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Abstract Increasing wildfire activity can impact the global carbon cycle, aquatic ecosystem health, and
drinking water treatment through alterations in aquatic dissolved organic matter (DOM) composition. However,
uncertainty remains about the spatial and temporal variability in wildfire effects on DOM composition. We
sought to improve understanding of how burn severity affects stream DOM and how weather, hydrology, and
landscape factors contribute to variability in post-fire DOM responses across space and time. Following a large
2020 wildfire in Oregon, USA, we collected water samples to quantify dissolved organic carbon and DOM
optical properties at 129 stream sites across the fire-affected stream network. Sampling was repeated across
seasonal hydrologic conditions to capture variation in hydrologic pathways and organic matter sources. We
developed a PARAFAC model using excitation-emission matrices (EEMs) and used spatial stream network
(SSN) models to determine how DOM composition changed across the stream network with burn severity. The
greatest shifts in DOM composition were observed during the dry and wetting seasons, with an increase in
aromatic DOM at higher burn severities. In contrast, an increase in protein-like DOM was observed during the
wet season at higher burn severities. Drainage area, 31-day and 1-day antecedent precipitation, and baseflow
index impacted the relationship between DOM composition and burn severity, which could partially explain the
variability in post-fire DOM responses. Our study contributes a mechanistic understanding of how wildfire
impacts DOM sources and composition, which is critical to predicting wildfire effects on aquatic
biogeochemical cycling and preserving ecosystem health and source water quality.

Plain Language Summary There has been increasing concern about how wildfires affect our aquatic
ecosystems and drinking water treatment. In particular, there is concern about how the composition and
transport of organics on the landscape post-fire impact stream organic matter. However, there is currently a lot
of variability in the impacts that have been reported. We aimed to better understand this variability by collecting
stream samples across a burned stream network to see how the organic matter was changing across the streams
and how the burn severity of fire affected that. Overall, we found that the impact of burn severity on the types of
organic molecules varied by seasonal wetness. We found an increase in the complex organic molecules during
the dry and wetting up periods at the more severely burned streams. Conversely, in the wet season we found an
increase in protein-like organic matter at the more severely burned streams. Additionally, we determined that
landscape and weather characteristics can impact the relationship between burn severity and the types of organic
matter in streams. Our work suggests that it is critical to control for landscape and weather characteristics when
measuring organic matter post-fire.

1. Introduction

Streams play an important and active role in the global carbon cycle (Cole et al., 2007). It has been estimated that
only ~20% of the carbon from the 5.1 Pg C yr™' that streams, lakes, and wetlands receive from the terrestrial
landscape reaches the ocean while the remainder is either stored in aquatic sediments or outgassed as CO, (Drake
et al., 2018). A critical component of this carbon is dissolved organic carbon (DOC), which can make up the
majority (~64%) of carbon inputs from the landscape to aquatic systems (Fahey et al., 2005). DOC also makes up
a large proportion of the carbon processed in streams, with an estimated 27%-45% of DOC removed through in-
stream processes (Mineau et al., 2016).

DOC represents the carbon component of dissolved organic matter (DOM), a complex mixture of organic
compounds which vary in structure and environmental reactivity. Due to its diverse nature, shifts in DOM
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composition can have substantial impacts on the environment. Past work has shown that DOM quantity and
composition can affect CO, emissions from streams (Bodmer et al., 2016), impact aquatic ecosystem health
(Reitsema et al., 2018), and increase the challenges and costs of drinking water treatment (Yang et al., 2015).
DOM quantity and composition have been found to shift in response to landscape disturbances such as extreme
weather events (Majidzadeh et al., 2017), insect and pathogen outbreaks (Mikkelson et al., 2013), forest har-
vesting (Yamashita et al., 2011), and wildfires (Roebuck Jr. et al., 2022).

Wildfires are of increasing concern in the Western US. Substantial shifts in wildfire regimes have led to larger and
more severe wildfires due to climate change and shifts in forest management (Marlon et al., 2012; Wasserman &
Mueller, 2023). Wildfires can affect in-stream DOM in several ways. First, wildfires consume organic matter in
the vegetation and on the soil surface. During a fire, a large proportion of organic matter is volatilized and lost to
the atmosphere; however, between 1% and 28% of the organic matter may be retained on the landscape as py-
rogenic organic matter (PyOM), a product of incomplete combustion with varying reactivity based on combustion
temperature (Forbes et al., 2006; Preston & Schmidt, 2006; Santin et al., 2015; Wagner et al., 2018). Wildfire can
also impact organic matter transport through shifts in hydrologic cycling, with vegetation loss leading to increased
net precipitation (Williams et al., 2019) and decreased evapotranspiration (Kang et al., 2024), generally leading to
more water moving through hillslopes (Hallema et al., 2017) while shifts in soil characteristics can impact water
flow paths and flow timing (Ebel & Moody, 2017; Jung et al., 2009). It is generally thought that these impacts
from wildfire result in increases in streamflow through surface runoff and shallow pathways; however, more
recent research has shown that wildfire can also increase lateral flow and groundwater contributions to streams
through overall increases in water availability and preferential flow paths (Atwood et al., 2023; Jung et al., 2009;
Onda et al., 2008; Rey et al., 2023; Stoof et al., 2014). Since DOM is primarily mobilized during high flow events
(Raymond & Saiers, 2010), water flowing through distinct flow paths could potentially mobilize different sources
of DOM and alter the quantity and composition of DOM transported from burned hillslopes to streams.

However, there remains much uncertainty about how wildfires impact in-stream DOM composition (Tshering
et al., 2023). A relatively quick and inexpensive approach to characterizing DOM is with the use of optical
measurements, such as UV-VIS absorption and 3D excitation-emission fluorescence. The fluorescence index (FI)
is a common metric typically associated with microbially derived and nitrogenous DOM (McKnight et al., 2001),
and recent studies have observed increases in FI in burned streams indicating potential utility of optical analyses
in identifying post fire impacts on stream DOM (Crandall et al., 2021; Fischer et al., 2023; Hickenbottom
et al., 2023; Hohner et al., 2016; Uzun et al., 2020). However, interpretations around the linkages between DOM
optical properties and fire activity are challenging in part due to the limited number of post-fire studies that have
analyzed DOM composition in streams, particularly since the majority of studies are in arctic and semi-arid
regions (Chow et al., 2019; Crandall et al., 2021; Fischer et al., 2023; Hickenbottom et al., 2023; Hohner
et al., 2016; Larouche et al., 2015; Parham et al., 2013; Rodriguez-Cardona et al., 2020; Uzun et al., 2020). While
there is a relatively large body of work investigating the DOM composition of ash and soil leachates (i.e., Cawley
et al., 2018; Chen et al., 2020, 2023; Revchuk & Suffet, 2014), we know that DOM can be transformed while
being transported through soils to streams through selective sorption (Kothawala et al., 2012), microbial
degradation (Roth et al., 2019), and photodegradation (Egan et al., 2023). Such transformations could limit the
comparability of laboratory-based leachate studies to stream and watershed observational studies post-fire.

