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ABSTRACT: Forested ecosystems are vulnerable to wildfires
which have short- and long-term effects on downstream water
quality, including changes to dissolved organic carbon (DOC)
transport and disinfection byproduct (DBP) formation down-
stream, which can be exacerbated by high-intensity rainstorms. To
evaluate short-term changes to streamwater composition and
characteristics, we sampled three streams feeding into the Cache
la Poudre River within the perimeter of the 2020 Cameron Peak
Fire before, during, and after the first postfire summer storm
season. Streams were distinguished by the proportion of their
upstream watershed that burned at moderate to high severity (<25%, 25—50%, or >50%). DOC concentration and turbidity
demonstrated storm-driven responses that were greatest in the 25—50% burn area stream. Nitrogen-containing species were enriched
in streams during the storm and poststorm periods, depending on burn area. Chlorination experiments measured low molecular
weight (C; — C,) DBPs, where streams from subcatchments with more extensive burns were greater in DOC and DBPs formed
across all events. However, DOC released during the storms formed less DBPs on a DOC-normalized basis in all streams. These
results demonstrate that DBP formation following wildfire disturbance is primarily driven by storm-mediated increases in DOC
loading rather than enrichment in highly reactive pyrogenic material.
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B INTRODUCTION

Forest ecosystems in the United States provide numerous
ecosystem services (e.g., water resources, soil stabilization and
erosion control, climate regulation, and carbon sequestration)
valued at ~ $S trillion annually and provide drinking water to
more than half of the population of the United States.’
Western United States watersheds provide water to over 180
million people and are currently pressured by population
growth and changing climate.”” There are clear links between
water quality and forest disturbances, such as wildfires, with
projected increases in wildfire size, severity, and frequency
likely to have more drastic impacts on aquatic resources and
downstream water supply.”® As wildfires continue to grow in
frequency and severity, understanding the molecular-level
impacts of wildfires on forested watersheds is critical for
securing water resources and protecting ecosystem services.
Wildfires directly impact watershed and streamwater quality
by burning vegetation and organic soil layers. Litter removal
combined with the disruption of soil aggregates postfire greatly
exacerbates the transport of ash, char, sediment, and
nutrients,”” including dissolved organic matter (DOM) (i.e.,
dissolved organic carbon (DOC), dissolved organic nitrogen)
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and total dissolved nitrogen (TDN) from surrounding unburnt
and fire-impacted soils and vegetation.""'? The degree of
combustion of soil and plant organic matter varies widely
within wildfires due to spatial heterogeneity in fuel, weather
conditions, and site topography; therefore, variation in fire
behavior generates a mixture of unburnt, partially charred, and
thoroughly charred organic matter. Charring and incomplete
combustion of organic matter produces a complex and
polyfunctional mixture referred to as pyrogenic organic matter
(pyOM), which can retain features from the original organic
matter source while exhibiting increased oxidation, acidity, and

aromaticity in a continuum.''~"® The quantity and composi-
tion of pyOM formed depends on specific watershed features

(e.g., soil profile, soil moisture, topography, vegetation,
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. . age 14—17 .
microbial communities) and burn severity, defined as the

amount of vegetation and litter consumed."®

Physical and chemical features can change in streamwater
shortly after a fire,'”*" often in response to precipitation
events. Soil heating and pyOM formation generates hydro-
phobic layers in soils that decrease postfire infiltration and
increase erosion and runoff into streams.'* Stream water is
strongly influenced by the presence, intensity, and proximity of
a stream to storm events.”"* During proximal storm events,
nitrate, manganese, total suspended solids, chloride, and DOC
concentration can increase by orders of magnitude down-
stream from burned watersheds.”*"** Various N forms (i.e.,
nitrate, ammonium, and dissolved organic nitrogen) have also
been observed to increase in the years after forest fires in
western North American forests, with these trends attributed
to postfire summer storms.”*"?*® Stream water DOM
composition can also shift between storm onset and peak
discharge;*”** one study found that increased DOM
concentration correlated more strongly with watershed
discharge than with burn extent.”” Unique contributions to
stream DOM composition can also be introduced via rain-
derived DOM,*>*! though quantifying each contribution was
outside the scope of the current study. Thus, storm events are
critical in shaping streamwater quality and DOM concen-
tration and composition after wildfires, with their impacts
varying by specific watershed characteristics and storm
dynamics.

