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Abstract
Soil-derived dissolved organic matter (DOM) has a significant impact on aquatic ecosys-
tems. Identifying the fluorescence signatures of DOM from different soils in river and 
sea waters can provide valuable insights into its migration patterns. This makes crucial 
assessing the contributions of pH, salinity, and other milieu parameters to the variability 
of DOM optical properties. Present study investigates the changes in DOM of Chernozems 
under varying salinity using UV–visible absorbance spectroscopy and 3D-fluorescence 
spectroscopy coupled with parallel factor analysis (EEMs-PARAFAC). Water-extracta-
ble organic matter (WEOM) extracted from soils of two field experiments of contrasting 
land use: long-term bare fallow (LTBF) and annually mown steppe (Steppe), was used as 
a proxy for DOM. Diluted extracts were incubated with varying NaCl concentrations in 
the dark and then examined. Steppe WEOM exhibited fair constancy of optical parameters 
under increasing salinity, while significant changes of the optical indices and of PARA-
FAC components’s loadings were observed for LTBF WEOM. The remarkable stability of 
the Steppe WEOM can be attributed to its chemical diversity. Two distinct and sufficiently 
stable humic-like PARAFAC components have the potential to serve as markers of Cher-
nozem DOM. The findings clearly demonstrate that salinity itself slightly reduces absorp-
tion and fluorescence and changes some optical indices of WEOM of Chernozems.
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1  Introduction

Soil is the largest terrestrial reservoir of organic carbon (OC), containing more than 1500 
Pg C in the top 100 cm layer, which is triple the amount of C in all aboveground biomass 
(Batjes 2014). DOM, comprising a small fraction of soil organic matter (OM), represents 
the most active, accessible, and mobile pool, participating in numerous soil processes. It 
serves as a substrate for organisms, influences the bioavailability and transport of trace 
elements and xenobiotics, and affects the stability of soil colloids and aggregates (Zsol-
nay 1996; Kalbitz et al. 2000; Chantigny 2003; Karavanova 2013; Rodrigues et al. 2015; 
Gmach et al. 2020). DOM migration through the soil profile impacts groundwater and sur-
face water quality. Once in the hydrosphere, soil C is further transported by river networks 
delivering about two-thirds of its C to inland waters and the remainder—to the ocean (Cole 
et al. 2007; Bianchi 2011). The global flux of dissolved organic carbon (DOC) from land to 
ocean via rivers is estimated at about 0.2 Pg C per year and forms the bulk of the oceanic 
carbon cycle (Raymond and Spencer 2015). The amount and composition of terrigenous 
DOM influence microbial growth, benthic respiration, and carbon dioxide emissions from 
water bodies (Findlay et al. 2001; Piscart et al. 2009; Bengtsson et al. 2018), making soil-
derived DOM significant as a global ocean carbon source.

Along the pathway, DOM undergoes significant changes due to the exposure of sun-
light irradiation and degradation by aquatic microbiota (Raymond and Spencer 2015). The 
specific mechanisms of terrigenous OM transformation in hydrosystems are the focus of 
many studies, but their cumulative effects are still hard to predict (Mostofa et  al. 2011; 
Bengtsson et  al. 2018). However, recent studies have shown that soil DOM can be rela-
tively resistant to photo- and biodegradation (Hansen et al. 2016), detectable in marine and 
oceanic waters, and used as markers of terrigenous fluxes (Walker et al. 2013; Mann et al. 
2016; Eder et al. 2022). In various soils types, DOM exhibits substantial compositional and 
structural variations, providing an opportunity to determine the origin of DOM transported 
over long distances. Isolating the OM signals of specific soil types in riverine and then in 
marine waters can facilitate tracking the migration of terrigenous carbon in plumes, ena-
bling the development of more reliable models of global ocean flows and climate changes 
(Osadchiev et al. 2020).

