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Abstract: While it is well known that wildfires can greatly contribute to soil water repellency by
changing soil chemical composition, the mechanisms of these changes are still poorly understood. In
the past decade, the number, size, and intensity of wildfires have greatly increased in the western
USA. Recent megafires in California (i.e., the Dixie, Beckwourth Complex, Caldor, and Mosquito
fires) provided us with an opportunity to characterize pre- and post-fire soils and to study the effects
of fires on soil water repellency, soil organic constituents, and connections between the two. Water
drop penetration time (WDPT) tests performed in the field showed a significant increase (from <1 s
up to >600 s) in WDPT from pre- to post-fire soils. This increase in soil water repellency after fires was
confirmed by increases in apparent contact angle (ACA) between 1.1 and 9 times from unburned to
burned soils. The chemical characterization of burned soils with high resolution mass spectrometry
showed the increased abundance of hydrophobic organics (e.g., PAH-like compounds and organic
molecules with a low number of oxygen atoms) as well as the correlation of the average H/C ratio
and aromaticity index (AI) with ACA. Most likely, these compounds contribute to post-fire soil water
repellency that triggers hydrological effects such as landslides, flooding, and debris flows.

Keywords: soil water repellency; post-fire soil; soil organic matter; water drop penetration time;
apparent contact angle; goniometer; high resolution mass spectrometry; thermal analysis

1. Introduction

It is well known that wildfires affect flora and fauna [1–5], burn various fuels [6], and
emit large quantities of gases (e.g., CO2 and CO) and particles (e.g., black [7], brown [8,9],
and organic carbon [10–12]) that are further modified during atmospheric transport [13–16].
Wildfires greatly affect air quality [17–19], human health [18,20,21], cloud formation and
properties [22,23], and atmospheric light absorption and radiative forcing in the atmo-
sphere [24–26] and after deposition onto snow [27,28]. Moreover, wildfires also alter soil
properties [29], including soil wettability (or water repellency) [30–34]. Fire-induced soil
water repellency (SWR) decreases water infiltration into the soil, leading to increased runoff,
soil erosion, flooding, and debris flows [35–37].

Fire-induced SWR and its impact on watershed hydrology has been a focus of scientific
research since the early 1960s [30,38,39]. Recent studies of wildfires in California and
Colorado and their hydrological impacts showed an increase in mudslides, flash floods, and
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debris flows as a hydrological response to wildfire-burned areas [40–42]. In the past decade,
the severity and frequency of wildfires have increased in forests of the western United
States (USA) [43,44], especially in California, where ecosystems are dominated by dry
conifers [45,46]. This increase is linked to current shifts in temperature and weather patterns
due to vapor pressure deficit [47,48], fuel buildup caused by fire suppression [49,50], and a
rapidly changing climate [47,51–53]. According to the Wildfire Activity Statistics report [54],
in 2019, 7148 fire incidents burned 1122 km2 in California, in 2020, 8648 incidents burned
17,419 km2, in 2021, 7396 incidents burned 10,398 km2, while, in 2022, 7667 incidents burned
1473 km2 [55].

The four recent California wildfires, whose impacts on soil hydraulic and chemical
properties are investigated here, are summarized in Table 1, and briefly described in
the following. The 2021 Dixie fire was the largest single (i.e., non-complex) fire in the
history of California with over 3890 km2 burned and over 1300 structures destroyed. On
18 August 2021, it also became the first fire known to have burned across the crest of the
Sierra Nevada, CA. The adjacent 2021 Beckwourth complex fire burned 428 km2 and
included the Sugar and the Dotta fire. Another very large 2021 California wildfire was
the Caldor fire that burned an area of 897 km2 southwest of Lake Tahoe and destroyed
1003 structures. On 30 August 2021, Caldor became the second fire known to have burned
across the crest of the Sierra Nevada, CA. For the Caldor fire, changes in physical soil
properties have been studied in detail [56]. The largest 2022 California wildfire was the
Mosquito fire that burned an area of 311 km2 west of Lake Tahoe causing “hazardous” air
quality (up to 900 µg/m3 of PM2.5 in Reno, NV, USA) up to a few hundred km around the
fire for approximately four weeks [57,58].

Fire-induced changes to soil hydraulic properties, and subsequent changes to infiltra-
tion, runoff, and erosion, can last from one to six years [59–61]. The combination of the
climate-driven increase in fire frequency, size, and severity in the western USA, as well as
soil erosion, flooding, and debris flows, highlight the urgency to investigate further fire-
induced changes to soil hydraulic properties, especially SWR, its creation and remediations,
and consequences for the hydrologic responses of watersheds to wildland fires [62]. The
effects of fire temperatures on SWR have been studied for many years in laboratory and
field conditions [63,64]. DeBano et al. [30] observed the strongest SWR between 175–200 ◦C,
which is most likely due to chemical changes of soil organic compounds [65,66]. Several
studies [31,67] reported that SWR can be disturbed at temperatures greater than 270 ◦C.

There are two commonly used and well-described parameters to measure SWR: water
drop penetration time (WDPT) and apparent contact angle (ACA). The WDPT test measures
the time needed for water droplets to be absorbed by the soil surface [38,68,69]. A recent
study by Shillito et al. [68] used the classification system proposed by Bisdom et al. [70]
and Doerr et al. [71] to assess the level of SWR in terms of WDPT. Bisdom et al. [70] and
Doerr et al. [71] proposed the following ranges of WDPT values to classify the different
levels of soil water repellency: wettable soil (WPDT < 5 s), slightly water-repellent soil
(WDPT between 5 and 60 s), strongly water-repellent soil (WDPT between 60 and 600 s),
severely water-repellent soil (WDPT between 600 and 3600 s), and extremely water-repellent
soil (WDPT > 3600 s). In several studies [72,73], the ACA between the droplet and the
soil surface, onto which the droplet was placed, has been measured with a goniometer.
Goniometry is a powerful and sensitive method to determine the ACA to assess the
wettability of fire-affected soils [74,75]. If the ACA is around or above 90◦, the soil has
strong water repellency (or low wettability), whereas if the ACA is below 90◦ the soil has
medium or low water repellency [76–78].
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Table 1. Summary of fires and sampling locations; * source: CalFire webpage [55]; ** assessment published in BAER reports based on the rating of soil burn severity:
Unburned and Very Low, Low, Moderate, High; *** assessment published in BAER reports based on the rating of soil erosion hazard: Low, Moderate, High, and Very
high; **** dominant trees observed at the sampling sites highlighted in bold.