Wildfire-induced transformation of streamwater composition
can adversely impact downstream water treatment particularly
with disinfection byproduct formation. Disinfection byprod-
ucts (DBPs) formed through chlorination treatment of DOC
are highly toxic and regulated by the United States Environ-
mental Protection Agency (US EPA).”> Wildfire-impacted
waters have been shown to contain higher DBP formation
potential compared to water associated with unburned areas,””
and can increase further after precipitation events.”*
Evaluation of Colorado streams impacted by the 2002 Hayman
Fire revealed that increased DBP formation potential
correlated to burn severity and DOC concentration.’® A
recent study of California streams affected by the 2021 Caldor
Fire and the 2022 Mosquito Fire suggests that burned
watersheds experience prolonged releases of DOC and
increased DBP formation during storm events compared to
unburned areas.”® Additionally, the speciation and composition
of the majority of aromatic DBPs and DBP precursors formed
during forest wildfires remains limited due to molecular
complexity, polyfunctionality, and heterogeneity of DOM that
challenges most routine analytical techniques for molecular
identification and quantification.’”*® Indeed, a recent study
reported a positive correlation between highly aromatic and
oxidized residues and DBP formation (i.e., trihalomethane and
haloacetonitrile) in surface and groundwater.39 However, little
is known about molecular-level compositional changes that
transform in-stream DOM and DBP precursors throughout
watershed catchments relative to percent burn area and
precipitation.

Molecular speciation of DOM compounds in highly complex
surface water samples is already challenged by the molecular
complexity inherent in DOM; however, DOM pools in postfire
watersheds are even more diverse and compositionally
complex thereby requiring even higher resolving power mass
accuracy. Only Fourier transform ion cyclotron resonance mass
spectrometry at 21 T (21 T FT-ICR MS) routinely achieves
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ultrahigh mass resolving power across a wide molecular weight
range and subpart-per-million mass measurement accuracy that
enables resolution and subsequent elemental composition
assignment to tens of thousands of species in soil and dissolved
organic matter.'”**™* The ability to routinely achieve
resolving power in excess of 3,000,000 at m/z 200 makes
FT-ICR MS ideal for analyzing complex environmental
samples (e.g., DOM,*™® golid and water-soluble char
residues,”’ " ), where isobaric species can differ by roughly
the mass of an electron.*>”® Electrospray ionization, which
selectively ionizes polar organic species, combined with 21 T
FT-ICR MS analysis of forest soil organic compounds, have
shown the leaching and degradation of charcoal-derived
condensed aromatic species in surrounding pore and stream
waters.”””> Therefore, FT-ICR MS provides the highest
capability in identifying changes to composition across tens
of thousands of unique molecules in complex environmental
mixtures.

We addressed knowledge gaps in the molecular impacts of
wildfires on organic matter stream chemistry and disinfection
byproduct formation by analyzing storm-derived changes to
DOM composition and DBP formation potential in streams
impacted by the largest wildfire in Colorado history: the 2020
Cameron Peak Fire. The Cameron Peak Fire burned 84,544 ha
in 2020 within the Cache la Poudre and Big Thompson
watersheds which deliver agricultural, municipal and industrial
water to more than 300,000 residents in Northern Colorado.”*
Here, we applied electrospray ionization 21 T FT-ICR MS to
compare DOM speciation from streams derived from catch-
ments with varying high severity burn area before, during, and
after the first Summer storm season after the Cameron Peak
Fire. We define this time frame (i.e., within the first year and
initial storm season after the end of the fire) as short-term,
when char residues and ash are most abundant and least
weathered. During this time, precipitation-driven mobilization
of fire residues can degrade water quality, alter DOM
composition, increase DBP formation potential, and elevate
risks of erosion and flooding, with consequences for down-
stream infrastructure and aquatic ecosystems.

B MATERIALS AND METHODS

Site Description and Sample Collection

Sampling took place after the Cameron Peak Fire was extinguished
(January 2021). A map of the burn area of the Cameron Peak Fire
with the watershed area associated with each stream is outlined in
Figure SI. Stream water samples were collected in 2021 before,
during, and after high intensity summer rainstorms during the first
postfire storm season, where measurements were averaged over
multiple days that culminate into prestorm, storm, and poststorm
sampling periods. Stream water samples were collected from three
subcatchments of the Cache la Poudre River Watershed and were
classified by the percent of moderate and high severity burn area (BA)
in each subcatchment, where burn severity was differentiated using
standard remote sensing approaches.”* Moderate and high severity
burns are characterized by the combustion of most vegetation and
organic soil layers'® and typically result in more pronounced short-
term changes in watershed streamwater chemistry.'””> Samples were
collected from streams associated with the following subcatchments:
South Lone Pine, (2,226 ha, 24% burned with 14% at moderate/high
severity), Bennett (3,726 ha, 70% burned with 38% at moderate/high
severity), and Fish (1,312 ha, 86% burned with 57% at moderate/high
severity), where stream samples are referred to as <25% BA, 25—50%
BA, and >50% BA streamwater samples, respectively. Each stream was
sampled over the following days and grouped by sampling period:
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prestorm (June eighth 2021, June 15th 2021, June 22nd 2021), storm
(July 27th 2021, Aug fourth 2021, Aug 11th 2021), and poststorm
(Oct 12th 2021, Oct 27th 2021, Dec first 2021) (Figure S2).