UV–Vis absorbance and excitation–emission matrices of fluorescence spectroscopy 
coupled with parallel factor analysis (EEMs-PARAFAC) are widely used to characterize 
quality of DOM from various sources. These methods offer high sensitivity, allow analysis 
of minimally altered samples, and provide abundant compositional information (Stedmon 
et al. 2003; Coble et al. 2014). The use of optical measurements, which can be rapidly col-
lected and measured, is one pathway that can help to capture changes in terrigenous DOM 
supply and examine how it may alter under future scenarios with sufficient temporal and 
spatial resolution (Mann et al. 2016; Osburn et al. 2014). Recent years have witnessed the 
accumulation of extensive libraries of such data (Murphy et al. 2014). However, to under-
stand whether DOM fluorescence varies due to different origins or to the influence of pH, 
salinity, dissolved oxygen content, etc., deeper studies of the relationships between fluo-
rescence and aquatic conditions are required (Ishii and Boyer 2012). Water salinity (ionic 
strength) is one of the important abiotic factors influencing OM conformation hence the 
optic properties of DOM (Boyd et al. 2010; Osburn et al. 2014). While a lot of studies have 
explored spatial and temporal variations of DOM optic properties in estuarine and inland 
waters with various salinities (Provenzano et al. 2008; Bianchi 2011; Walker et al. 2013; 
Osburn et al. 2014 and refs therein; Amaral et al. 2021), only a limited number of studies 
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have directly assessed their modifications as influenced by salinity (Esteves et  al. 1999; 
Boyd et al. 2010; Gao et al. 2015; Cuss et al. 2019).

In this study, we investigate the impact of salinity on the optical properties and struc-
tural characteristics of Chernozem DOM using afore-mentioned optical methods com-
bined with PARAFAC. Two samples of Chernozem of contrasting land uses were selected: 
steppe — undisturbed soil containing the most diverse OM and bare fallow — maximally 
plowed soil, with much more homogeneous and stable OM. As a laboratory proxy of 
DOM, we used a water-extractable organic matter (WEOM), which is very close to DOM 
in composition (Zsolnay 1996; Chantigny 2003).

2 � Materials and Methods

2.1 � Study Area and Sample Collection

The samples were collected in the Kursk region (Central Chernozem Zone of Russia). The 
climate in this area is temperate with a mean annual temperature + 5.3 °C and mean pre-
cipitation of 550 mm. The soil type is Protocalcic Chernozems (WRB, 2015), clay loam 
on loamy loesses. Two contrasting land use units from long-term field experiments were 
selected for soil sampling.

(1)	 Permanent long-term (since 1964) bare fallow (hereafter — LTBF) plot of the field 
station of the Kursk Federal Agrarian Scientific Center (51° 37′ 17″ N 36° 15′ 44″ E). 
The plot is annually plowed without sowing or weeding, resulting in a lack of fresh 
organic matter input to the soil for over 50 years. As a result, the LTBF soil is depleted 
of organic carbon (OC) and contains extremely recalcitrant and minimally diverse 
organic matter (Barré et al. 2010; Menichetti et al. 2015; Franko and Merbach 2017; 
Kholodov et al. 2020a, b).

(2)	 Annually mowed steppe (hereafter — Steppe) plot located in the protected Streletskaya 
steppe of the Central Chernozem State Biosphere Reserve after V.V. Alekhin (N 51° 
34′ 12.0″ N 36° 05′ 27.0″ E). This soil may be considered as undisturbed Chernozem 
and is enriched with OC, exhibiting maximum diversity of its OM composition.

For each location, we took samples from the top layer (0–15 cm) in three replicates. To 
reduce uncertainty related to aggregate composition heterogeneity, a 1–2 mm size fraction 
was selected from air-dried samples by sieving. This fraction is the most contributing to 
the carbon content in typical Chernozem and shows the least variability (Kholodov et al. 
2019).

