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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Land cover type, rather than burn
severity, was a key driver of DOC
leachability from burned chars.

• Burn severity was a key driver of DOM
composition leached from vegetation of
different land cover types.

• DOM’s unique molecular composition
from different land cover types
converged as burn severity increased.

A R T I C L E I N F O

Editor: Roland Bol

A B S T R A C T

Increasing wildfire severity is of growing concern in the western United States, with consequences for the pro-
duction, composition, and mobilization of dissolved organic matter (DOM) from terrestrial to aquatic systems.
Our current understanding of wildfire impacted DOM (often termed pyrogenic DOM) composition is largely built
from temperature-based studies that can be difficult to extrapolate to field conditions, which are often defined by
‘burn severity’, or the post-wildfire impact observed at a site. Thus, burn severity can encapsulate a broader
range of fire and environmental conditions not exclusive to temperature. Biogeochemical studies that describe
DOM along burn severity continuums remain limited but are needed to better link DOM composition with field
conditions post-fire. In this study, we addressed this need with an experimental open air burn simulation that
generated chars from vegetation representative of major land cover types in the western United States. The chars
were leached to simulate DOM mobilization potential. The DOM composition was characterized by ultra-high
resolution mass spectrometry (HR-MS) and UV/VIS absorbance and fluorescence. Our results indicated that
the shifts of DOM production and composition along a burn-severity gradient depends on the land cover type that
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was burned, with the degree of change dependent on the composition of the starting parent vegetation material.
Fluorescence signatures indicated a strong convergence across land cover types to more aromatic DOM with
increasing severity, while HR-MS indicated an increase in the production of aromatic nitrogen containing DOM
with increasing severity. Results from this study enhance our ability to describe DOM composition in a frame-
work that can be more directly related with field and remote-sensing based metrics.

1. Introduction

Wildfires have historically been a natural disturbance agent for
ecosystems in the Pacific Northwest (PNW), USA; however, climate
change has increased the area burned and frequency of large wildfires in
the region since the mid-twentieth century (Littell et al., 2010). While
the annual area burned has not been outside of historical fire regimes at
millennial-scales (Marlon et al., 2012; Reilly et al., 2017), the recent
increases have been linked with climatic factors that have also
contributed to increases in burn severity for many areas of the PNW
(Francis et al., 2023; Halofsky et al., 2020; Reilly et al., 2017). In the
PNW, fires span a range of major ecoregions that vary in land cover
characteristics and in historical fire frequency, intensity, and severity. At
the broadest level, these ecoregions can be binned into four land cover
types based on the major vegetation type present (Supplemental infor-
mation). These four bins of land cover types represent the bulk of fire
activity in the region since the mid-1980s (Fig. 1A). Forested regions (e.
g., Douglas-fir and mixed conifer forest), in particular, are areas where

the majority of high severity fire activity has occurred (Reilly et al.,
2017) and has seen major increases since 2017 due to an uptick in
megafires with burn areas >40,000 ha (Fig. 1B). Comparatively, there
has also been a rise in area burned in shrubland dominant land cover,
including mountain woodlands that represent transitional areas be-
tween mountainous forest and valley shrubland regions (Fig. 1B). In
contrast to forested regions, shrubland dominant regions are typically
fuel limited, decreasing the risk of high severity impacts (Stavi, 2019).

An increase in wildfire burn severity has considerable implications
for watersheds (Bowman et al., 2009) including the restructuring of
surface soils and incomplete combustion of soil organic matter into
pyrogenic organic matter (PyOM) (Santín et al., 2015). This has po-
tential to significantly alter terrestrial carbon balances by shifting the
carbon carrying capacity of terrestrial ecosystems and reallocation of
carbon from above to below ground (Bodí et al., 2014; Boot et al., 2014;
Hudiburg et al., 2023). Global estimates of annual PyOM production
currently stand around 373 TgC per year, with up to 212 Pg stored in
soils (Santín et al., 2016). Not all PyOM remains local as a significant

Fig. 1. A) Map of Pacific Northwest (PNW) states Washington and Oregon highlighting key land cover classes across the PNW and burn areas (black boundaries)
from the years 1984–2022. Burned area obtained from Monitoring Trends in Burn Severity (MTBS) data layers (https://mtbs.gov). Note that samples collected in this
study are representative of these major land cover classes and this map does not show geographic area of where experimental samples were collected.
B) Area burned at various burn severities for 4 major land cover classifications in the Pacific Northwest (Washington and Oregon) in 5-year intervals. Data obtained
from the Monitoring Trends in Burn Severity database (https://mtbs.gov).
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fraction can be mobilized to aquatic systems during major precipitation
events in the form dissolved organic matter (DOM) (often termed as
pyrogenic DOM) (Myers-Pigg et al., 2017; Roebuck et al., 2018a, 2022),
where as much as 10 % (27 Tg) of the DOM exported from rivers to
coastal waterways globally is of pyrogenic origin (Coppola and Druffel,
2016; Jaffé et al., 2013). There is further evidence that shifts in major
land cover types can impact the chemical composition of fire impacted
DOM transported in aquatic systems (Roebuck Jr et al., 2018b; Serafim
et al., 2023; Wagner et al., 2015b); however, such linkages across burn
severities within major PNW land cover types remain unexplored.

