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Abstract
Many streams originate in forested watersheds at risk of wildfires. Wildfires can introduce thermally altered organic com-
pounds to terrestrial and aquatic systems. Understanding the degradation of leachates from these burned organic materials, 
referred to as dissolved pyrogenic organic material (PyDOM), is critical in determining water quality impacts in forested 
watersheds. This study used fluorescence spectroscopy to examine photochemical alterations of PyDOM generated by 
leaching organic matter burned at various temperatures. The PyDOM was exposed to natural sunlight for 25 days and the 
photochemical formation of hydrogen peroxide was monitored. PyDOM was characterized using ultraviolet–visible absorp-
tion, excitation–emission matrix (EEM) fluorescence spectroscopy, and fluorescence indices. Throughout the experiment, the 
emission intensity of the humic peak for all light-exposed leachates decreased while dark leachates exhibited no significant 
change in their fluorescence spectra. Additionally, hydrogen peroxide concentrations and UV absorbance decreased progres-
sively over time, providing direct evidence that PyDOM concentrations can be significantly reduced by photodegradation. 
A characteristically low emission peak was observed in the EEMs of the fresh PyDOM, which could help in detecting fresh 
PyDOM. These results demonstrate that PyDOM derived from burned leachates is susceptible to photodegradation and that 
fluorescence measurements could be used as proxies for detecting PyDOM immediately post-wildfire.
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Introduction

Wildfires can impact aquatic systems by introducing into the 
water column a heterogeneous spectrum of thermally altered 
organic compounds, known as pyrogenic organic matter 
(PyOM) (Bird et al. 2015; Dittmar et al. 2012; United States 
Geological Survey (USGS) 2018). Within the contiguous 
United States, 46% of surface water supplies originate on 

forested lands (including both federal and non-federal) (N. 
Liu et al. 2022a, b). Many of these forested watersheds are 
vulnerable to wildfires which have been increasing in fre-
quency and severity for decades (Abatzoglou and Williams 
2016; Buechi et al. 2021; Harvey 2016). These forested 
streams play an important role in the production, transport, 
and quality of dissolved organic matter (DOM) and dissolved 
PyOM (PyDOM) (Bird et al. 2015; Creed et al. 2015; Free-
man et al. 2007). PyDOM compounds are introduced into 
the environment through both direct (wildfire combustion) 
and indirect (soil degradation and microbial oxidation) path-
ways (Bostick et al. 2021; Hockaday et al. 2007). For water 
treatment plant operators, PyDOM poses an increased risk 
of carcinogenic and mutagenic byproducts from pyrogenic 
toxicants and the formation of toxic disinfection byproducts 
(Uzun et al. 2020; Wang et al. 2015).

PyOM encompasses a wide range of organic compounds 
whose composition depends on the formation temperature 
and source material (Bostick et al. 2018; Myers‐Pigg et al. 
2015; Roebuck et al. 2018; Schneider et al. 2010; Wagner 
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et al. 2018; Wozniak et al. 2020). Lower combustion tem-
peratures produce more water soluble and labile PyDOM 
containing more oxygenated functional groups (Bostick 
et al. 2018, 2021). These lower temperature PyDOM com-
pounds include low molecular weight (MW) organic acids, 
thermal degradation byproducts of cellulose, and are an 
important substrate for heterotrophic bacteria and a source 
of highly mobile soil organic matter (Matosziuk et al. 2020; 
Myers‐Pigg et al. 2015; Wagner et al. 2018). As forma-
tion temperatures increase, PyOM compounds become less 
water-soluble resulting in low concentrations of increasingly 
more condensed PyDOM (Bostick et al. 2018; Myers-Pigg 
et al. 2017; Santín et al. 2017; Ward et al. 2014). These 
higher temperature PyDOM compounds are more aromatic 
and comprised of fewer oxygenated functional groups, 
resulting in higher MW aromatic and condensed aromatic 
compounds—including polycyclic aromatic hydrocarbons 
(PAHs) (Goranov et al. 2020; Santín et al. 2017). Compared 
to particulate PyOM, PyDOM contains more oxygenated 
functional groups and smaller aromatic cluster sizes; and 
when compared to normal humic substances, PyDOM has 
higher aromatic and carboxylic carbon content and less ali-
phatic carbon content (Liu et al. 2022a, b; Qu et al. 2016).

PyOM can contribute to the chromophoric, or light 
absorbing fraction of DOM (CDOM) of natural waters. Pho-
tolysis of DOM is an important process of carbon cycling 
and transport, because CDOM attenuates solar radiation 
throughout the water column (Hader et al. 2003). Wagner 
et al. (2015) examined linkages and sources of dissolved 
black carbon (a subset of and therefore referred to here as 
PyDOM) and found that overland flow can mobilize and 
remove surface PyDOM, serving as a source of more con-
densed PyDOM compounds, and subsurface flow could be 
more responsible for the addition of less condensed PyDOM 
compounds (Wagner et al. 2015). Additionally, these high 
MW PyDOM compounds were particularly photolabile (Fu 
et al. 2016; Wagner et al. 2018; Wagner and Jaffé 2015). 
Fu et al. (2016) and Ward et al. (2014) both examined the 
photochemical transformations of PyDOM, reporting that 
the majority of PyDOM underwent partial photooxidation 
rather than complete photomineralization. Wagner et al. 
(2018) summarized several processes for PyDOM altera-
tion including photodegradation, biodegradation, sorption, 
and co-precipitation. In particular, photo-reactivity varies 
across the PyDOM spectrum with increased photosensitivity 
exhibited by larger condensed aromatic structures (Wagner 
et al. 2018).

Within DOM, the molecules with aromatic-C groups 
serve as the main light absorbing fraction that initiates and 
assists in both direct and indirect photochemical reactions, 
which can produce reactive radicals or intermediate spe-
cies, partially oxidized compounds, low MW aliphatic com-
pounds, or  CO2 (Ward and Cory 2016). Hydrogen peroxide 

 (H2O2) is a photochemical byproduct of DOM photolysis, 
the detection of which can be used to confirm photolysis 
(Cooper et al. 1988; McKay and Rosario-Ortiz 2015; Scott 
et al. 2003). Many PAHs are susceptible to photolysis (Abra-
jano et al. 2007; Cory et al. 2007). The number of aromatic 
rings present dictates photoreactivity, with fewer rings 
(e.g. naphthalene) being less photoreactive than condensed 
structures (e.g. pyrene) (Fasnacht and Blough 2002; Pagni 
and Sigman 1999). Solar radiation contributions to DOM 
photolysis are 50% UVA, 25% UVB, and 25% attributed to 
photosynthetically active radiation (PAR), within the vis-
ible (Hader et al. 2003). Understanding PyOM degradation 
mechanisms and pathways is critical in determining PyOM 
transport between source (wildfire production), intermediate 
zones (soils, streams, and atmosphere), and sinks (aquatic 
sediments). Given that wildfires typically occur in summer, 
photolysis should play an important role in the attenuation 
of both labile and refractory PyDOM entering source waters 
following a wildfire.