2.2 � WEOM Extraction

The 1–2  mm aggregates were ground in a porcelain mortar and sieved on a size below 
1  mm prior to extraction. WEOM was extracted according to the previously described 
method (Kholodov et al. 2020a). Briefly, ultrapure deionized water (ASTM Type 1, 18.2 
MΩ-cm) was added to the soil aliquot at a ratio of 5:1 (water: soil) by mass and mixed on 
an orbital shaker for eight hours. After extraction samples were centrifuged for 10 min at 
11,000 g, and the supernatant was decanted and filtered through 0.22 μm cellulose filters to 
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exclude most microbial activity. The resulting WEOM were stored at + 4 °C and processed 
within two weeks of preparation.

2.3 � Incubation Under Various Salinities

2.3.1 � Preparation of the Stock Sodium Chloride Solution

Before using reagent-grade crystalline sodium chloride (NaCl) was purified of organic car-
bon by calcination in a muffle furnace at a 400 °C for four hours before use. The purity of 
the stock solution (100 g/L) was confirmed by low absorbance (< 0.02) in the 200–260 nm 
range.

2.3.2 � Experimental Procedure

For the incubation, we put 5 ml of the Steppe WEOM sample or 10 ml of the LTBF WEOM 
to 50 ml graduated centrifuge tubes. Then, the aliquots of stock NaCl-solution were added 
to obtain solutions with the final salt concentrations of 0, 1, 10, 20, and 35 g/L. The sam-
ples were brought to the mark with deionized water and mixed thoroughly. The final DOC 
content in the Steppe WEOM was 21 mg/L, while for the LTBF WEOM, it was 12 mg/L. 
The dilutions were made to minimize the inner filter effect during the acquisition of fluo-
rescence spectra (Ohno 2002; Kothawala et al. 2013) based on preliminary UV absorbance 
measurements. Three replicates of each salinity level were prepared for both land use units. 
The tubes containing the solutions were kept at room temperature for 1 day in the dark 
(to avoid photooxidation). After incubation, the solutions were centrifuged for 10 min at 
11,000× g. The supernatant was used for DOC content measurements and absorption and 
fluorescence spectra recording. Since the spectra acquisition took two working days, the 
samples were stored at + 4 °C and centrifuged immediately before measurements.

2.4 � Determination of Organic Carbon Concentration

Dissolved organic carbon content of the initial extracts and experimental solutions was 
measured using Shimadzu TOC-L CSN analyzer (Japan) in the NPOC (non-purgeable 
organic carbon) mode. The instrument was calibrated with a series of potassium hydroph-
thalate standard solutions diluted according to a preliminary estimate of the C content in 
the samples. For each sample, the result was the average of at least two inputs that were 
satisfactory in terms of standard deviation (< 0.2) and coefficient of variation (< 3%). The 
initial WEOM extracts exhibited DOC content of 213 mg/L for Steppe and 62 mg/L for 
LTBF soil.

2.5 � Spectral Measurements

UV–visible absorption spectra were recorded on a Shimadzu UV-1800 spectrophotometer 
in the 200–800 nm range with 1 nm step at a constant 1 nm slit width. The scanning rate 
was set 1500  nm/min. WEOM absorption spectra were recorded in 1  cm quartz cuvette 
against ultrapure water placed in the second optical channel of device. To calculate the 
optical parameters, the units of absorbance were converted into Napierian absorption coef-
ficient a using the formula (Helms et al. 2008):
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a = 2.303A∕ l , where a and A are the absorption coefficient (m−1) and UV absorb-
ance, respectively, and l is the optical path length (m).

Fluorescence spectra were recorded as excitation–emission matrices (EEMs) using 
the Shimadzu Spectrofluorophotometer RF-6000 at excitation and emission slit width 
5 nm. The excitation wavelength ranged from 220 to 480 nm in 2 nm increments, while 
the emission range was 300–550  nm in 5  nm increments. The scan speed was main-
tained at 2000 nm/min, and the detector was set to low sensitivity. Blank fluorescence 
of ultrapure water was recorded at the beginning, middle, and end of each acquisition 
series. The pH of the initial extracts were 6.4 and 6.6 for LTBF and Steppe soils, respec-
tively. The narrow pH range ensured no significant effects on fluorescence (Borisover 
et al. 2012).

