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Abstract: Currently, revealing soil management strategies that store the maximum atmospheric CO2 
in the soil is a major issue. This is best explored by investigating long-term experiments, like the 
Skierniewice (Poland) field trial, established in 1921 on sandy loam Luvisol. In this trial, the variants 
analyzed included control (CON), manure (MAN), legumes (LEG), and manure + legumes (MAN + 
LEG). Soil samples from the A horizon were analyzed for total organic carbon (TOC), carbon content 
of humic acids (HA), fulvic acids (FA), and humin (HUM), as well as for spectroscopic properties of 
bulk soil and isolated HUM. Compared to the control, all other treatments caused an increase in 
TOC, while the application of manure resulted in an increase in the amount of HUM. Legume ap-
plication caused an increase in UV-Vis absorbance and fluorescence emission. Thermochemolysis 
and gas chromatography/mass spectrometry showed that HUM was enriched in carbohydrates in 
almost all pairs of soil and HUM. Compared to the CON, the largest proportion of carbohydrate in 
HUM was found in MAN + LEG. Different long-term soil management strategies not only altered 
TOC, but also, surprisingly, the chemical composition of HUM, which is considered to be particu-
larly stable and a long-term sink of atmospheric carbon. 

Keywords: long-term field experiment (LTFE); SOM; humin fraction; TC-GC/MS; UV-Vis;  
fluorescence; carbon sequestration 
 

1. Introduction 
Currently, an important European and global challenge is to counteract unfavorable 

climate change or at least mitigate it [1]. One of the options is to develop a soil manage-
ment strategy that will capture and store the maximum amount of atmospheric CO2 in the 
soil [2]. This can be achieved by examining the impact of different soil management meth-
ods on possible increases in soil organic matter (SOM). These are long-term processes, so 
their effects are best monitored in long-term field experiments [3–5]. By providing a con-
tinuous and holistic perspective, these experiments expand our knowledge by revealing 
trends that may elude short-term research. The long-term effects of these practices have 
the potential to enhance or change the harmonious balance between agricultural produc-
tivity and a sustainable soil environment. Therefore, in addition to analyzing the possibil-
ity of increasing the carbon content in the soil, it is important to trace the impact of long-
term fertilization practices on the properties and fractionation of the SOM. In particular, 
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the formation of organic compounds resistant to mineralization contributes significantly 
to the sequestration of carbon dioxide and the mitigation of global climate change [6–9], 
as well as increases soil resistance to degradation [10,11]. 

SOM is a complex mixture of particles from plants, animals, and microorganisms 
with different degrees of transformation, composition, availability, and environmental ac-
tivity. Many years of research have indicated that, due to its heterogeneity, to recognize 
the role of SOM in the environment, it is necessary to separate it into components of dif-
ferent properties and behaviors [12,13]. The oldest classic alkali extraction method [14] 
allows for the separating of humic substances (HS) into humic acids (HA), fulvic acids 
(FA), and the humin fraction (HUM), which is the most resistant to decay. More than 200 
years have passed since the first chemical extraction of HS, but the structure and fraction-
ation of SOM are still debated among the scientific community and, to this day, there is 
no consensus on which method should be used [15–19]. Currently, instead of chemical 
fractionation, physical separation methods based on size and/or density are being pro-
posed [20,21]. Another approach is the determination of carbon stabilization by different 
soil components, including a biochemically protected C pool, a silt and clay-protected C 
pool, a microaggregate-protected C pool, and an unprotected C pool [22]. Undoubtedly, 
each SOM fractionation has limitations, but different procedures can certainly provide 
useful information [18,23]. It seems that different methods should be used independently 
of each other to best explore and deepen the understanding of SOM properties and trans-
formations. 

Diverse cultivation systems contribute to differences in the quality and quantity of 
organic nutrients, influencing microbial activity and the formation of humic substances. 
The use of fertilizers, especially over a longer period, can affect the chemical composition 
of SOM and the distribution of its different fractions. In the long-term field experiments 
conducted so far, changes in the organic C content have mainly been analyzed [24–30]. 
The contents of free, occluded, and mineral-associated organic C have been investigated 
less frequently [31], and the same is true of the proportion of macro- and microaggregates 
[32], soil enzymatic activity [33], soil aggregate stability, and soil organic carbon seques-
tration [7], as well as heavy and light C fractions [34]. There is very little research on the 
impact of fertilization on the properties of HUM [35], which is the most stable SOM frac-
tion. There are also relatively few advanced spectroscopic studies on the structure and 
chemical properties of modified SOM as a result of many years of fertilization [36]. 