Understanding shifts in DOM and nutrient delivery to aquatic sys-
tems post-fire is important for managing water resources (Bladon et al.,
2014) and impacts on downstream aquatic ecosystem processes (Dahm
et al., 2015; Rust et al., 2019). Wildfire impacted DOM, for instance, has
shown enhanced disinfection bioproduct formation potential, relevant
for post-fire water treatment (Cawley et al., 2017; H. Chen et al., 2022;
Zhao Li et al., 2023). Additionally, wildfire impacted DOM can impact
biofilm enzyme activities, metal binding and transport, sediment stoi-
chiometry, and aquatic photochemical processes, which can all alter in-
stream microbial dynamics and aquatic nutrient cycles (Bostick et al.,
2020; Y. Chen et al., 2022; Shakesby et al., 2015; Thuile Bistarelli et al.,
2021). Such processes drive the ultimate fate of wildfire impacted DOM.
For instance, increased N uptake into the DOM pool post-fire can in-
crease bioavailability (de la Rosa and Knicker, 2011), potentially
limiting its transport through soils and aquatic systems. Alternatively,
highly aromatic DOM produced during wildfires may have minimal
reactivity and can be exported more rapidly to coastal systems (Coppola
et al., 2022). Despite the importance of DOM on aquatic biogeochem-
istry, its chemical make-up in relation to fire impacts is not well
parameterized for developing predictive understandings of changing fire
severity on aquatic ecosystem functions.

Current literature on wildfire impacted DOM has placed great
emphasis on temperature-based proxies for understanding production,
reactivity, and fate (Masiello, 2004; Wagner et al., 2018). Chemical
markers that include low temperature combustion products like anhy-
drosugars or higher temperature polycondensed aromatic compounds
have been regularly used as wildfire signatures in aquatic systems
(Wagner et al., 2018). While there is inherent value to such proxies,
linking such knowledge with field-based observations is challenging as
data on soil and ground temperatures during wildfires are often un-
available and field conditions result in more heterogeneous burning
conditions than laboratory counterparts (Brucker et al., 2022).
Currently, assessments of wildfire impact on the landscape, such as those
from the US Forest Services Burned Area Emergency Response (BAER),
rely more heavily on the metric of ‘burn severity’ for ground-truthing
post-fire impacts. In such assessments, burn severity is characterized
based on visual cues of post-fire forest floor dynamics (e.g., organic
matter losses), physical damages, and ash deposition (Keeley, 2009). As
such, burn severity may not always be linear with temperature as it
encapsulates a range of local factors including burn duration, quality of
fuel (e.g., vegetation), and moisture conditions (Keeley, 2009). Studies
have recently begun to recognize the importance of post-fire visual in-
dicators of burn severity in biogeochemical studies (Vega et al., 2013),
resulting in an increase in the use of this metric in watershed-scale
biogeochemical models to describe fire impacts on aquatic ecosystems
(Zhi Li et al., 2023; Wampler et al., 2023). Surprisingly, though, there
are no studies to our knowledge that contextualize DOM production and
shifting composition in this framework, which limits the extrapolation
of relevant information to field conditions and utilization in biogeo-
chemical models.

Further complicating our understanding of fire impacted DOM
cycling in aquatic systems is that knowledge of chemical trans-
formations is fragmented due to analytical limitations available for
characterization (Zimmerman and Mitra, 2017). While chemical
markers have been routinely used to identify and quantify fire impacted
DOM exports (Dittmar et al., 2012; Myers-Pigg et al., 2017; Roebuck Jr

et al., 2018a), it remains unfeasible to target every individual compo-
nent of the pyrogenic spectrum. Recent studies have begun to recognize
the utility of other non-targeted bulk scale analyses to provide insights
into the chemical behavior of fire impacted DOM from soils, chars, and
in natural waters (Roebuck et al., 2022; Wozniak et al., 2020; Zhang
et al., 2023; Zhu et al., 2024). Ultra-high resolution mass spectrometry,
for example, has provided novel information on the speciation and
cycling of dissolved pyrogenic nitrogen (Roth et al., 2022; Wagner et al.,
2015a; Wozniak et al., 2020). Excitation-emission fluorescence has been
further used to understand optical characteristics of temperature treated
soils, biochars, and post-fire soil DOM (Cawley et al., 2017; Li et al.,
2017; McKay et al., 2020; Rajapaksha et al., 2019; Yin et al., 2024) and
is increasingly used to monitor post-fire water quality in aquatic systems
(Johnston and Maher, 2022; Olivares et al., 2019). Collectively, there
remains underexplored potential for use of these techniques in tandem
to describe wildfire related transformations of DOM in aquatic systems
in a framing that can be better linked with field-based observations
(though see Cao et al. (2024) and Yin et al. (2024) who utilize these
combined approaches to better understand soil DOM post-fire).

In our study, we used open air burn experiments to provide a
comprehensive overview of DOM production and composition from
leached chars created along a burn severity continuum. The chars rep-
resented vegetation from the major land cover types described in Fig. 1.
Ultra-high resolution mass spectrometry and excitation-emission
matrices were used to describe the composition of leached DOM.
Within that context, we asked the following questions:

(1) Does the amount of DOM available for mobilization from charred
materials shift based on land cover type and/or burn severity?