2.6 � Data Processing

The EEMs and absorbance spectra were processed using the staRdom package in the free 
R software environment (Pucher et al. 2019, www.r-​proje​ct.​org). The processing included 
instrumental spectrum correction, solvent subtraction (ultrapure water), inner filter correc-
tion, conversion to Raman units, Raman and Rayleigh scattering subtraction, interpolation, 
and calculation of the following indices (Murphy et al. 2013; Pucher et al. 2019):

SUVA254  —  a specific absorption at 254  nm, calculated by dividing the absorption 
coefficient at 254  nm (a254) by the DOC concentration, characterizes the enrichment of 
chromophores — fragments with conjugated and aromatic bonds.

S275-295 and S350-400 — spectral slopes in the ranges of 275–295 and 350–400 nm, deter-
mined by approximating the absorption spectra with a monoexponential (decay) function:

where aλ is the absorption coefficient at the corresponding wavelength (m−1); λ is the wave-
length (nm); λref is the reference wavelength (nm); and S is the spectral slope (nm−1). The 
slopes correlate with the apparent molecular size and aromaticity of WEOM. The spectral 
ratio (SR), which is the ratio of S275-295 to S350-400, negatively correlates with DOM hydro-
phobicity and molecular weight (Twardowski et al. 2004; Helms et al. 2008).

FI (fluorescence index) — 450/500 nm emission intensities ratio at 370 nm excitation. 
A ratio greater than 1.9 indicates the dominance of organic matter of aquatic and micro-
bial origin, while a ratio less than 1.4 suggests terrestrial organic matter (McKnight et al. 
2001). In the context of soil, this index should be interpreted as a measure of organic mat-
ter transformation.

BIX (biological index) — the ratio of emission intensities at 380 nm and 430 nm wave-
lengths at an excitation of 310 nm. It characterizes the proportion of fresh organic matter of 
microbial origin. In natural waters, BIX > 1 indicates the predominance of autochthonous 
organic matter in DOM composition (Huguet et al. 2009).

HIX (humification index) is calculated from the ratio of the integral intensity of fluores-
cence emission in the 435–480 nm range to that in the 300–345 nm range at an excitation 
wavelength of 254  nm. This index characterizes structure complexity and condensation 
(H/C ratio) of DOM (Zsolnay et al. 1999).

To discriminate individual fluorescent components of soil WEOM, EEMs were decom-
posed by PARAFAC. The PARAFAC model was validated using the split-half method and 
residual analysis (Murphy et al. 2013; Pucher et al. 2019).

a
�
= a

�ref
e−S(�−�ref )

http://www.r-project.org
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All the data were subjected to two-way analysis of variance (ANOVA) for salinity and 
land use factors. Post hoc multiple comparisons (Tukey’s test) were performed at p < 0.05 
using free R software.

3 � Results and Discussion

3.1 � Carbon Content in Samples of Different Salinity

The organic carbon content in the Steppe WEOM is almost 2.5 times higher than in LTBF 
WEOM, which is consistent with the total carbon content in the aggregates of the studied 
soils: 5.7 and 2.8%, respectively (Kholodov et al. 2020a). The proportion of WEOM car-
bon to the total soil organic carbon is 1.1% for LTBF and 1.9% for the Steppe, indicating 
a higher hydrophility and diversity of the Steppe OM. These figures fall within the range 
reported for the share of WEOM in total soil organic carbon (Zsolnay 1996).

Analysis of variance of DOC content data showed no significant differences in its con-
tent for prepared WEOM extracts after incubation at different salinities. That is the con-
centration of NaCl up to 35 g/L does not lead to a noticeable coagulation of WEOM of 
both Chernozems. In contrast, Esteves et  al. observed a decrease in DOC concentration 
in freshwaters after incubation with the freeze-dried sea salt (Esteves, et al. 1999). Thus, 
the Chernozem WEOM appears to be quite stable in solution even at high salinity, at least, 
when it is due to the presence of alkali metal ions only.