Fire Name Start Date–End Date * Fire Area (km2)
** Total Fraction of

Moderate and Severely
Burned Soil Area

*** Total Fraction of
High and Very High

Soil Erosion
Hazard Area

GPS Coordinates of
Sampling Sites

**** Dominant Forest
Type

Dixie 13-Jul-21–25-Oct-21 3898 54% 20 39◦58′41.9′′ N
120◦21′24.8′′ W

Sierran mixed conifer
(Pinus contorta,
Abies concolor)

Beckwourth Complex 4-Jul-21–22-Sep-21 428 57% 38 39◦53′21.1′′ N
120◦12′02.9′′ W

Sierran mixed conifer and
mixed pine (Pinus

lambertiana, P. contorta, P.
ponderosa, Pseudotsuga

menziesii)

Caldor 14-Aug-21–21-Oct-21 898 56% 28 38◦50′37.0′′ N
120◦01′59.8′′ W

Sierran mixed and Sierran
Montane hardwood

(Pinus jeffreyi, P. contorta,
P. ponderosa, A. magnifica,

A. concolor)

Mosquito 6-Sep-22–27-Oct-22 311 34% N/A 38◦59′22.3′′ N
120◦44′21.1′′ W

Sierran mixed conifer,
Sierran Montane

Hardwood; Sierran
Montane

Hardwood-Conifer (P.
ponderosa, P. jeffreyi)
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In the past few decades, several studies characterized post-fire SWR in coniferous
forests, such as in the Colorado Front Range (CO, USA) [69], near Orleans (France) [79], in
the Blue Ridge Mountains (VA and NC, USA) [80], South-Central Chile [81], and North-West
Spain [82]. Although the soil types, climate, and environments, as well as fire intensities,
were different for all these studies, an increase in SWR due to fires, measured in terms
of WDPT, was commonly observed. In addition, several authors [59–61] reported a wide
range of “recovery times” (ranging from a few months up to six years [83]) after the fires,
during which soils are returning to pre-fire soil conditions. This wide range is mainly due to
different fire intensities, variations in soil types, and dissimilarity in litter. Several authors
reported noticeable water repellency for unburned coniferous forest soils as well [82,84]
and questioned the notion that unburned soils have low water repellency in general. A
few papers described ACA measurements for the post-fire coniferous soils of coniferous
forests worldwide [85,86] and in the western USA [84]. However, the question “What
chemical soil modifications are behind the formation of fire-induced SWR?” is still far from
being answered.

The literature on the nature of fire-induced SWR suggests that the chemical properties
of soil organic matter (SOM) are changed by fire, turning the burned soil more water
repellent than the unburned soil [31,78]. For example, Atanassova and Doerr [66] performed
the gas chromatography mass spectrometry (GC/MS) analysis of individual organic species
for extracts of eucalypt-forest soils, and they concluded that fatty acids (with a carbon
count below 12) as well as aromatic compounds in conjunction with low molecular weight
hydroxy acids and aromatics probably were responsible for the formation of extreme
water repellency following heating. Mainwaring et al. [87] also performed the GC/MS
analysis of individual soil organic species (sterols, linear alkanes, and fatty acids) loaded
either on acid-washed sand or soils. They concluded that a combination of long-chain
fatty acids (>C18) and alkanes caused water repellency. In contrast to Atanassova and
Doerr [66], Mainwaring et al. [87] did not observe an increase in SWR when applying a
C14 long fatty acid/alkane mixture to sandy soils. Our recent laboratory study [33] on
acid-washed silica sand and the combustion of Jeffrey pine needles showed that even
cold combustion smoke, ducted through initially organic-free sand, changed the sand
from wettable (WDPT < 0.5 s) to severely water repellent (WDPT > 1000 s), while Uddin
et al. [88] found that volatile organic compounds derived from vegetation combustion
did not increase SWR. These different and to some extent contradictory results are due in
part to the complexity and variety of organic constituents from different places, especially
when soils are modified at different fire temperatures in the presence of different types of
litter. Identifying individual organics accountable for pre- and post-fire water repellency
is an extremely difficult task [89]. Despite a significant effort and several comprehensive
studies on the chemistry of post-fire organic constituents in soils, a large gap remains in
the current knowledge and understanding of which organic compounds are responsible
for post-fire SWR. This study attempts to shed more light on the chemical nature of fire-
induced SWR, using thermogravimetry (TG) atmospheric pressure photoionization (APPI)
in combination with Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry
(MS) (or TG APPI FT-ICR MS). The TG APPI FT-ICR MS method is a comprehensive state-
of-the-art method to characterize complex mixtures of organic molecules including organic
constituents in soils.

Thermal analysis methods are a common analytical standard for the chemical char-
acterization of soil organic matter, and pyrolysis gas chromatography (Py-GC) with mass
spectrometric detection and hard electron impact or soft field ionization in particular has
been used for a broad variety of soil and soil-related materials [90,91]. Directly hyphenated
thermal analysis methods, such as TG, have also been deployed for studying the pyrolyti-
cally released organic mixture, such as thermogravimetry with soft photoionization [92].
In the framework of wildfire-affected soil, Py-GC and spectroscopy techniques have been
heavily deployed for examining real soils after wildfire events [91,93–97] or mimicking a
fire event with laboratory-heating procedures [91,98,99]. It could be seen that burn intensity
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drives the alteration of phenolic lignin into polycyclic aromatic hydrocarbons (PAHs) [100].
However, direct mass spectrometric approaches with soft atmospheric pressure photoion-
ization (APPI) have also been utilized for molecular-level elucidation in combination with
high-performance mass analyzers. The electrospray ionization of SOM extracts has been
extensively used for studying the molecular impact on the polar constituents [97,101–103].
In this respect, Roth et al. [101] have been able to speciate pyrogenic organic matter from a
wildfire event by electrospray ionization and ultra-high resolution mass spectrometry, char-
acterizing phosphor-containing species. However, extraction procedures can be tiresome
and bear a risk of contamination and workflow bias. Moreover, sample preparation proto-
cols often rely on the usage of strong acids, such as hydrofluoric acid, potentially altering
the chemical composition. In this study, the advantages of thermal analysis, in terms of
direct temperature-programable analysis, and high-resolution mass spectrometry, allowing
for the discrimination of isobaric constituents, are combined by using TG APPI FT-ICR
MS [104]. This concept allows addressing highly viscous and solid materials, resolving
the tremendous molecular complexity, e.g., from residual chars [105,106], heavy petroleum
fractions [107,108], or even meteorite organic matter [109]. To the best of the authors’
knowledge, this is the first study combining soil water repellency, quantified by means of
WDPT and ACA, with molecular-level information given by direct high-resolution mass
spectrometry of wildfire-affected soil samples.

The goal of the present research is to investigate SWR after real-life wildfires and
link these soil properties to the fire-induced modifications of soil organic constituents.
In the summers of 2021 and 2022, four megafires that occurred in the Sierra Nevada
Mountains, CA, USA (i.e., the Dixie, Beckwourth Complex, Caldor, and Mosquito fires)
provided us an opportunity to study such fire-induced soil modifications. We performed
field and laboratory experiments to determine the level of water repellency of burned as
well as unburned soils from these four fires and collected samples for further laboratory
analyses to explore the chemical nature of fire-induced water repellency for the various
soils. To assess SWR, WDPT tests were performed in the field shortly after the fires, as
well as six and twelve months after the fires occurred. Samples of ash, burned soil, and
unburned (“control”) soil were collected to measure their ACA in the laboratory using a
goniometer. The WDPT and ACA results were summarized and compared with the results
of comprehensive chemical analysis of the soil organic constituents of the collected samples
employing TG APPI FT-ICR MS. By means of these different methods, we were able to
link the water repellency of post-fire soils with organic components that are known to
have hydrophobic properties. For example, we tested the hypothesis of whether aromatic
organic constituents play an important role in soil hydrophobicity after wildfire events. To
our knowledge, this is the first study on soil repellency and the comprehensive chemical
composition of soil samples collected from recent California megafires.