Past work on both DOC concentrations and DOM composition has shown that the post-fire response can be highly
variable and complex across both space and time (Tshering et al., 2023), highlighting the need for more work to
explore the causes of this variability. A recent study investigating DOM composition across Canada reported no
common effect of disturbance relative to the variability across different landscapes and climate, suggesting that
disturbance effects may be more locally dependent (Orlova et al., 2024). Indeed, while fire characteristics are
identified as the primary driver of the variability in responses (Raoelison et al., 2023), there is evidence that the
variability in DOC concentrations can decrease across space and time as burn severity increases (Wampler
et al., 2024c). This result suggests that there may be a more complex interaction between wildfire characteristics,
landscape characteristics, hydrology, and climate that could influence the variability in post-fire DOM responses.
Thus, it is critical to further explore how landscape and climate factors may interact with fire characteristics, such
as burn severity, to modulate the post-fire response of DOM composition.

This work builds upon existing work in the same sub-basin (Wampler et al., 2024c¢), using DOC data collected at
the same time as this study, which explored the impacts of burn severity on DOC concentrations across seasonal
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Figure 1. The McKenzie River sub-basin, Oregon USA (U.S. Geological Survey, 2020) with the burn severity map of the
2020 Holiday Farm wildfire (MTBS Project, 2021) and the stream sampling sites distributed across the stream network. The
shapes indicate the location of each water sampling site relative to the Holiday Farm wildfire.

wetness conditions. Overall, in that work, DOC concentrations were determined to be more strongly related to
baseflow index than burn severity, with strong seasonal variability in the impact of burn severity. Decreases in
DOC concentration with burn severity were observed primarily during the wetting season.

In our study, we aimed to answer the following questions: (a) How does burn severity influence DOM
composition in streams? (b) What landscape, hydrologic, climate, and wildfire variables best explain the vari-
ability in DOM composition across a burned stream network? (c) What landscape, hydrologic, and climate
variables impact the relationship between burn severity and DOM composition?

2. Materials and Methods
2.1. Study Area

Our study occurred in the McKenzie River sub-basin (HUC 17090004), a 3,461 km? watershed on the Western
slopes of the Cascade Mountains in Oregon, USA (Figure 1). The sub-basin ranges in elevation from 111 to
3,149 m with a median elevation of 954 m. The sub-basin has a mean slope of 16° with a maximum slope of 50°. It
is located in a Mediterranean climate with cool wet winters and warm dry summers. Average annual precipitation
across the basin ranges from 1,000 to 3,500 mm due to orographic effects, with an average precipitation of
2,200 mm (PRISM Climate Group, 2024). The 30-year (1991-2020) normal annual maximum temperatures
across the basin ranged between 5.3 and 17.6°C while the 30-year normal annual minimum temperatures ranged
between —5.0 and 5.8°C (PRISM Climate Group, 2024). The sub-basin is primarily forested, with ~80% of the
area classified as forested, primarily with Douglas-fir (Pseudotsuga menziesii) and Western hemlock (Tsuga
heterophylla) (Dewitz, 2021; Kagan et al., 2019). The upper two thirds of the sub-basin are mostly U.S. Forest
Service land while the lower third of the basin is a combination of private residential land, commercial forestry,
and agriculture. The geology of the sub-basin is primarily volcanic, with relatively young volcanics in the upper
third of the basin, characterized by shallow slopes. The soils typically have extremely high infiltration capacity
rates leading to deep subsurface flow paths and relatively large inputs of deep groundwater to streams.
Comparatively, the lower two-thirds of the basin are comprised of older volcanics, which typically have steeper
slopes with deeper organic soils and shallower flow paths where lateral flow paths dominate (Jefferson
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Table 1

The Timing and Weather Conditions of Each Sampling Campaign

Sampling Start End Storm precipitation Average precipitation intensity APIL APIL APIL Sites

Season date time (PST)  time (PST) depth (mm) (mm hr™?) 1 (mm) 7 (mm) 31 (mm) sampled

Wetting 1 Nov. 2022 5:30 17:15 7.6 0.6 14.0 45.7 123.7 126

Wet 13 March 7:00 15:15 16.5 2.0 9.9 54.4 202.4 96
2022

Drying 11 June 6:30 17:30 0.0 0.0 0.0 0.5 17.5 117
2023

Dry 11 Sept. 6:45 17:15 0.0 0.0 0.0 0.0 18.0 78
2023

Wetting 26 Sept. 6:30 16:00 0.0 0.0 114 22.1 38.6 95
2023

Wet 9 Dec. 2023 7:45 16:30 0.5 0.1 0.5 268.5 406.1 79

Drying 5 May 2024 6:30 15:30 11.9 1.3 21.6 108.7 231.9 94

etal., 2006; Tague & Grant, 2004). Since 1984, wildfires in the basin have been small and have generally occurred
in the higher elevation headwater catchments. However, in fall 2020 the Holiday Farm Wildfire burned 18% of the
sub-basin, with the wildfire located in the middle of the sub-basin, burning on both sides of the mainstem
McKenzie River. This wildfire burned at relatively high severity with the burn classified as 9.2% unburned to low,
26.9% low, 29.4% moderate, and 33.3% high severity (MTBS Project, 2021).

2.2. Site Selection and Sample Collection

To investigate the impact of wildfire on dissolved organic matter (DOM) composition, we collected water
samples from streams across the McKenzie River sub-basin starting in 2022, 2 years post-fire. Stream sampling
sites were chosen to encompass the broad variability in climate, landscape, and wildfire characteristics across the
basin. We selected sites that were near confluences to allow sampling upstream and downstream of tributaries and
tried to select sites near roads for accessibility. We sampled 129 stream sites across the stream network with 65
sites upstream of the wildfire, 54 sites within the wildfire perimeter, and 10 sites downstream of the fire. However,
because of accessibility issues, such as those due to high flows and/or wildfire restrictions from additional
wildfires, the number of sites varied somewhat across sampling campaigns. We performed seven synoptic
sampling campaigns between 2022 and 2024, where for each synoptic effort, we collected water samples from all
the sites within a single day to enable us to capture a snapshot of DOM composition across the basin during that
day. The sampling campaigns were spread across hydrologic wetness conditions or hydrologic seasons to capture
the seasonal variability in DOC and DOM dynamics. Specifically, we collected samples once in the wetting, wet,
drying, and dry seasons during the second to third-year post-fire and repeated this sampling once during the
wetting, wet, and drying seasons in the third to fourth-year post-fire (Table 1).