Fluorescence spectroscopy is a robust tool for character-
izing DOM and examining photochemical changes (Gabor 
et al. 2014; Cory and McKnight 2005; Wagner and Jaffé 
2015). Condensed PAHs are typical of burned OM and 
may be responsible for the distinctive fluorescence signa-
tures observed. Information contained within an excitation-
emission matrix (EEM) can be quantified using fluorescence 
indices, where numerical values represent a ratio of fluores-
cence intensity signals comparing various regions or points 
within the EEM (Gabor et al. 2014). Both EEMs and indices 
provide information about the origin and transformation of 
DOM. Additionally, fluorescence is becoming increasingly 
utilized by water treatment plant (WTP) operators given that 
the measurements can be made quickly and require only a 
small volume of filtered water (Baker 2001; Bedell et al. 
2022).

This study contributes to the growing body of work show-
ing that PyDOM is susceptible to photodegradation and 
that fluorescence spectroscopy can be a meaningful tool 
in detecting and analyzing wildfire signatures. The main 
objectives were to use fluorescence spectroscopy EEMs 
and indices to capture the compositional changes of (1) 
PyDOM along a wide temperature burn spectrum, and (2) 
photochemical transformations throughout a 25-day sunlight 
exposure period. Given the wide range of temperatures that 
occur within a watershed impacted by wildfire, we generated 
seven leachates that differed according to burn treatment 
and represented various portions of the PyDOM spectrum. 
Artificial PyDOM was produced by burning OM (leaves 
and topsoil) in a muffle furnace at 200, 300, 400, 550, and 
700 °C. Additionally, a controlled outside burn sample 
was generated to act as a comparison sample for natural 
conditions and then there was an unburned control. The 
burned OM was then leached and exposed to sunlight for 
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up to 25 days. Throughout the experiment the production of 
 H2O2 and various fluorescence signatures were concurrently 
tracked. This research demonstrates that PyDOM can exhibit 
unique fluorescence characteristics driven by burn tempera-
ture, burned leachates are susceptible to photodegradation, 
and with increased exposure to solar radiation the fluores-
cence signatures can resemble more natural OM overtime. 
The findings of this study are relevant to downstream water 
treatment plant operators and natural resources managers in 
examining post-wildfire water quality.

Methods

Site description

In August 2018, samples of leaf litter and soils were col-
lected from four areas around Great Smoky Mountain 
National Park (GRSMNP), Tennessee, USA, within the 
southern Appalachian Mountains. The sampling sites 
included Briar Branch, Bearwallow, the Twin Creeks Sci-
ence Center and a residential area in Sevierville. At each 
site, fallen leaf litter and soil were collected under trees rep-
resentative of the surroundings. The GRSMNP is densely 
vegetated with extensive leaf litter, and is characterized as 
submesic to mesic oak-hardwood forests, southern Appala-
chian cove hardwood, and montane alluvial forest (Mato-
sziuk et al. 2020). Primary tree species include hickory 
(Carya sp.), oak (Quercus sp.), red maple (Acer rubrum 
L.), eastern white pine (Pinus strobus L.), American Beech 
(Fagus grandifolia), sassafras (Sassafras albidum), and black 
gum (Nyssa sylvatica). Additional plant species include Vir-
ginia creeper (Parthenocissus quinquefolia), mountain lau-
rel (Kalmia latifolia L.), rhododendron (Rhododendron sp.), 
and poison ivy (Toxicodendron radicans) (Matosziuk et al. 
2020; National Park Service (NPS) 2019). Fallen leaf litter 
and loose O-horizon soil (up to 2 cm) were collected and 
stored separately in large polyethylene plastic bags. The soil 
and leaves were air-dried for 48 h onsite. Upon returning to 
Boulder, CO, soils were freeze-dried and leaf litter samples 
were oven-dried at 60 °C for 48 h to ensure uniform drying 
(Blank et al. 1996; Hansen et al. 2016). After drying, the 
total weight accumulated was 4.38 kg of leaves and 1.22 kg 
of soil. To account for vegetation variability, samples were 
later homogenized during the leaching phase.

Combustion and leaching of leaf litter and soil

Natural wildfire PyOM production can differ from PyOM 
produced by combustion in a muffle furnace under con-
trolled and stable conditions due to several factors, includ-
ing variable maximum temperatures (500–950 °C), exposure 
to atmospheric gasses (i.e.,  N2 and  O2), and short heating 

durations of wildfires (Blank et al. 1994, 1996; Brown et al. 
2006; Novotny et al. 2015; Santín et al. 2017). PyOM pro-
duction from wildfires results in PyOM that is more hetero-
geneous with higher O/C and H/C ratios (Santín et al. 2017). 
For the laboratory burns, leaves and soils were burned sepa-
rately in pre-weighed uncovered porcelain dishes for 15 min 
in a pre-heated muffle furnace. Then, the samples were trans-
ferred to a desiccator and weighed upon cooling. For the out-
side burns, temperature was logged using two thermocouple 
probes and a Gain Express 4 Channel K Type Thermometer. 
The maximum temperatures were between 300 and 475 °C 
and the burns lasted between 15 and 20 min. For statistical 
analyses that involved numerical temperature inputs, the dry-
ing temperature of 60 °C was used to represent the unburned 
samples and the average temperature of 388 °C was used to 
represent the outside samples.

Throughout the leaching and exposure steps, all bottles, 
carboys, water, and other eligible equipment were auto-
claved to maintain a sterile environment. Each temperature 
treatment, the unburned control, and a solution blank were 
leached separately in 20 L Nalgene carboys (Supplemen-
tary Fig. 1). Carboys were filled with a 15 L solution of 
0.001 M sodium bicarbonate  (NaHCO3) and 0.04% for-
maldehyde  (CH2O) and then 225 g of leaves and 75 g of 
soil were added. The sodium bicarbonate was added to 
mimic the ionic strength of natural systems (Gabor et al. 
2015; Wickland et al. 2007) and formaldehyde was added to 
combat microbial influence (Hader et al. 2003; Soong et al. 
2015; Tuominen et al. 1994).