3.2 � Absorption Spectra and Spectral Indexes

The absorption spectra of the LTBF and Steppe WEOM samples change in different ways 
with increasing salinity. The UV range absorption clearly decreases for the former and 
shows subtle change for the latter (Fig. 1).

Two-way ANOVA showed that a254, S350-400 and SR depend significantly on both soil 
type and salinity. Since DOC does not change significantly with increasing salinity, and 
photobleaching is excluded by incubation in the dark, the changes in the LTBF WEOM 
spectra are most likely caused by the OM conformational reorganization in response to 
the ionic strength raise. At higher salinity, the charges of ionized functional groups are 
shielded, reducing the repulsion between them. Additionally, the salting out effect occurs: 
hydrophobic components (fragments) close to compensate for the increase in free energy 
of system due to water structuring by electrolyte ions. This leads to a decrease in the solu-
bility of non-electrolytes at a high electrolyte concentrations (Endo et al. 2012). The com-
bined action of these two mechanisms results in the contraction and increased compactness 
of molecules/supramolecules adopting a spherocolloidal configuration, and masking some 
chromophores inside it (Ghosh and Schnitzer 1980; Patel-Sorrentino et al. 2002). This is 
probably the reason for the drop in the absorption intensity of LTBF WEOM.

SUVA254 and SR values for the LTBF WEOM indicate its greater aromaticity, hydropho-
bicity and molecular weight compared to the Steppe WEOM, with their values changing 
differently with salinity (Fig. 2). For the LTBF WEOM, a254 and SUVA254 almost mono-
tonically decreased as salinity increased (from 25 to 19 and from 2.2 to 1.55, respectively), 
while no significant changes were noticed for the Steppe WEOM. The different behavior 
seems to be due to the fact that LTBF SOM is more mature and hydrophobic, enriched with 
aromatic structures (Danchenko et al. 2020, 2022), and depleted of products of microbial 
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origin (Zhelezova et al. 2017). This evidenced by the wider C/N ratio of this sample. A 
study (Kholodov et  al. 2020b) found that the LTBF soil organic matter differs from the 
Steppe soil organic matter in terms of lower diversity of its chemical components, which is 
likely true for WEOM as well. As mentioned earlier, this may explain the higher sensitivity 
of LTBF WEOM structure to salinity variations, which is reflected in the changes in optical 
characteristics.

In contrast, the Steppe WEOM is highly diverse due to the regular input of fresh plant 
residues, root exudates, and microbial products, enriching it with hydrophilic and surface-
active compounds. These compounds probably compensate for the salting out effect and 
provide greater conformational and aggregation stability as salinity increases, hindering 
the realization of the mechanism proposed for LTBF WEOM. As a result, chromophores of 
steppe WEOM are less sensitive to changes in ionic strength.

Contrary to our findings (Gao et al. 2015) observed a slight increase in absorbance of 
commercial surface water humic preparations with increasing ionic strength of the solution.

The SR index, which negatively correlates with the hydrophobicity and molecular 
weight of the DOM (Helms et al. 2008), decreases for LTBF samples as the salt concentra-
tion rises indicating an increase in hydrophobicity and average molecular weight (hydro-
dynamic radius) of the DOM. The apparent increase in WEOM molecular weight may be 
attributed to partial aggregation.

Fig. 1   Absorption spectra in the UV range at different solution salinities for WEOM samples of LTBF and 
Steppe
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Overall, the optical descriptors a254, SUVA254, S350-400, and SR and, consequently, 
WEOM structure of Chernozem with the most transformed OM (LTBF) respond to an 
increase in salinity, while the structure of the Steppe WEOM is almost unaffected by the 
ionic strength increase.

