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ARTICLE INFO ABSTRACT

Handling Editor: Cornelia Rumpel Water extractable organic matter (WEOM) is a very mobile and reactive soil OM fraction, critical in the trans-
location of carbon (C) from soils to other environmental compartments. Transformations of WEOM due to soil

Keywords: heating can have implications not only at a local scale, but in places far away from the location of the event.

Soil heating However, their accurate characterization is costly when analyzing a large number of samples. The objectives of

EEMS this work were to identify common patterns for the changes in WEOM caused by the heating of various soil types

Mid-infrared spectra . . . . . . . . . . .

PARAFAC using a combination of spectroscopic and dimensionality reduction techniques. Six soils from Spain, Kenya and

Israel were collected at depths 0-10 cm and analysed before and after heating in air to temperatures of 300 and
600 °C. Fluorescence EEMs were measured in soil-water extracts containing WEOM, and decomposed using
parallel factor (PARAFAC) analysis. The FTIR spectra were measured in freeze-dried extracts and further ana-
lysed using non-negative matrix factorization (NMF). Total organic C and SUVAjs4 values of the extracts
experienced changes with the heating treatments that were soil dependant. Four PARAFAC and three NMF
components were sufficient to characterize WEOM changes in all soils, which showed common thermal trans-
formation patterns irrespective of their origin and properties. Thermal transformation of fluorescent WEOM led
to the increase in the proportion of a component with an emission maximum at Ex 300/Em 392 nm, and to a
lower extent one with the emission maximum at Ex 300/Em 426 nm. Concomitantly, the proportion of com-
ponents with emission maxima at longer excitation wavelengths was reduced. These changes occurred at the
lowest heating temperature and were maintained at 600 °C, and they seem to indicate a depletion of fluorescent
components more conjugated, bigger in size, and an enrichment in smaller ones. The NMF components obtained
from FTIR spectra showed an increase of the proportion of compounds with C—O bonds, more oxidized. No
correlations were found between the components obtained with each method, thus indicating that the infor-
mation obtained from the fluorescence EEMs-PARAFAC analysis and the NMF decomposition of FTIR spectra is
complementary. It can be concluded that there is a common pattern of WEOM changes induced by thermal soil
transformations irrespective of the origin and properties of the soils studied, and that the combination of
different spectroscopic techniques coupled with dimensionality reduction methods can be used as a simple and
low-cost method to fingerprint changes in WEOM composition, in general, and those caused by soil heating, in

non-negative matrix factorization (NMF)

particular.
1. Introduction not<348 Mha (Giglio et al., 2013). Beyond the loss of aboveground
living organisms, fire affects not only the location where it occurs. Py-
Wildfires are a disturbance that produce substantial changes in rogenic materials can be exported from the fire-affected areas to water
ecosystems, and they are perceived as one of the main global environ- bodies even decades after the fire events occurred (Dittmar et al., 2012).
mental threats (Doerr and Santin, 2016). The global annual area that has Among the many effects of fires in ecosystems, soil physical, chemical
burned between 1997 and 2011 has been estimated to account for and biological properties can be affected. These changes depend on the
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characteristics of the ecosystems and fire severity (Certini, 2005).
Organic matter (OM) is one of the soil constituents most sensitive to
heating: its transformations start at temperatures as low as 200 °C, and
they comprise a series of complex reactions that depend on the tem-
perature and the duration of heating (Knicker, 2007; Almendros and
Gonzalez-Vila, 2012; Miesel et al., 2015).

One of the most environmentally relevant fractions of soil OM is
constituted by water-extractable compounds, which include soluble and
colloidal particles grouped under the general term of water-extractable
organic matter (WEOM), defined as the OM extracted by agitating soil
samples with aqueous solutions (Chantigny, 2003). This is a highly
heterogeneous pool of different molecular organic structures (Knicker,
2007), with varying molecular weight, functional groups, aromaticity,
and hydrophilicity. Its content and composition are highly dependent on
the soil type (Grandy and Neff, 2008), land use and vegetation (Roth
et al., 2014), or climate (Kalbitz et al., 2000). The WEOM can interact
with other soil constituents, like aluminium and iron (oxy)hydroxides
(Vazquez-Ortega et al., 2014), or clay surfaces (Cheshire et al., 2008). As
a very mobile and reactive soil OM fraction, it can form organo-metal
complexes with heavy metals, modifying their mobility and bioavail-
ability (Prokop et al., 2003), and it can also influence organic pollutant
reactions in soils (Spark and Swift, 2002). It is ubiquitous, and it is the
main vector for translocation of carbon (C) from the soil surface along
the profile, and from soils to water bodies such as rivers, lakes and
oceans. All the above-mentioned processes (i.e., pollutant movement,
nutrient availability, formation of organo-metal complexes, contribu-
tion to aggregate stability and soil structure development, C sequestra-
tion) can be altered by changes in WEOM amount and composition as a
result of soil heating (for example, during prescribed burning or wild-
fires). The heating/burning effects can have implications not only at a
local scale, but in places far away from the location of the event. In the
case of pyrogenic organic compounds, rivers are estimated to transport
around 0.25 Pg C yr’1 from terrestrial to marine environments (Cauwet,
2002), and the current pool of thermally altered WEOM in the oceans is
estimated to be 12 Pg C (Dittmar and Paeng, 2009).