While most of the DOM is leached from soil and leaf 
litter within the first day (Gunnarsson et al. 1988; Qualls 
et al. 1991; Steele and Aitkenhead-Peterson 2013), depend-
ing on the type of vegetation and conditions this leaching 
period can be extended to 72 h (McDowell and Fisher 1976) 
or up to 5 days (Otsuki and Wetzel 1974). A 3-day leach 
period (July 26-29th, 2019) was chosen to promote leaching 
of more recalcitrant PyOM compounds. The carboys were 
loosely covered in foil and stirred frequently. pH, tempera-
ture, and conductivity were measured using Hanna probes 
HI 9025 and HI 9033, respectively. To maintain the pH 
below 8, hydrochloric acid (HCl) was periodically added to 
the 400, 550, and 700 °C carboys, totaling 50 mL, 230 mL, 
and 625 mL, respectively. While organic acids are released 
during the leaching of natural organic matter, high pH values 
(> 8.5) have been reported for higher temperature ash lea-
chates because of the denaturing of organic acids accompa-
nied by the release of bases and deposit of alkaline residues 
(Certini 2005; Wang et al. 2015).

Photodegradation of leachates

After leaching, all samples were strained through an alu-
minum mesh and filtered through pre-combusted 0.7 μm 
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Whatman GFF filters using Geotech Acrylic Filter tow-
ers and peristaltic pumps (Cleveland et al. 2004). Then, 
200 mL of filtrate was distributed into 250 mL Nalgene 
Wide-Mouth PMP (polymethylpentene) Bottles. The PMP 
bottle material has above 93% transmittance for visible 
light and outperforms glass and other transparent resins in 
the UV range with approximate transmittance of 90% for 
PAR, 75–90% for UVA, 60–75% for UVB (Mitsui Chemi-
cals n.d.). Each burn treatment had six replicate samples 
for each exposure length of 1, 4, 7, 14, and 25 days, where 
three replicates were for the dark-controls and three rep-
licates were for light-exposed samples. Day 0 was the 
only exception with only three replicates for the dark-
controlled samples (Supplementary Table 3).

Leachates were placed outside within the protected 
area of the University of Colorado Boulder’s Skywatch 
Observatory (40°00′40"N, 105°14′32"W) at an elevation 
of 1660 m and exposed to natural sunlight for exposure 
times ranging from zero to 25 days starting July 30th until 
August 23rd, 2019 (Supplementary Fig. 2). The bottles 
containing the light-exposed leachates were laid side-
ways on wire racks and the dark-controlled samples were 
wrapped in aluminum foil and placed in storage bins. All 
bottles were shaken, flipped, and opened daily. The pH, 
temperature, and conductivity were checked every day for 
the first 3 days and then every 3 days for the remainder 
of the experiment. At the end of each exposure period, 
samples were filtered through a 0.7 μm pre-combusted 
GFF filter between the hours of 3–6 PM to ensure light 
exposure and peroxide generation. The light-exposed 
samples were filtered on-site and 24 mL of filtrate was 
immediately added to a dark centrifuge tube containing 
1 mL of a reagent to be analyzed for hydrogen peroxide 
concentrations. The remaining filtrate was transferred to 
pre-combusted amber glass bottles and stored at 4 °C.

Daily UVB and photosynthetically active radiation 
(PAR) data were obtained from a nearby NOAA Earth 
System Research Laboratory (ESRL) Table Mountain site 
in Boulder, CO. The UVB instrument is a Yankee Envi-
ronmental Systems model UVB-1 radiometer and the PAR 
sensor is a LI-COR LI-190R Quantum sensor (Augustine 
et al. 2000). Daily UVA data were obtained from a Colo-
rado State University Natural Resource Ecology Labora-
tory (NREL) site in Nunn, CO (elevation 1577 m) (data 
access at https:// uvb. nrel. colos tate. edu/ UVB/) (Gao et al. 
2010). The UVA data were collected using an Ultravio-
let Multifilter Rotating Shadowband Radiometer (UV-
MFRSR). The UVB and PAR data were collected over 
24 h. The UVA data were only collected from between 
6:00 AM and 6:00 PM. The UVA, UVB, and PAR data 
were combined and reported as total daily solar radiation. 
Daily and cumulative solar radiation values can be found 
in Supplementary Fig. 3 and Supplementary Table 4.

Laboratory analyses

An Agilent UV–visible spectrophotometer was used to col-
lect absorbance data and a Horiba Jobin Yvon FluoroMax-3 
spectrofluorometer equipped with DataMax data acquisition 
software was used for all fluorescence analysis. Fluorescence 
analysis was only conducted on one replicate for each tem-
perature and exposure pairing; therefore, 82 EEMs were 
produced. Prior to any fluorescence analysis, all samples 
were diluted accordingly to an absorbance below 0.2 at the 
254 nm wavelength to prevent inner-filter effects associated 
with the attenuation of light, which influence the fluores-
cence signal detected by the fluorometer (Gabor et al. 2014; 
Cory et al. 2010). Reported UV absorbance  (UV254) values 
account for dilutions required to reduce  UV254 values to 
below 0.2 absorbance. The addition of formaldehyde as an 
antimicrobial agent significantly elevated the total organic 
carbon data (TOC); therefore, SUVA was not calculated. 
Formaldehyde has much less of an impact on the  UV254; 
therefore,  UV254 was used as a proxy for remaining DOM 
concentration of the leachate instead of TOC.

The photochemical formation of hydrogen peroxide 
 (H2O2) was quantified by a peroxidase enzyme fluorescent 
technique adapted from Kok et al. (1986) and Lazrus et al. 
(1985), which relies on the reaction of  H2O2, P-hydroxyphe-
nylacetic acid (pHPAA), and peroxidase to form an easily 
detectable pHPAA fluorescent dimer. This reaction is com-
plete within 1 min (Kok et al. 1986) and the fluorophore 
(pHPAA dimer) was measured within 24 h. Given the high 
concentrations of DOM, high concentrations of  H2O2 were 
anticipated and a 1:25 volume dilution of reagent to sample 
was employed to ensure there was enough pHPAA (Kok 
et al. 1986). The reagent was prepared fresh for each filtra-
tion day and the composition can be found in the Supple-
mentary Materials (Supplementary Table 2). All leachate 
samples were adjusted to a pH of below 10 using NaOH and 
diluted to an absorbance below 0.2 using a UV–visible spec-
trophotometer. A constant wavelength analysis application 
was used to detect the pHPAA dimer at excitation 320 nm 
and emission 400 nm. A standard curve was generated using 
serial dilutions of hydrogen peroxide concentrations (0.05, 
0.01, 0.005, 0.001, 0.0005, 0.0001 mM  H2O2) mixed with 
the reagent, and pH adjusted (> 10).