3.3 � Fluorescence Spectra and Structural Indices Calculated from them

Fluorescence emission spectra intensity decreases with increasing salinity for both studied 
samples (Fig. 3). Probable mechanisms of fluorescence quenching in high ionic strength 
solutions are intramolecular rearrangements and ionization suppression (Osburn et  al. 
2014) result in shielding of some fluorophores inside the spherocolloidal DOM configura-
tion (Patel-Sorrentino et al. 2002). A clear decrease in the fluorescence intensity of DOM 
in response to salinity growth was also observed for DOM samples extracted from increas-
ingly saline soils (Provenzano et al. 2008) and for some DOM fractions of natural waters of 
different salinity (Boyd et al. 2010). However, those works use the samples taken from dif-
ferent locations and the changes in fluorescence intensity can probably be related not only 
to the increase in salinity, but also, for example, to variations in sources and the microbiota 
composition. It has been convincingly demonstrated in the study (Cuss et  al. 2019) that 
changes in salinity do not explain the variability in fluorescence between saline groundwa-
ter DOM (discharging into the river) and river DOM.

The shape of the fluorescence spectra depends little on salinity but clearly differs 
between the LTBF and Steppe samples (Fig. 3). The intensities in the regions attrib-
uted to fluorophores of different nature depend more on the origin of the organic matter 

Fig. 2   LTBF and Steppe WEOM optical indexes as a function of salinity
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than on salinity (Supporting Information), as reflected by the values and trends in the 
change of structural descriptors calculated from EEM data, such as HIX, BIX, and FI.

The HIX index was expectedly high for the LTBF WEOM samples ranging from 
10.8 to 12.8 and much lower for the Steppe ranging from 3.12 to 3.84. The higher HIX 
values obtained for LTBF WEOM are consistent with those reported for cultivated 
Chernozem WEOM (Qin et al. 2020), while the low HIX values (< 4) found for Steppe 
WEOM are similar to those of autochthonous aquatic OM (Ohno 2002; Huguet et al. 
2009). Consequently, microbial products and poorly processed substances of plant ori-
gin predominate in the WEOM of uncultivated soil (Steppe). It was noted in a number 
of works that the properties and/or composition of WEOM weakly depend on the land 
use and management (Toosi et al. 2012), while others, on the contrary, found a strong 
impact of these factors on WEOM (Kalbitz et  al. 2000). Our findings clearly show 
that the shape of the fluorescence spectra and the HIX index clearly differentiate the 
WEOM of Chernozems of contrasting land use.

The fluorescence index (FI) values are slightly higher for the LTBF samples 
(1.22–1.24) compared to Steppe (1.16–1.19), and according to two-way ANOVA, the 
differences are significant. Similarly, the BIX index is slightly higher for LTBF sam-
ples compared to the Steppe ones. FI and BIX are considered as indicators of the con-
tribution of relatively fresh microbial OM. Unlike the expected negative correlation 
with the HIX index (Qin et al. 2020), FI and BIX in our case do not accurately reflect 
the features of the OM composition. This may be attributed to the geographical prox-
imity of the experimental plots and the similar soil types as the sources of WEOM.

No significant dependence of HIX, BIX, and FI on salinity is observed for WEOM 
of both samples, but Steppe WEOM demonstrated a slight trend of HIX decreasing 
with increasing salinity.

Thus, the studied WEOM samples are best differentiated by the HIX index and 
shape of fluorescence spectra. Salinity increase leads to a decrease in the overall inten-
sity of the fluorescence spectra of both WEOM samples, while the conventional fluo-
rescence indices are insensitive to salinity changes.

Fig. 3   Change in the fluorescence spectra intensity of LTBF WEOM (upper row) and Steppe WEOM 
(lower row) depending on the solution salinity
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3.4 � Individual Fluorescent Components of WEOM

In the soil WEOM EEM spectra, three or four fluorescent components are most often iden-
tified by PARAFAC modeling (Sharma et al. 2017; Liu et al. 2019; Qin et al. 2020; Rinot 
et al. 2021). For both of our samples, the 5-component model best describes the array of 
spectral data for all salinity values. The spectra of five fluorescent components (C1, C2, 
C3, C4, and C5) obtained by PARAFAC analysis are shown in Fig. 4. Almost all compo-
nents had one main emission maximum with two distinct excitation maxima. The identified 
components were assigned to the fluorophores typical for DOM by comparison with spec-
tra from the library OpenFluor (https://​openf​luor.​labli​cate.​com/​of/​measu​rement) based on 
high values of Tucker’s congruence coefficient. A description of the components is given 
in Table 1.