Despite its obvious environmental importance, little is known about
the changes in WEOM composition produced by fire and its fate. Studies
focusing on changes in WEOM after fire are scarce, and they mostly
examined changes in its content quantified in terms of organic C
measured after filtering water extracts by 0.45 pm filters, which is
commonly considered as the upper size limit of dissolved organic C
(DOC). These studies reported decreases (Hobley et al., 2019) or in-
creases (Alexis et al., 2010) in water-extracted DOC concentrations after
fire. In addition, many of these studies focused on the solubility of black
carbon compounds originating from charred litter (Revchuk and Suffet,
2014; Stirling et al., 2019; Jones et al., 2020), and not on the trans-
formation of soil OM. Just a handful of references addressed changes in
solubility and WEOM composition originating from the transformations
of soil OM caused by fire. Vergnoux et al. (2011) analysed the effect of
fire of different intensities and recurrence on WEOM characteristics in
Mediterranean soils using ultraviolet-visible (UV-vis) and fluorescence
spectroscopies, and suggested an increase in aromaticity of humified
fractions for long time spans (more than 16 years) after the fire. Nathe
et al. (2017) used solid state '3C NMR to analyse changes in WEOM
composition after a low intensity fire and found no differences imme-
diately after the fire compared to an unburned control treatment, but an
increase in aromaticity seventy days after the fire. Hobley et al. (2019)
used a combination of UV-vis spectroscopy and machine learning al-
gorithms to analyse the characteristics of WEOM in plots that were
subjected to prescribed fire for more than 25 years, and observed a
decrease in soluble C, as well as suggested an increase in its aromaticity.
Most of these studies focused on DOC analysis, and ignored other C pools
that are highly reactive and can contribute significantly to C trans-
location, like particulate and colloidal C (Yan et al., 2018), which have
higher sizes than the one commonly assumed for DOC, and also different
spectral properties (Nathe et al., 2017).
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Current methods to characterize WEOM composition involve labour-
intensive and costly techniques like nuclear magnetic resonance (NMR)
spectroscopy, Fourier transform - ion cyclotron resonance mass spec-
trometry (FTICR MS), or pyrolysis-gas chromatography/mass spec-
trometry (Py-GC/MS), with limited applicability when the aim of the
studies includes spatio-temporal characterizations that demand the
analysis of a large number of samples. Thus, other spectroscopic tech-
niques, faster and cheaper, are commonly applied, including UV-vis
(Hobley et al., 2019), mid-infrared (Oren and Chefetz, 2012), or fluo-
rescence (Ohno and BrO, 2006) spectroscopies. The essential limitation
of these spectroscopic measurements, in highly heterogeneous mixtures,
is that the obtained spectra are an integration of the various signals
produced by different functional groups or types of molecules, which
usually overlap. For spectroscopic analysis of these heterogeneous
mixtures, it could be helpful to fractionate WEOM based on properties
like size or electrophoretic mobility, but this results in a cumbersome
task when the number of samples is large, and it does not ensure the
integrity of the components during the separation process.

A convenient, faster and cheaper option to improve the spectroscopic
analysis may be the mathematical transformation of a set of spectra in a
sparse number of components that could explain the spectral variability
in the dataset in terms of WEOM compositional changes. The most
common mathematical procedures for this purpose include dimension-
ality reduction techniques like singular value decomposition (SVD;
Henry and Hofrichter, 1992), independent component analysis (ICA;
Wang et al., 2008) or principal component analysis (PCA; Ernakovich
et al., 2015), which decompose the spectral signals in a limited number
of components and provide also their relative contribution to each
spectra. Looking to maximize statistical independence or to minimize
correlation among components, these methods have the drawback of
producing negative loadings, which do not correspond to the phenom-
enon under investigation, and thus their interpretation becomes difficult
(Lee and Seung, 1999). An easier interpretation can be obtained
ensuring that these analyses provide loadings with only positive values,
which can be achieved introducing non-negativity constrains.

The use of parallel factor (PARAFAC) analysis for the decomposition
of three-dimensional fluorescence excitation-emission matrices (EEMs)
is an example of a very successful application of this approach (BrO,
1997; Ohno and BrO, 2006; Borisover et al., 2012). Due to the expected
physical tri-linearity of excitation-emission phenomena, PARAFAC may
provide, under certain conditions, unique decomposition of EEMs into
contributions of chemically meaningful fluorescent components (BrO,
1997). Thus, the PARAFAC analysis has been used in studies covering
different topics such as marine dissolved OM (DOM) composition and its
sources (Murphy et al., 2008), lake and river seasonal dynamics (Bor-
isover et al., 2009), speciation of organic compounds (Ritschel and
Totsche, 2017), metal binding in sediments (Hu et al., 2019), or changes
in DOM composition in drinking and wastewater treatment plants
(Baghoth et al., 2011). Many studies have used PARAFAC for the anal-
ysis of dissolved fraction of WEOM in soils, where it has successfully
identified the effects of manure applications (Sharma et al., 2017b) or
irrigation water qualities (Borisover et al., 2012) on WEOM composi-
tion. It has been also used to analyse the dynamics of OM leaching in
agricultural soils (Gu et al., 2019), and the differences in WEOM in soil
profiles resulting from different land uses (Zhang et al., 2019). However,
for bilinear datasets like those obtained by FTIR or UV-vis spectros-
copies, the decomposition of spectra into a linear mixture of meaningful
components becomes more complicated (de Juan and Tauler, 2021).

Since the publication of a seminal paper by Lee and Seung (1999),
non-negative matrix factorization (NMF) has been extensibly recognized
as an easily interpretable dimensionality reduction method for bilinear
datasets, and it has been successfully applied in different fields including
face recognition (Lee and Seung, 1999), text analysis, hyperspectral
image analysis, imaging (Montcuquet et al., 2010; Sauwen et al., 2017),
or genomics (Brunet et al., 2004; Yang and Seoighe, 2016). So far, its use
to analyse WEOM spectral data is limited to a handful of studies
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(Ritschel and Totsche, 2017; Fritzsche et al., 2019) despite its ability to
provide unique solutions, besides scale and permutation variations, even
when the signatures of different components overlap (Fu et al., 2018;
Ang and Gillis, 2019; Fu et al., 2019).

We consider that analyzing compositional changes in WEOM origi-
nating from soils undergoing controlled heating in air could be useful to
get a better understanding of a variety of complex processes taking place
in soils during fire (e.g., Santos et al., 2016; Cawley et al., 2016; or
Thurman et al., 2020). In this paper, we hypothesize that compositional
changes in soil WEOM (containing DOC, colloidal and particulate OM,
all chemically reactive and which can be mobilized by water) occurring
as a result of soil heating can follow a common pattern irrespective of
soil origin and properties. In addition, to our knowledge, the combina-
tion of fluorescence EEMs coupled with PARAFAC analysis and FTIR
spectra decomposed using NMF have not been used yet to characterize
the changes in WEOM caused by soil heating. Thus, the main objective
was to characterize WEOM compositional changes in soils of different
origin exposed to heating, using a combination of spectroscopic and
dimensionality reduction techniques (PARAFAC for fluorescence EEMs,
and NMF for FTIR spectra).