(2) How does the composition of DOM evolve along a burn severity
continuum and what impact does land cover type play in this
evolution?

We first hypothesized that the amount of DOM leached would be
highest in low severity chars, as low temperature chars have been
observed to release highly soluble organic carbon (Luo et al., 2011;
Norwood et al., 2013). We hypothesized that the DOM composition
would shift systematically with increasing burn severity to include more
aromatic and nitrogen rich signatures, analogous to observations along
heat temperature treatments (Wozniak et al., 2020). However, different
vegetation types are well known to produce variable DOM signatures
(Hansen et al., 2016), and recent studies have indicated that different
vegetation charred under similar conditions yield variable DOM signals
(Wozniak et al., 2020). Thus, we hypothesized the extent to which DOM
transformations would occur with increased burn severity would be
indicative of the land cover types in our study.

2. Methods

2.1. Vegetation collection and open air burn experiments

The overarching experimental design followed four major steps
detailed below and in Section 2.2 (Fig. S1). First, vegetation was
collected from common fire-prone landscapes in watersheds within the
Pacific Northwest (Grieger et al., 2022). These archetypal land cover
types included Douglas-fir forests (Pseudotsuga menziesii), mixed conifer
forests (Pseudotsuga menziesii and Pinus ponderosa), mountain woodland
(Pinus ponderosa and Artemisia tridentata) and sagebrush shrubland
(Artemisia tridentata). Unless otherwise specified in the text, we broadly
group the land cover types as forest dominant (Douglas-fir forest, mixed
conifer forest) or shrubland dominant (mountain woodland, sagebrush
shrubland). We have provided more details on land cover types in the
Supporting information.

Second, chars were generated from these plant materials using an
open air burn table to represent a range of environmental variability and
burn conditions by manipulating common burn parameters including
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temperature, duration of heating, moisture conditions, and plant
senescence (e.g., living or dead). For all samples, the ratio of woody to
canopy materials by mass was held constant at 40 % canopy materials
(<0.5 cm) and 60 % woody (>0.5 cm) material. The burn simulations
were performed with each vegetation sample using an open air burn
table configured at a 5◦ angle with metal barriers to separate vegetation
treatments (Grieger et al., 2022). Straw was used as an initial fire starter
in the bottom most quadrant of the table, and the metal barriers were
opened only briefly to allow flames to enter subsequent quadrants and
more rapidly start the combustion process. We placed two thermocou-
ples (Omega Ceramic Fiber Thermocouple Elements, insulation tem-
perature rating up to 1200 ◦C), wired to a datalogger (Campbell
Scientific CR1000) in each quadrant (six thermocouples total) to quan-
tify temperature and duration for each burn. Grab samples of charred
and burned materials were taken twice as temperatures reached roughly
300 ◦C and 600 ◦C using sanitized tongs and placed in sanitized metal
trays.

Once temperatures cooled, any remaining char and completely
combusted ash material were also collected (Step 3 in Fig. S1). Burn
severity was assigned to each char based on visual cues derived from
field-based assessments that include ash color, degree of charring, and
degree of consumption (Parsons et al., 2010). Chars were dried and
stored in a well-ventilated dark area at room temperature until further
analysis. A more comprehensive assessment for this open air burn
experiment, including information on vegetation collection and treat-
ments, burn protocols, burn table details, as well as workflows, photos,
and videos, is available on the Environmental System Science Data
Infrastructure for a Virtual Ecosystem (ESS-DIVE) data repository
(Grieger et al., 2022).

2.2. Leaching experiments

Triplicate leachates were generated for each land cover type for both
unburned and each char grab sample by shaking 25 g of unground
material with 1 L of synthetic rainwater in furnaced Pyrex glass bottles
at 160 rpm in the dark at 25 ◦C for 24 h (Step 4, Fig. S1). Synthetic
rainwater was prepared with an ionic strength characteristic to that of
the PNW, excluding ions containing carbon or nitrogen (see Grieger
et al. (2022) for complete preparation protocols that are outlined in the
“BSLE_Laboratory_Protocol” file located within the Methods folder).
Leachates were strained through a 2 mm × 0.6 mm opening PTFE mesh
followed by vacuum filtration through furnaced 0.7 μm GF/F filters and
a subsequent 0.2 μm Gamma irradiated filter. Aliquots were taken for
subsequent analysis detailed below and stored at 4 ◦C until the analysis
was performed.

2.3. Leachate chemistry

2.3.1. Total and dissolved organic carbon
Total carbon (TC) was measured on finely ground unburned and

charred material using an elemental analyzer (ECS 8020; NC Technol-
ogies, Italy). Dissolved organic carbon (DOC) was measured on the
leachates with a Shimadzu TOC-L Total Organic Carbon Analyzer. The
DOC was measured as non-purgeable organic carbon through online
acidification with phosphoric acid and purging to remove inorganic
carbon. Mobilization of DOC was defined as the DOC leached normal-
ized to the TC in the unburned or charred material, giving units of mg
DOC/g TC.