The table illustrates the fact that spectra of components close to those obtained in this 
study are not always identified by different authors in the same way. Thus, components 
close to C1 are referred to as humic like M or A peak. In our opinion, this component is 
closer to the humic-like M-peak (Coble 1996; Coble et al. 2014).

The relative contributions of the PARAFAC components to the fluorescence spectra 
(fluorescence signature) of WEOM are little dependent on salinity, but differ markedly for 
Steppe and LTBF samples (Fig.  5). Noteworthy that the ratio between the contributions 
of fluorescent components in LTBF and Steppe samples in solution with different salinity 
remains almost constant. That is, the fluorescent signature of WEOM of the studied Cher-
nozems does not change with increasing salinity.

Using PARAFAC modeling, we estimated the loadings of independent components to 
the fluorescence spectra of LTBF and Steppe WEOM samples with varying salinity. Com-
ponent C1 was found to have the maximum loading for all experimental samples and was 

Fig. 4   The contour plots of 
EEM-PARAFAC components 
of WEOM of the experimental 
samples. Each EEM was normal-
ized to its maximum fluorescence 
prior to modeling

https://openfluor.lablicate.com/of/measurement
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identified as a humic-like autochthonous OM (Table 1). Its loading for LTBF WEOM was 
0.42–0.47, and of the Steppe WEOM, it was about 0.58–0.61. This component is com-
monly found in DOM and WEOM samples and is considered as indicator of recent micro-
bial activity (Coble et al. 2014), However, this component is usually not the most abundant 
in soil DOM (Sharma et al. 2017; Qin et al. 2020; Rinot et al. 2021; Eder et al. 2022). Even 
more surprisingly, in the spectra of LTBF WEOM, where microbial activity is attenuated, 
this component remains as dominant as in Steppe. This suggests that in Chernozems, this 
component may be correlated with OM of microbial origin in general. The second most 
abundant component, C2, was identified as humic-like allochthonous OM, which is one of 
the dominant components in the spectra of SOM, as well as freshwater and deep ocean OM 
(Ohno and Bro 2006; Ishii and Boyer 2012; Coble et al. 2014; Sharma et al. 2017). The 
C2 loadings to the spectra of both soil samples were very close, ranging from 0.25 to 0.29. 
The closeness of these values indicates a weak dependence of C2 on the land use, which is 
consistent with the findings of Williams et al. (2010). The third largest loading to the LTBF 
spectra was made by the C5 component (0.20–0.22), correlating with the most mature and 
stable aromatic OM (Eder et  al. 2022). In the Steppe spectra, C4, representing protein-
like fluorescence, was the third most significant component (0.26–0.29). The fourth most 
significant loading to the spectra of both soils, 0.2–0.23 — for LTBF and 0.14–0.15 — for 
Steppe, was made by C3, a humic-like component similar to C2 of (Sharma et al. 2017). 
This component is relatively rare in PARAFAC models, and based on the position of the 
maximum in the longest wavelength range, it characterizes the most decomposed OM, 
which is consistent with its larger fraction in the LTBF. The minor components, with frac-
tions less than 0.1, were C4 in the LTBF WEOM spectra, which aligned with the decay 
of biological activity in this soil (Zhelezova et  al. 2017), and C5 in the Steppe WEOM. 
The small loading of C5 to the Steppe WEOM is likely due to its accumulation only in 
cultivated soils, or its more effective stabilization in the Steppe. This stable and relatively 
hydrophobic OM is less sorbed on mineral particles compared to C2, and therefore, in the 
Steppe soil enriched with amphiphilic compounds of protein origin, C5 may be better sta-
bilized and almost does not pass into the water extract. Furthermore, the C5 component is 
quite rare, as only three similar components were found in the OpenFluor database, and the 

Fig. 5   Mean relative contributions of five fluorescence components to the overall fluorescence of LTBF and 
Steppe WEOM
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similarity scores for excitation and emission were reduced to 91% and 94%, respectively. 
Based on the calculated loadings of the components, their dependencies on salinity were 
plotted (Fig. 6).