2. Materials and Methods
2.1. Sample Locations and Fire Description

Study sites within the perimeters of the Dixie, Beckwourth Complex, Caldor, and
Mosquito megafires that occurred in the Sierra Nevada Mountains of California, USA in
2021 and 2022 [55] were chosen for this research. The first set of WDPT tests were carried
out in the field and bulk samples were collected right after the fires (within two weeks after
the individual fire was contained) at all four locations. Water drop penetration time tests
were run six months and one year post-fire and soil as well as ash samples were collected
for the three 2021 fires Dixie, Beckwourth Complex, and Caldor (Table 2). In the field, each
bulk sample (10–100 g of ash or soil per sample) was packed into an aluminum foil envelope
and then into a separate zip-lock bag and kept in a cooler with ice during transportation to
the laboratory. Prior to laboratory analyses, samples were stored refrigerated at −20 ◦C.
The sampling spots were selected based on visual observation of the areas, and areas with
medium or high burn severity were selected. The maps and pictures of the chosen areas
are presented in Figures 1 and S1, respectively.
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Figure 1. Map with red fire perimeter lines of the Dixie, Beckwourth Complex, Caldor, and Mosquito
fires as well as the locations of the respective sampling sites; sample site locations are indicated by
yellow triangles.

Table 1 summarizes information about the four wildfires and gives the coordinates of
the four study sites where soil and ash samples were collected and field measurements of
WDPT were performed. These locations were selected based on available fire maps and
on visual observations of the post-fire landscapes yielding sampling locations with high
burn severity where ground fuels were uniformly and fully consumed over an area larger
than ~30 m2 (Figure S1). Three types of soil surfaces were characterized in the field with
the WDPT test and the following samples were collected at each location: (i) ash—fine
particles remaining and deposited on the soil surface after the complete combustion of
litter and ground fuels (Figure S2a); (ii) burned soil—the top 5–10 mm layer of the mineral
soil surface underneath the ash (Figure S2b); and (iii) unburned (or control) soil—the top
layer of the mineral soil collected at the unburned areas of the same soil type closest to the
fire-affected sites (Figure S2c).

Detailed descriptions of all fires, soil burn severities, and their potential effects on the
environment (soil erosion, vegetation recovery, hydrologic responses, etc.) are provided
in the Burned Area Emergency Response (BAER) reports [110] for these four fires. Briefly,
a post-fire BAER assessment of the Dixie fire identified ~52% of the fire area as moderate
soil burn severity, while ~5% was assigned high soil burn severity. The remaining area
(43%) was classified as unburned/very low and/or low soil burn severity. For the Caldor
fire, moderate and high soil burn severities were estimated for 13.1% and 41.2% of the fire
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area, respectively. The remainder of the fire-affected landscape was rated as low soil burn
severity (46.3%) and “not rated” (or rock outcrop) (6.2%). For the Beckwourth Complex
fires, the combination of the Dotta and Sugar fires, 48.4% of the fire area was classified with
moderate and 7.5% with high soil burn severity. In the case of the Mosquito fire, moderate
and high soil burn severities were 25% and 9.3% of the fire area, respectively. According to
the BAER reports for all four fires, herb and shrub recovery for areas of moderate and high
burn severity is expected to be within 1–10 years, while for mature forest recovery will take
50–100 years. Overall, these fires were characterized as medium-to-intense fires; however,
the burn severity was not homogeneous for fire-affected areas on a scale from a few square
meters (m2) to a few square kilometers (km2).

Table 2. Summary of the collected samples; * only zero-month samples (samples collected shortly
after the fire) were analyzed; ** Soil classification is according to USDA-NRCS using the NRCS Web
Soil Survey [111]; SOM—soil organic matter.

Fire Name
Sample

Type
Sampling and WDPT * ACA

Analysis
* TG FT-ICR
MS Analysis

** Soil Composition (% of Dry Soil Mass)

0 Month 6 Months 1 Year Sand Silt Clay SOM

Dixie

Ash 5 5 5 5 5 - - - -
Burned

soil 5 5 5 5 5 - - - -

Unburned
soil 5 5 5 5 5 66 19 15 1.5

Beckwourth
Complex

Ash 5 5 5 5 5 - - - -
Burned

soil 5 5 5 5 5 - - - -

Unburned
soil 5 5 5 5 5 42 38 20 2

Caldor

Ash 5 5 5 5 5 - - - -
Burned

soil 5 5 5 5 5 - - - -

Unburned
soil 5 5 5 5 5 84 11 5 5

Mosquito

Ash 5 - - 5 - - - - -
Burned

soil 5 - - 5 - - - - -

Unburned
soil 5 - - 5 - 45 45 10 6

Dominant soil and forest types are presented in Tables 1 and 2, with all four fire
areas being dominated by mixed pine and Sierran mixed coniferous forests, with greater
representation of Sierran montane hardwood forest in the Mosquito fire area. The soil at
the Dixie location is classified as a Luvic Phaeozem of the Fopiano-Sattley families complex
characterized as a cobbly sandy loam (66% sand, 19% silt, and 15% clay with a SOM content
of 1.5%; fractions of dry soil mass) in the top 0 to 8 cm of the soil profile. The soil at the
Beckwourth Complex location is a Leptic Phaeozem, part of the Franktown-Sattley families
complex and characterized as an extremely cobbly loam (42% sand, 38% silt, and 20% clay)
with a SOM content of 2% in the top 0 to 18 cm of the soil profile. For the Caldor location,
the soil is a Meeks gravely loamy coarse sand (Dystric Arenosol) with 84% sand, 11% silt,
5% clay, and SOM content of 5% in the top 0 to 28 cm of the mineral soil profile. In case
of the Mosquito fire, the soil is a McCarthy cobbly loam (Andic Cambisol) with a SOM
content of 6% in the top 0 to 25 cm of the soil profile and 45% sand, 45% silt, and 10% clay.
Soil properties for all sampling locations were obtained from the USDA-NRCS Web Soil
Survey [111] using the coordinates given in Table 1. Note that percentages of sand, silt, clay,
and SOM reported above were calculated by dividing the mass of the dry sand, silt clay,
and SOM fractions of the soil by the total dry mass of the soil bulk sample.
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2.2. Water Drop Penetration Time (WDPT) Measurements

Water drop penetration time measurements were performed at all four sampling sites
shortly after each of the four fires was contained as well as six months and one year after
the Dixie, Caldor, and Beckwourth Complex fires (Table 2). The WDPT method is widely
used and well documented elsewhere [33] so we only give a brief description here. For the
WDPT test, five to ten droplets of deionized water were applied to the ash or soil surfaces
from a height of ~1 cm using a disposable 2 mL-volume glass pipette (VWR, Radnor, PA,
USA) equipped with a latex bulb (Fisher Scientific, Pittsburg, PA, USA). The mass of each
droplet was 25 ± 4 mg. The WDPT was determined as the average time it took for the
droplets to be absorbed by the soil or ash surfaces (Figure 2—WDPT measurement in the
field). The WDPT recording was stopped at 600 s even if the drop was still visible on the
soil surface. This was to reduce the influence of droplet changes not related to infiltration,
such as due to evaporation.
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Figure 2. Water drop penetration time (WDPT) measurements in the field shortly after the Dixie fire
was contained, showing water drops sitting on burned, water-repellent soil.

2.3. Apparent Contact Angle (ACA) Measurements

Prior to the ACA measurements, soil subsamples of the ash and soil bulk samples
were brought up to room temperature (23–24 ◦C) then air-dried at room temperature
with relative humidity (RH) ranging between 10% and 30% for at least 12 h before being
prepared for the goniometer tests. Larger soil aggregates in the subsamples were gently
broken down with a pestle and mortar. All subsamples were then sifted with a sieve of
500 µm mesh size (ASTM E-11, No. 35; Soiltest Inc., Evanston, IL, USA).