2.3.2. UV-VIS absorbance and fluorescence
Absorbance and fluorescence measurements were measured simul-

taneously with a Horiba Aqualog. Absorbance scans were recorded at a
wavelength range from 230 to 800 nm in 3 nm intervals. Fluorescence
was measured as 3D excitation-emission matrices (EEM) with the same
wavelength parameters. All EEMs were post-processed in Matlab 2020b
that included blank subtraction, inner filter correction (Ohno, 2002),

and Raman normalization from daily water Raman scans collected at an
excitation of 350 nm. All EEMs were further subjected to parallel factor
analysis (PARAFAC) using the drEEM toolbox v. 6.0 for Matlab (htt
ps://openfluor.org) (Murphy et al., 2013). A 6-component model was
split-validated with non-negativity constraints and explained 99.3 % of
the variability across the dataset.

2.3.3. Fourier transform ion cyclotron resonance mass spectrometry
High resolution mass spectra were collected via Fourier transform

ion cyclotron resonance mass spectrometry for individual samples at the
Environmental Molecular Sciences Laboratory in Richland, WA with a
21 T in house built spectrometer (Shaw et al., 2016). Methanol extracts
from SPE were injected into the electrospray ionization (ESI) source at a
DOC concentration of 50 mg/L. Four hundred fifty micro scans were
averaged in negative mode at a mass range of m/z 200 to 900 with in-
ternal calibrations applied. Chemical formulae of C, H, O, N, S, and P
were assigned to peaks with S/N > 2 and mass measurement error < 0.5
ppm using Formularity (Tolić et al., 2017). Peaks were further assigned
based on their elemental formula into common biomolecular groups as
described by (Seidel et al., 2015). Assignments to these groups do not
indicate positive identification of individual formulae, but rather stoi-
chiometric similarity to the associated biomolecule(s). Further pro-
cessing to calculate common molecular indices including the modified
aromaticity index (AImod), double bond equivalents, and nominal
oxidation state of carbon (NOSC) (Koch and Dittmar, 2006, 2016;
LaRowe and Van Cappellen, 2011) were calculated with the ‘fticrrr’
package for R (Patel, 2020). Intensity weighted averages were calcu-
lated for individual elements (C, H, O, N, and S) and molecular prop-
erties for each sample.

2.4. Statistical approaches

All statistical analysis and figures were generated with the R pro-
gramming language version 4.3.1 (R Core Team, 2023) with all codes
available to reproduce findings available at Myers-Pigg et al. (2024b).
For all hypothesis testing, model assumptions of normality were
assessed with Shapiro-Wilk test. Levene’s test was further used to
confirm assumptions of equal variance. In cases where this assumption
was violated, a heteroskedasticity correction was applied (White, 1980).
For all tests, significance was determined at an alpha level of 0.05 where
significance was considered “weak” when 0.01 < p < 0.05 and “strong”
when p < 0.01.

For leachate samples, linear mixed effects (LME) models were per-
formed with the lme4 package (Bates et al., 2015) to test the importance
of fixed effects (burn severity, land cover type) and their interaction on
DOC concentrations. Triplicate replication within the experimental
design was accounted for as the random effect. Analysis of variance
(ANOVA) were used to test the significance of the interaction term
within the LME models. When the interaction term was not significant,
LME models were re-run removing the interaction term and significance
between the primary fixed effects was determined. Post hoc pairwise
comparisons based on Tukey’s Honest Significant Difference were con-
ducted with the emmeans package (Lenth, 2023).

Finally, principal components analysis (PCA) was performed based
on the relative distribution of PARAFAC components to identify trends
in fluorescence signatures across land cover types and burn conditions.

3. Results

3.1. Char burn severities

The range of experimental burning conditions generated chars from
across a range of burn temperatures and burn durations, resulting in
chars that span low to high burn severities (Table S1). It should be noted
that we were unable to obtain burn conditions that would generate high
severity chars for the sagebrush shrubland land cover type.
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3.2. Dissolved organic carbon and absorbance characterization of char
leachates

The DOC leached from the unburned plant materials and burned
chars across land cover types is presented normalized to total particulate
carbon in Fig. 2a. Across the whole dataset, leached DOC ranged from
3.7 to 121.4 mg DOC/g TC. The amount leached was notably higher for
the sagebrush shrubland (33 to 121 mg DOC/g TC) and mountain
woodland (17 to 72 mg DOC/g TC) compared to the Douglas-fir forest (4
to 47 mg DOC/g TC) and mixed conifer forest (4 to 68 mg DOC/g TC).
Land cover type was the primary driver influencing the amount of DOC
leached (p < 0.001, df= 3, F = 16.0425), whereas burn severity was not
significant (p > 0.05, df= 3, F = 2.0539) based on two-way LME models
(Table S2).

In contrast to DOC, LME models provided support that SUVA254 was
more directly linked with burn severity (p < 0.001, df = 3, F = 22.7756;
Table S3). In particular, SUVA254 increased consistently from <1.5 L/
mgC⋅m in the unburned leachates up to ~2.5 L/mgC⋅m in the moderate
to high severity leachates, indicating a shift to more aromatic DOM
leached with increasing burn severity. It is important to note that while
SUVA254 was directly linked with burn severity, direct correlations with
maximum charring temperature were not significant for three of the four
land cover types (mixed conifer forest: r = 0.29; mountain woodland: r
= 0.34; sagebrush shrubland: r = 0.55; all p > 0.05) and was weakly
significant for the Douglas-fir forest (r = 0.61, p = 0.02).