Stream samples were collected from sections of the stream where water was highly mixed using extendable grab
samplers. We collected ~200 mL of water at each site. Samples were typically field filtered using a 0.2 pm PES
syringe filter into triple rinsed acid washed HDPE bottles. However, for turbid samples, a larger sample volume
was collected and stored in a cooler for transport to the laboratory where it was vacuum filtered using 0.2 pm PES
disk filters within 24 hr of collection. In the lab, each sample was separated into separate bottles to enable
quantification of optical properties and dissolved organic carbon (DOC) concentrations. Samples for DOC
concentration were stored at 4°C until analysis, which generally occurred within 7 days of collection. However,
when it was not possible to run DOC samples within a week of collection, samples were frozen at —15°C until
they could be analyzed. Our samples generally had low DOC concentrations and, as such, freezing of samples
would not be expected to significantly impact the DOC measurements (Fellman et al., 2008; Tupas et al., 1994).
Water samples for optical measurements were stored at 4°C and samples were analyzed within 14 days of
collection.
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2.3. Water Quality Analysis

We measured DOC concentrations using a Shimadzu TOC-VCSH combustion analyzer, which measures non-
purgeable organic carbon with an infrared detector. We also collected simultaneous absorbance and fluores-
cence optical measurements of each sample using a Horiba Aqualog equipped with an autosampler. Absorbance
was collected from 240 to 800 nm at 3 nm intervals. Similarly, fluorescence in the form of excitation emission
matrices (EEMs) was collected from excitation and emission wavelengths of 240-800 nm at 3 nm intervals.
Optical data were processed using the fewsdom package in R (R Core Team, 2024; Wampler, 2023). Samples
were blank corrected using a blank of MilliQ water, corrected for inner filter effects, and normalized to Raman
units. The first and second order Rayleigh lines and first and second order Raman lines were removed from the
spectra, the Raman lines were filled via interpolation. Lastly, the fluorescence intensity was normalized to
1 mg L™' DOC using the measured DOC concentration for each sample to prevent fluorescence signal strength
from affecting subsequent analyses (Murphy et al., 2013). Analysis of DOC results can be found in Wampler
et al. (2024c¢).

2.4. Site Level Characteristics

To determine the site-level landscape, hydrologic, climate, and fire characteristics, we extracted polygons for the
upstream contributing area for each site using StreamStats batch processing tool (U.S. Geological Survey, 2019).
We then used zonal statistics with geospatial rasters describing our landscape, climate, and fire characteristics of
interest to determine the average value across the watershed area upstream of each sampling site. Variables
included annual precipitation, minimum and maximum temperature (PRISM Climate Group, 2024), burn severity
(MTBS Project, 2021), percent forest (Dewitz, 2021), baseflow contact time and recharge depth (Schwarz
et al., 2018), baseflow index (U.S. Geological Survey, 2003), aridity index (Trabucco & Zomer, 2019), elevation,
slope, and topographic wetness index (U.S. Geological Survey, 2000), and available water capacity and soil clay
(USDA NRCS, 2016). We also included some non-spatially explicit variables such as hydrologic season (i.e.,
wetting, wet, drying, dry) to broadly describe the hydrologic regime at the time of sampling. Similarly, we also
included basin area (U.S. Geological Survey, 2019) and antecedent precipitation for the day samples were
collected (i.e., API1, API7, API31). Antecedent precipitation was calculated using 15-min precipitation (rain and
snow) records from the PRIMET precipitation station in the H] Andrews Experimental Forest (Daly, 2024). We
calculated API1 as the sum of precipitation in the 24 hr before the start of sampling, API7 as the sum of pre-
cipitation in the 7 days before the start of sampling, and API31 as the sum of precipitation in the 31 days before the
start of sampling. See Table S1 in Supporting Information S1 for more details on these variables and data sets.

Burn severity was calculated using the Holiday Farm wildfire burn severity layer from Monitoring Trends in Burn
Severity (MTBS Project, 2021). Similar to the other raster layers, we calculated the average difference in
normalized burn ratio (ANBR) for the upstream area of each site where unburned areas were assigned a ANBR of
0. To facilitate additional comparisons across sites we also used the average dNBR to classify each site into a burn
severity group (i.e., unburned, low, moderate, high). Classifications were determined using the burn severity
thresholds determined by MTBS for the Holiday Farm wildfire, where dNBR values between 0 and 40 were
classified as unburned, 41 and 320 were classified as low severity, 321 and 660 were classified as moderate
severity, and values greater than 660 were classified as high severity.

To reduce multicollinearity in our potential explanatory variables, we calculated the Spearman correlations be-
tween variables. For variable pairs that were highly correlated (p > 0.6), we determined which variable was most
highly correlated on average with our PARAFAC components. This variable was then used for the additional
analysis, with the other correlated variable removed from further analysis (Figure S2 in Supporting Informa-
tion S1). Final variables included for further analysis included basin area, 31-day antecedent precipitation, 1-day
antecedent prediction, percent forest, contact time, baseflow index, topographic wetness index, available water
capacity, aridity index, annual precipitation, and burn severity.

2.5. Statistical Analysis

We used our processed, DOC normalized EEMs to develop a parallel factor analysis (PARAFAC) model using
the staRdom package in R (Pucher et al., 2019), which statistically separates individual fluorophores. PARAFAC
models perform better and are more stable when there is more variability across samples to allow better separation
of the fluorophores or PARAFAC components. To produce a better, more stable model, we included additional
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EEMs measurements collected in the McKenzie River sub-basin between 2021 and 2022, which we collected
before the spatial stream network study started (Wampler, Boise, et al., 2024; Wampler et al., 2024a). Addi-
tionally, to prevent erroneous peaks below the 1:1 excitation-emission line, which are not physically possible, we
replaced all fluorescence values below the Raleigh scatter line with a value of zero (Thygesen et al., 2004). To fit
our PARAFAC model we used non-negative constraints, 30 random starts, 10,000 maximum iterations, and a
convergence tolerance of 1075, We tested models using between four to eight components. We chose the six-
component model since it maximized the model fit without having significant drops in its ability to converge.
Our final model explained 99.4% of the variation in our EEMs and our model was verified using split-half analysis
(Wampler et al., 2024a, Figure S1 in Supporting Information S1). We used the open-source database OpenFluor
(Murphy et al., 2014) to compare our PARAFAC components with similar components reported in the literature.
The rest of our data analysis was performed using the relative proportion of each of the six PARAFAC com-
ponents in each sample.

To examine the PARAFAC components in multivariate space, we performed a principal component analysis
(PCA) on the six components using the “prcomp” function in R where all components were scaled to have a unit
variance (R Core Team, 2024). The “envfit” function from the vegan package (Oksanen et al., 2024) was used to
fit the site-level landscape, hydrologic, climate, and fire variables to the PCA ordination. To determine if there
were differences in the burn severity groups in the multivariate space, we used a PERMANOVA based on
Euclidean distances via the “adonis2” function in the vegan package (Oksanen et al., 2024). Sampling date was
used for strata to account for the repeated sampling by constraining the shuffling of values between each sampling
date. A pairwise post hoc test was performed using the “pairwiseadonis2” function in the pairwiseAdonis package
(Arbizu, 2024). For all permutation-based tests we used 999 permutations.