The application of modern spectroscopic methods is of great importance, as they pro-
vide a lot of valuable information on aquatic and terrestrial organic matter [12,37]. UV-Vis 
spectroscopy is useful for assessing differences in the composition and concentration of 
various organic fractions [38]. Fluorescence spectroscopy makes it possible to trace the 
structural changes in individual SOM fractions [39–41]. 

A frequently used tool to study the composition and structure of SOM is nuclear 
magnetic resonance (NMR), which provides information on the molecular structure of 
organic matter in soil [12]. Thermal degradation methods (e.g., pyrolysis, thermochemol-
ysis), combined with mass spectrometry such as Pyrolysis-Gas Chromatography/Mass 
Spectrometry (Py-GC/MS) [42,43], Pyrolysis-Field Ionization Mass Spectrometry (Py-
FIMS), and others, are powerful analytical techniques used in the study of SOM, which 
result in the quantitative analysis of specific organic compounds or classes of compounds 
in soil samples. They provide information on the chemical composition and structure of 
particular components of the SOM and their stability. 

In this work, to determine the effects of various fertilizations used over 100 years on 
the properties of SOM and its fraction that is most resistant to decomposition, the follow-
ing spectroscopic techniques were used: UV-Vis, fluorescence spectroscopy, and ther-
mochemolysis (TC) -GC/MS. The objectives of the study were to (i) disclose the effect of 
soil management with mineral and organic fertilizer and legume cropping on the chemical 
and structural characteristics of the SOM and to (ii) find out which management strategy 
has the most beneficial effect on the proportions of the stable fractions of the SOM.  
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2. Material and Methods 
2.1. Long-Term Field Experiment  

The experiment was established in 1921 in Skierniewice (central Poland, 51.965°N, 
20.160° E) at the Experimental Station of the Institute of Agriculture, Warsaw University 
of Life Sciences.  

The experiment included the following treatments: control (CON), manure (MAN), 
legumes (LEG), and legumes with manure (MAN + LEG). CON included arbitrary crop 
rotation, without manure and without legumes. MAN included arbitrary crop rotation 
without legumes, but with farmyard manure applied every four years at a rate of 30 t ha−1 

since 1992. LEG included arbitrary crop rotation with legumes (Trifolium pratense L.), but 
without farmyard manure. Cereals prevailed in arbitrary rotations (60–80%); the remain-
ing crops grown in these crop rotations were potatoes or industrial plants. MAN + LEG 
included 5-year crop rotation (potato, spring barley, red clover, winter wheat, and rye). 
Manure was applied at dose of 30 t ha−1 every 5th year to potato. All plots were fertilized 
with NPK, and every four years with Ca (1.6 t h−1). From 1924 to 1975, the NPK fertilization 
doses were 30 kg N ha−1, 13 kg P ha−1, and 26 kg K ha−1. Since 1976, fertilization doses have 
been increased to 90 kg N ha−1, 26 kg P ha−1, and 91 kg K ha−1. The experimental layout was 
a completely randomized plot design. Each of the three replicate plots per treatment had 
a size of 4 × 9 m. Detailed information on the chemical and physicochemical properties of 
the soil in the long-term fertilization experiments can be found in the works by Mercik 
[44] and Mercik and Stępień [45]. 

The location of the experiment and the layout of plots are presented in Figure 1. Soil 
samples from A horizon were collected in different crop rotation systems using a three-
block design during the 2022 mid-growing season when winter triticale was grown in 
plots of variant LEG, and spring barley in the others. For analyses, samples were taken 
from 10 points in each block plot and averaged by mixing.  

 
Figure 1. Location and layout of plots of the Skierniewice long-term field experiment. 

2.2. Soil Characteristics 
The soil in which the experiment was carried out was classified as Luvisol derived 

from sandy loam [46]. According to the Köppen–Geiger climate classification [47], the area 
of soils studied has a warm temperate climate (Cfb). The average annual temperature is 
9.3 °C and the annual rainfall is 600 mm. The basic properties of the soil are compiled in 
Table 1. The samples were collected in 2022, air-dried, ground, and passed through a stain-
less steel 2 mm sieve. The soil pH was measured potentiometrically in a 1:2.5 suspension 
of soil and 1 M KCl. CaCO3 content was measured by the CO2 volume method using the 
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Scheibler apparatus. Plant-available elements were measured with Mehlich 3 method [48]. 
Particle size distribution was analyzed by the sieve and hydrometric method [49], follow-
ing a pretreatment that involved the removal of organic matter and chemical dispersion 
with sodium hexametaphosphate. Soil acidity (Hh) was determined in 1 M KCl, and ex-
changeable base cations were extracted by 1 M NH4Ac and measured by atomic emission 
spectroscopy (K+, Na+, and Ca2+) and atomic absorption spectroscopy (Mg2+). Cation ex-
change capacity (CEC) was calculated as a sum of Hh and exchangeable base cations. 