3.3. Fluorescence characterization of char leachates

Leachates from the unburned and burned land cover types yielded a
6 component PARAFAC model derived from excitation-emission
matrices with a range of identified fluorophores characteristic of natu-
ral organic matter in aquatic systems (Table S4) (Coble, 1996; Stedmon
et al., 2003; Wünsch et al., 2019). Leachates in the unburned forested
land cover types (including both Douglas-fir forest and mixed conifer
forest) were enriched with the low emission wavelength protein-like
component C1, with relative proportions typically >60 % (Table 1;
Fig. S1). In contrast, unburned shrubland land cover types were enriched
with component C5 (>40 % in mountain woodland,>30 % in sagebrush
shrubland, Table 1; Fig. S1). This component represents long wave-
length emission and has an emission maximum roughly 35 nm greater
than that of the common microbial humic-like M peak (Table S4). This
component remains unclassified and would be considered unique if
observed in natural waters (Wünsch et al., 2019). A cross-reference
within the OpenFluor database (www.openfluor.org) provided only
two matches with other studies for which this component has been
observed, with the most relevant identifying this component in leaf
leachates of tulip trees (Wheeler et al., 2017). The presence of this
component across various vegetation types with limited presence in
aquatic systems indicates this signal may be a leaching specific signature
that becomes either integrated or lost when incorporated into the
broader DOM pool.

As vegetation burns at higher severities, fluorescence signatures in
leachates from forested land cover types shift from low wavelength
emission protein-like components C1 in favor of components that had
higher emission wavelengths relative to C1 (e.g., red-shifting). For
example, component C2, which represents the commonly identified
peak A (UV humic-like), and C3, which represents peak M (microbial
humic-like), were each elevated in high severity forest leachates
(Table 1; Fig. S1). For shrubland land cover types, blue-shifting (higher
to lower emission maximums) was observed as the proportion of high
emission wavelength C5 was depleted, also in favor of increasing C2 and
C3 that were lower in emission maximums relative to C5 (Fig. S1,
Table S4). These shifts across land cover types led to a convergence
among PARAFAC signatures, which is best exemplified through prin-
cipal component analysis (Fig. 3). In the PCA, burn severity was the
primary driver along PC1 (53.3 %) and land cover type was the primary
driver along PC2 (22 %). PC2 separates the forest and shrubland land
cover types by the protein-like C1 and high emission wavelength C5,
respectively. With increasing burn severity, samples converged posi-
tively along PC1 indicating a systematic shift of leachate DOM from the
unburned parent signatures to more enriched components C2 and C3. As
such, DOM composition in the forest land cover types represented a shift
from predominantly protein-like signatures to higher emission wave-
length signals. Comparatively, the shrubland vegetation leachates rep-
resented a shift from higher to lower emission wavelength signals
(Figs. 3; S1).

3.4. Molecular characterization of char leachates with FTICR-MS

High resolution mass spectrometry characterization of unburned and
char leachates revealed trends across the burn continuum that were
specific to land cover type. The bulk of FTICR-MS signal in the leachates
were primarily from highly unsaturated compounds in both forest (~45
%) and shrubland (~60 %) land cover types (Fig. 4). More nuanced
differences were observed among the land cover types for compounds
with elevated H/C ratios (>1.5). For instance, in the unburned forested
samples, aliphatic and aliphatic-N containing compounds (e.g., peptide-
like) represented about 30 % of the spectral signal (Fig. 4). With
increasing burn severity, this peptide-like signal decreased in favor of
more condensed aromatic compounds (AImod > 0.67), which contrib-
uted up to 50 % of the total signal in the high severity leachates (Fig. 4).
This shift was further complemented with a shift toward an overall

Fig. 2. A) Normalized DOC to total carbon in unburned or charred solid ma-
terial and B) SUVA254 for unburned and char leachates for each land cover type.
Note that high severity burn conditions were unachievable for the sagebrush
shrubland (Methods Section 2.1).
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higher aromaticity index from 0.1 to 0.6 and an increase in the intensity
weighted N signal from 0.6 to 1.1, indicating production of more com-
plex N containing aromatic signals (Figs. 4, S2).

In contrast to the forest leachates, the molecular response of shrub-
land leachate DOM to burning was more muted. For instance, there was
no change in the signal represented by condensed aromatic compounds
(Fig. 4). Instead, there was an observed change in measured signal of
aromatic compounds (0.67 > AImod > 0.5) from 5 % in the unburned
leachates up to 15 % from the moderate severity burn leachates (Fig. 4).
Additionally, the intensity weighted N signature increased in the sage-
brush shrubland from 0.6 in the unburned leachates to 1.2 in the mod-
erate severity leachates. This N increase appeared to be, in part, linked
with an increase in protein-like formula, which increased from 6.6 % in
the unburned leachate to 10.4 % in the moderate severity leachate

(Fig. 4).