2. Materials and methods
2.1. Soil samples

Six soils were studied in this work (Table 1): three soils from Spain,
two from Israel and one from Kenya. These soils were collected in order
to cover different properties and origins in terms of climate (from
semiarid to temperate humid), pH (from very strongly acidic to neutral),
the presence of carbonates, and texture. These soils are representative of
areas that are regularly affected by wildfires. At each site, samples were
collected from the 0-10 cm mineral layer of non-cultivated plots, using a
Dutch auger with a drilling diameter of 7 cm, after removal of the
organic layer. Pooled samples were prepared at each site by mixing 5
sub-samples collected within a 4 m? area.

Samples were transferred to the laboratory, air-dried, and sieved to
pass a 2-mm mesh. Characterization of the samples was conducted using
standard methods: the texture was determined with a hydrometer (Gee
and Or, 2002) after oxidation of OM with hydrogen peroxide; total
organic C (TOC) content was measured using the Walkley-Black wet
oxidation method (Nelson and Sommers, 1996); CaCO3 content was
determined by a volumetric method (Loeppert and Suarez, 1996); the
cation exchange capacity (CEC) was measured by extraction with
ammonium acetate at pH 7 (Sumner and Miller, 1996). The pH value
and electrical conductivity (EC) were measured in 1:2.5 soil:water

Table 1
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suspensions. All determinations were done in three replicates, and the
above-mentioned soil characteristics are presented in Table 1. The soil
texture ranged from sandy loam in the Spanish Rialta soil, to clayey in
the Israeli Jerusalem and the Spanish Quinto soils. The TOC content
ranged from 0.78 % in the Spanish semiarid Quinto soil to 5.17 % in the
Israeli Mediterranean Jerusalem soil. In addition, two of the soils con-
tained an amount of carbonates larger than 20 % in weight.

For each heating treatment, 5 g of a soil were placed in a ceramic
crucible and exposed to the selected temperature in a muffle oven, open
to the atmosphere. The purpose of this procedure was not to mimic the
conditions under a wildfire or a prescribed one, but to ensure that all
samples were exposed to the same heating treatment to test the hy-
pothesis that WEOM transformations are similar irrespective of soil
origin. In order to ensure that the soil properties, and especially TOC
content and composition, were altered by the heating treatment and
reached a stationary state, the soils were heated for 8 h. Two different
heating temperatures were considered: 300 °C and 600 °C. Those
represent temperatures that can be reached in moderate and intense
fires, respectively. Around 300 °C, the most intense transformations of
soil OM with heating occur (Knicker, 2007; McKay et al., 2020), while at
600 °C most of the OM is expected to be consumed (Certini, 2005).
Although the 8 h heating at the indicated temperatures is not usual in
wildfires, similar heating temperatures, sustained for long periods of
time, can be found under smoldering conditions, when litter burns for
hours (Rein et al., 2008). The heating experiments were conducted with
three replicates for each soil and temperature.

2.2. Soil water extracts and characterization

The WEOM-containing extracts were obtained by mixing 3 g of un-
heated soil or soils obtained after the heating treatment with 20 mL of
deionized water in a 50-mL centrifuge tube. The tubes were shaken at
room temperature in an end-over-end shaker for 1 h and then centri-
fuged for 15 min at 2638 rcf in a HITACHI CR 22 N centrifuge (Tokyo,
Japan). Following this process, the supernatant was filtered through a
Whatman™ 42 cellulose filter (2.5 pm pore size) and stored at 4 °C for
further analysis, which were performed within a week from the
extraction to ensure that no significant changes in the extracted WEOM
occurred during storage (Rees and Parker, 2005; Rhymes et al., 2021).
All WEOM extractions and further determinations were done in three
replicates per soil/heating treatment for a total number of 54 samples,
including controls, i.e., 6 soils x 3 treatments (2 heating temperatures
plus an unheated control) x 3 replicates. Blank samples were prepared
following the same steps to take into account possible artefacts and
contaminations during the extraction process, which were not detected.

Soil samples studied: location, type (IUSS Working Group WRB, 2015), climate, type of vegetation, particle size distribution, total organic C (TOC) and CaCOj3 contents,
cation exchange capacity (CEC), and pH and electrical conductivity (EC) of the soil:water extracts. Numbers in parentheses indicate standard deviation.

Location Country  Soil type Climate Vegetation Particle size distribution TOC CaCO3 CEC Soil extracts
(1:2.5)
Clay Silt Sand pH EC
%, W/W cmol./ dS/m
kg
Mabegondo Spain Dystric Temperate Shrubs 7.21 48.76 44.03 1.8 0.4 10.91 5.03 0.09
Cambisol (0.42) (1.13) (1.48) (0.03) 0) (0.09) (0.04) 0)
Rialta Spain Dystric Temperate Coniferous trees, shrubs 5.11 24.68 70.21 4.53 0.4 13.02 4.95 0.16
Cambisol 0) (0.85) (0.85) (0) (0.03) (0.18) 0.02) (0
Quinto Spain Haplic Semiarid Shrubs, anual plants 57.60 34.00 8.40 0.78 21.6 17.97 7.2 0.66
Calcisol (0.03) (0.01) (0.02) (0.01) (0.03) (0.85) (0.05) (0.01)
Ngata Kenya Umbric Temperate Scattered trees, shrubs, 7.82 44.36 47.82 4.82 0 22.46 5.95 0.44
Andosol anual plants 0) 0) (0.01) (0 0) (0.73) (0.08) (0)
Menashe hills Israel Rendzic Mediterranean  Shrubs, anual plants 15.50 34.46 50.04 4.46 59.9 19.89 7.24 0.27
Leptosol (0.75) (1.83) (1.45) (0.04) (0.61) (0.24) (0.05)  (0.01)
Jerusalem Israel Chromic Mediterranean  Coniferous trees, shrubs 47.77 22.53 29.70 5.17 1.7 37.52 7.08 0.17
mountains Luvisol (0.45) (0.45) (0.01) (0.01) (0.06) (0.68) (0.04) (0.02)
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The UV-vis absorbance of the filtered soil extracts was measured in a
1-cm quartz cuvette in the 200-1000 nm range in 2 nm increments using
a Zuzi UV-vis 4418 spectrophotometer (Auxilab, Spain). When the
absorbance of the samples was above 1.5, extracts were diluted to ensure
that the measurements were done in the range of concentrations where
Lambert-Beer law applies (Kothawala et al., 2013). Organic C of the
water extracts was measured in a Shimadzu 5000A TOC Analyser
(Kyoto, Japan) after acidification of the samples to remove carbonates.
The specific UV absorbance at 254 nm (SUVAjs54 index), commonly used
to characterized WEOM, was calculated as the ratio of absorbance at
254 nm and TOC measured in the extracts, divided by the optical path
(1 cm) and multiplied by 100.