2.5.1. Spatial Stream Network Models

To determine the relationship between burn severity and the PARAFAC components, we used spatial stream
network (SSN) models (Ver Hoef et al., 2006; Ver Hoef & Peterson, 2010) to develop linear relationships be-
tween burn severity and each component while accounting for the spatial autocorrelation due to sites being
connected on a stream network. SSN models are an extension of generalized linear regression models, which
include additional random variables accounting for the spatial autocorrelation. Specifically, an SSN model can
incorporate tail-up autocorrelation, which accounts for the distance between flow-connected sites, weighted by
watershed area. It can also include tail-down autocorrelation, which consider the distance between all points on
the network, using distances along the stream network. Additionally, the model can also incorporate Euclidean
distances, which measure the straight-line (2D) distance between points, independent of the stream network. Each
autocorrelation type can then be described using different mathematical models.

SSN models were built using the STARS toolbox in ArcMap (Peterson & Ver Hoef, 2014) and the SSN2 package
in R (Dumelle et al., 2024). Since our data were constrained between 0 and 1, we used the beta-family in the
“ssn_glm” function to produce beta-family generalized linear models. To fit the SSN models, we first determined
the best autocorrelation structure to use by examining the Torgegrams (Zimmerman & Ver Hoef, 2017) and then
compared the Akaike information criterion (AIC) values across candidate models. Once the autocorrelation
structure was determined, we selected the best model for each autocorrelation type by testing all possible
combinations and selecting the combination that resulted in the lowest AIC value.

We built two SSN models for each PARAFAC component. One model included only burn severity group (un-
burned, low, moderate, and high) and the other model included burn severity group, season, and the interaction
between the two. Both models used site as a random variable to account for the repeated samplings at each site. To
determine if there was evidence that coefficients were not zero, we used the z-score and p-values from the Wald
test in the summary output. These models were used to determine the average contribution of each component to
total fluorescence for each burn severity group since they accounted for the repeated sampling and spatial
autocorrelation in our data.

2.5.2. Interactions With Burn Severity

While it would have been ideal to make a single model including all the site characteristics, unfortunately, in-
clusion of multiple interaction effects in the models was challenging to interpret. Thus, we first determined the
most important variables in explaining differences in our PARAFAC components and then individually tested
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AND SPACE SCIENCES
Table 2
Descriptions of the Six Components From Our PARAFAC Model
Component Excitation maximum (nm) Emission maximum (nm) Coble peak® Percent of F,,, (%)°
Cl <248 460 A 12.4-31.2
C2 <248 (308)° 409 A+ M 10.1-31.7
C3 362 456 C 4.3-16.0
C4 272 (413)° 502 D 2.3-13.3
C5 <248 (278)° 340 T 5.6-314
C6 272 304 B 2.8-49.0

Coble 1996. "The range in the percentage of total fluorescence (F,, ) for each component. “Secondary maxima shown in

max
parentheses.

their interactions with burn severity. The most important variables were determined using a modified version
geographical random forest models from the spatialML package in R (Kalogirou & Georganos, 2024), which uses
spatially weighted random forest models. In each spatial random forest, a local model was created for each site
using only the data nearby, with the distance specified by the user. The forests were then averaged. We modified
the “grf” function in the package to use stream network distances instead of Euclidean distance, where the stream
network distances were extracted from our SSN models. However, stream network distances only provide the
distance between any two points along the stream network. Thus, to account for flow connectedness we included a
variable indicating if the two sites were flow connected. The geographical random forest models provided the
average variable importance across all models using the permutation method, which was then used to determine
the most important variables in predicting each PARAFAC component.

For each variable found to be more important than burn severity, we created an SSN model incorporating that
variable, burn severity (represented by average dNBR), and their interaction. As with the other SSN models, we
used the z-scores and p-values from the Wald test to assess whether the interaction effect was significant. Due to
the computational demands of examining interactions with burn severity, we focused on three of the six PAR-
AFAC components—C1, C2, and C6—which represent different pools of DOM (Table 2) and were associated
with differences in burn severity. To further investigate the interaction between burn severity and the selected
variables, we generated interaction plots, exploring how concurrent changes in burn severity and the selected
variables impacted the relative percentage of the PARAFAC component.

3. Results
3.1. PARAFAC Components

PARAFAC modeling produced a valid six component model, explaining 99.4% of the variability in our data
(Figure 2). C1 represented between 12.4% and 39.2% of the total fluorescence and likely consisted of small
molecular weight, photo resistant compounds due to fluorescing in the UVC region (Ishii & Boyer, 2012;
Stedmon et al., 2003, Table 2). C2 has been previously associated with terrestrial DOM that has been microbially
transformed, is relatively resistant to biodegradation, and represented between 10.0% and 31.7% of total fluo-
rescence (Ishii & Boyer, 2012; Pucher et al., 2021; Queimalifios et al., 2019; Shutova et al., 2014). C3, which
made up 4.3%—16.0% of total fluorescence, had few matches in openFluor but it was similar to fluorophores that
were identified as terrestrial DOM that is aromatic and of high molecular weight (B. Chen et al., 2018; Kim
et al., 2022; Panettieri et al., 2020; Yamashita et al., 2011).

C4 represented 2.3%—13.3% of total fluorescence and was identified as a ubiquitous aromatic component similar
to high molecular weight, photolabile fluorophores (Ishii & Boyer, 2012; Wiinsch et al., 2017; Y. Zhou
et al., 2019). C5 made up between 5.6% and 31.4% of total fluorescence and resembled what is traditionally
identified as a protein-like component tryptophan (Cawley et al., 2012; Retelletti Brogi et al., 2020; Stedmon &
Markager, 2005a). While this component is often associated with high molecular weight compounds derived from
primary productivity and microbial activity (Cawley et al., 2012; Derrien et al., 2020; Harjung et al., 2023;
Retelletti Brogi et al., 2019), it has also been associated with small molecular weight, aromatic components likely
from senescent plant materials and the breakdown of lignins (DeFrancesco & Guéguen, 2021; Hernes et al., 2009;
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Figure 2. The components of our PARAFAC model based on EEMs collected from stream samples in the McKenzie sub-basin between 2021 and 2024. The intensity of
the signal is represented by the colors from blue to red.

Lambert et al., 2017; Maie et al., 2007; Wheeler et al., 2017). C6 exhibited the largest variability, comprising
2.8%-49.0% of total fluorescence and resembled a protein-like component tyrosine (Graeber et al., 2012;
Stedmon & Markager, 2005a; Yamashita et al., 2011). It is typically thought to be a more degraded protein-like
component than C5 (D’Andrilli et al., 2019; Inamdar et al., 2011).

The variability across our six PARAFAC components was well described (89.0%) by the first two axes in our
principal component analysis (PCA, Figure 3a). C1-C4 loaded positively on PC1 while C5 and C6 loaded
negatively, suggesting that PC1 may reflect the degree to which the fluorescence was protein-like or aromatic. For
PC2, C1, C2, and C5 loaded positively while C4 and C6 loaded negatively. While C2 loaded positively on PC1
and PC2, C6 loaded negatively on PC1 and PC2, suggesting these two components might be negatively corre-
lated. A similar relationship was observed for C4 and CS5.