4. Discussion

4.1. Land cover type is a key indicator of post-fire DOC leachability
across a burn severity continuum

The leachability of DOC from charred materials was more dependent
on the land cover type rather than burn severity. The higher leachability
of DOC from sagebrush shrubland chars may be attributed to composi-
tional differences in the parent material, which has been previously
reported in a comparison of oak and grassland chars (Bostick et al.,
2018; Mukherjee and Zimmerman, 2013; Wozniak et al., 2020).
Shrubland species typically contain lower percentages of insoluble
lignin-like moieties compared to woody forested vegetation (Cook and
Harris, 1968; Fengel and Wegener, 2011; Kufeld et al., 1981; Rahman
et al., 2013;Welch, 1997), which may have led to the higher leachability
of DOC from shrubland chars in this study. This is supported in the high
resolution molecular data where sagebrush shrubland was composed of
more unsaturated, lignin-like degradation products compared to the

Table 1
Table of mean and standard deviation of PARAFAC components across burn severity gradient and land cover type.

Land cover type Burn severity C1% C2% C3% C4% C5% C6%

Douglas-fir forest Unburned 74.1 ± 2.4 9.6 ± 3.0 2.6 ± 0.1 3.4 ± 2.4 2.9 ± 0.6 7.4 ± 3.4
Low severity 51.1 ± 8.6 13.2 ± 4.5 8.7 ± 1.3 6.6 ± 2.2 3.2 ± 0.7 17.2 ± 3.4
Moderate severity 37.3 ± 6.1 24.0 ± 7.4 11.4 ± 0.8 9.0 ± 0.7 2.2 ± 0.9 15.7 ± 1.7
High severity 10.0 ± 13.6 48.0 ± 11.2 19.5 ± 5.7 10.6 ± 1.4 2.3 ± 1.9 9.6 ± 3.8

Mixed conifer forest Unburned 71.6 ± 2.0 7.4 ± 1.2 2.8 ± 0.7 3.2 ± 1.1 2.5 ± 0.5 12.5 ± 4.2
Low severity 68.9 ± 7.7 7.9 ± 3.1 5.5 ± 2.0 2.8 ± 2.2 2.9 ± 0.7 12.0 ± 3.2
Moderate severity 21.2 ± 19.3 37.2 ± 18.6 17.7 ± 6.5 9.2 ± 1.3 3.1 ± 1.9 11.6 ± 4.9
High severity 0.7 ± 1.1 56.7 ± 2.7 26.0 ± 5.0 8.2 ± 3.3 2.7 ± 2.4 5.6 ± 6.2

Mountain woodland Unburned 29.5 ± 4.2 6.5 ± 1.0 0.9 ± 1.1 2.8 ± 2.7 49.4 ± 10.3 10.9 ± 1.3
Low severity 42.7 ± 12.1 9.2 ± 2.5 7.9 ± 1.9 7.5 ± 4.0 18.4 ± 7.4 14.4 ± 1.9
Moderate severity 47.0 ± 23.0 18.7 ± 13.4 9.8 ± 4.5 8.3 ± 5.8 4.9 ± 2.4 11.2 ± 2.4
High severity 0.5 ± 0.6 46.0 ± 4.5 25.9 ± 1.0 16.9 ± 4.0 0.0 ± 0.1 10.7 ± 1.3

Sagebrush shrubland Unburned 30.7 7.0 3.2 10.2 34.5 14.3
Low severity 13.7 ± 2.6 14.4 ± 3.7 12.9 ± 1.6 26.7 ± 7.8 18.8 ± 8.8 13.4 ± 1.7
Moderate severity 2.9 ± 0.4 33.1 ± 2.4 25.6 ± 0.7 23.5 ± 1.5 1.5 ± 0.6 13.4 ± 1.4

Fig. 3. Principal Component Analysis (PCA) highlighting multivariate shifts in
EEM-PARAFAC components from each land cover type across the burn
severity continuum.

Fig. 4. Relative proportion of signal from inferred biochemical classes derived
from FTICR-MS for all land cover types across the burn severity continuum.
Note that groupings do not constitute positive identification, but rather an
acknowledgement of stoichiometric similarities.
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forest vegetation (Fig. 4). Similarly, the proportion of highly condensed
aromatic compounds produced across the burn severity continuum was
considerably lower than that of the forest land cover types (Fig. 4) again
indicating a potentially more favorable solubility of the shrubland land
cover types. It is notable that the mountain woodland, which represents
a mix of ponderosa pine and sagebrush shrubland vegetation, conformed
primarily to sagebrush shrubland molecular signatures (Fig. 4). As such,
the mountain woodland land cover types, which spatially represent a
transitional zone between mountainous forest and valley shrublands in
the western United States, conformed to an intermediate DOC leach-
ability between the forested land cover types and the sagebrush shrub-
land. Collectively, these results implicate land cover type as a key
component that should be considered in biogeochemical frameworks
that seek to understand mobilization of DOC in fire impacted aquatic
systems. Furthermore, such results may have implications for linking
post-wildfire shifts in carbon directly with remote sensing products,
which may help fill a gap in both conceptual and earth system models.