2.3. Fluorescence measurements of soil extracts

Fluorescence EEMs were measured in the extracts or their dilutions
using a Horiba FluoroMax® — 4P spectrofluorometer (Kyoto, Japan).
Excitation wavelengths were between 220 and 520 nm, and emission
was measured at wavelengths between 224 and 700 nm, both in 4 nm
increments and slits of 4 nm. The minimum excitation wavelength was
chosen to ensure that absorbance of the samples was below 1.5 absor-
bance units, which is the upper limit for effective inner filter effect
corrections based on absorbance values in 1-cm cells (Kothawala et al.,
2013). For each excitation wavelength, emission intensities (S) were
corrected against those measured in a reference detector (R) as the ratio
S/R, to account for differences in the intensity of the excitation light. The
obtained EEMs were corrected following several steps:

o The intensity of fluorescence emission in all regions with excitation
wavelengths larger than the emission wavelengths was considered to
be 0.

o Intensities of fluorescence emission in regions corresponding to 1st,
2nd and 3rd order Rayleigh scattering were considered as missing
values.

o Inner filter effect of the samples, caused by the absorption of exciting
light and reabsorption of the emitted light, was corrected using the
data on UV-vis absorbance previously measured in the spectropho-
tometer, following the equation (1) (Lakowicz, 2013):

F.=F,x 10((Absex+Absen)/2) @

where, F. is the corrected fluorescence intensity; F, is the measured
fluorescence intensity; Abs,y is the absorbance of the sample measured at
the excitation wavelength, and; Abs,, is the absorbance of the sample
measured at the emission wavelength.

e In order to remove interferences with water Raman light scattering,
the corresponding EEMs of blank samples (corrected also following
the previous steps) were subtracted from those of soil-water extracts.

e Any remaining negative fluorescence values were considered as
missing values.

The resulting EEMs were expressed in Raman units using water
Raman peak intensity at ex/em 300/397 nm (Holbrook et al., 2006) and
subjected to PARAFAC analysis to identify the individual components
that could explain the variability of EEMs across the whole dataset of soil
extracts. Total fluorescence of each EEM was calculated as the sum of all
emission intensities in the EEMs reconstructed using the components
and scores obtained from PARAFAC. The use of reconstructed EEMs
instead of the original ones for this calculation was caused by the fact
that the latter ones contain missing values in those areas where the effect
of Rayleigh scattering was removed, while this is avoided in the
reconstructed EEMs due to the missing value imputation capabilities of
PARAFAC.
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2.4. Fourier transform infrared spectra measurements of water-extracted
soil material

The FTIR spectra of soil-water extracts were measured in trans-
mission mode, using KBr pellets, as follows: A 1-mL aliquot of the
soil-water extracts was mixed with 200 mg of potassium bromide (KBr -
FTIR grade-Panreac) and immediately frozen to —60 °C. The frozen
mixture was freeze-dried for 24 hrs in a Telstar Cryodos-80 lyophilizer
(Barcelona, Spain), ground to a fine homogenized powder in an agate
mortar under an IR lamp to reduce absorption of air humidity by the
mixture, and then pressed to 2 MPa using a Specac Mini Pellet Press to
produce a KBr pellet. The mid-IR spectra of the pellets were measured in
a Thermo Scientific is10 FTIR spectrometer (Madison, USA), in trans-
mission mode, at wavenumbers between 630 and 4000 cm ™! with a
resolution of 2 cm ™. Each sample was scanned 128 times, and the final
IR spectrum was the average of these spectra. After collection, a
Savitzky-Golay filter was applied in order to remove noise, and baseline
and scatter effects were corrected using a Extended Multiplicative
Scatter Correction (EMSC) method (Afseth and Kohler, 2012), using the
package EMSC (Liland, 2021). Then, the spectra were subjected to a
non-negative matrix factorization (NMF) using an Anchor free method
(Fu et al., 2019).

2.5. Spectral decomposition and statistics

All spectral corrections, calculations and statistical analysis were
conducted with R-Studio (R Core Team, 2021). The PARAFAC analysis
of three-dimensional EEMs was implemented using the R package
multiway (Helwig, 2019). The NMF analysis of bilinear FTIR spectra was
performed using the R package vrnmf (Soldatov et al., 2021). In both
decomposition methods, PARAFAC and NMF, the rank or number of
components that explain the variability of the samples is the most
important parameter that needs to be chosen. Rank selection was done
using an approach based on crossvalidation, taking advantage of the
capability of both methods for missing data imputation, in a hold-out
strategy as follows (BrO, et al., 2008): the spectrum of one of the
three replicates for each soil and heating treatment (and control) was
randomly selected and set aside to form a held-out or test set. The
remaining spectra, or training set, were used to fit the models with
different number of components from 2 to 10. Each EEM or FTIR spec-
trum in the held-out set was divided randomly in 5 folds or groups of
data. The components obtained in each fitting procedure performed on
the training set were used to fit the spectra to four of the folds in the
held-out group, and to predict the values corresponding to the fifth fold.
The procedure was repeated for each fold, so all data in the held-out
spectra was used for fitting and validation. Errors were calculated as
the difference between the predicted values and the measured ones.
Coefficients of determination R? of the regression of predicted vs
observed values, and Predicted Errors Sum of Squares (PRESS) were
used to identify the proper number of components. The procedure was
repeated 30 times, each time with different random folds divisions. Final
R? and PRESS values were computed as the average of their values ob-
tained for each EEM or FTIR spectrum and each of the 30 iterations.
Model rank was selected as the one that provided minimum and
maximum values of PRESS and RZ, respectively. In the case when these
parameters showed a constant improvement with increasing number of
components, the selected rank was the one from which any further
addition of new components resulted in small PRESS and R variations.