Few environmental variables (Table S1 in Supporting Information S1) loaded strongly on PC1, with topographic
wetness index (TWI) loading negatively and 31-day antecedent precipitation (API 31) loading positively
(Figure 3b). Conversely, several environmental variables loaded strongly on PC2, with drainage area
(DRNAREA), aridity (ARIDITY), dNBR (DNBR), subsurface residence time (CONTACT), 1-day antecedent
precipitation (API1), and available water capacity (AWC) loading positively on PC2. Annual average precipi-
tation (PRECIP), baseflow index (BFI), and percentage of basin that was forested (FOREST) all loaded nega-
tively on PC2. Furthermore, some of the loadings of the environmental variables were quite similar to the loadings
of the PARAFAC components. Specifically, topographic wetness index appeared negatively correlated with C1,
drainage area appeared positively correlated with C5, and baseflow index appeared positively correlated with C6.

3.2. Shifts in DOM Composition With Burn Severity

We used spatial stream network models to determine how burn severity affected the relative percentage of each
PARAFAC component. Using models with only burn severity as an explanatory variable, we determined that

WAMPLER ET AL.

8 of 21

85U8017 SUOWIWOD 8A1Tea1D 3ol jdde auy Aq peusenob afe se(olife YO ‘@S J0 Se|nJ Joj A%IqiT8UlUO A8]IA UO (SUONIPUOD-PUB-SLURI/LIY™A8 | 1M Afe.d 1 [Bu [UO//:SdNL) SUONIPUOD pUe swie | 38U} 885 *[6Z02/.0/T0] Uo ARiqiTauliuo Ae|im ‘Aisieniun sweis uoBelo Aq 2898009r202/620T 0T/10p/wo A8 |im" Axe.q 1 pul|uosqndnBe/sdny woly pepeojumod ‘. ‘5202 ‘T96869TZ



/.Yl . . .
MAI Journal of Geophysical Research: Biogeosciences 10.1029/20241G008687
a 50 : b 5.0
) 25 Q 2.51
- -
~ i
o (=]
= 00 < 0.0
N N
O O
o o
-2.5 -2.5
o 5 0 5 R 5 0 5
PC1 (78.31%) PC1 (78.31%)

Burn Severity — Unburned — Low — Moderate — High

Figure 3. Biplots of a principal component analysis of the six components of our PARAFAC model where each point is a
stream sample taken between 2023 and 2024 in the McKenzie River sub-basin, colored by burn severity group. The ellipses
show the inner 75% of the data. The arrows show (a) the loadings for the six components and (b) the loadings of additional
environmental factors.

burn severity alone was a very poor predictor of DOM composition, with pseudo R* values ranging from <0.001
to 0.003 (Table S2 in Supporting Information S1). Furthermore, the only burn severity group with evidence of
being different from the unburned group was moderate severity, with a 1.4% increase in C1 (p = 0.059, z = 1.89)
and 2.9% decrease in C6 (p = 0.016, z = —2.40) predicted.

PERMANOVA results indicated despite no distinctive visual separation between burn severity groups in our PCA
(Figure 3) there was strong evidence that the groups were statistically different (F; ¢g; = 16.391, p = 0.001). Post-
hoc pairwise testing provided further evidence (p < 0.05, Table S3 in Supporting Information S1) that the burn
severity groups were all different except for the moderate and high severity groups (F; ;5; = 0.580, p = 0.364).
Specifically, the moderate and high burn severity groups were positivity shifted on the PC1 axis compared with
the unburned and low severity groups (Figure 3), which suggested an increase in aromatic DOM. However, it
should be noted that in unbalanced designs, when the larger group has greater variance, as in our study, PER-
MANOVA p-values can be deflated; thus, there is some uncertainty in the strength of statistical evidence that the
groups are indeed different (Anderson & Walsh, 2013).

It appeared that shifts in DOM composition with burn severity were strongly seasonally dependent (Figure S3 in
Supporting Information S1), though it should be noted that there was some overlap in the storm depth and
antecedent precipitation across seasons (Table 1). Due to the seasonal dependence of DOM, we also determined

the differences in the relative percentage of F,

max fOr each component between burn severity groups for each

season separately using SSN model with both burn severity and season (Table 3). Relative to the unburned group,
the low severity group had less aromatic DOM (0.3%—1.7%) and more protein-like DOM (1.4%-2.6%) during the
wetting season. In the wet season, the low severity sites were similar to the unburned, with minimal (<0.4%)
differences. During the drying and dry seasons, aromatic DOM was increased relative to the unburned group
(drying: 0.4%—1.5%, dry: 0.0%-2.6%), with decreases in protein-like C6 (drying: 2.2%, dry: 4.6%).

The moderate severity group had the biggest differences from the unburned group. During the wetting, drying,
and dry seasons there was more aromatic DOM, with increases in C1-C4 (—0.1%-5.3%) and decreases in C5 and
C6 (0.0%—9.5%, Table 3). This trend was reversed in the wet season where C1-C3 were decreased somewhat
(0.2%-0.6%) while C6 increased by 2.2%. Overall, the largest differences were observed for components C1
(5.3%) and C6 (—9.5%) during the dry season.

The high severity group was quite similar to the moderate severity group. Aromatic C1-C4 was increased (0.1%—
3.9%) and protein-like C5 and C6 were decreased (0.7%-5.9%) during the wetting, drying, and dry seasons.
During the wet season, aromatic C1-C4 were decreased (0.4%—1.8%) while protein-like C5 and C6 were
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Table 3 increased (1.7%-2.0%). Just like the moderate severity group, the largest

Changes in PARAFAC Components Across Burn Severity and Season”

Difference from unburned (%)

Component Pseudo R*> Bumn severity Wetting Wet Drying Dry
Cl1 0.152 Low -1.7 0.2 1.5 2.6
Moderate 20 =03 0.6 53
High 06 -—1.8 1.9 39
Cc2 0.163 Low —-0.3 0.0 0.7 0.6
Moderate 1.2 —0.6 0.1 1.9
High 1.0 -05 0.6 14
C3 0.231 Low -0.9 0.1 0.8 0.4
Moderate 0.8 —0.2 0.7 1.9
High 03 038 0.8 1.3
C4 0.134 Low -0.7 0.1 0.4 0.0
Moderate 0.5 0.0 -0.1 0.9
High 07 —04 0.1 1.1
C5 0.090 Low 14 -04 -038 1.0
Moderate -0.3 00 -04 -05
High -0.7 20 -08 -15
C6 0.256 Low 2.6 02 -22 —46
Moderate =52 2.2 00 =95
High -3.5 1.7 -22 =59

“Table shows the changes in the average relative percentage of each PAR-
AFAC component from the unburned group for low, moderate, and high burn
severity determined by the seasonal spatial stream network models. See
Table 2 for the range in relative percentage observed for each percentage.
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differences were observed for components C1 (3.9%) and C6 (—5.9%) during
the dry season.