The 3D EEM scans were collected over the paired exci-
tation–emission wavelengths spanning an excitation range 
of 240–450 nm at increments of 10 nm and an emission 
range of 300–550 nm at increments of 2 nm. A blank of 
distilled water was subtracted from all EEM scans. Matlab 
was used to instrument correct all EEM scans, normalize 
with the Raman peak, and compute the following indices. 
The fluorescence index (FI) is the ratio of emission intensi-
ties 470 nm to 520 nm, at an excitation of 370 nm  (EX370) 
(Gabor et al. 2014) and indicates the relative contribution of 

https://uvb.nrel.colostate.edu/UVB/
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precursor material from terrestrial or microbial sources. At 
 EX370, it is important to note, for natural DOM the maximum 
emission typically occurs at 470 nm. The humification index 
(HIX) characterizes the environmental maturation of DOM 
and is calculated as a ratio of emission signals at excitation 
254 nm, where the sum of emission signals from 435 to 
480 nm is divided by the sum of emission signals from 330 
to 345 nm (Gabor et al. 2014). The freshness index indicates 
the proportion of recently produced DOM and is calculated 
as the ratio of emission signals at excitation 310 nm, where 
emission at 380 nm is divided by the maximum emission 
intensity with the range of emission signals 420–435 nm 
(McKnight et al. 2001; Gabor et al. 2014; Hansen et al. 
2016). The redox index (RI) characterizes the redox state 
of quinone-like moieties in humic DOM and is calculated 
based on components derived from the Cory-McKnight 
(2005) parallel factor analysis model measuring the sum of 
reduced quinone-like inputs over total quinone-like inputs 
(Gabor et al. 2014; Miller et al. 2006, 2009). Index calcula-
tions can be found in the Supplemental Materials (Supple-
mentary Table 1).

Statistical analyses and figures were generated in RStu-
dio, Excel, and Matlab. Temporal changes throughout the 
experiment were fitted with an exponential decay and decay 
rate and fit measures of R2 and Residual Standard Error 
(RSE) were reported. A boxplot comparison was used to 
summarize the distribution of  H2O2 production between the 
light-exposed and dark-controlled leachates across all tem-
perature treatments. For data that did not meet normality 
assumptions, the Wilcox Rank Sum test was used to deter-
mine the significance between the sample populations and 
median values. When comparing the light-exposed versus 
dark-controlled samples, there was a right skew; therefore, 
a one-sided Wilcox Rank Sum analysis was used. A prin-
cipal component analysis (PCA) was used to examine the 
variation within light-exposed and dark-controlled leachates 
using the variables of time, treatment temperature, UV 
absorbance,  H2O2 concentration, max emission at  EX370, and 
all of the fluorescence indices (FI, HIX, Freshness, and RI).

Results and discussion

Photodegradation of the chromophoric fraction 
of PyDOM

Given that hydrogen peroxide  (H2O2) is a photochemical 
byproduct of DOM photolysis (Cooper et al. 1988; McKay 
and Rosario-Ortiz 2015; Scott et al. 2003), the detection of 
 H2O2 indicates that our light-exposed leachates underwent 
photolysis (Fig. 1). Figure 1a highlights that the production 
of  H2O2 continued decreasing throughout the 25-day experi-
ment in the light-exposed leachates as the available PyDOM 

degraded, which is demonstrated in Fig. 1b. Throughout the 
experiment, UV absorbance  (UV254) decreased for all light-
exposed leachates (Fig. 1b), consistent with previous studies 
examining PyDOM photoreactivity (Fu et al. 2016; Liu et al. 
2022a, b).  H2O2 values for the 200, 300 °C, and outside lea-
chates were in a similar range as the unburned control, with 
lower burn temperature leachates producing more  H2O2 and 
exhibiting higher  UV254. The higher temperature leachates 
(400, 550, and 700 °C) exhibited the lowest  H2O2 and  UV254 
values, potentially indicating the occurrence of less humic 
acids or macromolecular organic acids than in the lower tem-
perature leachates (Zhang et al. 2020).

For the most part,  H2O2 exponentially decayed with 
time and  UV254 across all light-exposed leachates (Fig. 1). 
Table 1 lists the exponential decay fit measures for the cor-
responding plots in Fig. 1. Most of the dark treatments did 
not generate a decent fit with R2 values well below 0.5. The 
exception was the 700 °C leachates which had  R2 values of 
0.96 and 0.94 for Fig. 1a and b, respectively. The 700 °C 
leachates produced the least amount of  H2O2 in both expo-
sure groups and also had the lowest  UV254 values, indicat-
ing that there was not a large amount of reactive DOM in 
the highest temperature leachates. The poor fit for the other 
dark leachates is to be expected given these data are meant 
to detect photochemical changes byway of  H2O2 production. 
Within the light treatments, the higher temperature leachates 
(300 °C and above) generally exhibited a better fit to the 
exponential decay.

Overall, the fits were strongest in the  UV254 and  H2O2 
plots (Fig. 1b) compared to the temporal plot (Fig. 1a), with 
all treatments exhibiting R2 values above 0.88 except for 
the unburned and 200 °C leachates. This strong relationship 
reflects that the amount of  H2O2 production is dependent 
on the amount of DOM, where  UV254 is used as a proxy for 
DOM concentrations. Both the light-exposed unburned and 
200 °C treatments exhibited an extremely poor fit (R2 < 0.32) 
to the exponential decay which is largely because both expe-
rienced maximum  H2O2 on day 4 and then elevated  H2O2 
again on day 14. The R2 metric provides a relative fit meas-
ure as a percentage of variance exhibited by the depend-
ent variable (i.e.,  H2O2) whereas the residual standard error 
(RSE) captures the average error in the units of mM  H2O2. 
Despite the dark leachates having a poor exponential decay 
fit, nearly all of the RSE values were less than their light-
exposed counterparts, emphasizing that overall, there was 
not much fluctuation in  H2O2 within the dark-controlled 
leachates.