Stream Water Chemistry

Stream water samples were collected in plastic sample collection
bottles (high density polyethylene) that were triple washed with
deionized water (SC < 1.0 S cm™"). Samples were refrigerated after
collection, then aliquots for DOC and TDN were filtered through 0.7
um mesh glass fiber prefilters (Millipore Corporation, Billerica, MA,
USA). Samples were analyzed within 72 h of collection. Both DOC
and TDN were determined by high-temperature combustion catalytic
oxidation using a Shimadzu TOC-Vpy total organic carbon analyzer
with a TNM-1 total nitrogen detection unit (Shimadzu Corporation
Columbia, MD, USA). Detection limits for DOC and TDN were 0.05
mg L7'. Turbidity was measured in 1 L samples using the
nephelometric method (HF Scientific, Inc. Micro 100 Turbidim-
eter).”® Measurements were averaged over sampling periods for water
chemistry analysis and compared using single factor ANOVA and
Tukey’s HSD to determine significant differences between sampling
periods of each respective stream (p < 0.0S, a < 0.05) (Table S1).

Twenty-One Tesla Electrospray lonization Fourier
Transform lon Cyclotron Resonance Mass Spectrometry
(21 T FT-ICR MS)

Stream water samples collected on June 15th, Aug fourth, and Oct
27th 2021 were centrifuged for 10 min at 5000 rpm followed by
filtering through 0.2 ym poly(ether sulfone) filters. Samples were then
acidified to pH 2 with trace-metal grade HCI and prepared for FT-
ICR MS using solid-phase extraction with styrene-divinylbenzene
(SDVB) polymer modified with a proprietary nonpolar surface (Bond
Elut PPL, Agilent Technologies). This solid-phase extraction cartridge
was used to capture less polar organic matter residues while removing
polar inorganic salts.* Solid-phase extraction has been applied to
water samples ranging from freshwater to brine and produced water,
providing a consistent approach for comparative analysis. While
reproducibility can be challenging for complex mixtures lacking
compound-specific standards, previous studies have shown that PPL
sorbents offer reliable and re7producible performance for dissolved
organic matter extraction.*>”””® Adsorbed organic species were eluted
with methanol and carbon normalized based on the DOC of the water
(HPLC grade, Sigma-Aldrich Chemical Co., St. Louis, MO) to yield a
final concentration of ~ 50 ppm carbon and then sent to the National
High Magnetic Field Laboratory in Tallahassee, Florida.

Extracts were analyzed with a custom-built hybrid linear ion trap
FT-ICR mass spectrometer equipped with a 21 T superconducting
solenoid magnet and injected via direct infusion.””* Measurement
was completed with both positive and negative mode. The number of
formulas assigned between positive and negative mode for each
sample were roughly comparable and exhibited similar heteroatom
class shifts across the burn area gradient with a few distinctions. On
average, positive mode assignments were less oxidized and
incorporated more nitrogen. In contrast, negative mode included
more sulfur-containing heteroatom assignments (i.e, CHOS,
CHNOS) that were also more abundant. Data collected using +
ESI was the primary focus of this manuscript; previous study has
demonstrated the increased ionization efficiency of fire-impacted
DOM in + ESI compared to -ESL"' Furthermore, CHNO-containing
classes have been shown to increase in abundance and speciation
(e.g., newly assigned CHN;0 and CHN,O) substantially compared
to CHO-containing classes during laboratory heating, and are more
amenable to + ESL” Due to limited sample volumes collected during
rapidly changing storm events and ultrahigh-resolution instrument
access, a single representative sample from each stream and sampling
date was analyzed. This approach is consistent with prior environ-
mental DOM studies employing FT-ICR MS to evaluate spatial and
temporal compositional trends, *>*'~** where molecular character-
ization focuses on comparative differences among samples rather than
analytical replication. Description of the ionization conditions and
experimental methods can be found in Supporting Information. All
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FT-ICR MS data files and assigned elemental compositions are
publicly available via the Open Science framework at 10.17605/OSF.
I0/ATURS.