Based on these results, and to reduce complexity and computational re-
sources, we chose to focus the rest of the analysis on C1, C2, and C6. These
components likely represent different sources of DOM, had some of the
strongest relationships with burn severity (Table 3), and had the largest dif-
ferences across burn severity groups (Table 3).

3.3. Factors Controlling DOM Composition Across the Stream Network

For C1, C2, and C6, we created geographically weighted random forest
models using the 11 climate, hydrologic, landscape, and wildfire variables
selected from our down selection procedure (Figure S2 in Supporting Infor-
mation S1), in addition to season and flow connectedness, as explanatory
variables. Variable importance results from our geographically weighted
random forest models showed that 31- and 1-day precipitation, baseflow
index, aridity index, and basin area were consistently some of the most
important variables in each model. However, the relative importance of these
variables were unique for each component (Figure 4). C1 appeared to be
driven by a combination of climate, hydrologic, and landscape variables. The
31-day antecedent precipitation, baseflow index, and basin area were all
roughly of equal importance to C1. C2 appeared to be highly driven by
wetness changes with 31- and 1-day antecedent precipitation and season as
the most important variables. Conversely, C6 seemed to be strongly driven by
baseflow index. Notably, burn severity ranked roughly in the middle of the
variable importance across all three components.

For each component, we tested the interaction between burn severity (as
average dNBR) and all variables that ranked as more important than burn
severity using spatial stream network models. There was strong evidence

(p < 0.01) of an interaction between 1-day antecedent precipitation and burn severity for C2 and C6 (Figures Sa
and 5b). Despite this, the predicted change in the relative percentage of each component was not very large
compared with the variability we observed across sites (Table 2), with C2 ranging from 17% to 20% and C6

ranging from 6% to 16%. Interaction models predicted increased C2 and decreased C6 as 1-day precipitation and

burn severity increased, with the highest concentrations for C2 and lowest concentration for C6 predicted when 1-

day precipitation was greater than 20 mm and average dNBR was above 600 (high severity). Additionally, the
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Figure 4. Importance of climate, hydrologic, landscape, and wildfire variables in describing the relative percentages of C1, C2, and C6 determined using the median of
the local variable importance from geographically weighted random forest models.
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Figure 5. Interaction plots showing how concurrent changes in burn severity (on the y-axis) and landscape, hydrologic, and climate variables (on the x-axis) are predicted
to influence the relative percentage of individual PARAFAC components (indicated by the color scale and contours). We tested all interactions between burn severity
and 1-day and 31-day precipitation, baseflow index, and basin area, for components C1 (d), C2 (a, e, j), and C6 (b, f, h). Only significant interactions (p < 0.1) are
plotted. Patterns that change across both the x- and y-axes suggest that the impact of burn severity is not constant, varying with the value of the landscape factor on the x-
axis. To aid in interpretation, example sites are indicated with letters a—d for baseflow index (h) and basin area (j) which correspond to the example sites shown in (i, k).
The dashed lines indicate example precipitation depths that occurred during sampling campaigns for 1-day and 31-day precipitation. The distribution of the variable over
the basin (baseflow index and drainage area) or over time (31- and 1-day precipitation) is shown in (c, g, i, and k).

model predicted that C2 and C6 were more sensitive to changes in burn severity when 1-day precipitation was
higher.

There was also strong evidence (p < 0.001) of an interaction between 31-day antecedent precipitation and burn
severity for all three components (Figures 5d—5f). However, similar to 1-day precipitation, the range of predicted
change in relative component percentage was not large compared to the observed variability across sites.
Interaction models predicted changes between 30% and 35% for C1, 17% and 20% for C2, and 10% and 16% for
C6. Interaction plots showed a complex relationship between 31-day antecedent precipitation and burn severity.
When 31-day precipitation was below ~250 mm, C1 and C2 increased and C6 decreased with increasing burn
severity. Conversely, when 31-day precipitation was above ~250 mm, the reverse was predicted, with C1 and C2
decreasing and C6 increasing with increasing burn severity.

While baseflow index was more important than burn severity for all three components, there was only evidence of
an interaction effect for C6 (p = 0.026). Despite having weaker evidence of an interaction than 1- and 31-day
precipitation, the range of predicted changes in C6 was larger, with a range of 7%-25%. Changes in C6 were
relatively insensitive to changes in burn severity for baseflow indices below 50, and the effect of baseflow index
was minimal for average dNBR values above 600 (high severity), with both predicting low percentages of C6
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(Figure 5h). Conversely, at high baseflow indices, the model predicted larger changes in C6 for changes in burn
severity, with less C6 at higher burn severities.

Lastly, there was evidence of an interaction effect between burn severity and basin area for C2 (p < 0.001,
Figure 5j). The predicted changes in the relative percentage of C2 were the largest across all the interaction
effects, ranging from 12% to 55%. C2 did not vary much across the burn severity gradient when basin area was
less than ~500 km?. As basin area increased, the importance of burn severity also increased. At large basin areas,
the model predicted increased C2 with increasing burn severity.

4. Discussion
4.1. Shifts in DOM Composition With Burn Severity

In our study of the McKenzie River sub-basin in the Western Cascades of Oregon, USA, we observed a greater
proportion of C1, small molecular weight, photo-resistant compounds, in stream water samples from moderate
and high burn severity sites compared with unburned sites during the wetting, drying, and dry seasons (Table 3).
During these seasons, it is likely that photo-production played a role in influencing C1 production (Stedmon
et al., 2007; Y. Zhou et al., 2019), which is consistent with multiple studies, including ours, that have noted
increases in Cl-like molecules during the warmer months with longer day lengths (Ishii & Boyer, 2012;
Kothawala et al., 2014). In our study, we expected greater photo-production in areas burned at higher severity due
to the loss of forest canopy, which enabled increased solar insolation (Lentile et al., 2007, Table 3). Additionally,
the increase in C1 at the sites burned at higher severity could be due to photo-degradation of pyrogenic organic
matter (PyOM), which can result in smaller molecular weight, less aromatic molecules, including C1 (Ishii &
Boyer, 2012; Wagner & Jaffé, 2015). Similar to our results, past work on soil leachates collected between 3 and
36 months following a wildfire in China also linked C1 to PyOM, with a similar increase in C1-like fluorophores
(Yin et al., 2024). The link between C1 and photo production is also supported by the minimal shifts in C1 we
observed at low and moderate severity during the wet season, where we would expect less photo-activity due to
shorter day lengths and cloudy weather (Table 3).

However, it is likely that photo-degradation was not the only process affecting C1 across the stream network, as
we observed a decrease in C1 in water from the high burn severity sites during the wet season (Table 3). This
decrease could be due to decreased sources of organic matter at the high severity burn sites, as the primary source
of C1 during the wet season was likely from soil organic matter (Ishii & Boyer, 2012; Stedmon & Mark-
ager, 2005a). Past work has observed decreased soil organic matter in the O horizon following moderate and high
severity burns (Certini et al., 2011; Hatten & Zabowski, 2010). This is also consistent with results of our PCA
which illustrated that C1 was negatively related to topographic wetness index, suggesting that C1 may be greater
in areas with steeper slopes, likely due to shallower flow paths through more organic layers (Tetzlaff et al., 2009,
Figure 3). Lastly, while not well supported by our data, the increase in C1 could be due to untransformed PyOM,
as Cl-like components have been observed to increase at moderate burn temperatures (175—450°C) in laboratory
burning experiments of soil and litter, which were not subjected to photodegradation (Q. Zhang et al., 2023).