While land cover type was the key driver of DOC mobilization from
fire impacted chars, burn severity was notably not significant in
explaining DOC leached in the burned chars (Fig. 1). This result was
surprising and led to a rejection of our hypothesis that chars created at
low burn severities would result in greater leaching of DOC as described
by other studies along burn temperature gradients (Bostick et al., 2018;
Cawley et al., 2017; Liu et al., 2015; Mukherjee and Zimmerman, 2013;
Wilkerson and Rosario-Ortiz, 2021; Zhang et al., 2023). For instance,
Zhang et al. (2023) reported temperature thresholds for forest soils at
225 ◦C, peaking at around 12 % of the total organic carbon leached as
DOC. This is comparable with our study, where we observed the amount
of DOC leached ranged from 3.7 to 121.4 mg DOC/g TC (0.37 to 12.1 %
TC as DOC) across all land cover types and burn severities. While similar
in magnitude, the disconnect between overall trends across the burn
continuum observed in our study relative to those in other studies may
be attributable to differences in experimental design. This is best
exemplified in a recent study that highlighted major differences in
leachability for chars generated in open air burning compared with
temperature-based muffle furnaces that are more commonly used in
other studies (Myers-Pigg et al., 2024a). In particular, our open air study
was designed to encompass a range of burn conditions (e.g., tempera-
ture, duration of heating) and environmental variability (e.g., vegeta-
tion type, living vs dead vegetation, dry vs wet; see methods Section 2.1)
that may be broadly expected in a naturally burned system. Such wide-
ranging variability at the ecosystem level may mute temperature-
explicit DOC signals that are often reported in other studies, high-
lighting the need to better integrate field-based measurements of fire
impact (e.g. burn severity) and land cover type when considering post-
fire impacts on DOC export to aquatic systems.

We recognize a slight limitation in our sampling design driven by the
inability to achieve burn conditions that would create high severity
chars with the sagebrush shrubland vegetation. While this is also typical
of field-based observations where high severity burns are less probable
in sagebrush dominant ecosystems (Stavi, 2019) (Fig. 1a), we were
unable to directly assess the interactive role of high severity burns on
DOC leached across the different land cover types due to its absence in
the study for the sagebrush shrubland. However, we recognize empiri-
cally in the forest land cover types that decreasing trends in high severity
leachates exists (Fig. 2a). We further note comparable observations
within the compositional data where >50 % of the molecular level
signatures in the forest leachates were composed of condensed aromatic
compounds (Fig. 4) and optical signatures that broadly implicate an
increased aromatic signature (Figs. 2b, 3). Condensed aromatic com-
pounds typically make up the residual chemical make-up of high tem-
perature charcoals and ash (Bird et al., 2015). Such compounds are
notably less soluble than non-fire impacted particulate organic matter,
however, they can make up a disproportionate contribution of the DOM
signatures derived from these burned sources (Bostick et al., 2018;
Zhang et al., 2023). Thus, while we cannot directly assess its statistical

significance, our empirical observations are consistent with the para-
digm that chars generated at high burn severity will generate a less
soluble, but more aromatic DOM pool.

4.2. DOM composition from different land cover types becomes
increasingly similar with burning

Results from our study highlighted DOM was unique across land
cover types but became increasingly similar with increased burn
severity. The enriched protein-like fluorescence signals and aliphatic N
(e.g., peptide-like) containing signatures in the unburned forest leach-
ates were depleted at high severities in favor of more red-shifted fluo-
rescence, aromatic (e.g., increased SUVA254, AImod, condensed
aromatics), and aromatic N containing signatures. The overall
increasing aromaticity and red-shifting fluorescence may in part be
explained by the loss of lignin-like moieties, which are abundant in
woody materials and undergo polymerization to more complex poly-
aromatic structures when burned (Bird et al., 2015; Y. Chen et al., 2022).
Similarly, with burning, proteins and other N-containing compounds
can be taken up into more complex 5- and 6-membered aromatic
structures, otherwise termed pyrogenic organic nitrogen (Torres-Rojas
et al., 2020; Wagner et al., 2015a). This likely led to the proportionally
higher intensity weighted N signature observed for forest leachates in
this study as CHO containing components (cellulose/lignocellulose) are
preferentially mineralized and N is taken up into the aromatic fraction of
the bulk organic matter pool (Knicker, 2010).

The response of shrubland land cover types was distinct but more
muted compared to that of the forest land cover types. The slight blue-
shifting of fluorescence signals in addition to only slight molecular
changes in aromatic signals (not condensed aromatic) indicate a shift to
more structurally simple DOM at higher severities. Structurally complex
plant materials have been linked with losses in molecular functionality
with burning, which we suspect may disrupt intramolecular interactions
that have been linked to long wavelength fluorescence signatures
(Chebykina and Abakumov, 2022; Del Vecchio et al., 2017). Addition-
ally, field studies have also indicated minimal production of condensed
aromatic compounds in shrubland fires, however, there may still be
increased overall aromaticity due to transformation of cellulose com-
ponents (Alexis et al., 2010). This result would indicate that shrubland
generated DOM formed from fire activity represents a smaller group of
aromatic clusters rather than a proportionately higher presence of
condensed aromatic compounds.