The treatments did not affect the basic properties of the soil, except for the SOM con-
tent, sorption properties, and plant-available nutrients. In the case of the latter, some dif-
ferences were observed, but all soils were rich in nutrients. Small differences in the re-
maining basic properties resulted from soil variability. For this reason, these properties 
are not discussed in the results, but are presented in Table 1 and included in this section. 

Table 1. Basic properties of the investigated soil (mean value ± SD). 

Treatment pH  
(KCl) 

CaCO3 
g kg−1 

Mehlich 3 
Sand Silt Clay 

P K Mg 
(mg kg−1) % 

CON 7.07 ± 0.01 a 9.90 ± 2.4 a 149 ± 4.2 a 116 ± 3.9 a 45 ± 9.6 a 76.3 ± 1.2 a 18.0 ± 1.0 a 5.7 ± 0.6 a 
MAN 6.79 ± 0.43 a 9.20 ± 1.2 a 175 ± 6.8 b 153 ± 9.3 b 67 ± 2.6 b 76.7 ± 0.6 a 17.0 ± 0.0 a 6.3 ± 0.6 ab 
LEG 6.95 ± 0.03 a 8.47 ± 3.7 a 157 ± 19.4 ab 130 ± 4.5 a 67 ± 7.4 b 75.3 ± 2.1 a 17.0 ± 1.0 a 7.7 ± 1.2 b 

MAN + LEG 6.79 ± 0.03 a 7.83 ± 1.2 a 149 ± 8.6 a 198 13.5 c 35 ± 3.4 a 75.7 ± 0.6 a 18.0 ± 0.0 a 6.3 ± 0.6 ab 
a,b,c Different letters indicate statistically significant differences (n = 3) according to analysis of vari-
ance and the Fisher procedure (p  <  0.05) performed among treatments in each variant separately. 

2.3. The Content of C and N 
Total carbon (TC) and total nitrogen (TN) were determined by dry combustion (Vario 

Macro Cube elementar analyzer, Elementar Analysensysteme GmbH, Langenselbold, 
Germany). Total organic carbon (TOC) was determined after digestion with 10% HCl by 
dry combustion, analogously to TC.  

2.4. Fractional Analysis of SOM 
A fractional analysis of SOM was performed according to the method recommended 

by the International Humic Substances Society [50]. Low-molecular compounds, the so-
called fulvic fraction (FF), were extracted with 0.05 M H2SO4. The dry soil sample, after 
being passed through a 2 mm sieve, was treated with 0.05 M H2SO4 in order to obtain a 
final concentration of 10 mL of liquid per g of sample. After shaking the suspension, the 
mixture was left overnight, and the supernatant was separated from the residue by cen-
trifugation. This step was repeated three times until the decalcitation was over. The vol-
ume of the supernatant was equalized, and the content of TOC was analyzed (FF). Then, 
the extraction of HA and FA with 0.1 M NaOH from the residue was proceeded with ac-
cording to the same concentration ratio (10 mL liquid per g sample) until the supernatant 
was almost colorless. The supernatant was separated from the residue by centrifugation, 
the volume of the supernatant was equalized, and the content of TOC was analyzed (HA 
+ FA). The defined volume of extract with HA and FA was acidified, and precipitated HA 
was dissolved using hot 0.02 M NaOH. The volume of dissolved HA was equalized, and 
the content of TOC was analyzed (HA). The content of FA was calculated according to the 
following formula: FA = (HA + FA) − HA. All determinations were performed using Enviro 
TOC + N 147 (Elementar; Langenselbold, Germany). The content of HUM was calculated 
from the difference between the TOC of the dry sample and the sum of fractions (FF + HA 
+ FA). 
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2.5. Isolation of HUM 
The isolation of HUM was described in our previous publication [51]. Briefly, HA 

and FA were extracted with NaOH, then the remaining material was digested with a 10% 
HF-HCl mixture to remove the mineral fraction. Finally, the material was neutralized and 
dialyzed against distilled water until the Cl− test was negative. Subsequently, the HUM 
fraction was freeze-dried.  