Average values of component scores were calculated for each soil
and heating treatment, and one-way ANOVAs were performed in order
to test for significant differences in means caused by the heating treat-
ments in each soil. In those cases where significant differences were
found, post-hoc Tukey’s Significant Differences tests (Steel and Torrie,
1960) were conducted to identify differences between treatments. All
statistical tests were performed at the P < 0.05 significance level.
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3. Results

3.1. Heating effect on TOC content and SUVA 254 determined in soil
extracts

Table 2 shows TOC amounts extracted from the soil samples and
referred to soil mass and to the TOC content in the soils. Heating the soils
at 300 °C did not produce any significant change in the amount of TOC
per soil mass except in the Rialta soil, where it decreased by 90 %, and
the Quinto soil, where it increased by 206 %. A further increase of the
heating temperature to 600 °C resulted in significant decreases of TOC
amounts referred to soil mass except in Mabegondo and Rialta soils,
where this reduction was not significant compared to the value obtained
at 300 °C (although in all soils, the reduction was significant compared
to the unheated samples).

When analysing the amount of TOC in the extracts relative to TOC
content in the soils, it can be observed that heating at 300 °C increased
the percentage of OC that is water-extractable, although this increase
was not significant in the case of the Jerusalem soil. Exception to this
observation is the Rialta soil, where heating decreased the contribution
of TOC in the extracts to soil TOC content by 80 %. At 600 °C, TOC
contribution also increased significantly compared to the unheated one,
except in Quinto and Rialta, where it decreased although not signifi-
cantly. Similar soil-dependant behaviour was observed for SUVAjs4
(Fig. 1). Heating the soils at 300 °C increased its value in four out of the
six analysed soils, while when the temperature used was 600 °C,
SUVAys4 decreased to values lower than those observed in the non-
heated soils (with the exception of Quinto soil, where the values were
similar).

4. Heating effect on fluorescence of soil extracts
4.1. Total fluorescence

Table 3 provides the data on the total fluorescence of the soil extracts
and the values of specific fluorescence emission, obtained as a ratio
between total fluorescence emission and TOC concentration in extracts.
The former reflects the presence of fluorescent OM in water extracts
whereas the latter is related to the fraction of the fluorescent OM in the
whole WEOM pool. The total fluorescence increased in the samples
obtained after heating soils at 300 °C, as compared with non-heated
samples, except the Rialta and Mabegondo soils, where differences
were not statistically significant. A further increase of the heating tem-
perature to 600 °C led to the decrease of fluorescence compared to the
values obtained at 300 °C in all cases except the Rialta soil. The specific
fluorescence emission increased when the soil was heated to 300 °C
compared to the unheated soil (Table 3). However, heating to 600 °C
resulted in fluorescence values intermediate between those of the other
treatments with the exception of Mabegondo soil, where fluorescence

Table 2
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after heating at 600 °C was the smallest, and Ngata, where it was the
highest.

4.2. PARAFAC-identified fluorescent components presented in soil
extracts

Based on the R? and PRESS values obtained through crossvalidation,
the optimal number of components in the PARAFAC model was 4, with a
PRESS of 5,536 and a R? of predicted vs observed values of 0.998. The
EEMs and excitation and emission spectra of the four components are
presented in Fig. 2: component 1 has a maximum at Ex 300/Em 392 nm;
component 2 shows a maximum at Ex 300/Em 426, with a secondary
excitation maximum at 236 nm; component 3 shows a fluorescence
maximum at 236/420 nm; finally, component 4 is characterized by a
maximum at Ex 256/Em 488, with a secondary excitation maximum at
368 nm.

Some of these components have been found in PARAFAC analysis of
WEOM from different origins. For example, component 1 has been found
previously in Mediterranean soils, and it was considered small in size,
with limited biodegradability, and low ability to adsorb to soils and
sediments (Ishii and Boyer, 2012; Sharma et al., 2017a). Component 2
has been observed in soils too, where its contribution to fluorescence
decreased during decomposition of biomass (Hunt and Ohno, 2007). It
has been considered similar to a microbial-derived humic peak desig-
nated as M, composed of relatively aliphatic compounds with low mo-
lecular weight (Lambert et al., 2016; Podgorski et al., 2018). Component
3 has been also ascribed to microbial degraded humic-like substances.
Its excitation and emission spectra resemble those of oxidized quinones
(Cory and McKnight, 2005) and it has been found to correlate with
lignin content in soil and water samples (Fellman et al., 2009). It has
been described as formed by compounds with low molecular weight,
high aromaticity, and high O/C ratio, indicating a high degree of
oxidation (Podgorski et al., 2018). Finally, component 4 has been found
previously in many environments like forest and agricultural streams,
seawater or soils (Baghoth et al., 2011; Ishii and Boyer, 2012; Sharma
etal., 2017a). It has been characterized as being a humic-like fluorescent
component from terrestrial origin, and due to the longer excitation and
emission wavelengths compared to the other components, it has been
suggested that it is larger in size, more condensed and conjugated than
the other three. It has been described as biodegradable, plant-derived
OM produced by microbial transformations (Hunt and Ohno, 2007;
Sharma et al., 2017a). Some others have described this component as
consisting of molecules with large molecular size and hydrophobic
characteristics (Ishii and Boyer, 2012), and it has been related to the
presence of reduced quinone-like components of WEOM (Cory and
McKnight, 2005).

In order to examine the compositional changes in fluorescent WEOM
caused by soil heating, ratios between the PARAFAC scores of the four
components were calculated, and are presented in Fig. 3. Heating

Total organic C (TOC) determined in soil extracts and referred to the soil mass, and its percentage referred to TOC in the soil for all the studied soils after the different

heating treatments.

Heating temperature, °C

Mabegondo

Soil samples

Jerusalem

Rialta Quinto Ngata Menashe

TOC, mg g soil !
NH* 0.26 a* 1.05a 0.27b 0.75a 1.07 a 1.03 a
300 0.17 ab 0.10b 0.81a 0.83a 1.03a 1.03 a
600 0.08b 0.06b 0.08¢ 0.10b 0.14b 0.12b

TOCextracts/ TOCsoil, %
NH" 1.16b 2.32a 3.43b 1.55¢ 2.39b 2.00b
300 3.86a 0.47b 15.70 a 5.31b 5.65a 2.90b
600 4.36 a 2.23a 1.99b 9.27 a 526 a 26.72 a

% NH - Not heated; * Different letters indicate significant differences between heating treatments for each soil (P < 0.05).
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Fig. 1. SUVA;s4 values for all soils and heating treatments. Bars represent standard deviation. NH: Not heated.