Figure 2 shows side by side boxplot comparisons to high-
light the difference between the  H2O2 production between 
light and dark exposure groups across all of the treatments. 
Nearly all light-exposed groups exhbited a wider range of 
values with a righ skew, reflecting that most light-exposed 
leachates experienced higher  H2O2 production initially and 
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then as the experiement progressed throughout the 25 days 
the light-exposed samples degraded, reducing the amount of 
available DOM, and therefore converged on similar values as 
the dark leachates. All the light-exposed leachates generally 
exhibited higher  H2O2 concentrations compared to their dark 
counterparts for any given day. The exceptions to this pattern 
occurred only on the final day 25 for the 300, 400, 550 °C, 
and outside treatments (Fig. 1a), which likely is a result of 
the overall reactant DOM pool having been depleted. In all 
groups, the median  H2O2 produced by the light group was 
greater than that of the dark group.

Most of the photodegradation occurred within the first 
two weeks of the experiment, causing measurements to 
be skewed. To account for this skew, a one-sided Wil-
cox Rank Sum test was used to determine the significance 
between the sample populations and median values of 
the light-exposed versus dark-controlled leachates within 
each burn treatment. The treatments that differed signifi-
cantly at a 95% confidence level (alpha = 0.05) were the 
unburned (p = 0.004), 200  °C (p = 0.004), and outside 
(p = 0.05) leachates. For the outside treatment, on day 
25, the dark leachate exhibited a higher value of  H2O2 
than the light-exposed leachate, whereas on every other 

Fig. 1  For all burn treatments 
and light exposures, a shows 
hydrogen peroxide  (H2O2) 
production throughout the 
25-day sun exposure period 
and b shows  H2O2 production 
compared to adjusted  UV254 
absorbance values (account-
ing for dilution). For each time 
point, the  H2O2 and  UV254 
measurements were made from 
the same bottle representing 
the six measurements displayed 
within each treatment
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day the light-exposed leachates produced much more 
 H2O2 (Fig. 2). The  H2O2 distributions and median values 
across the exposure groups that did not differ significantly 
included the 300 (p = 0.2), 400 (p = 0.4), 550 (p = 0.4) and 
700 °C (p = 0.1) leachates. Within both exposure groups, 
the 400 and 550 °C leachates produced similar amounts of 
 H2O2 with the light-exposed leachates producing slightly 
more on each day except day 25. The light-exposed 700 °C 
leachates still produced more  H2O2 throughout the entire 
experiment compared to the dark-controls; both groups 
overall produced smaller amounts of  H2O2 and both 
exhibited an exponential loss of  H2O2 throughout the 
experiment.

Overall,  UV254 values were inversely correlated with 
treatment temperature, reflecting the associated degree of 
thermal alteration (R2 = 0.82, p < 0.005) (Fig. 3). The aver-
age temperature of the outside burn was 388 °C, yet the 
outside leachates exhibited higher initial  UV254 compared to 

Table 1  Exponential fit 
measures for Fig. 1: R2 values 
and residual standard error

*RSE is in units of mM of  H2O2

a. Time vs.  H2O2 b. Absorbance  (UV254) vs.  H2O2

Dark Light Dark Light

R2 RSE R2 RSE R2 RSE R2 RSE

Unburned 0.01 0.0017 0.32 0.0230 0.13 0.0021 0.13 0.0310
200 °C 0.02 0.0012 0.22 0.0240 0.53 0.0027 0.09 0.0300
300 °C 0.11 0.0048 0.65 0.0079 0.20 0.0055 0.88 0.0084
Outside 0.003 0.0055 0.69 0.0110 0.43 0.0051 0.88 0.0096
400 °C 0.36 0.0025 0.64 0.0025 0.16 0.0027 0.92 0.0032
550 °C 0.75 0.0019 0.86 0.0016 0.64 0.0026 0.93 0.0048
700 °C 0.96 0.0003 0.66 0.0006 0.94 0.0016 0.93 0.0009

Fig. 2  Distribution of  H2O2 
concentrations in the light-
exposed and dark-controlled 
leachates across all temperature 
treatments. Solid lines within 
the boxplot represent the 
median (50th percentile), outer 
edges of the box represent 
the 25th and 75th percentile, 
whiskers represent 1.5 times the 
interquartile range (IQR) under 
the 25th percentile and over the 
75th percentile, and dots rep-
resent outliers that exceed the 
1.5*IQR in either direction

Fig. 3  Initial comparison (Day 0) of  UV254 absorbance values com-
pared to burn treatment temperatures. The unburned treatment 
appears at the drying temperature of 60  °C and the outside burn is 
indicated by the average temperature of 388 °C
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both the 300 and 400 °C leachates perhaps indicating uneven 
burning. Nonetheless, the higher temperature light-exposed 
leachates experienced a greater decrease in  UV254 compared 
to the dark-controls—indicating photodegradation did occur.

Two significant pairings emerge with the unburned lea-
chates behaving similarly to the leachates of the 200 °C 
burned material and the leachates of the outside burned 
material behaving similar to the 300 °C burned material 
leachates (Fig. 4). The outside and 300 °C pairing indicates 
that the burn methods employed are relevant to naturally 
burned OM. In Fig. 4, the data were fit to an exponential 
decay taking the general form of C(t) = C

0
e
−rt , where C(t) 

is the amount remaining at time t, C0 is the initial amount, 
and r is the exponential decay rate. For the light-exposed 
leachates, the  H2O2 decayed at rates of 4 and 5% per day for 
the 300 °C (R2 = 0.65) and outside (R2 = 0.69) treatments, 
respectively. However, most of the decay happened within 
the first week and then both treatments exhibited a slight 
elevation in  H2O2 on day 14 before declining again on day 
25. When looking at the  UV254, the light-exposed groups 
degraded more slowly at rates of 2 and 2.6% per day for 
the 300 °C (R2 = 0.86) and outside (R2 = 0.87) treatments, 
respectively. The dark-controlled leachates did not exhibit 
significant decay in either  H2O2 (R2 = 0.11 for 300 °C and 
0.003 for outside) nor  UV254 (R2 = 0.16 for 300 °C and 0.3 
outside), and in fact the outside treatment had a small growth 
rate rather than decay in both instances.