2.6. TC-GC/MS Analysis of Bulk Soil and HUM  
For thermochemolysis, about 100 mg of soil and HUM material were inserted into 

Pasteur pipettes (model ISO 7712, 150 mm, manufacturer DURAN WHEATON KIMBLE, 
97877 Wertheim, Germany) with tips broken off. About 60 µL Tetramethyl ammonium 
hydroxide (TMAH) in water (25%) was added to the sample with a microsyringe. After-
wards, the pipette was connected to a second pipette filled with activated coarse charcoal 
and a small amount of glass wool at the tip. The entire system was flushed with a nitrogen 
stream and, 5 min after adding TMAH, the sample was heated to 220 °C for 6 min using a 
hot air gun. After allowing to cool for 5 min, the sample was scratched in a 4 mL vial and 
both pipettes were rinsed with 1.5 mL each of a mixture dichloromethane/methanol (4:1) 
in the vial. The vial was placed in an ultrasonic water bath at 35 °C and, after 5 min of 
ultrasonic treatment, the suspension was allowed to settle for 55 min. For GC-MS, 1 µL 
from the upper part of the solution was injected into a Thermo Fisher Trace 1300 (Thermo-
Fisher Scientific, Waltham, MA, USA) equipped with a 60 m BP5 column (0.25 mm i.d., 
0.25 µm coating) at an injector temperature of 300 °C. The carrier gas helium 5.0 was set 
up with a constant flow of 1 mL min−1. Following split injection up to 45 s (splitless), the 
split ratio was 1:100 from 45 s up to 90 s and 1:5 from 90 s onward. The temperature pro-
gram was 5 min at 100 °C, with a subsequent heating rate of 5 K min−1 to 280 °C with a 
total measurement time of 120 min. The GC was connected to a Thermo Fisher DFS mag-
netic sector MS. The conditions for mass spectrometric detection in the electron impact 
mode were 4.7 kV accelerating voltage, 70 eV electron energy, 1.2 kV multiplier voltage, 
m/z 48–600 mass range, 0.5 s (mass decade)-1 scan rate, and 0.6 s interscan time. Peaks 
were assigned by comparing spectra with the NIST2017 database using Thermo Xcalibur 
version 2.2. According to the outcomes of the library searches, the molecules were as-
signed to three important compound classes of soil organic matter (carbohydrates, lignins, 
and lipids) for which the proportions of peak areas in the chromatograms were calculated. 

2.7. UV-Vis Analysis of HUM 
UV–Vis spectra were measured using a Jasco V-770 UV–VIS–NIR spectrophotometer 

(Jasco-Global, Tokyo, Japan). Absorbance measurements were carried out in the range of 
220 to 700 nm at a constant 0.01 mg L−1 concentration of C in HUM solution in DMSO + 
6% (v/v) H2SO4 (98% mass). The length of the optical path was 1 cm. Before analysis, HUM 
solutions were pre-filtered through a syringe filter with a pore size of 0.45 µm to obtain 
high sample homogeneity. Spectra were recorded at room temperature (25 °C). Based on 
the absorption spectra obtained, molar absorption coefficients were calculated: ε280, ε660, 
and mutual absorbance ratios at a specific wavelength: E465:E665, E280:E665, E280:E365, and 
∆logK. 

2.8. Fluorescence Spectroscopy of HUM 
Fluorescence spectra were recorded on a Hitachi F-7000 spectrophotometer (Hitachi, 

Tokyo, Japan). Synchronously scanned fluorescence (SSF) spectra were obtained by meas-
uring the fluorescence intensity while simultaneously scanning both excitation and emis-
sion wavelengths and maintaining a constant wavelength difference between them: ∆λ = 
λex − λem = 20 nm. The excitation and emission slits of the monochromators were 5 and 10 
nm, respectively, and the scanning speed was 240 nm min−1. Three-dimensional fluores-
cence spectra, analyzed in the form of an excitation–emission matrix (EEM), were scanned 
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at emission wavelengths from 250 to 600 nm by varying the excitation wavelengths from 
200 to 550 nm. The width of the slits for the excitation and emission bands was 10 nm and 
the scanning speed was 1200 nm−1.  

Spectral recording was performed at room temperature at a constant 0.01 mg·cm−3 
concentration of C in HUM solution in DMSO + 6% (v/v) H2SO4 (98% mass). Before anal-
ysis, the HUM solutions were filtered through a syringe filter with a pore size of 0.45 µm. 
Measurements were carried out at a constant temperature of 25 °C. 