Table 3
Total fluorescence in Raman units (R.U.) and specific fluorescence emission (ratio between total fluorescence in R.U. and TOC in mg LY in the soil extracts for all the

studied soils after the different heating treatments.

Soil samples

Heating temperature, Mabegondo Rialta Quinto Ngata Menashe Jerusalem
°C
Total fluorescence, R.U.
NH* 104,964 a* 155,247 a 50,908b 180,978b 263,496b 215,757b
300 161,207 a 122,559 a 1,200,036 a 2,650,541 a 2,142,323 a 1,818,666 a
600 11,470b 59,716 a 78,208b 343,883b 198,558b 114,041b
Total Fluorescence/TOCextractss R-U. L mg’1
NH" 352b 136b 192b 214c 222b 189b
300 888 a 1,080 a 1,300 a 2,785b 1,885 a 1,575 a
600 126¢ 415 ab 830 ab 4,359 a 1,292 ab 727 ab

4 NH - Not heated; * Different letters indicate significant differences between heating treatments for each soil (P < 0.05).
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Fig. 2. EEMs and excitation and emission spectra of the four components detected in aqueous soil extracts using PARAFAC analysis.

produced significant changes in the ratios of the PARAFAC components increase of the contribution of this component to the fluorescence EEMs
scores, and some trends were consistent in all soils. The ratios between of extracts when heating the soils. Rising the heating temperature to
the scores of component 1 and the ones of the other three components 600 °C did not produce a further increase of the ratios where this
(Fig. 3a, b and c) increased in all soils when heated. This increase was component is involved. A similar behaviour was observed for the ratio of

observed at the lowest heating temperature (300 °C), suggesting an the PARAFAC scores between components 2 and 4 (Fig. 3e). The scores
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Fig. 3. Ratios of the scores for the four components obtained with PARAFAC on WEOM fluorescence EEMs, for all soils and heating treatments. The first (left) column
of the plots provides the ratios between the scores of component 1 and the scores of components 2 (a), 3 (b) and 4 (c). The second (middle) column of the plots reports
the ratios between the scores of component 2 and the scores of components 3 (d) and 4 (e). The right plot shows the ratios between the scores of components 3 and 4

(). Bars indicate standard deviation. NH: Not heated.

ratio between component 2 and component 3 (Fig. 3d) shows a more
soil-dependant behaviour, with an increase when the soil was heated to
300 °C in some soils (Mabegondo, Quinto and Rialta), while in other
cases this ratio does not change with heating (Menashe and Jerusalem)
or even decreases (Ngata). Finally, the behavior of score ratios between
components 3 and 4 (Fig. 3f) was also not consistent for all soils and
temperatures, with some soils like Ngata, Menashe and Jerusalem
showing increases in this ratio when heated, while the others showed no
change in the score (Rialta and Quinto) or even a decrease (Mabegondo).

4.3. Heating effect on FTIR spectra of soil extracts

Identification of the components controlling FTIR spectra of WEOM
was done following the crossvalidation procedure described in the ma-
terial and methods section. The optimal number of components of the
fitted NMF model was 3, with a PRESS value of 16.3 and R? of predicted
vs observed values of 0.999. The loadings of the three NMF components
are presented in Fig. 4. Since NMF decomposes the input matrix in an
additive mixture of those non-negative components, each component is
considered to be chemically meaningful and characterized by a variety
of IR-active functional groups. Component 1 is characterized by a
maximal absorbance at 655 cm ™, found to be O—H out of plane vi-
brations of carbohydrates (Abdulla et al.,, 2010). A very strong

absorption includes a narrow band with the peak at 1100 cm™* (C—H
deformation of unsaturated hydrocarbons; Li et al., 2015). Absorbance
at 1128 cm ™! reflects C—O strectching of aliphatic OH (Li et al., 2015),
and that at 1192 cm ™! reflects C—O stretching vibrations of aryl ethers
and phenols (Parikh et al., 2014; Silverstein et al., 2015; Li et al., 2015).
In addition, there is a broad absorption band with a series of small peaks,
identified at 1426 and 1478 cm ™, which correspond to the area of C=C
stretches (Oren and Chefetz, 2012), although the one at 1426 cm~! has
been also reported as produced by carboxyl groups in humic acids (Artz
et al., 2008). The peak at 1622 cm ™! is related to both carboxyl groups
and aromatic structures, but the contribution of carboxyl groups domi-
nates, as shown by the shoulder at 1686 em ™! (Oren and Chefetz, 2012).

Component 2 shows a peak at 800 cm ™}, usually identified as aro-
matic C—H out of plane vibrations (Niemeyer et al., 1992) and NH; of
primary amides; a broad peak at 1026 cm ™}, which corresponds to the
region of C—O stretching and bending commonly associated with
polysaccharides and polysaccharide-like compounds, including cellu-
lose and lignin (Parikh et al., 2014; Traoré et al., 2016; Matamala et al.,
2017). Small peaks at 1176 and 1232 cm~! are sometimes included in
the range of C—O aliphatic vibrations (Kalakodio et al., 2017) but in
other cases assigned to aromatic C—H vibrations (Ilani et al., 2005) or
phenolic C—O—C stretches (Parikh et al., 2014). A sharp peak at 1380
em ! could be due to C—H bending of polysaccharides and aliphatic
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Fig. 4. Spectra of the three components extracted using NMF for the decomposition of FTIR spectra.

compounds (Oren and Chefetz, 2012), but in combination with the peak
at 1634 cm™! it could be indicative of carboxylic stretching (Guo and
Chorover, 2003). This last peak, together with the shoulder at 1550
em™ L, is also indicative of aromatic C=C vibrations (Kaiser et al., 1997;
Oren and Chefetz, 2012). The peak at 1744 cm ™! indicates the presence
of undissociated forms of carboxyls (Gu et al., 1995; Parikh et al., 2014)
and carbonyls (Matamala et al., 2017). Finally, bands at 2852 and 2920
em ™! are produced by aliphatic CH groups.

Component 3 has major peaks at 738, 858, and 1112 cm ™, resulting
from aromatic out of plane C—H vibrations (Ilani et al., 2005; Peltre
et al., 2014; Parikh et al., 2014). The peak at 1294 em!is commonly
attributed to in plane C—OH an C—H vibrations of phenols and aro-
matics (Peltre et al., 2014). The peak at 1508 em s typical for aro-
matic C=C vibrations (Matamala et al., 2017). The absorbance at 1642
em™! corresponds to C—=O0 vibrations (Parikh et al., 2014).