The exponential decay relationships between exposure 
time and both  H2O2 concentrations and UV absorbance 
observed in this experiment emphasizes that short resi-
dence times (a few days) decreases the PyDOM. Bostick 
et al. (2020) reported that 16–22% of PyDOC is readily 
photomineralized with a less than 1-day half-life while the 
remaining 78–84% fraction had a half-life around 2 years. 
Despite these findings, there remains a significant amount of 

condensed PyDOM structures detected in rivers and oceans, 
indicating potential protection mechanisms at play.

Quantifying photodegradation with fluorescent 
signatures

Throughout the experiment, the emission intensity of 
the humic peak for all light-exposed leachates decreased 
(Fig. 5), with larger decreases in intensity exhibited by the 
higher temperature leachates ranging from 3.5-fold to 7-fold 
for the over 300 °C leachates. This decrease in fluorescence 
intensity is consistent with other studies that used EEMs to 
evaluate PyDOM photolysis, emphasizing that the higher 
temperature treatments contained proportionally more 
chromophoric aromatic and condensed aromatic structures 
(Bostick et al. 2020; Ward et al. 2014). The dark leachates 
exhibited no significant change in their fluorescence spectra 
(see supplemental data). All light-exposed leachates exhib-
ited a decrease in total fluorescence intensity with time. 
Additionally, higher temperature leachates exhibited lower 
overall fluorescence intensity, consistent with the findings of 
Jamieson et al. (2014). The most notable reduction occurred 
in the humic peak regions (i.e., center of the EEMs). With 
DOM photodegradation, the reduction in longwave emission 
is expected and representative of polyaromatic compounds 
breaking apart and decreasing π-electron system (Coble 
et al. 2014; Senesi and D’Orazio 2005). The paired decrease 
in humic peak and increase in shorter wavelengths (referred 
to as blue-shifting) has also been associated with the forma-
tion of new chromophores (Biers et al. 2007; Coble et al. 
2014; Fu et al. 2016). Additionally, as polyaromatic com-
pounds continue to degrade, this leads to the reduction of 
reactive oxygen species (ROS) generated, which aligns with 
the observed reduction of the  H2O2 and representative of 
blue-shifting (Coble et al. 2014; Fu et al. 2016; O’Sullivan 

Fig. 4  Temporal comparison of 
hydrogen peroxide concentra-
tion (mM) and calculated UV 
absorbance at 254 nm for the 
outside and 300 °C treatments, 
including both light-exposed 
and dark-controlled leachates
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Fig. 5  Temporal shifts in the EEMs of light-exposed leachates across 
all burn treatments. Exposure time is increasing left to right and the 
degree of thermal alteration is increasing top to bottom. Fluorescence 
intensity is measured in Raman units. All EEMs have the same x- and 

y-axes of emission wavelength (300–550  nm) and excitation wave-
length (240–450  nm), respectively; however, the intensity scale dif-
fers across many of the EEMs. Each EEM was produced from a sin-
gle sample replicate for that specific treatment and exposure pairing
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et al. 2005). Overall, the decrease in  UV254,  H2O2 concen-
trations and the decreased intensity of humic peak indicate 
photodegradation of PyDOM. These results are consistent 
with findings from previous studies examining DOM pho-
todegradation (Bostick et al. 2020; Coble et al. 2014; Coble 
1996; Moran et al. 2000; Wagner et al. 2018).

An important aspect of our results is that they extend the 
findings of Bostick et al. (2020) using fluorescence indices 
to quantify the shifts in EEMs to identify potential meas-
urements for quickly identifying the appearance of PyDOM 
and potential photochemical changes. The unburned con-
trol leachate exhibited a typical FI with maximum emission 
values at  EX370 for natural DOM occurring between 460 
and 480 nm (Cory et al. 2007). In contrast, the PyDOM 
of all the burned leachates, except for 200 °C, exhibited a 
distinctive fluorescence signature on day zero with emis-
sion peaks occurring at or below 450 nm at  EX370 (Fig. 6a). 
With prolonged exposure to sunlight, the emission peaks 
shifted steadily towards longer wavelengths (red-shifted). 
This red-shifting has been observed with partial oxidation of 

DOM and indicates increasing carboxyl and hydroxyl groups 
consistent with results from other studies (Coble et al. 2014; 
Fu et al. 2016; Senesi and D’Orazio 2005; Qu et al. 2016). 
Nonetheless, the higher temperature leachates of 400, 550, 
and 700 °C retained an emission peak below 460 nm even by 
the end of the experiment. The shifted maximum emission 
values at  EX370 (Fig. 6a) influenced the calculated FI val-
ues (Fig. 6b). Overall, most FI values were within a normal 
range for natural DOM, except for the 700 °C leachates that 
experienced unusually high values (> 2) which can be attrib-
uted to the lower maximum emission wavelengths at  EX370. 
While using fluorescence to examine differences in burn 
severity PyDOM leachates, Wang et al. (2015) also reported 
that higher temperature leachates exhibited higher FI values; 
potentially indicating that their samples may have experi-
enced shifted max emission values at  EX370. Throughout the 
experiment, the dark leachates exhibited an increase in FI 
while the light-exposed leachates decreased. The higher tem-
perature leachates experienced greater overall decreases in 
FI: -0.2% (unburned), -3.3% (200 °C), -7.3% (300 °C), -8.4% 

Fig. 6  Temporal summary of fluorescent signatures across all lea-
chates. The first row a shows maximum emission at 370 nm and the 
remaining rows represent various fluorescence indices over time: b—

fluorescence index (FI), c—humification index (HIX), d—freshness 
index, and e—redox index (RI). All axes’ scales are the same except 
for the HIX and FI maximums for the 700 °C treatment
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(400 °C), -11.5% (outside), -13.0% (550 °C), and -35.8% 
(700 °C). This decrease in FI values with prolonged sunlight 
exposure has been observed in other DOM photobleaching 
studies (Hansen et al. 2016; Jaffé et al. 2004). Therefore, 
the decreasing FI values for the light-exposed leachates are 
reflective of DOM photobleaching and represent a shifting 
emission spectrum.