We also observed increased proportions of C2—representative of potentially microbially transformed, aromatic
compounds—in water samples from moderate and high burn severity sites relative to unburned sites during the
wetting, drying, and dry seasons (Table 3). This is consistent with laboratory experiments of wildfire-burned soil
leachates and experimentally burned vegetation, where C2-like fluorophores were increased in burned leachates
compared with unburned (Bravo-Escobar et al., 2024; Cao et al., 2024; Roebuck Jr. et al., 2024; Yin et al., 2024).
Increases in C2 in our water samples were likely due to increased C2 in post-fire soils and litter, which was
transported from burned hillslopes to the streams. This theory is consistent with the interaction we observed
between burn severity and 1-day antecedent precipitation (Figure 5), where the highest C2 was predicted in
severely burned areas with high 1-day precipitation. Such conditions would be conducive to elevated hillslope
runoff through soils that would likely have elevated C2-like fluorophores.

We also hypothesize that increases in C2—potentially microbially transformed, aromatic compounds—were
related to decreases in C6—tyrosine or protein-like components—based on results from our PCA, which
showed a nearly inverse relationship between the two components (Figure 3). Indeed, C6 was lower in water
samples from moderate and high burn severity sites during the wetting, drying, and dry seasons, which was the
reverse of C2 (Table 3). Research from eucalypt forests and pine plantations in southwest Australia also illustrated
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Figure 6. Conceptual model of seasonal shifts in DOC concentrations and DOM compositions at unburned and low severity
and moderate and high severity. The conceptual model was based on our data, where the ellipses are based on the inner 50%
of each group. The numeric axes were removed and replaced with descriptive axes. Figure was based on a figure by S. Singh
et al. (2014) and DOC data from Wampler et al., 2024c.

a similar inverse relationship between protein-like fluorophores and C2-like components in post-fire soil
leachates 4 months after wildfire (Bravo-Escobar et al., 2024). This increase in C2 and decrease in C6 could be
related to transformations in soil organic matter composition due to the heat of the wildfire. In experimental open-
air burns, Douglas-fir leachates exhibited a shift from C6-like DOM toward C2-like DOM with increasing burn
severity (Roebuck Jr. et al., 2024). However, it is also possible that shifts in the DOM composition could have
been influenced by microbial activity. The observed shifts in DOM composition may have occurred if microbes
were preferentially using C6, which is biologically labile (D’ Andrilli et al., 2019), while also producing C2,
which is often linked to microbially transformed terrestrial organic matter (Ishii & Boyer, 2012; Lambert
et al., 2016; Pucher et al., 2021). While production of C2-like components can be derived from degradation of
other aromatic DOM components (Andrew et al., 2013), there is also evidence the C2 can be produced
autochthonously from microbes (Fox et al., 2019; Stedmon & Markager, 2005b). Furthermore, while research has
been limited, there is evidence that wildfires can have immediate and long-lasting influences on microbial
communities, microbial activity, and microbial biomass by both direct and indirect shifts in the soil environment
(Rodriguez et al., 2017; A. K. Singh et al., 2017).

4.2. Impacts of Burn Severity Vary Seasonally
4.2.1. Seasonality in Unburned Systems

At our unburned and low severity sites, we observed the most aromatic-like DOM (C1-C4) during the wetting
season (Figure 6), which is consistent with previous work from the region (Hood et al., 2006). This is likely due to
the build up of terrestrial organic matter on the landscape, which is then available for transport to streams as the
basin rewets (Raymond & Saiers, 2010). As sources of DOM were reduced and the basin dried out, the DOM
composition shifted toward more protein-like DOM (C5-C6, Figure 6), likely due to increased groundwater
inputs, which tend to have a more protein-like composition due to selective sorption of more aromatic molecules
(Shen et al., 2015).

4.2.2. The Wetting Season

The largest shifts in DOM composition across burn severity groups occurred during the dry and wetting seasons,
with an increase in aromatic C1-C4 and decrease in protein-like C5 and C6 at moderate and high burn severities
(Table 3). It was not surprising that the wetting season experienced larger shifts. Previous work in the basin found
the largest decreases in DOC concentration during the wetting season post-fire, possibly due to loss of organic
matter on the landscape or increased groundwater inputs (Wampler et al., 2024c). The wetting season has also
been identified as a critical period of flushing following long dry periods where large pools of “potential” DOM
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that have built up on the landscape are transported to streams similar to the freshet period in the arctic (Mann
et al., 2012; Raymond et al., 2007; Raymond & Saiers, 2010). Thus, small daily differences in DOM processing
and accumulation on the landscape, when integrated over the entire dry period, likely result in the larger dif-
ferences we observed in the wetting season.

4.2.3. The Dry Season

It was surprising that the dry season exhibited the largest differences in DOM composition across burn severity
groups with an increase in aromatic C1-C4 and decrease in protein-like C5 and C6 at moderate and high burn
severities (Table 3). Flows during the dry period tend to have a high proportion of groundwater and deep lateral
subsurface flow (Smakhtin, 2001), which takes long flow paths through deeper soils, that are likely minimally
affected by heat of the wildfire, so we would expect shifts in DOM composition to be minimal (Chicco
et al., 2023; Knicker, 2007). However, that was not what we observed. Substantial differences in PyOM between
burned and unburned sites was also observed during baseflows following a wildfire in Colorado, USA (Wagner
et al., 2015). While they attributed this increase to inputs of soluble PyOM in surface soils, we would not expect
surface soils to substantially impact the DOM composition of baseflows without alterations in soil processing or
flow paths.

Thus the increase in aromatic-like DOM could be due to alterations in flow paths post-fire. Past work has found
that wildfire can increase baseflows (Kinoshita & Hogue, 2015; Mahat et al., 2016) likely due to decreased ET
post-fire (Kang et al., 2024). This increase in dry season water availability could lead to more shallow
groundwater flow paths (Blount et al., 2020; Cardenas & Kanarek, 2014; Giambastiani et al., 2018), with the
potential to shift the composition of the DOM that is transported toward more aromatic and less protein-like DOM
(Lee & Lajtha, 2016). Similarly, the changes in DOM composition during the dry season could be due to post-fire
alterations to the soil layers, reducing adsorption and processing of infiltrating DOM, allowing more aromatic
DOM to reach the deeper soil layers and altering the composition of the groundwater. This is supported by our
interaction plots (Figure 5), which suggest that we see the largest decreases in protein-like DOM at higher burn
severities in areas with more groundwater inputs. An increase in C2 in groundwater sources is also consistent with
the interaction between burn severity and drainage area (Figure 5), as the influence of groundwater often increases
with basin area (Burgers et al., 2014; Creed et al., 2015; McGuire et al., 2014). Past work has noted increased
preferential flow paths in burned soils (Atwood et al., 2023; Kopp et al., 2017; Stoof et al., 2014) which would
decrease the interaction time between DOM and soils, potentially allowing more aromatic material to infiltrate to
deeper layers. It has been hypothesized that shorter flow paths and shorter contact times are related to higher
aromatic DOM and higher DOC concentration in groundwater (Inamdar et al., 2011; van Verseveld et al., 2008).
Additionally, increased aromatics in deeper soil layers could be due to altered soil properties decreasing sorption
of aromatics. Wildfire can cause an increase in soil pH due to ash inputs (Certini, 2005), and there is some ev-
idence that aromatic materials are more soluble at higher pH's (Hrelja et al., 2022; Kalbitz et al., 2000).