Molecular formulas containing carbon (C,_,o), hydrogen
(H,_500), oxygen (O,_3), nitrogen (N,_), and sulfur (S,_;) were
assigned and visualized with PetroOrg®© software.** PetroOrg
Assignments also included adducts and isotopes with potential
formulas including up to Nay_;, *Cy_,, "Ny_,, and **S,_,, though
these isotope assignments were only used to verify their monoisotopic
assignments and reduce false-positives and were not included in the
figures or tables. Molecular formula assignments with an error >0.4
parts-per-million were discarded, and only heteroatom classes with a
combined relative abundance of > 0.15% of the total were considered.
Between 6000 and 16,000 peaks were assigned molecular formulas
with <30 ppb RMS error across the samples (Table S2). While
isotopes were assigned and used to verify peak assignments with fine
isotope structure validation, isotopes and sodiated adducts were
omitted in the plots, tables, and discussion here. Assigned elemental
formulas of neutral species were used to calculate the aromaticity
index-adjusted double-bond-equivalents (Al-adjusted DBE, eq 1)*>%
and modified aromaticity indices (Alyg eq 2)***® where C = the
number of carbon, O = the number of oxygen, and so on.

1
DBEAI=1+C—O—S—E(N+P+H) )

DBE,,

Alyog = I
C-,0-N-S§ (2)
To assess the changes within the organic matter signature across
events for a single stream, molecular formulas assigned across events
were compared: if the same formula were assigned in every event, this
formula was considered “common”, whereas assignments made in
only one event were considered “unique”. Plotting common and
unique assignments was accomplished using van Krevelen diagrams
which enable rapid visualization of tens of thousands of elemental
compositions in a single plot and cataloging of DOM compounds into
loose groupings of biogenic precursors based on plots of atomic H/C
versus O/C ratios for elemental compositions derived from FT-ICR
MS of DOM.***”%® Van Krevelen plot regions were separated based
on molecular bonding constraints, where assignments colored as
orange and red include aromatic and condensed aromatic moieties in
their structures (Al,,q > 0.5 and Al 4 > 0.67, respectively). Green
points indicate plotting above the molecular lability boundary (MLB,
H/C > L1.5), established by D’Andrilli,*” which was approximated
after studying trends from DOM across numerous salinity gradients in
river, estuary, and ocean waters. While the MLB region does not
account for structure or isomers, assignments above the MLB have
been correlated as generally more microbially labile. Finally, gray
points comprise midsaturated characteristics and lie between the MLB
and aromatic plot regions. Midsaturated compounds are defined in
this study operationally by their atomic ratios (H/C < 1.5) and
calculated aromaticity index (Al,.4 < 0.5). In a practical sense, there
may be double bonds in a compound with an Al .4 < 0.5 that exist
outside of rings or with noncarbon heteroatoms. These designations
are not all encompassing but have been applied previously and found
to be in good agreement in studies with accompanying biological and
spectroscopic measurements.”” >

Disinfection Byproduct Formation Measurements

The DBP formation potential was evaluated following Uniform
Formation Conditions (UFC), as described by Summers et al.”
Samples were buffered with 1 M borate solution (pH 8 + 0.2) and
chlorinated with 1 M borate-buffered sodium hypochlorite solutions
(pH 8 + 0.2) at 20 + 1 °C. Preliminary chlorine demand studies were
performed with a series of three CI2:DOC ratios (1.2:1, 1.8:1, and
2.5:1), followed by incubation at room temperature for 24 + 1 h. A
chlorine dose was then selected which yielded a 1 + 0.4 mg/L Cl,
residual after 24 h and a 70 mL sample was then dosed accordingly.
Ten mL of sample was removed to measure Cl, residual after 24 h to
confirm a residual of 1 + 0.4 mg/L Cl,. Residual chlorine was
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quenched using S0 uM ascorbic acid and 150 mL of 12 N
hydrochloric acid, and the remaining 60 mL of sample was stored
for DBP analysis. Storage times were also kept in accordance with
EPA methods 552.2 and 551.1 (i.e., maintained at 4 °C in the dark,
analyzed within 2 weeks). DBPs were then measured using gas
chromatography — electron capture detection (GC-ECD, Agilent
8860). Four trihalomethanes (THMs), six haloacetonitriles (HANS),
and four haloacetamides (HAMs) were quantified using a modified
EPA method 551.1.°* Nine haloacetic acids (HAAs) were quantified
using EPA method 552.2.