The HIX and Freshness indices typically yield opposite 
trends. Most of the HIX values were low (< 6) (Fig. 6c) com-
pared to the typical 0–30 range for natural OM (NOM). The 
700 °C leachates are the exception with values starting at 
21.42 and decreasing to 0.14. Higher HIX can be associ-
ated with enhanced ring structure (lower H:C ratios), which 
would explain why the higher temperature leachates exhib-
ited higher HIX values. The rapid decrease in HIX values for 
the higher temperature leachates could signify a decrease in 
aromaticity and increase in oxygenated functional groups, 
which is consistent with the decrease in CDOM and FDOM 
fractions occurring as a result of photolysis (Ward and Cory 
2016). Throughout the experiment, all Freshness index val-
ues appeared within a normal range for natural DOM with 
the light-exposed leachates increasing while the dark lea-
chates remained stable (Fig. 6d). Hansen et al. (2016) also 
reported an increase in Freshness with increased photoex-
posure of DOM leachates. Overall, the decrease in HIX and 
increase in Freshness was likely a result of the diminished 
humic peak, decrease in fluorescence intensity, and blue-
shifting which were evident in the EEMs.

These results are consistent with initially higher FI 
(1.71 ± 0.03) and HIX (24.4 ± 7.5) values and initially lower 
Freshness (0.89 ± 0.01) values exhibited by samples ana-
lyzed from a recently burned watershed as a result of the 
Wragg Fire in California (Uzun et al. 2020). Overall, initially 
high FI, overall lower HIX, and increasing Freshness values 
could reflect that the leachates were generated from freshly 
fallen leaves, meaning the parent OM had not yet undergone 
significant biogeochemical processing (i.e. lacking matura-
tion) compared to older and typical terrestrial DOM signa-
tures (Hansen et al. 2016; Wymore et al. 2015).

Most of the redox index (RI) values were within the 
lower range for natural DOM (< 0.4) (Fig. 6e), indicat-
ing that the quinone-like components are more oxidized. 
The dark leachates remained relatively unchanged, while 
the light-exposed leachates exhibited variable trends. The 
lower temperature treatments (unburned, 200, 300, and 
400 °C) exhibited a further decrease in RI values through-
out the experiment, indicating the PyDOM is becoming 
increasingly degraded and oxidized. Whereas the 500 and 
700 °C samples exhibited an increase in RI values with 
increased sun exposure, perhaps indicative that new and 
reduced compounds were being generated. This would 
align with the skewed humic peak observed in the EEMs 

of these temperature treatments (Fig. 5). Photooxidation 
can cause aromatic rings to open, which disrupts charge 
transfer reactions, resulting in longer wavelength absorp-
tion and fluorescence (Osburn et al. 2014; Del Vecchio 
and Blough 2004). Our results could be reflective of 
intermediate products, including ROS, typically known 
to occur with DOM photolysis, which can assist in subse-
quent reactions that can further oxidize or reduce DOM 
(Fu et al. 2016; Osburn et al. 2014). This similar reducing 
result was observed in Klapper et al. (2002) who reported 
that within a degrading environment microbial electron 
transfers can result in a shift of the main humic fluoro-
phores to higher emission wavelengths. Yan et al. (2022) 
reported that their higher temperature PyDOM (450 °C) 
experienced more photodegradation on a longer timescale 
(30 days), suggesting that the increased production of ROS 
facilitated the transformation of condensed aromatics into 
aliphatics, proteins, and tannins. While  H2O2 production 
was detected, future work would be needed to determine 
apparent quantum yields and ROS production to better 
quantify photochemical changes (Fu et al. 2016; Y. Liu 
et al. 2022a, b; Wang et al. 2020).

The variables of time (day), treatment temperature, 
 UV254,  H2O2 concentration, max emission at  EX370 (Max 
EM), and all of the fluorescence indices (FI, HIX, Fresh-
ness, and RI) were used in a principal component analysis 
(PCA) to examine the variation within the light-exposed 
and dark-controlled leachate groups (Fig. 7). Within the 
light-exposed group, there was a clear association between 
treatment temperature and PC1, while PC2 showed a strong 
association with time. PC1 and PC2 together accounted 
for 82.7% of the total variance. PC1 accounted for 61% 
of the explained variance and the variables most strongly 
correlated (positive) or anti-correlated (negative) with 
PC1 being  UV254 (-0.420 loading), treatment temperature 
(0.389), RI (-0.383),  H2O2 (-0.374), and Max EM(-0.368). 
PC2 accounted for 21.7% of the explained variance and the 
variables most strongly correlated/anticorrelated with PC2 
include time (-0.584), FI (0.483), freshness index (-0.451), 
and HIX (0.321). Within the dark-controlled group, there 
remained a clear association with treatment temperature 
for PC1; however, as we would expect, changes within 
the fluorescence signatures and  H2O2 were no longer cor-
related with time. PC1 and PC2 together accounted for 
79.9% of the total variance. PC1 accounted for 55.4% of 
the explained variance with the variables most strongly 
correlated/anticorrelated with PC1 being RI (− 0.437), 
treatment temperature (0.437), FI (0.418), UV (− 0.405), 
Max EM (− 0.377), and HIX (0.337). PC2 accounted for 
24.5% of explained variance with the most strongly cor-
related/anticorrelated variables being freshness index 
(− 0.636),  H2O2 (− 0.578), and Max EM (0.348). Overall, 
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both dark-controlled and photodegraded PyDOM exhibited 
distinct relationships across fluorescence signatures.

Fluorescence index summary and comparison 
to natural organic matter (NOM)

Table  2 provides a comparison of the results from the 
PyDOM photoexposure experiment to typical photode-
graded NOM. Overall, these results show how PyDOM can 
be photodegraded to exhibit fluorescence signatures resem-
bling NOM.

Some differences unique to the higher temperature lea-
chates include initially lower Max EM, higher FI, and lower 
RI values. Whereas initial HIX and Freshness values for the 
higher temperature leachates were within expected ranges 
for less mature NOM—likely a result of using freshly fallen 
leaf litter as the parent OM. In terms of expected trends, 
the decrease in HIX and increase in Freshness is typically 
observed with photodegraded NOM (Hansen et al. 2016). 
The observed shifts of the Max EM values towards longer 
wavelengths and FI to lower values could indicate that the 

Fig. 7  Principal component analysis examining the variation within 
dark-controlled and light-exposed leachates, using the variables of 
time (Day), treatment temperature (Treatment), UV absorbance (UV), 
 H2O2 concentration (H2O2), max emission at  EX370 (Max Em), and 

all of the fluorescence indices (FI, HIX, Freshness, and RI). The 
unburned treatment appears at the drying temperature of 60  °C and 
the outside burn is indicated by the average temperature of 388 °C

Table 2  Summary of fluorescence results and comparison to photodegraded NOM

a Cory et al. (2007)
b Gabor et al. (2014)
c Hansen et al. (2016)
d Jaffé et al. (2004)