The fluorescent components of LTBF WEOM, with the exception of protein-like C4, 
showed a dependence on salt concentration. The contribution of C1 at low concentrations 
of NaCl (0–1 g/L) was significantly higher than at high concentrations (10–35 g/L); how-
ever, a further increase from 1 to 35 mg/L had no significant effect. A similar trend can 
be observed for the C2 component, which is sensitive to the presence of NaCl, but reacts 
weakly to an increase in its concentration. Components C3 and C5 exhibited a more pro-
nounced dependence on salt concentration up to 20 g/L, but a further increase in the NaCl 
content to 35 g/L did not significantly reduce their loadings to the spectra. For none of the 
PARAFAC components of LTBF WEOM, the load decreased to negligible values even at a 
salt concentration of 35 g/L.

In contrast to LTBF WEOM, the loadings of most of the fluorescent components of 
Steppe WEOM did not significantly depend on salinity. Only for the C4 component, the 
loading in the variant with the highest concentration of 35 g/L was significantly lower com-
pared to the variant without NaCl adding. The contribution of C5 to the Steppe WEOM 
fluorescence was negligible at high salinity.

It should be noted that the isolated PARAFAC components for our samples mostly cor-
relate well with the traditionally isolated peaks: C1 – M; C2 – C; C4 – B + T and C5 – A; 

Fig. 6   Loadings of fluorescent 
components C1–C5 to the 
spectra of experimental samples 
at different salinities. The same 
letters denote means that do not 
differ significantly according to 
Tukey’s test
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accordingly, the same trends are observed for their proportions and salinity influence on them 
(Supplementary Information).

4 � Conclusions

The findings of the study indicate that WEOM of Chernozem soils possesses high structural 
and aggregation resistance to salinity changes over a wide range of 0–35 g/L probably due to 
the unique characteristics of organic matter accumulation in these soils. DOC content remains 
constant with increasing salinity that means no aggregation or precipitation occurs.

Salinity variations had a rather weak effect on the absorption of WEOM of both soils. 
Minor but significant changes in SUVA254, S350-400, and SR values occur only for the WEOM 
derived from LTBF soil. The fluorescence intensity for both Chernozem WEOM decreases 
with increasing salinity, but only for LTBF samples, the changes are significant. Overall, the 
observed changes in WEOM absorbance and fluorescence are evidently linked to alterations in 
the physicochemical structure, while the composition of OM remains unchanged.

Higher robustness of Steppe WEOM fluorescence can be attributed to its greater chemi-
cal diversity and enrichment with amphiphilic components promoting the persistence of its 
molecular ensemble. Probably, the protein-like fluorescent component C4, which is nearly five 
times more abundant in Steppe WEOM compared to LTBF extracts, may be partly responsible 
for this phenomenon.

While the optical indices show minimal differences among the WEOM of Chernozems 
with contrasting land use, significant variations are observed in their fluorescence spectra, 
humification index (HIX), and PARAFAC components loadings.

A distinctive feature of the WEOM fluorescence spectra of both Chernozems is the pre-
dominance of the C1 component resembling the traditional M peak associated with humic-like 
substances of marine origin and recent microbial activity. The components C3 and C5 are par-
ticularly specific to the WEOM of studied soils. Therefore, these two humic-like components 
hold promise as tracers for OM originated from typical Chernozem soils, especially those sub-
jected to intensive cultivation. However, further investigations are necessary to evaluate the 
effects of photodegradation and to identify these components in fresh and marine waters.
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