Compositional changes in WEOM induced by different thermal
treatments of the soils are expressed in Fig. 5 as the ratios of NMF scores
between the different pairs of components, i.e., 1 and 2, 1 and 3, and 2
and 3. Heating produced changes in these ratios, although their dy-
namics seem different than those observed for the SUVAss4 and the

PARAFAC components: for FTIR spectra, the most important changes
were produced at a heating temperature of 600 °C, where the score
ratios of component 1 with the other two increase in most soils, although
sometimes this increase was not significant. However, the scores ratio
between components 2 and 3 did not show a consistent behaviour. In
general, it did not change with temperature, except in Ngata, where it
increased at a temperature of 600 °C, and Menashe, where the increase
occurred at 300 °C.

5. Discussion

5.1. Heating effect on OM solubility, specific UV absorbance and bulk
fluorescence

Soil heating in the presence of air led to changes in WEOM amount
expressed as TOC per mass unit of soil in most soils, probably linked to
the oxidation and mineralization of soil organic C (Knicker, 2007). Also,
the organic C in the heated soils was constituted by more extractable
compounds, as observed from TOC amounts in the extracts referred to
soil TOC. However, the temperature at which these two processes led to
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significant changes in these parameters was not the same in all soils, and
thus the results were not consistent. Previous studies observed an in-
crease in the amount of soluble organic C when soils where heated (e.g.,
Cawley et al., 2016; Thurman et al., 2020), reaching a maximum at
225 °C and a progressive decline with a further increase of the heating
temperature, until it became undetectable at 500 °C. Cawley et al.
(2016) observed that TOC values in water extracts after heating the soil
at 350 °C could be higher or lower than those of unheated soils,
depending on the rate at which TOC amounts decrease from the
maximum value obtained at 225 °C with the exposure to temperatures
increasingly higher than this value. These differences could be related to

Geoderma 430 (2023) 116347

the nature of the existing OM or to other soil properties like texture and
clay mineralogy, which could protect soil OM from thermal decompo-
sition. However, it is clear that heating at 300 °C resulted in a more
water-extractable bulk composition of the remaining OM except in
Rialta soil. Oxidation of soil OM in the presence of air at this tempera-
ture may lead to the formation of hydrophilic substances, most probably
characterized also by smaller size/molecular masses than those found in
unheated soils (Cawley et al., 2016; Thurman et al., 2020). Smaller
molecular weights and increased hydrophilicity should enhance
aqueous solubility/extractability of organic components present in soils.

Changes in soil OM extractability were accompanied by changes in
WEOM composition, as infered by changes in the optical properties of
the extracts. Heating soils at 300 °C increased SUVAgs4 in four of the
soils. This parameter is commonly related to the presence of aromatic
compounds in WEOM (Weishaar et al., 2003), and thus it should be
assumed that OM transformations resulted in a larger proportion of ar-
omatic compounds in the WEOM of some of the soils. Similar results
were found by other studies, relating changes in WEOM at a temperature
around 300 °C with a decrease in molecular weight and a general in-
crease in aromaticity inferred by SUVAgs4 (McKay et al., 2020); how-
ever, similar to the present study, this trend seems to be soil-specific and
sometimes not consistent with the determinations of aromatic C by NMR
(Santos et al., 2016), suggesting that this parameter might not be the
most adequate to characterize OM aromaticity in soil-water extracts of
heated soils.

Heating at the highest temperature apparently reduced the propor-
tion of aromatic compounds in WEOM, as compared with both the non-
treated soils and those heated at 300 °C. Since heating at 600 °C
decreased TOC concentrations in soil extracts as compared with the
other treatments, the decline in SUVA3s54 suggests that concentrations of
hydrophilic water-soluble aromatic compounds decreased to a higher
degree than aliphatic water-soluble compounds. One explanation for
this behaviour could be that high temperatures, besides more intense
oxidation of OM, induce condensation/polymerization reactions of soil
OM materials (e.g., humic substances or their residuals) leading to the
accumulation of humin-like organic components in the soil (Fernandez
et al.,, 1997; Gonzalez-Pérez et al., 2004). Such polymerized larger-size
aromatic compounds resist extraction by water, thus leading to water
extracts showing lower humic fractions and higher proportions of
aliphatic compounds. Formation of charred OM at this temperature
might also reduce the fraction of water-soluble aromatic compounds
(Trompowsky et al., 2005; Knicker, 2007), thus contributing to more
aliphatic WEOM.

Total fluorescence data revealed that heating at 300 °C produced soil
extracts enriched in fluorescent (and most probably, aromatic) material
except in the Rialta soil. Heating at 600 °C reverted the trend, leading to
the reduction of fluorescent material as compared with the soils heated
at 300 °C. It appears that the release of water-extractable fluorescent
OM, predominantly composed of humic substances as inferred from the
extracted PARAFAC components, was stimulated by heating at this
temperature. Oxidation of soil OM and its thermal degradation in air
resulted in the formation of water-soluble aromatics (Gonzalez-Pérez
et al., 2004; Knicker, 2007); higher temperature may convert them into
charred, condensed or polymerized material, preventing physically or
chemically its dissolution into the aqueous medium (Knicker, 2007;
Mitchell et al., 2015). Altogether, WEOM becomes enriched in fluores-
cent material after heating at 300 °C as seen from the TOC-normalized
fluorescence, but a higher temperature produces a general reduction
of the contribution of fluorescent OM to TOC except in one soil. Different
dynamics in composition of WEOM, depending on the temperature of
heating, are of interest: consideration of aromatic vs aliphatic nature of
WEOM may be helpful to understand whether WEOM, produced or
modified after soil heating/burning, will effectively interact with min-
erals, how it will move in the soil profile, and what its impact on in-
teractions with chemicals in soil solutions is. For example, the presence
of significant aromatic fraction in WEOM might be seen as an important
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contributor to binding interactions with aromatic pesticides, pharma-
ceuticals or PAHs and affect their environmental fate (Sun et al., 2013).
Also, resistance to microbial degradation is expected to be affected by
aromatic vs aliphatic nature of WEOM (Hadas et al., 2004).