Index Experimental results for photodegraded PyDOM Typical results for photodegraded NOM

Max EM Higher thermal alteration led to lower values (< 450 nm)
Photolysis caused values to increase

Values usually remain around 470  nma

FI Higher thermal alteration led to higher values
Photolysis caused values to decrease

Values usually remain <  2a

Photolysis typically causes either no change or decreasing 
 valuesa,b,c,d

HIX Values overall lower, except higher thermal alteration led to 
higher values

Photolysis caused values to decrease

Values usually between 0-30. Lower values typical for less mature 
 NOMb

Typical photolysis  trendc

Freshness Values within normal range
Photolysis caused values to increase, especially for higher tem-

perature leachates

Values typical of freshly produced NOM
Typical photolysis  trendc

RI Higher thermal alteration led to lower values
Photolysis caused mixed results. Values for higher temperature 

leachates increased, while the rest decreased

Values usually around 0.4. Lower values consistent for NOM that 
is more  oxidizedb

Photolysis typically causes decreasing values
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photodegradation of PyDOM increases the likelihood that 
burned leachates can return to more typical values resem-
bling natural DOM with increased sun exposure, likely 
representing the transformation of condensed aromatics 
into aliphatics, proteins, and tannins (Yan et al. 2022). This 
return to natural DOM signatures has also been documented 
in a hydrologic flushing study, where unique DOM wildfire 
fluorescence signatures exhibited pronounced short-term 
(< 1 year) signatures but with repeated flushing and time 
the DOM fluorescent characteristics resembled reference 
watershed values (Uzun et al. 2020).

Therefore, higher temperature leachates tend to exhibit 
distinctive differences from what would typically be 
observed for NOM. However, as these higher temperature 
PyDOM leachates experience prolonged exposure to solar 
radiation, the fluorescence signatures trend towards signa-
tures that resemble NOM. These distinct signals and trends 
could assist in identifying instream wildfire signals in both 
the short and long-term depending on the pathways and sun 
exposure PyOM encounters.

Conclusion

The production of hydrogen peroxide, the decrease in UV 
absorbance, and the observed shifts in fluorescence signa-
tures indicated that the PyDOM was photochemically altered 
throughout the 25-day solar radiation exposure period 
extending the findings of previous studies of PyDOM pho-
todegradation potential (Bostick et al. 2020; Fu et al. 2016; 
Liu et al. 2022a, b; Stubbins et al 2012; Ward et al 2014; 
Wagner et al. 2018; Wagner and Jaffe 2015; Yan et al. 2022). 
While some studies used fluorescence more broadly to iden-
tify unique PyDOM signatures, our study demonstrates the 
value of using fluorescence indices to capture PyDOM com-
position over a wide range of pyrolysis temperatures. Higher 
burn temperatures resulted in distinctive fluorescence char-
acteristics with PyDOM that exhibited lower overall fluo-
rescence intensity, a distinctive lower max emission peak 
(< 460 nm) at  EX370, higher FI values (around or above 2), 
higher HIX values (> 10), and lower RI values (< 0.4). With 
increased exposure to sunlight, the higher temperature lea-
chates begin to exhibit fluorescence values that resemble 
unburned NOM. These results reveal that burn severity is an 
important factor influencing the fluorescence characteristics 
and trends of PyDOM and could contribute to the extent 
of PyDOM photo-transformations as shown in Goranov 
et al. (2020) and Bostick et al. (2020). Throughout all the 
analyses, the outside burn and 300 °C muffle furnace burn 
exhibited similar results, indicating that the results of the 
various temperature leachates within this study are relevant 
to naturally burned OM. The temporal decrease in  H2O2 

concentrations exhibited by the light-exposed burn leachates 
provides direct chemical evidence that the labile fraction of 
PyDOM can be significantly reduced by photodegradation. 
In the presence of sunlight, PAHs are susceptible to being 
oxidized with some resulting photoproducts being more bio-
degradable, so further research would be needed to assess 
the additional influence of microbes. Bostick et al. (2021) 
has recently shown that photodegraded PyDOM is more sus-
ceptible to being biomineralized, but this availability varies 
and should be examined in natural systems.

Our results show that with prolonged exposure to solar 
radiation, PyDOM compounds are not only susceptible to 
photodegradation but also exhibit fluorescence signatures 
that resemble NOM over time. This finding indicates that 
perhaps downstream water treatment plants (WTP) might 
benefit from PyDOM remaining in natural surface waters 
for extended periods of time prior to entering the facility. 
Conversely if the DOM exhibit distinct fluorescence sig-
natures following wildfire inputs, this might indicate the 
presence of more condensed PyDOM and warrant addi-
tional or different treatment strategies to avoid the forma-
tion of DBPs. Wang et al. (2015) reported that higher tem-
perature leachates resulted in a reduction of carbonaceous 
DBP precursors but a significant increase in the more toxic 
nitrogenous specific DBPs formation potential. The inter-
actions between PyDOM, photolysis, and DBP formation 
should be explored further.

This study demonstrates that photodegradation alters the 
fluorescence signature of PyDOM, contributing to growing 
evidence that PyOM is reactive in the environment (Bostick 
et al. 2020; Fu et al. 2016; Liu et al. 2022a, b; Stubbins et al 
2012; Wagner et al. 2018; Wagner and Jaffe 2015; Ward 
et al 2014; Yan et al. 2022). The projected increase in inten-
sity and frequency of wildfires (Abatzoglou and Williams 
2016) are likely to increase the amount of pyrogenic carbon 
produced creating implications for carbon cycling, carbon 
sequestration, ecological consequences, and health risks 
(Bostick et al. 2020; Yan et al. 2022); therefore, identify-
ing, and characterizing PyOM fate and transport is needed 
for water quality management. Because fluorescence spec-
troscopy is becoming increasingly utilized by WTP opera-
tors due to its quick analysis time and small sample volume 
requirement, certain fluorescence signatures (like the char-
acteristically low emission peak) could prove useful to WTP 
operators for detecting fresh PyDOM. Furthermore, these 
photo-exposure results highlight how fluorescence can be 
a meaningful tool in detecting or explaining wildfire signa-
tures compared to NOM. Overall, these results demonstrate 
that bulk PyDOM derived from burned leachates is suscepti-
ble to photodegradation and that fluorescence measurements 
could be used as proxies for detecting PyDOM immediately 
post-wildfire or explaining temporal and downstream shifts.
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