For the ACA measurements, subsamples were mounted on glass microscopy slides,
hereafter termed “sample slides”. To create the sample slides, double-sided adhesive tape
Scotch (Hutchinson, MN, USA) and 3M (Saint Paul, MN, USA) Permanent Double-Sided
Tape “Narrow”) was attached to one side of a blank glass slide. The slide was then “dipped”
into dried, sieved subsample soil material so that the surface of the adhesive tape was
completely coated with and holding some excess soil material. The excess soil material was
then removed by turning the slide over and gently shaking the slide 1–3 times. Alternatively,
if there was not enough material present to “dip” the slide into the soil material (~5 g),
approximately 0.2–1 g of soil was sprinkled onto the surface of the adhesive tape with a
pre-cleaned spatula until the adhesive tape was completely coated and holding excess soil
material. The excess soil material was removed by turning the sample over and gently
shaking the slide 1–5 times.

The ACA was measured with a goniometer (model FTÅ1000, First Ten Ångstroms
Inc., Portsmouth, VA, USA). For each measurement, a drop of deionized water (8 µL drop
volume) was dispensed from a syringe through a 27-gauge needle onto the sample slide,
followed by optically measuring the ACA between the water drop and the underlying soil
surface on the sample slide using FTÅ1000’s high resolution camera, zoom microscope,
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and image analysis software. On each sample slide, 5–10 replicate measurements could be
carried out. Figure 3a shows the FTÅ1000 goniometer with sample stage, high resolution
camera, and zoom microscope. Figure 3b shows an example of six water drops on a sample
slide during a goniometer test.
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2.4. TG APPI FT-ICR MS Measurements

The organic constituents of the soil samples were characterized by thermogravimetry
with evolved gas analysis. For this purpose, a thermobalance is hyphenated to a high-
resolution mass spectrometer for direct analysis of the complex evolved gas mixture along
a temperature gradient. The thermobalance gives temperature-resolved data on the sample
mass loss and residual weight information. More specifically, a thermobalance (TG 209,
Netzsch Gerätebau, Selb, Germany) is coupled to a modified Bruker GC-APCI II source
(Bruker Daltonics, Bremen, Germany), equipped with a Krypton vacuum ultraviolet dis-
charge lamp (10/10.6 eV, 124/117 nm) for soft APPI. Further details and a scheme of the
equipment are given elsewhere [106,112].

Changes in the chemical composition of the soil affected by wildfires were addressed
by supplement thermogravimetry evolved gas analysis. For this purpose, selected soil
samples from the Caldor, Dixie, and Beckwourth fires were analyzed (Table 2) with APPI
being applied as an ionization scheme to sensitively ionize non-polar constituents [113].
Particularly aromatic compounds, often suspected of having a decisive influence on hy-
drophobicity [96,100,103], were efficiently detected. Thermal analysis enabled us to desorb
a gas mixture from the samples, which evolved as a function of temperature, for subsequent
mass spectrometric description. Adsorbed volatile and semi-volatile compounds were
intactly detected at lower temperatures during the thermo-desorption phase. At elevated
temperatures, non-volatile larger molecular humin structures were pyrolyzed within the
inert nitrogen atmosphere and diagnostic fragments were detected [107,113].

Depending on the sample (ash, burned/unburned soil) behavior in terms of mass
loss, 20–60 mg of the sample was placed in an aluminum crucible directly prior to the
analysis without any sample pretreatment, except that the samples were brought back to
room temperature (~20 ◦C) before the analysis. This input weight was adjusted for each
sample to gain sufficient signal intensities for the mass spectrometric evolved gas analysis.
The measurements were performed in an inert nitrogen atmosphere with a flow rate of
200 mL/min. The temperature program was as follows: 2 min isothermal equilibration at
20 ◦C, then ramp up the sample temperature to 600 ◦C at a rate of 20 ◦C/min, followed
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by holding the temperature constant at 600 ◦C for 39 min. The evolved gas mixture was
sampled with a 280 ◦C interface and guided to the ion source via a heated transfer line
(280 ◦C, deactivated fused silica capillary, 0.53 mm inner diameter, length 3 m). For the
ionization chamber, a nebulizer gas flow of 4.5 L/min and a dry gas flow of 1.5 L/min were
used. A Bruker Apex II ultra Fourier-transform ion cyclotron resonance mass spectrometer
(FT-ICR MS) equipped with a 7 T superconducting magnet was used as an analyzer (positive
mode; m/z 100–1000; resolving power 260 k at m/z 400) [104]. Thermogravimetry APPI
FT-ICR MS analyses were performed only for the ash and soil samples collected shortly
after the Caldor, Dixie, and Beckwourth Complex fires (Table 2).

Data processing was performed with Bruker Data Analysis 5.1 (Bruker Daltonics, Bre-
men, Germany), self-written MATLAB (MATLAB R2019b, MathWorks, Natick, MA, USA)
routines, and the in-house data processing and assignment software CERES [106,108,114].
First, an external m/z calibration was performed using the characteristic thermal degra-
dation pattern of polystyrene. Second, an internal m/z calibration based on the manually
identified CHOx homolog rows was achieved. The resulting mass spectra were peak picked
with a minimum signal-to-noise ratio of nine, exported, and sum-formulae-attributed for
each scan individually (scan-by-scan time-resolved processing) utilizing a maximum error
of 1 ppm and the following chemical boundaries: C2–100H2–200N0–1O0–6S0–1. The aromatic-
ity index (AI) and double bond equivalents (DBE) were calculated from the attributed sum
formulae based on the equations given elsewhere [115].

3. Results and Discussion
3.1. Water Drop Penetration Time (WDPT)

Figure 4 summarizes the results of the WDPT measurements performed in the field
shortly after each of the fires was contained. In all cases, a significant increase in WDPT was
observed (a 3.5- to 300-fold ratio in mean WDPT values) for burned soils compared with
unburned (control) soils. The lowest WDPT values were found for the unburned soils of the
Dixie, Beckwourth, and Mosquito fires, ranging from 0.5 to 5 s, which classified these soils
as “wettable” following Doerr et al. [84]. Remarkably, for the Caldor fire the average WDPT
of the control soil was 166 ± 93 s, which classifies the soil as “strongly” water-repellent,
even though it had not been exposed to fire for at least one century [56]. Unburned soils
are typically considered “wettable”. However, high levels of water repellency have been
reported for unburned soils in coniferous forests [82,84,86]. Many different factors may
cause water repellency in unburned forest soils and the origin of soil water repellency in
these soils is still not well understood. Possible causes for water repellency in forest soils
are hydrophobic organic compounds, such as resins and waxes from fresh and dead leaves
and needles [116,117], fungal activity that may increase the concentration of hydrophobic
compounds in the soils [118], soil texture (e.g., coarse sands) in combination with high levels
of SOM [119], as well as low soil moisture content [120]. In our study, all the soils analyzed
were from typical western USA Sierra Nevada region coniferous forests where Jeffrey and
Ponderosa pines are the most abundant trees and sources of litter [83]. A Mediterranean
climate with hot and dry summers and generally wet and cold winters is common for all the
fire areas of our study [121,122]. We hypothesize that the “strong” water repellency of the
unburned soil in the Caldor fire region might be due to the difference in soil texture (high
sand fraction) as well as the higher SOM content found at the Caldor location compared to
the other three locations (Table 1). In addition, hydrological and/or biologic activities and
hydrophobic organic constituents from the thick smoke of the Caldor fire may have affected
local soils for over four weeks [33]. Despite the elevated level of SWR for the unburned soil
at Caldor, the mean WDPT value for the burned soil was approximately 3.5-fold higher
than the mean WDPT value for the unburned soil. The results from the WDPT tests agreed
well with the ACA values for the same soil (presented in Section 3.2). For the ash layers,
WDPT values were consistently <1 s for all the tests performed in this study, indicating that
the ash found on burned soils at the four study sites was wettable and with WDPTs similar
to values reported in the literature [123,124].