B RESULTS AND DISCUSSION

Burn Area Drives Changes in Stream Chemistry

Three streams located within the Cameron Peak Fire perimeter
were sampled to elucidate changes to water chemistry over 3
days before (prestorm), during (storm), and following
(poststorm) high intensity storms during the first summer
storm season following the fire. Figure 1 displays the average
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Figure 1. DOC, TDN, and turbidity for each sampling period and
stream, colored by burn area (BA) (n = 3). Averages and standard
deviations can be found in Table SI. Single factor ANOVA and
Tukey’s HSD were used to determine significant differences among
sampling periods of each respective stream (p < 0.0S, a < 0.05).
Significant differences are distinguished by A and B labels.

DOC, TDN, and turbidity of each stream across sampling
period (numerical values in Table S1). Recent study has
demonstrated the difficulty in differentiating charred and
uncharred organic matter due to shared saturation and
functional group features.”””” Thus, DOC measurements in
the current study were considered as including nonimpacted
dissolved organic matter and partially charred organic matter,
which ranged in impact from light oxidation to near complete
combustion.

DOC concentration significantly increased during the storm
period and decreased during the poststorm period in each
stream (Figure 1). Prestorm DOC was greatest in the <25%
BA stream (6.62 mg/L) followed by the 25—50% BA stream
(5.99 mg/L) and >50% BA stream (4.61 mg/L). During the
storm period, DOC was greatest in the 25—50% BA stream
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(17.42 mg/L) followed by the >50% BA stream (12.25 mg/L)
and <25% BA stream (9.46 mg/L). By the poststorm period,
DOC decreased in order the 25—50% BA stream (8.95 mg/L)
followed by the >50% BA stream (4.97 mg/L) and <25% BA
stream (4.24 mg/L). The 25—50% BA stream exhibited the
largest increase in DOC during the storm period, which
suggests that a moderate amount of high burn severity area
may mobilize more DOC into streams relative to higher or
lower amounts. This may be related to increased solubility
from partial combustion of DOC without complete oxidation,
compared to the <25% BA and >50% BA streams.”*™'*
though catchment specific responses may also reflect prefire
differences in DOC, topography, and soil properties that are
impacted by fine-scale heterogeneity in storm intensity.
Regardless, these findings suggest that the amount of
subcatchment area burned at high severity will drive changes
to stream chemistry and are in agreement with previous
findings from the Hayman Fire.'"!

TDN concentrations changed inconsistently from prestorm
to storm periods across streams. The average TDN
concentrations of each stream were initially similar (0.40 +
0.02 mg/L) during the prestorm period and displayed unique
changes to average TDN concentrations during the storm
period: the <25% BA stream decreased (0.35 + 0.08 mg/L),
the 25—50% BA stream stayed relatively the same (0.42 + 0.12
mg/L), and the >50% BA stream increased (0.62 + 0.25 mg/
L). While the change in average TDN during the storm was
not considered significant in the >50% BA stream, the >50%
BA stream storm samples included the highest variance and
individual measurements among the sampling events. Hydro-
logical and chemical conditions in watersheds can change
rapidly during storms and likely contributed to the high
variance observed. Despite this, there is evidence that changes
in the 25—50% and >50% BA streams may result from the
transportation of organic and inorganic nitrogen that can
accumulate in ash and be mobilized during storms.”*'*>'%
During the poststorm sampling period, the TDN concentration
in every stream decreased to below prestorm values, though
this decrease was only statistically significant in the <25% BA
stream.

Turbidity was similar across streams during the prestorm
and poststorm sampling periods and increased during the
storm sampling period in the >50% BA stream samples.
Turbidity during the storm sampling period was greatest in the
25—50% BA stream (50.17 NTU) followed by the >50% BA
stream (13.83 NTU) and <25% BA stream (4.67 NTU).
Following the storms, turbidity was not statistically different in
any of the streams from prestorm to poststorm sampling
periods. Only the >50% BA stream turbidity was significantly
higher during the storm period, however the 25—50% BA
stream turbidity also exhibited the highest average and
variability of the streams. Singular measurements yielding
high TDN concentrations contributed to the overall average
and may result from the nature of high convection storms,
where hydrological and chemical conditions in streams can
change on the scale of minutes. In agreement with previous
work,” turbidity generally increased in waters originating from
high %BA watershed areas compared to low %BA watersheds
during a precipitation event. The intrastream variability in
turbidity was also minimized during the poststorm sampling
period, which may be indicative of mixing or the removal of
ash and particulate during heavy rainfall that increases
heterogeneity of streamwater constituents, though erosion
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can vary substantially within fire-affected and unburnt
watersheds.”*