5.2. Thermal transformations and spectral decomposition

Contrary to the variable behaviour of OM solubility, UV indices and
total fluorescence with temperature, a good indicator of the presence of
transformed WEOM with soil heating is the change in the proportions
between concentrations of different components identified from the
spectral signatures. Regarding the PARAFAC-identified fluorescent
components, the most noticeable change when the soils were heated was
the increase in the concentration of component 1 compared to the
concentrations of the other three components. This is evident in the
score ratios, since the score ratios are proportional to the concentration
ratios, and therefore, their dynamics may be quantitatively monitored in
a series of samples. Similarly, an increase in the scores ratio of compo-
nents 2 and 4 was observed in all soils. An increase in blue-shifted
PARAFAC components in WEOM from soils heated at temperatures of
350 °C was also found by Cawley et al. (2016). It could be assumed that,
the longer the emission wavelength, the higher the molecular weight of
a fluorescent compound (Lichtman and Conchello, 2005) and the elec-
tronic conjugation within the aromatic system is extended over the
larger-size molecules. Since the overall fluorescence of WEOM extracts
increased due to heating at 300 °C, this increase seems to be essentially
contributed by component 1 over 2, 3 or 4, i.e., by a component of a
presumably smaller size. Thus, it appears that heating the soils at 300 °C
led to the preferential release of water-extractable fluorescent com-
pounds with lower molecular weight where larger and more conjugated
compounds, those ubiquitous in soils resulting from the decomposition
of plant litter (Hunt and Ohno, 2007; Sharma et al., 2017a), may un-
dergo further thermal decomposition. Remarkably, the transformations
occur at temperatures of 300 °C or lower, and they are maintained at
higher heating temperatures irrespective of the reduction of the amounts
of TOC at 600 °C.

Changes in WEOM composition due to soil heating were also evi-
denced by examining ratios of NMF scores of components extracted from
FTIR spectra. The scores ratio is proportional to the ratio of concentra-
tions of those components in a soil extract. Hence, the score ratio
changes may be examined quantitatively among soils or treatments, thus
pointing to the changes in the ratio of component’s concentrations. The
NMF decomposition of FTIR spectra showed that heating resulted in an
enrichment in more oxidized components in all extracts, irrespective of
soil origin and properties, as reflected by the increase of the scores of
component 1, which is dominated by the presence of C—O peaks,
compared to the scores of other components. However, the changes in
the proportion of components were only noticeable at the highest tem-
perature. Other authors (Thurman et al., 2020; Ferrer et al., 2021)
observed that heating resulted in an increase in small polycarboxylic
compounds, like BPCAs (benzene polycarboxylic acids) and PCAs (pyr-
idine carboxylic acids), and polyphenols in WEOM at temperatures
higher than 250 °C. Also, Yan et al. (2022) found that the production of
biochar at a temperature of 300 °C resulted in a WEOM enriched in
carbohydrates. These observations could be in agreement with the
findings in the present study, since fluorescence analysis indicates that
soil heating contributes to WEOM with relatively smaller aromatic
molecules, and FTIR shows an enrichment in a component whose most
significant IR bands are commonly assigned to C—O groups. However,
further research in this direction should be conducted to elaborate this
analysis.

5.3. Advantages of combining fluorescence-PARAFAC and FTIR-NMF

The decomposition of spectral signatures in components with posi-
tive loadings allows an easier interpretration of the processes taking
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place in WEOM with soil heating. This is an advantage compared to
other dimensionality reduction techniques used in soil spectroscopy,
like principal component analysis or partial least squares, which yield
loadings that can have positive and negative values and thus their
interpretation is not straightforward. In addition, the use of the ratios of
components scores obtained from dimensionality reduction techniques
allows an easier quantitative evaluation of changes in WEOM compo-
sition compared to the use of intensities of absorption bands associated
with certain chemical functionalities (Borisover et al., 2009, Borisover
etal., 2011). This is because (i) the latter approach requires dealing with
the difficult issue of separating the overlapping contributions from
different functional groups, and (ii) the same chemical functionality
may correspond to different WEOM components. It must be noted that
components extracted from the spectral signatures are not considered to
represent necessarily individual WEOM constituents. Most probably,
these components represent certain conglomerates of various sub-
stances, such that the composition of these conglomerates is approxi-
mately stable among the soils and treatments studied.

We have examined the correlations between PARAFAC-based score
ratios of all the fluorescent components and NMF score ratios of the
components extracted from FTIR spectra. In those few cases when cor-
relations were statistically significant, correlation coefficients did not
exceed 0.35, thus suggesting that both spectroscopic techniques coupled
with proper multivariate analyses provide complementary information
of different aspects of WEOM compositional changes caused by soil
heating. Since the cost of these spectral determinations is low, their
combination could be a feasible approach for quantifying changes in
WEOM composition in those studies that require to analyse a large
number of samples.

6. Conclusions

In this work, the quantities and composition of WEOM from con-
trasting soils undergoing heating in air at two temperatures were
examined. Soil heating led to significant changes in WEOM, expressed in
TOC concentration, specific UV absorbance, composition of fluorescent
OM, and the contribution of fluorescent OM to the whole WEOM.

PARAFAC-analyzed EEMs of fluorescence and mid-IR spectra
coupled with NMF allowed to identify WEOM transformation patterns
that were common to all soils, irrespective of their initial properties or
origin, and each spectral technique revealed different processes. Based
on fluorescence properties, the WEOM transformations caused by soil
heating are understood to involve the depletion of more conjugated,
bigger, fluorescent components and an enrichment in smaller, blue-
shifted ones. These changes were produced at heating temperatures
equal or lower than 300 °C, and sustained at temperatures as high as
600 °C. Mid-IR spectra decomposed using NMF suggested an increase of
the proportion of components with more C—O bonds, more oxidized. No
correlations were found between the compositional WEOM character-
istics determined using fluorescence EEMs and mid-IR spectra thus
indicating that the information obtained from these methods is
complementary.

From the results of the present work, it can be concluded that the
combination of different spectroscopic techniques coupled with
dimensionality reduction methods can be used as a low cost and simple
method to fingerprint changes in WEOM composition caused by fire,
contributing to a better understanding of the translocations, fate, and
potential risks of this highly environmentally active fraction of organic
carbon by allowing the analysis of a large number of samples at low cost.
Future would involve the characterization of WEOM extracts using
techniques such as GC-MS or '3C NMR, in order to link the changes in
the spectroscopic signatures of WEOM caused by heating with detailed
molecular characterizations.
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