Fire 2023, 6, 186 11 of 25Fire 2023, 6, x FOR PEER REVIEW 11 of 27 
 

 

 

Figure 4. Results of WDPT measurements for unburned and burned soils shortly after the Dixie, 

Beckwourth Complex, Caldor, and Mosquito fires were contained; lines in the middle of boxes rep-

resent median values, blue dots represent mean values, and boxes represent third quartiles (Q3) and 

first quartiles (Q1); the whisker ends are 1.5 × IQR (interquartile range) above the third quartiles 

(Q3) and 1.5 × IQR below the first quartiles (Q1); red and pink asterisks are min and max outliers, 

respectively. p-values were calculated using unpaired t-test (N = 7–11, α = 0.05). 

The comparison between the soils at all the sampling sites showed that burned soils 

reached levels of “strong” soil water repellency with mean WDPT values ranging from 

267 to 550 s (Figure 4) and either “severe” or “extreme” water repellency for the ~30% to 

95% of WDPT values that reached the maximum recording time of 600 s. As mentioned in 

the method section, the WDPT measurements were stopped at 600 s due to visible droplet 

evaporation. Thus, soils for which the WDPT tests were stopped after 600 s may have had 

even higher than the here-reported levels of SWR. Our WDPT results align well with sev-

eral other studies that reported a significant increase in SWR due to fires in coniferous 

forests [37,69]. However, these are the first reported measurements for the recent (2021–

2022) megafires in the Californian coniferous forests of the Sierra Nevada, CA.  

0

100

200

300

400

500

600

700

800

Unburned soil Burned soil

W
D

P
T

 (
s

)

Caldor

0

100

200

300

400

500

600

700

800

Unburned soil Burned soil

W
D

P
T

 (
s

)

Mosquito

0

100

200

300

400

500

600

700

800

Unburned soil Burned soil

W
D

P
T

 (
s

)

Beckwourth Complex

0

100

200

300

400

500

600

700

800

Unburned soil Burned soil

W
D

P
T

 (
s

)
Dixie

P=0.003 P=0.0213
<0.1 s

P=0.0001 P=0.0001

Figure 4. Results of WDPT measurements for unburned and burned soils shortly after the Dixie,
Beckwourth Complex, Caldor, and Mosquito fires were contained; lines in the middle of boxes
represent median values, blue dots represent mean values, and boxes represent third quartiles (Q3)
and first quartiles (Q1); the whisker ends are 1.5 × IQR (interquartile range) above the third quartiles
(Q3) and 1.5 × IQR below the first quartiles (Q1); red and pink asterisks are min and max outliers,
respectively. p-values were calculated using unpaired t-test (N = 7–11, α = 0.05).

The comparison between the soils at all the sampling sites showed that burned soils
reached levels of “strong” soil water repellency with mean WDPT values ranging from
267 to 550 s (Figure 4) and either “severe” or “extreme” water repellency for the ~30% to
95% of WDPT values that reached the maximum recording time of 600 s. As mentioned in
Section 2, the WDPT measurements were stopped at 600 s due to visible droplet evaporation.
Thus, soils for which the WDPT tests were stopped after 600 s may have had even higher
than the here-reported levels of SWR. Our WDPT results align well with several other
studies that reported a significant increase in SWR due to fires in coniferous forests [37,69].
However, these are the first reported measurements for the recent (2021–2022) megafires in
the Californian coniferous forests of the Sierra Nevada, CA.

3.2. Apparent Contact Angle (ACA)

The results of the ACA measurements are shown in Figure 5. For all four fires, the
ACA values of burned soils were between 1.1 and 9 times higher than the ACA values for
unburned soils from the same study site. As expected, based on our WDPT measurements
(Figure 4), the smallest ratio of ACA change between burned and unburned soil (1.1-fold
increase) was found for soil from the Caldor fire. However, the ACA increase was still
statistically significant with p = 0.0001 (average ACA of 119 ± 6◦ for burned compared
to 105 ± 7◦ for unburned soil, N = 15). Also, the average ACAs for the unburned and
burned soils of the Caldor fire area were greater than 90◦ and, hence, both unburned and
burned soils would be classified as hydrophobic in terms of ACA [75,78], in agreement
with our WDPT results. For the unburned soils from the other three fires, however, the
mean ACAs were 10◦ for the Mosquito fire, 11◦ for the Beckwourth Complex fires, and 16◦

for the Dixie fire with a minimum value of 10◦ (noting that an ACA of 10◦ corresponds to
the detection limit of the goniometer) and there was a maximum value of 35◦ for all the
unburned soils tested from these three fires. Surfaces with such small ACAs are classified
as hydrophilic [78]. The differences in average ACA between the unburned soil from the
Caldor site and the other three sampling sites may be due to the thick layer of litter/duff
that was found above the unburned soils for the Caldor site but not for the other three
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sites. Litter/duff at the mineral soil surface is a likely source of organic components, such
as waxes, resin acids, and terpenoids, that could increase SWR as well as being a sign of
increased fungal activity in the soil known to affect SWR [116,125,126]. Interestingly, based
on our WDPT and ACA measurements, the strongest SWR for the burned soil samples
was observed for the soils with the highest SOM content (Caldor and Mosquito) in their
unburned soils (Table 2).
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Figure 5. Apparent contact angles (ACA) for unburned and burned soils from the Dixie, Beckwourth
Complex, Caldor, and Mosquito fires measured in the laboratory using a goniometer. Lines in the
middle of boxes represent median values, blue dots represent mean values, and boxes represent third
quartiles (Q3) and first quartiles (Q1); the whisker ends are 1.5 × IQR (interquartile range) above the
third quartiles (Q3) and 1.5 × IQR below the first quartiles (Q1); red and pink asterisks are min and
max outliers, respectively. Note that for the unburned soil from the Beckwourth Complex and the
Mosquito fires the ACA values were at or below 10◦, which corresponds to the detection limit for
ACA of the goniometer; p-values were calculated using unpaired t-test (N = 5–15; α = 0.05).

Apparent contact angle measurements for soils from coniferous forests are rather
sparse. Doerr et al. [84] presented ACA measurements for “natural background” soils
collected in coniferous forests for six north-western states of the United States. The authors
reported ACAs for “natural background” soils of between 90◦ and 135◦ and called attention
to naturally highly repellent soils. These results agreed well with our ACA measurements
for unburned soils collected within the Caldor fire area (Figure 5). However, Doerr et al. [84]
did not include soils with low repellency levels. The mean ACAs for the burned soils were
diverse among fires, with the lowest value for the Dixie fire (66◦ ± 36◦) and the highest for
the Caldor fire (119◦ ± 6◦) (Figure 5). For the Dixie fire, the ACA varied the most (min: 41◦,
max: 113◦), likely because irregular/patchy areas with different burn severity occurred
even within a few square meters. Although several studies on the water repellency of
post-fire coniferous forest soils have been published [30,38,69,81], analyses of ACAs for
these types of samples, especially for the Sierra Nevada, CA region, are generally missing,
which is particularly surprising considering that this is an extremely fire-prone area [44,55].