21 T FT-ICR MS Reveals Unique Nitrogen Speciation in
Storm DOM

Unique CHO and CHNO species derived from positive-ion
ESI FT-ICR MS were visualized in Van Krevelen plots to
disentangle DOM compositional transformations during each
sampling period for the <25% and >50% BA stream samples
(Figure 2). The percent relative abundance (% R.A.) was

<25% BA Stream
A Unique to Pre-storm  Unique to Storm  Unique to Post-storm
20 540 14 1999
15 RN Colored by Plot
cHO o, R Region
I
0.5
0.0
0.0 0.5 1.0 0.5 1.0 0.5 1.0
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20 30 3547 3384
15 - i

CHNO § 1o
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174 B 5170 522
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0.0 05 1.0 05 1.0 05 1.0
o/iC o/C o/C

Figure 2. Van Krevelen plots of the unique CHO and CHNO species
measured in positive-ion ESI FT-ICR MS for <25% BA stream and
>50% BA stream burn area streams across each sampling period.
Assignments were considered “unique” if they were not assigned in
the prestorm sample spectra (unique formulas in the prestorm were
absent from storm and poststorm). Points are colored based on their
compositions where assignments colored as orange and red
correspond with aromatic and condensed aromatic (CA) moieties
in their structures (Al,.4 > 0.5 and Al, 4 > 0.67), respectively.*®
Green points indicate the assi§nments above the molecular lability
boundary (MLB, H/C > 1.5)" that corresponds with more labile
residues, and gray points lie outside these boundaries. Number of
assignments per plot region can be found in Table S3. Analogous
diagrams for the 25—50% BA stream can be found in Figure S6.

calculated only using the CHO and CHNO assignments
(Table S2), whereas sulfur-containing heteroatom classes (i.e.,
CHOS, CHNOS) were <0.1% R.A. of the positive-ion ESI FT-
ICR mass spectra and were omitted from this discussion.
Analogous diagrams for the 25—50% BA stream can be found
in Figure S6.

For all samples, DOM mass spectra span mass-to-charge
(m/z) 150 — 1000 with an achieved resolving power
>2,000,000 at m/z 400 (m/AmS50%, where Am50% = mass
spectral peak width at half-maximum peak height) (Figure
$3).*® Each of the stream samples exhibited a common
background DOM signature, which is often reflective of
common stream inputs,””'**'% that can be seen in the shared
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compositional space by the molecular formula assignments
common to each stream and sampling period (Figure S4).
These assignments are indicative of plant and microbial
residues that are common to many locations around the South
and Midwest United States.””'*"'*> Venn diagrams (Figure
SS) also depict the number of shared molecular formulas to
show how these assignments overlap among specific sampling
events and sites. The following discussion focuses on molecular
formula assignments that were unique to each sampling period
relative to their respective prestorm samples.

During the storm period, mobilized DOM contained a
higher relative abundance of unique nitrogen species compared
to prestorm stream samples. DOM in prestorm samples was
primarily comprised of CHO species (65%, 56%, and 57% of
the total assignments in the <25% BA, 25—50% BA, and >50%
BA streams, respectively) followed by CHNO species (34%,
43%, and 42% of the total assignments in the <25% BA, 25—
50% BA, and >50% BA streams, respectively). Plotting atomic
ratios (H/C vs O/C) of prestorm DOM species reveal the
most abundant compositions from midsaturated > aromatic >
MLB > condensed aromatic. During the storm period, the
CHNO assignments increased and accounted for ~ 55—60%
of the total assignments and ~ 32% relative abundance while
the total number of assignments remained relatively
unchanged. Abundances of unique CHNO species in each
stream based on atomic ratios ordered from midsaturated >
MLB > aromatic > condensed aromatic. Concurrent with an
increase in DOC during the storm period, microbially labile
nitrogen-containing species in streams are released across all
streams during the storm period. Interestingly, the number of
CHNO species with multiple nitrogen atoms (N,_,O,)
increased in every stream during the storm period and can
be rapidly visualized by separating the CHNO heteroatom
class by nitrogen content (Figure S7). From the storm to
poststorm sampling period, these N,_,O, assignments only
remained enriched in the <25% BA stream whereas the other
stream samples resembled their respective prestorm class
assignments.