Similar to the forest land cover types, we again observed shifts for the
shrubland land cover types in average molecular N signature, although
this shift was driven predominantly by an increase in peptide-like signals
(Fig. 4). This result was surprising as we would have expected burning to
remove peptide-like signals through conversion to more aromatic-N
functionality (Knicker, 2010). However, the release of proteins has
been also previously reported in leachates of low temperature (<300 ◦C)
chars (Zhang et al., 2023). As shrubland fires are typically rapid and do
not often burn at equivalently high severities to that of forested systems
(Stavi, 2019), we suspect the increasing protein-like formula for this
land cover type may be the result of a breakdown in cellular structures
that allow for the release of more labile DOM components. Such a
mechanism has validity for other disturbance regimes, such as droughts
or freeze thaw cycling (Halverson et al., 2000; Skogland et al., 1988);
however, to our knowledge it has yet to be considered as a mechanism of
release from low severity wildfires.

Despite some notable differences in molecular level chemistry across
the land cover types, select bulk-scale optical signatures are indicative of
broad aromaticity convergent with increasing burn severity. Such a
convergence is consistent with current paradigms centered around the
‘molecular thermometer’where high combustion temperatures generate
less soluble but more aromatic DOC (Bostick et al., 2018; Schneider
et al., 2013; Wagner et al., 2018; Zhang et al., 2023). However,
aromaticity indicators, such as SUVA254, were poorly linked with
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maximum charring temperature (Section 3.1), an observation likely
driven by the heterogeneity in our open air experimental design that
created a realistic mosaic of burn severities across a range of burn
conditions not exclusively reliant on temperature (Myers-Pigg et al.,
2024a). Similarly, all land cover types converged to a common fluo-
rescence signature consisting primarily of components C2 and C3 (UV-A
and common M-peaks) at high severities (Fig. 3). Other field- and lab-
oratory- based studies have also reported a linkage between the M peak
and fire activity (Fischer et al., 2023; Zhang et al., 2023), indicating
potential use of select fluorescence signatures in identifying short-term
wildfire impacts in aquatic networks. Our study, though, highlights
the shifts in DOM composition across land cover types that generate
compositionally similar optical signatures with increasing burn severity.

5. Conclusions

Our results highlight the importance of land cover type in describing
the molecular changes in DOM leached from chars along a gradient of
burn severity. In general, across the forested and shrubland land cover
types, DOM compositional changes trended toward increasing N and
aromatic content. The extent of this aromatization was greater in the
forest land cover types, which we suspect was due to a macromolecular
makeup (e.g., lignin) that was more favorable for conversion to highly
condensed aromatic compounds. These generalizable trends were
reasonably anticipated based on previous temperature-based studies,
although we did not observe direct linkages with maximum charring
temperature. This disconnect was likely due to the high ecosystem-level
variation and burn conditions we considered in our study, highlighting
the importance of considering burn severity more directly as a broad
indicator of post-wildfire ecosystem disturbance in biogeochemical
studies.

Our results also provided first steps at developing a conceptual
framework of DOM changes along burn severity gradients for major land
cover types of the PNW (Fig. 5). Such frameworks may be more directly
relatable to field based observations, as observed in a recent PNW
wildfire study where high catchment burn severity was directly linked
with storm flushing of aromatic N signatures in small streams (Roebuck
et al., 2022). Additionally, scientists using reactive transport and other
hydrological modeling are keen to integrate molecular level dynamics
across burn severity gradients for describing disturbance-based impacts
on river ecosystem function (Muller et al., 2024). Such efforts may in
part be used to better describe the heterogeneous role of wildfire
impacted DOM in microbially mediated processes (e.g., metabolism)
(Graham et al., 2023) and transport along fluvial networks to coastal
regions. We recognize the continued need to better integrate other

environmental components, such as burned soils, into these conceptual
frameworks linking DOM composition with burn severity (Fernández
and Vega, 2016; Vega et al., 2013). Hydrologic transport through soils
represents a key mechanism for DOM export where shifts in flowpaths
throughout burned surface layers will directly impact composition of
mobilized DOM. Such pathways may vary considerably between forest
and shrubland land cover types where climate and antecedent water
availability impact surface and subsurface water movement and lateral
DOC exports to streams. Continuing to increase our understanding of
DOM transformations along burn severity gradients will increase our
ability to better predict wildfire disturbance impacts to terrestrial and
aquatic biogeochemical cycles.
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A comprehensive assessment for this open air burn experiment,
including relevant metadata information on vegetation collection and
treatments, burn protocols and workflows, photos, and videos is publicly
available on the Environmental System Science Data Infrastructure for a
Virtual Ecosystem (ESS-DIVE) data repository (Grieger et al., 2022).
Dissolved organic carbon, absorbance scans, Raman normalized 3D

Fig. 5. Conceptual diagram molecular level changes in the chemical compo-
sition of DOM from across the PNW land cover categories with increasing
burn severity.
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FTICR-MS processing instructions are also available at Grieger et al.
(2022). Additional data (including PARAFAC results and processed
FTICR-MS data) and scripts needed to reproduce statistics and figures for
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Wagner, S., Dittmar, T., Jaffé, R., 2015a. Molecular characterization of dissolved black
nitrogen via electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry. Org. Geochem. 79, 21–30. https://doi.org/10.1016/j.
orggeochem.2014.12.002.

Wagner, S., Riedel, T., Niggemann, J., Vähätalo, A.V., Dittmar, T., Jaffé, R., 2015b.
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