Our next step was to assess the temporal change of the SWR in terms of WDPT and
ACA. Figure 6 presents the results of the WDPT and ACA measurements for burned soil
samples right after the fire (hereafter termed “zero-months”), six months, and one year after
the burn for the Dixie, Beckwourth Complex, and Caldor fires (Table 1). For the Mosquito
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fire that occurred in September–October 2022, only data for zero-months after the burn
were available. Comparing the values between the zero-month and one-year data after the
fires for burned soils, no statistically significant changes in WDPT and ACA values were
observed for all three 2021 fires, except for a slight increase in WDPT for the Dixie fire (from
268 ± 195 s to 521 ± 158 s, p = 0.015) and a statistically significant decrease (p = 0.0001) in
ACA for the Beckwourth Complex samples (from 88.9◦ ± 4.6◦ to 65.3◦ ± 9.6◦). Interestingly,
the WDPT values for the same fire had not changed significantly by the one-year mark
compared to the values right after the fire. Our visual observations also concluded that, one
year after the megafires, there were no notable changes, such as any vegetation recovery
or visual disappearance of the ash layer at all three sampling sites (Table 2). In general,
after one year, SWR had not changed for the Dixie, Caldor, and Beckwourth Complex fire
sampling sites. The WDPT and ACA measurements of unburned soils for these fires also
showed no change in SWR (Figure S8). Similarly, Chen et al. [80] performed WDPT field
tests for soils after wildfires in the broadleaf deciduous forests of the Blue Ridge Mountains
(USA). Their measurements also showed no SWR for most unburned samples and strong
SWR for burned samples. However, they did observe some degree of SWR diminishing
one year after the fires. There are several studies on the temporal evolution of SWR after
coniferous forest wildfires in the western USA [69,127], and the common understanding is
that typically 1–2 years (for some areas 3–5 years) are needed for the soil to reach pre-fire
hydrophobicity levels. Since extremely large forest areas were affected by the 2021–2022
megafires in California (Table 1, Figure 1), and current rapid climate change may contribute
to the timing of soil and forest post-fire recovery, further monitoring of post-fire SWR and
research on chemical changes in fire-affected soil organic constituents are needed.
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Figure 6. Results of WDPT and ACA measurements for burned soil samples: 0 months (2 weeks),
6 months, and 1 year after fire containment; lines in the middle of boxes represent median values,
blue dots represent mean values, and boxes represent third quartiles (Q3) and first quartiles (Q1); the
whisker ends are 1.5 × IQR (interquartile range) above the third quartiles (Q3) and 1.5 × IQR below
the first quartiles (Q1); red and pink asterisks are min and max outliers, respectively; p-values were
calculated using unpaired t-test (N = 5–15, α = 0.05); subfigures (a–c) represent WDPT (in s) for Dixie
(a), Beckwourth Complex (b), and Caldor (c) fires; subfigures (d–f) represent ACA (in deg) for Dixie
(d), Beckwourth Complex (e), and Caldor (f) fires.
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To study the role of organic constituents that may cause fire-induced SWR, we per-
formed the comprehensive chemical characterization of burned, unburned, and ash sam-
ples with TG APPI FT-ICR MS and compared the chemical properties of their organic
constituents with our WDPT and ACA measurements (Section 3.3).

3.3. Chemical Characterization of Organic Constituents with TG APPI FT-ICR MS
3.3.1. Thermogravimetric Analysis

The results of our thermogravimetric analysis showed a distinct mass loss curve for
the averaged triplicates of all three sample types (ash, unburned, and burned soil), with ash
showing the lowest amount of mass loss (~7 w%) followed by burned soil and control soil
with approx. 9 and 10 w% (Figure S4). During the equilibration phase (isothermal at 20 ◦C,
200 mL/min nitrogen), a small mass loss of volatile compounds adsorbed to the soil surface,
such as small organics or residual water, was observed. The detected mass loss curves
in the thermal desorption phase (~20–270 ◦C) were almost identical for the three sample
types. This stage was followed by a larger thermal desorption step that transitioned into
the pyrolysis phase at around 270 ◦C. During the pyrolysis phase (temperatures > 270 ◦C),
the largest deviation in mass loss was observed, with ash showing only minor losses
while both burned and control soil displayed the largest amount of mass loss. During
the pyrolysis phase, organic constituents in the soil are decomposed and the dominating
macromolecular humic structures are degraded [128]. The mass loss of the burned soil
sample was lower than the mass loss of the unburned soil (by ~0.7 w%), which could be
explained by the effect of the wildfire on the soil. High temperatures during the fire may
have led to the thermal decomposition of soil organic constituents at the soil surface or
the evaporation/degradation of lighter compounds, such as free fatty acids, which finally
decreased the amount of vaporizable soil organic constituents.

3.3.2. Mass Spectrometric Evolved Gas Analysis

The evolved gas mixture from the thermal analysis was directly subjected to high
resolution mass spectrometry equipped with APPI. For data analysis, mass spectrometric
response below 270 ◦C is classified as thermal desorption, whereas constituents detected
at temperatures above 270 ◦C are referred to as pyrolysis products. This temperature
separator was based on the onset of the pyrolysis visible in the thermograms (Figure S4)
and was similar for all sample types. The detection of the complex mixture via FT-ICR MS
allowed for sub-ppm mass accuracy and the resolution of isobaric constituents. Conse-
quently, chemical information was retrieved by the attribution of sum formulae to the mass
spectrometric signals. Exemplarily, the normalized averaged mass spectra of these assigned
elemental compositions for the Caldor burned and control soil are given in the supporting
information (Figure S5), composed of several hundred up to thousands of sum formulae.

The direct comprehension of complex mass spectra is often difficult and demanding.
For this purpose, specific chemical parameters can be accessed from the sum formulae
directly, such as the oxygen-to-carbon ratio (O/C). As measures for aromaticity, commonly
double bond equivalents (DBE), the aromaticity index (AI), or the hydrogen-to-carbon ratio
(H/C) are used (Table S1). These sum parameters were chosen for testing the hypothesis of
the particular importance of aromatic constituents for soil hydrophobicity after wildfire
events [86,129]. To prove the importance of aromatics on these surface properties, measures
for unsaturation (H/C) and aromaticity (AI) were correlated with ACA (Figure 6) and
WDPT (Figure S6) values, based on data from five soil samples, revealing sufficient mass
spectrometric response and data quality. Interestingly, a negative correlation was found
for the ACA versus H/C (lower H/C indicates higher aromaticity), whereas a positive
correlation was found for the ACA versus AI (Figure 7), for the desorption phase. This
result shows that aromatic organic constituents, such as hydrophobic PAHs, do contribute
to the SWR that caused large ACA values for the burned soils. Even though H/C and
AI are both measures for unsaturation (when more double or triple bonds are present in
organic molecules), H/C is not considering further heteroelements, whereas for calcula-
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tion of the AI, oxygen and nitrogen atoms are considered [115]. Particularly for the soil
organic constituents including the residual compounds of wildfire aerosol, oxygen as a
heteroelement is substantial. Thus, correlation with AI reveals a higher slope than with
H/C (or DBE, not visualized). For the WDPTs (Figure S6), only a slight correlation can be
found for the desorption phase, which is mostly caused by higher error deviations for these
field-testing data. No trend is apparent from the evolved gas mixture during pyrolysis,
and within the error bars of the measurements neither the ACA nor the WDPT seem to
be significantly correlated with unsaturation. However, the significance of these results is
limited by the small sample set (N = 5) and further experiments are needed for statistical
evaluation in the future.
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Figure 7. Intensity weighted average hydrogen-to-carbon ratio (H/C) and aromaticity index (AI) for
the thermal desorption (20–270◦C, top) and pyrolysis (270–600◦C, bottom) phase versus apparent
contact angle (ACA, deg) for five soil samples from the Caldor, Beckwourth Complex, and Dixie
fires. Linear regressions are inserted as black dotted lines. A clear correlation was found for the
constituents released during thermal desorption, whereas no trend was apparent from the evolved
gas mixture during pyrolysis. Error bars indicate standard deviation. Exemplary molecules with
respective unsaturation/aromaticity measures are inserted for guidance.