The poststorm DOM composition in the <25% BA stream
exhibited unique features to the prestorm DOM and provides
insight into how a storm event can impact stream DOM
composition in the months following the end of a storm
season. By the poststorm period, the CHO and CHNO
assignments decreased in every stream to prestorm values
except the <25% BA stream where unique CHNO assignments
remained high in assignments and % R.A. (from 3547 to 3384
assignments and 19% to 13%). The <25% BA stream
poststorm assignments encompassed a larger compositional
space compared to the other streams of greater burn area, of
which 2550 of the unique poststorm CHNO assignments
(compared to prestorm assignments) were also assigned in the
storm period. Furthermore, the <25% BA stream featured the
greatest number of total and unique assignments in the MLB
plot region by the poststorm period. Even after the DOM
quantity returned to prestorm conditions (indicated by DOC
concentrations), the DOM composition remained altered and
enriched with unique nitrogen-containing compounds that
appeared microbially labile compared to greater BA streams.

Relative to the prestorm samples, the relative abundance-
weighted average molecular weight decreased during the storm
(Table S2). During the storm period, average molecular weight
of the stream DOM decreased most in the 25—50% BA stream
(—53.5 Da), followed by the >50% BA stream (—34.3 Da) and
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Figure 3. Concentration of disinfection byproducts (DBPs) for each stream through each sampling period after chlorination. A: total DBP
concentration. B: DOC-normalized DBP concentration. Values for both total (Table S4) and DOC-normalized (Table S5) DBPs measured in each
sample can be found in the Supporting Information. DBPs measured but not shown were below the detection limits.

<25% BA stream (—3.1 Da). The increased abundance of
species that contributed to the lower average molecular weight
during the storm period corresponded with unique peaks in
the MLB plot region and may resemble a rapidly turned-over
metabolite fraction released from soil microbial biomass or a
lysed fraction of soil microbes that would leach necromass.”

Overall, even after the DOM quantity returned to prestorm
conditions (indicated by DOC concentrations), the DOM
composition remained altered and enriched with unique
features that indicate a larger presence of microbially labile
residues compared to greater BA streams. Additionally, the
increased CHNO assignments and relative abundance in the
<25% BA stream do not trend with the DOC or TDN
measurements, compared to the greater BA streams, and
suggest that the increased DOC, TDN, and unique molecular
formulas during the storm period in the 25—50% and >50%
BA streams may originate from less severely burned areas in
each catchment, regardless of BA.

Changes in DOM Reactivity Influence Disinfection
Byproduct Formation

Stream water samples were chlorinated and DBPs were
measured, including trihalomethanes (THM), haloacetonitriles
(HAN), haloacetamides (HAM), and haloacetic acids (HAA),
to quantitatively determine how the difference in stream DOM
composition during the prestorm, storm, and poststorm
sampling periods may influence drinking water quality and
the ability of utilities to meet EPA regulatory standards. Figure
3 shows the total concentration of DBPs formed and measured
in each streamwater sample (Figure 3A) and normalized to the
DOC of each sample (Figure 3B). While experimental
replicates are ideal, they are not always feasible in environ-
mental field studies, particularly in dynamic and remote
systems such as the mountain tributaries studied here.
Instrument error is typically <3%RSD of the total instrument
signal during DBP measurement, and propagated error when
calculating the ratio for DOC-normalized DBP concentrations
is typically <8%RSD (see appendices section 3).”* Even
considering the extrapolated errors, discussions and inter-
pretations of the data below would remain unchanged.
Furthermore, the yields measured here are within expected
ranges based on other postfire DBP measurements.'*°

DBP formation was greater in streams with greater
proportional burn area and matches previous trends;’*
however, changes to the total DBPs across sampling periods
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were variable. For prestorm, the total DBP formation in the
25—-50% and >50% BA streams (319 and 362 ug/L) was
nearly ~ 3 times that of the <25% BA stream (122 ug/L)
(Table S4). These differences stayed similar throughout and
after the storm period, but each stream individually had a
different increasing and decreasing trend across periods. DOC
concentrations increased during the storm period in every
stream but DBP formation only increased in two of the streams
to varying degrees, highlighting that DOC alone is a poor
predictor of DBP formation after fire.

