion: p = 2.317 × 10−11 and p = 2.2 ×
10−16, respectively) (Figures 1C,D and S6).
Heterotrophic microbes were detected in the burned soil

samples with the phyla Actinobacteria, Firmicutes, and
Protobacteria notably being enriched postfire (Figures 1E and
S7A). These phyla contain heterotrophic species that could

likely metabolize SOM in burned soils.12,17,96 Other bacterial
genera known to possess putative beneficial traits for the
postfire ecosystem such as Geobacillus (spore formation)97 and
Kocuria (distribution via dust or smoke)98 were also identified
as discriminant taxa for burned soils (Figure 1G).

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 S8 and
Table S4). 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 and unburned
soil for any sampling day (t test, p < 0.05) (Table S5). The
WEOC results align with laboratory-based studies reporting
increased WEOC in soils that were heated to approximately
250 °C.19,20,99,100 The elevated WEOC content could be due
to soil aggregate disruption, release of soluble organic
compounds from cell lysis, and SOM oxidation during
combustion.12,57,100 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 microbes.70

Therefore, there is simply more WEOC in the burned soil

Figure 2. (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. See
Section 3 in the Supporting Information for details on PERMANOVA analysis. (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).
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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.
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
2). A comparison of all detected peaks revealed statistically
significant separate clustering of burned and unburned samples
(Figure 2A) (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 2B)
(PERMANOVA, p ≤ 0.001), likely contributing to the
differences observed in the overall metabolome (Figure 2A).
The unburned samples clustered closely among themselves in

contrast to the more dispersed burned samples (Figure 2B).
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 2C and S9).
Specifically, glycine was ∼16 times more abundant in the
burned soil than the unburned soil for Day 0, potentially linked
to the bacterial synthesis of glycine betaine which is a known
thermoprotectant.101,102 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.56,103

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 1E).104 One genera within this phyla, Nitrososphaer-

Figure 3. (A−D) FT ICR-MS mass spectra of peaks that were assigned molecular formulas from negative-mode electrospray ionization samples.
The number in the upper-right corner of each spectrum is the total number of peaks that were assigned molecular formulas (including isotopes).
(E) These m/z ratios were compiled into density plots. The y-axis indicates the relative probability of an ion featuring a given m/z ratio. The
greater the density value for a given m/z ratio, the more ions that feature that m/z ratio. Dashed lines are mean values.
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aceae, was identified as discriminant for burned samples using
combined LEfSe/LDA analysis (Figures 1G,H). Nitrososphaer-
aceae are chemolithoautotrophic ammonia oxidizing archaea
(AOA) and were potentially enriched by the elevated soil
ammonium concentrations in the burned soil (Figure S10 and
Table S6).105−107 Additionally, Nitrososphaeraceae have been
shown to uptake amino acids108 and may have the potential for
heterotrophic carbon utilization.108−110 Therefore, AOA could
utilize the enriched amino acids in the burned soil to fuel
microbial metabolism.
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 S11A). Additionally, fumaric acid, succinic acid, and
citric acid were all annotated in the burned and unburned soil
samples (Figure S11). The annotated saccharide profiles of the
burned and unburned soil samples were significantly different
(Figure S12) (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 no consistent patterns
of saccharide enrichment in burned soils (Figures S13, see in
Section 3 of the Supporting Information for how saccharides
were annotated). 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.
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 abundan-
ces were statistically greater in the burned soil for Day 0 and
Day 3 (Figures 2D and S14). 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 S11). These results support the
second hypothesis of this study: while proposed intermediates
in aromatic degradation pathways�namely, catechol, proto-
catechuate, and citric acid cycle metabolites�are 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.111,112

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 S2 and S3). The molecular formulas assigned in
burned soil featured lower m/z ratios compared to unburned
soil (Figures 3 and S15), potentially caused by the
depolymerization of lignin-like, protein, and complex carbohy-
drate molecules.31 This depolymerized organic matter may be
more biodegradable because lower molecular-weight com-
pounds are more easily accessible in the soluble pool,
transported through cellular membranes, and subjected to
microbial metabolism.113

There were also 20.1% to 43.1% more nitrogen-containing
molecular formulas in burned soil compared to unburned soil
(Figure S16), mirroring the increased water extractable total
nitrogen values of burned soil (Figure S8, Table S7). 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;114 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 S17 and S18).115

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 4 and

Figure 4. 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.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c09797
Environ. Sci. Technol. 2024, 58, 4167−4180

4174

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c09797/suppl_file/es3c09797_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09797?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c09797?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c09797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table S8). 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 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 S19 and Table S9) 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 S20, Table S10). Additionally, the rates of CO2−C
emissions were initially greater in the burned soil (Figure S21
and Table S11).
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 displaced into the jar headspace; however, this
process was likely restricted to the first few hours of incubation
as evidenced by Marañoń-Jimeńez et al. who measured CO2
respiration from burned soils in the Sierra Nevada Natural and
National Parks.116 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.116 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.23,39,117 Overall, the elevated WEOC content, enrichment
of amino acids and organic acids, presence of 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.118−121 This aggregate disruption could make SOM
more accessible by exposing physically protected SOM to
microbial biodegradation, contributing to mineralization and
CO2 soil emissions.100,122

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.117

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

Environmental Implications. The metabolism of SOM in
complex burned soils observed in this study supports the
laboratory-based studies that reported rapid biodegradation of
PyOM,38−41,117 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 1F)�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 1B) 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.12,13,37,123

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 re-
leased 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 heteroge-
neous SOM in the burned soil.

■ ASSOCIATED CONTENT
*sı Supporting Information
: The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.3c09797.

Table demonstrating what analytical techniques were
used on which soil samples, number of assigned
molecular formulas and m/z ratios from FT-ICR MS
data, soil CO2 emission results, total carbon results, total
nitrogen results, pH results, water-extractable organic
carbon and water-extractable total nitrogen results,
ammonium results, schematic of pyrocosm, pyrocosm
photos, soil temperature of the burned pyrocosms,
schematic for soil sampling schedule, rarefaction curves,
microbial nonmetric multidimensional scaling ordina-
tion plots, microbial relative abundance data, normalized
relative abundances of annotated metabolites, PCA
scores plot of saccharide data, FT-ICR MS m/z density
plot and nitrogen-containing formulas bar plots, van
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