Forest fires can affect the soil chemistry on different complex pathways, either through
the thermal alteration of SOM [66,130] or/and, as was recently described in the litera-
ture [33], it could be via the deposition of smoke compounds on the soil surface. In contrast
to gaseous wildfire emissions, the related aerosol particles are not migrating efficiently
through the porous soil layers but could cause direct effects on top of the upper forest soil
layer. Gaseous wildfire aerosol is dominated by smaller volatile products as well as larger
lignocellulosic degradation products such as methoxyphenols, levoglucosan, mannosan,
galactosan, terpenoids, and steroids. Here also, one- to four-ring aromatics, e.g., benzene,



Fire 2023, 6, 186 16 of 25

naphthalene, phenanthrene, pyrene, and oxygen-functionalized derivatives, can be found
in high concentrations; these are classically referred to as “pyromolecules” [94].

The coating of the surfaces of soil particles and pores with smoke components may sig-
nificantly alter soil surface properties as addressed by the ACA and WDPT measurements
but might lead only to minor compositional changes for the bulk material as investigated
via thermal analysis mass spectrometry. This might still be true despite the high surface
area of soil due to its porosity. Volatile and semi-volatile species condense on these surfaces,
altering physicochemical properties such as hydrophobicity. Consequently, volatile and
semi-volatile compounds could be detected during the thermal desorption phase at lower
temperatures where condensed surface coatings are desorbed. In contrast, the thermal
alteration of SOM would affect not only the surface but also deeper layers for prolonged
wildfire events, even the full bulk material, when the macromolecular humin structure is
changed. Based on the cleavages of bridges and side chains, smaller aromatic compounds
can be formed. These species would most likely be released during the thermal desorption
phase. Nonetheless, a significant alteration of the macromolecular backbone would have
happened, addressed at elevated temperatures during the pyrolysis phase in thermal analy-
sis mass spectrometry. However, no correlation and no significant changes in the pyrolysis
pattern were found, contradicting this pathway and hypothesis. The thermal alteration
of the SOM seems less pronounced, which might be due to too low soil temperatures
during the fire event, short reaction times, or the specifics of the SOM itself, such as soil or
forest type. Based on these results, we can conclude that particulate matter and gaseous
components stemming from the combustion of fuel at or above the soil surface by the
fire may likely have caused the hydrophobicity found for the burned soils of the Caldor,
Beckwourth Complex, and Dixie fires.

Apart from average metrics, such as O/C, H/C, DBE, and AI, sum formulae consisting
of the same heteroatoms can be grouped into compound classes (Table S2). Figure 8 depicts
the oxygen number distribution for the Caldor fire control and burned soils, divided into
thermal desorption and pyrolysis phases. A clear trend towards lower oxygen numbers
for the burned soil thermal desorption phase was found, whereas for the pyrolysis phase
oxygen-number distribution seemed unaffected. This finding agrees with the low effects of
wildfire on the macromolecular system and the higher impact of wildfire on the volatile
and semi-volatile fraction addressed during the thermal desorption phase and linked to
condensed aerosol compounds. Moreover, lower oxygen numbers in molecules for the
burned soils relative to the unburned soils also explain high SWR in the burned soils,
since smaller numbers of oxygen-containing functional groups (e.g., carboxylic, hydroxyl)
make organic molecules less hydrophilic. Interestingly, for the Beckwourth Complex fire
(Figure S7) this effect is less pronounced, and there seem to be some changes in the oxygen-
number pattern for the macromolecular structure addressed by pyrolysis. This finding
points out the strong heterogeneity and different nature of the investigated fire event as well
as soils and of real wildfire-affected soils in general. Nonetheless, the mass spectrometric
response was an order of magnitude lower for the Beckwourth fire data, limiting further
insights on fire-affected soil organic chemistry in this study.

As a suitable approach for comparing the shared chemical space, the number of
similar sum formulae between sample types has been established in the high-resolution
mass spectrometry of complex mixtures of organic compounds [131]. In contrast to Venn
diagrams, which can be unclear and hard to read for a higher number of sample types,
an upset plot is an effective means to visualize the intersections between multiple data
sets [132–134]. Generally, a higher diversity in heteroatom combination is found for the
pyrolysis phase than for the desorption phase, indirectly reflecting the complex thermal
degradation processes of humic species, peptides, and other polar low-volatile constituents.
In comparison, the molecular-level analysis revealed that over 85% of the detected organic
compounds from the desorption and pyrolysis phases were similar between the burned
and unburned (control) soil (Figures S8 and S9). Thus, purely from an occurrence of
compounds, pre- and post-wildfire samples were very similar. Interestingly, almost all the
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compounds detected for the ash sample were also found in the control and burned soil for
both phases. Moreover, a large fraction of compounds unique to the burned soil and found
in the pyrolysis phase was attributed to CHOS-class, likely a result of the degradation
of peptides. However, from an abundance perspective, these species were close to the
detection limit and, thus, for further discussion, an abundance-based perspective is needed
in this application.
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Figure 8. Oxygen number distribution (sum of intensity of every compound with the respective
number of oxygen) of burned soil (a,c) and unburned soil (b,d) from Caldor fire samples divided
into thermal desorption (TD, 20–270 ◦C (a,b)) and pyrolysis phase (pyro, 270–600 ◦C (c,d)). Absolute
intensities were normalized by the deployed sample weight.

Ultimately, the complex sum formulae information is to be used and visualized on a
molecular level. For this purpose, so-called finger-print plots are often used, such as DBE
versus carbon number (#C) or the Van Krevelen diagram (H/C versus O/C), expressing
each individual detected sum formula as a marker in a scatter-type visualization. Here,
we used the representation of #C versus AI (Figure 9). As can be seen by the high number
of similar sum formulae between unburned and burned soil, the same chemical space
is covered. Nonetheless, distinct differences in the abundance profile can be depicted.
A major change was found in the occurrence of CHO1-class compounds with C15–25. A
substantial reduction of oxygen-containing molecules was found after the wildfire event
or in the burned soils, which makes the burned soils overall less hydrophilic and agrees
with the average trend correlated with ACA (Figure 7). In contrast, changes for the CH
class were almost negligible. No significant changes in the intensity-weighted average
metrics and class distribution were found for the pyrolysis phase. This finding became
apparent when analyzing the AI versus #C plots for the pyrolysis phase. Here, no shift in
the center of gravity was found, but overall high mass spectrometric response covers the
same chemical space. The exact nature of this phenomenon cannot be explained by the
given data yet. However, we hypothesize that these pure hydrocarbons and low oxidized
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species with lower polarity were released/formed to a greater extent by the first thermal
alteration reactions of the macromolecular structure. This cracking of sidechains and
bridges between the building blocks of the humic fraction may have allowed an easier
discharge during thermal analysis. Previous studies on wildfire-affected soil utilizing
extracts and electrospray high-resolution mass spectrometry may not have been able to
address this low-polar chemical space, potentially overlooking certain effects. Consequently,
future research is needed for deeper insights into the effects of wildfire events on larger
SOM constituents.
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Figure 9. Aromaticity index (AI) versus carbon number (#C) plots for Caldor fire unburned (top)
and burned soil (bottom) samples. Assigned time-resolved TG APPI FT-ICR MS data were averaged
for thermal desorption (20–270 ◦C, blue-green color bar, (a,b)) and pyrolysis phase (270–600 ◦C,
orange-red color bar, (c,d)) and filtered for the CH (a,c) and CHO1 (b,d) compound classes. For
guidance, black dotted line indicates AI limit for aromatic structures.