Normalizing DBP formation to the DOC demonstrated a
relative decrease in the reactivity of DOM introduced during
the storm period (i.e, DOC-normalized DBP formation, or
yield, were at a minimum during the storm period (Figure
3B)). The stream with the least proportional burn area (<25%
BA) decreased the least compared to prestorm levels,
specifically highlighting that pyOM mobilized during the
storm period tends to be less reactive in forming DBPs.
Poststorm DOC-normalized DBP formation returned to near
or slightly below prestorm concentrations except in the <25%
BA stream, which nearly doubled the prestorm concentration.
The return to slightly below prestorm yield in the greater BA
streams likely indicates some remaining, low yielding pyOM
persisting in the base flow. The increased reactivity in the
<25% BA stream could relate to the enrichment of residues
unique to this stream discovered in the poststorm DOM mass
spectra, and the significant decrease in TDN that is only
present between the <25% BA stream pre- and poststorm
sampling period. This suggests that non-pyOM was introduced
to the <25% BA stream following the storm period and that
increases to total DBP formation following storm events at
water utilities may result from greater DOC loading as
opposed to increased DOC reactivity.

Environmental Implications

Given the variable coverage and precipitation amount that the
high intensity convective storms had on each subcatchment
studied here, seasonality and storm specific responses
throughout the Cache la Poudre River in Colorado may help
explain patterns in the streamwater chemistry and DOC
composition. Stream discharge through each sampling site was
not measured as monitoring small tributaries can be logistically
challenging and highly variable, particularly during storm
events. However, Rhoades et al. (2025) reports the discharge
through the main stem of the Cache la Poudre and water
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quality parameters for 16 tributaries from 2020 to 2024,
including the ones studied here, to characterize tributary solute
concentrations following the Cameron Peak Fire. Across
postfire subcatchments, overland-flow impacted potassium,
phosphate, ammonium, DOC, turbidity, and total suspended
sediment. These solutes exhibited reproducible spikes in their
concentration during summer storms, particularly in the first
two postfire summers (i, 2021 and 2022). The maxima of
these solute storm spikes correlated with wildfire extent:
tributaries containing >50% BA exhibited the highest solute
concentrations, and less or unburned catchments showed
smaller but similar patterns. Storm pulses in tributaries
appeared to propagate downstream to the mainstem CLP
concurrently, highlighting a correlation between wildfire
extent, storm mobilization, and stream chemistry. Further-
more, the average DOC, TDN, and turbidity along the main
stem increased in 2021 postfire relative to 2020 prefire
seasonal means and increased during the 2021 postfire storm
season by several fold compared to nonstorm conditions of the
same year. Thus, the changes to water chemistry and DOC in
the sample set of the current study reflect the influences of
storms studied throughout the Cache la Poudre River
watershed.

The enriched CHNO residues during the storm period were
predominately more saturated and less oxidized compared to
the prestorm assignments and might be related to
biomolecules released during low temperature burning.'*”'%"
The unique nitrogen assignments could also represent labile
microbial residues,'”” where the poststorm increase in unique
assignments in the <25% BA stream compared to the other
streams might result from microbes that survived the Cameron
Peak Fire at lower severities. A more diverse microbial
community would produce a wider range of molecules
following precipitation compared to the lower diversity of
pyrophilous microorganisms that remain in soils after
combustion at higher burn severities."'" Cao et al. (2025)"""
examined the reactivity of water-extractable organic matter
originating from burned and unburned soils using water
chemistry and metagenomic analyses. Notably, microbial taxa
specializing in the degradation of aromatic compounds were
enriched in burned soils, suggesting that wildfires will
restructure microbial communities and metabolic pathways
involved in postfire organic matter turnover. The unique peaks
in the <25% BA stream poststorm sample may also reflect
surviving plants and microbes “stimulated” by precipitation
relative to the hilgher burn severity streams through a positive
feedback loop,'"” though this assumes living plants and
microbes as a predominant source. Another possible source
is microbial necromass that can contribute unique residues,
where partial combustion under less severe burning could leave
more abundant necromass residues capable of transport.' "

Although it is speculative to approximate the amount of
pyOM, allochthonous, and autochthonous DOM introduced
due to the compositional overlap of DOM sources observed in
streams, """ "*~1° this study highlights the reduced reactivity
of pyOM as DBP precursors, mobilized during a storm season
in streams draining fire-affected catchments. The results
reaffirm that short-term declines in water quality will differ
among watersheds based on the extent that was burned. It
should be noted that DBP quantification only included small
molecule targets with 1 to 2 carbon atoms. Larger DBPs
formed during chlorination were not characterized by may
contribute to the broader spectrum of DBPs forming under
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experimental conditions. Long-term studies could reveal how
DBP precursor loading downstream has increased or decreased
compared to prefire conditions, where additional efforts by our
team focuses on the long-term changes to postfire watershed
water chemistry and the reduced reactivity of organic matter
postﬁre.117 Decreased organic matter reactivity in combination
with the increased overall transport of organic matter out of
the system through combustion and runoff may potentially
result in longer-term decreases in DBP precursor loading after

fire.
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