Conversely, the shifts in DOM composition we observed during the dry season could be due to shifts in in-stream
processing post-fire. Burned streams can have higher in-stream productivity due to increased nutrients, greater
light availability, and warmer stream temperatures (Betts & Jones, 2009; Rhea et al., 2021; Robinson et al., 2005;
Tuckett & Koetsier, 2016). While we would expect this to increase autochthonous sources of DOM, including C2,
C5, and C6, we only observed an increase in potentially microbially derived C2 (Table 3). It is also possible that
increased erosion during wetter periods could lead to storage of particulate PyOM in the stream channel which can
then be weathered during the dry period, increasing solubility and increasing the proportion of aromatic DOM.
Several studies have noted stores of eroded particulate PyOM stored in stream corridors (Bodi et al., 2014;
Cotrufo et al., 2016; Moody & Martin, 2001), which could provide a continuous source of PyOM during the dry
period, particularly C1 and C2 if they are products of photo and microbially degraded PyOM. This is consistent
with the interaction between burn severity and drainage area (Figure 5), as we would expect more in-stream
processing at larger basin scales (Creed et al., 2015). Additionally, past work has suggested that more deposi-
tion of PyOM material occurs at larger basin scales (Condon, 2013; Cotrufo et al., 2016), suggesting that perhaps
larger streams have larger pools of PyOM to degrade.
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4.2.4. The Wet Season

The wet season tended to exhibit the opposite trend from the other seasons, with increases in protein-like C5 and
C6 and decreases in aromatic C1-C4 at moderate and high severities (Table 3). This seemed to be related to long-
term antecedent conditions since we saw a similar shift in DOM composition across the 31-day precipitation
interactions (Figure 5). An increase in protein-like DOM and decrease in aromatic DOM was observed in the
initial flushes following wildfire in California, but it was not observed in subsequent flushes (Uzun et al., 2020).
This increase was thought to be due to partial combustion products or post-fire microbial activity (Revchuk &
Suffet, 2014; Uzun et al., 2020). Typically the wet season experiences an increase in aromatic DOM due to more
shallow flow paths through organic layers and throughfall (Inamdar et al., 2011), so this decrease in aromatics at
the higher burn severities could be reflective of decreased organic layers or loss of vegetation in the higher
severity landscapes (Certini et al., 2011; Hatten & Zabowski, 2010; Miesel et al., 2015). Indeed, characterization
of post-fire soils and litter layers noted an increased proportion of protein-like DOM in burned soils (Miesel
et al., 2015). Additionally, the higher protein-like DOM could be due to more protein-like throughfall from early
seral species in the recovering landscapes as past work has identified throughfall as an important source of storm
streamflow (Inamdar & Mitchell, 2006). Furthermore, snowbrush litter (Ceanothus velutinus), a common early
seral species post-fire in the Western Cascades (Brown et al., 2013), has been found to be enriched in soluble
proteins and polyphenols (Uselman et al., 2012).

4.3. Potential Implications of DOM Composition Shifts

While the majority of shifts in DOM composition we observed across burn severity groups were relatively small
(<5%, Table 3), the relative changes in PARAFAC components observed could still have environmental sig-
nificance. For example, DOM composition has been previously linked to bioavailability, where a 1% increase in
protein-like DOM resulted in a ~1% increase in bioavailable DOM (Hosen et al., 2014). In forested streams in
Europe, for a 1% increase in high molecular weight, aromatic organic matter was related to a ~300 ppm increase
in the partial pressure of carbon dioxide in streams, roughly a 10% increase (Bodmer et al., 2016). Water
management can also be impacted; work in Australian water treatment plants determined that an increase of 1 in
the ratio of aromatic DOM to protein-like DOM increased DOC removal by ~20% (Shutova et al., 2014).

Overall, past work has found that DOM composition can exert strong controls on a wide range of ecosystem
functions. For instance, the increase in complex, aromatic DOM we observed at higher burn severities (Table 3),
has been related to increases in ecosystem respiration (Fuf} et al., 2017), both increases and decreases in heavy
metal complexation (Huang et al., 2022; Mueller et al., 2012; F. Zhang et al., 2021), shifts in bacterial abundance
and diversity (Thuile Bistarelli et al., 2021; L. Zhou et al., 2021), and the formation of carbon disinfection
byproducts (i.e., HAA and THM) during drinking water treatment (Fernandez-Pascual et al., 2023).

We observed small, but still potentially impactful shifts in DOM composition between 2 and 4 years following
wildfire. While much work on DOM composition has taken place in the first 2 years following wildfire (Crandall
et al., 2021; Fischer et al., 2023; Hickenbottom et al., 2023; Hohner et al., 2016; Uzun et al., 2020), our work
suggests that impacts of wildfire on DOM composition can be more long lasting. This is consistent with a growing
body of research that has observed that wildfire can lead to long-term impacts on DOM (Chow et al., 2019;
Rodriguez-Cardona et al., 2020; Santos et al., 2019). However, continued work is needed to more fully quantify
the long-term recovery trajectories of DOM.

5. Conclusions

Using stream water samples collected at a high spatial resolution across a burned stream network we determined
that DOM composition changed with increasing burn severity, with increases in aromatic DOM occurring during
the wetting, drying, and dry seasons while increases in protein-like DOM occurred during the wet seasons
(Figure 6). We also used spatial stream network models to explore how climate, hydrology, and landscape factors
interact with burn severity to influence the DOM composition. Overall, we found that antecedent precipitation,
baseflow index, and drainage area all modulated the relationship between DOM composition and burn severity,
suggesting these are important variables to consider in designing future post-fire studies. While we cannot be
certain of the mechanisms behind the shifts in DOM composition we observed, this work lays out several hy-
potheses of post-fire shifts in stream DOM, which could be further explored and validated in future work. Overall,
while uncertainty remains about the implications of post-fire shifts in DOM composition, past studies suggest that
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even relatively minor shifts in DOM composition post-fire, as we observed, can still have substantial impacts on
carbon cycling, aquatic ecosystem health, and source water quality that can create challenges for downstream
drinking water treatment.
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