4. Conclusions

We studied changes in the physical and chemical properties of mineral soil surfaces
from the four megafires Dixie, Beckwourth Complex, Caldor, and Mosquito that occurred
in 2021 and 2022 in the Sierra Nevada mountains of California (US). For all four fire sites, a
significant increase in SWR was observed between unburned and burned soils with WDPT
increased from <1 s up to 600 s (maximum measured value) and ACA values increased
between 1.1 and 9 times. The pre-fire SWR levels were assessed by analyzing unburned
soils near the fire sites. We found that even though the fire sites have similar climate and
vegetation types, the SWR for unburned soils was noticeably elevated at the Caldor fire
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site (ACA: 105 ± 7◦, WDPT 166 ± 93 s) compared to the Dixie, Beckwourth Complex, and
Mosquito fire sites; pre-fire soils were characterized as wettable (ACA: 10◦–16.4◦, WDPT
< 1–2.14 s), in contrast with previous studies on the natural high repellency of coniferous
forest soils in the western USA. Six months and one year after the 2021 megafires (Dixie,
Caldor, and Beckwourth Complex megafires), our WDPT and ACA measurements showed
no significant changes in SWR for unburned and burned soils. For these three sites also,
little to no vegetation recovery has occurred. This is most likely because fire sites with high
burn severity were selected for the study, and for these conditions water repellency can be
expected to remain for 2–6 years after the fire.

The comprehensive chemical characterization of organic constituents with TG APPI
FT-ICR MS was performed to assess the chemical nature of organic constituents in the
soil before and after the fires. As expected, the results from the TG analysis showed a
higher mass loss for unburned than for burned soil samples and a lower mass loss for
ash compared to soil samples. Most likely, the heat from the fires partly decomposed
and/or evaporated organic constituents from the soil. The positive correlation (R2 = 0.813)
between ACA values and aromaticity (AI), derived from the APPI FT-ICR MS spectra for
the desorption (or pre-pyrolysis) phase (~20–270 ◦C temperature range), suggests that
burned soils may become water repellent because of the formation and/or deposition of
PAH-like organic species on the soil surface. Moreover, we found that organic molecules
with a higher amount of oxygen in their structure are more common in unburned than in
burned soil samples, which may also have contributed to the more hydrophobic (or more
water-repellent) behavior of the burned compared to the unburned soils.

Overall, our research revealed that the chemical composition described by AI and H/C
ratio for organic molecules in soils is closely correlated with fire-induced SWR determined
by ACA, with ACA being a more sensitive parameter than WDPT to quantify fire-induced
SWR. This is the first study to show that ~15% of organic constituents detected by TG APPI
FT-ICR MS in burned soils are different from those in unburned soils. These changes in
detected compounds were probably due to chemical changes in organic compounds at
the soil surface during the fire in combination with the deposition of smoke compounds
onto the soil surface. Our study has several limitations: (i) there was a small sample
size of large fire areas, (ii) only the top layer of the soils was analyzed, and (iii) only
moderate and severely burned areas were studied. However, the study confirms previous
findings on the occurrence of fire-induced SWR in the Sierra Nevada mountains and sheds
light on the chemical nature of the organic compounds in the soil that cause fire-induced
SWR. The results of our project suggest the need for additional SWR research including:
(i) quantifying the contribution of combustion smoke organics deposited onto soil surfaces
to SWR and identifying the relative importance of this process compared to that of chemical
changes of SOM due to fire heating; (ii) investigating temporal changes in the chemistry
of fire-induced water-repellent soils and if and how they correlate with ACA changes;
and (iii) studying how post-fire organics contribute to soil and water toxicity based on the
knowledge of their PAH nature determined here.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fire6050186/s1, Figure S1: Pictures of the four sites selected
for the WDPT tests performed in the field and for sampling of ash and soil samples: (a) Dixie
fire, (b) Beckwourth Complex fires, (c) Caldor fire, (d) Mosquito fire; Figure S2: Three types of the
collected samples: (a) ash, (b) burned soil, (c) unburned (or control) soil. The samples in these
pictures were collected right after the Dixie fire; Figure S3: Maps and sampling sites: (a) Dixie fire,
(b) Beckwourth Complex fires, (c) Caldor fire, (d) Mosquito fire (maps adopted from Google Maps
web and USA Forest Service); Figure S4: Thermogram (mass loss, left y-axis) of averaged triplicates
for ash (orange dotted line), control soil (blue solid line), and burned soil (magenta dashed line) of
the Caldor fire with temperature program indicated by red solid line (right y-axis). The ash revealed
the lowest mass loss (~7 w%), whereas control and burned soil showed very similar maximum mass
loss at around 9–10 w% with slightly higher evaporation for the control soil; Figure S5: Normalized
average mass spectra of assigned elemental compositions for Caldor burned soil (left) and control
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soil (right) separated into thermal desorption (20–270 ◦C, top), pyrolysis phase (270–600 ◦C, middle)
as well as an average over the whole temperature range (20–600 ◦C, bottom); Figure S6: Water drop
penetration times (WDPT) [s] versus intensity weighted average hydrogen-to-carbon ratio (H/C)
and aromaticity index (AI) for the thermal desorption (20–270 ◦C, top) and pyrolysis (270–600 ◦C,
bottom) phases for five soil samples (Caldor, Beckwourth, Dixie). No trend is apparent from the
evolved gas mixture during pyrolysis, whereas a slight correlation might be given for the constituents
released during thermal desorption. Error bars indicate standard deviation; Figure S7: Oxygen
number distribution (sum of intensity of every compound with the respective number of oxygen)
of burned soil (left) and control soil (right) from Beckwourth fire divided into thermal desorption
(TD, 20–270 ◦C, top) and pyrolysis phases (pyro, 270–600 ◦C bottom). Absolute intensities have been
normalized by the deployed sample weight; Figure S8: Results of WDPT and ACA measurements
for burned soil samples: 0 months (2 weeks), 6 months, and 1 year after fire containment; p-values
were calculated using unpaired t-test (N = 5–15, α = 0.05); Table S1: Intensity weighted average sum
parameter for the results of the TG APPI FT-ICR MS experiments. pyro—pyrolysis phase 270–600 ◦C,
TD—thermal desorption phase 20–270 ◦C, DBE—double bond equivalents, AI—aromaticity index;
Table S2: Compound class distribution with absolute intensities normalized to the sample mass.
Herein, CHO refers to all compounds solely containing oxygen as heteroatom, likewise for the
other heteroatom combinations. pyro—pyrolysis phase 270–600 ◦C, TD—thermal desorption phase
20–270 ◦C; Figure S9: Upset plot of the averaged thermal desorption phase (20–270 ◦C) from all three
Caldor fire soil samples (control pre-fire soil, burned post-fire soil, and ash). The compound class
distribution for the respective interest is indicated by a color-coded stacked bar plot; Figure S10: Upset
plot of the averaged pyrolysis phase (270–600 ◦C) from all three Caldor fire soil samples (control
pre-fire soil, burned post-fire soil, and ash). The compound class distribution for the respective
interest is indicated by a color-coded stacked bar plot.
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