2.9. Graphical and Statistical Methods 
Statistical analysis was performed by analysis of variance and the Fisher procedure, 

p  <  0.05, using Statistica Software (version 13, StatSoft Inc., Tulsa, OK, USA, 2011). The 
results obtained from UV-Vis and fluorescence measurements were processed in MS Excel 
2010 and then modified by CorelDRAW Graphics Suite 2021 for Windows Corporate. The 
EEM spectra were then processed to a higher resolution in QUANTUM GIS v. 3.10 using 
TIN interpolation. The spectra in individual rasters were smoothed in the SAGA GIS pro-
gram. The compliance of the actual results with the estimation results was determined to 
be 99%. 

3. Results and Discussion 
3.1. The Content of Carbon and Nitrogen and Sorption Properties 

Long-term field experiments (LTFEs), often defined as agricultural field experiments 
with a minimum duration of 20 years, are agricultural studies that provide valuable data 
[3,4]. Organic fertilization is a common practice in both arable soil and grassland manage-
ment [52–54], which may contribute to the sequestration of C and the mitigation of climate 
change [26,55,56]. 

As expected, a 100-year period of organic fertilization resulted in an increase in SOM 
content in all treatments (Table 2), which is analogous to other long-term experiments 
[4,25,33,34,43,57]. The results of chemical analyses from 1961 to 1994, as presented by Mer-
cik et al. [58], showed a systematic increase in TOC determined with C-MAT 5500 appa-
ratus (Ströhlein Instruments, Kaarst, Germany) from 0.42% to 0.47% on the CON variant 
and from 0.53% to 0.74% on the MAN + LEG variant. The results presented by Mercik et 
al. [59] indicated that the TOC and total N contents increased with the increase in manure 
rates, but the C:N ratio remained similar. The TOC content increased the most, more than 
60%, under the influence of manure fertilization together with the use of a legume (Trifo-
lium pratense L.). A slightly lower increase, by 47%, occurred under the influence of ferti-
lization with manure alone, while the use of legume alone increased TOC by more than 
30%. These changes were accompanied by an increase in TN, so the TOC/TN ratio did not 
change. Changes in sorption capacity were also visible, the value of which increased the 
most in objects fertilized with manure. 

Table 2. Content of TOC and TN and sorption properties (mean value ± SD). 

Treatment 
TOC TN 

TOC/TN 
Ca++ Mg++ K+ Na+ H+ CEC 

g kg−1 cmol(+) kg−1 
CON 5.48 ± 1.0 a 0.46 ± 0.1 a 12.1 ± 1.0 a 3.38 ± 0.09 a 0.25 ± 0.05 a 0.20 ± 0.01 a 0.02 ± 0.00 a 0.08 ± 0.0 ab 3.92 ± 0.06 a 
MAN 8.12 ± 0.4 bc 0.78 ± 0.1 b 10.5 ± 1.5 a 5.40 ± 0.77 b 0.38 ± 0.01 b 0.33 ± 0.03 c 0.02 ± 0.01 a 0.11 ± 0.01 c 6.23 ± 0.79 c 
LEG 7.24 ± 0.5 b 0.62 ± 0.2 ab 12.5 ± 3.8 a 3.60 ± 0.17 a 0.42 ± 0.03 b 0.24 ± 0.01 b 0.01 ± 0.01 a 0.07 ± 0.00 a 4.35 ± 0.16 ab 

MAN + LEG 9.21 ± 1.2 c 0.81 ± 0.1 b 11.4 ± 0.8 a 4.08 ± 0.45 a 0.23 ± 0.03 a 0.41 ± 0.03 d 0.02 ± 0.00 a 0.09 ± 0.02 bc 4.83 ± 0.49 b 
TOC—total organic carbon; TN—total nitrogen; CEC—cation exchangeable capacity; TOC/TN was 
calculated based on values from individual replications and, because of that, is not exactly equal to 
ratio calculated based on the means of TOC and TN; a,b,c,d Different letters indicate statistically sig-
nificant differences (n = 3) according to analysis of variance and the Fisher procedure (p  <  0.05) 
performed among treatments in each variant separately.  



Agronomy 2024, 14, 837 7 of 16 
 

 

3.2. Fractional Composition of SOM 
The impact of long-term fertilization on the dynamics of organic C and total N in soil 

has been the subject of many studies [26,57], while changes in the composition of HS have 
rarely been studied [60]. Mi et al. [35] found that, as a result of 4 years of cattle manure 
application, the share of HA and HUM significantly increased. Our results did not confirm 
this; in contrast, in the object fertilized with manure, we found a significant reduction in 
the share of HA, as well as the HA/FA ratio (Table 3). It is also noteworthy that, in the 
MAN, there was a significant increase in the HUM share compared to LEG and MAN + 
LEG. Furthermore, despite the lack of significant differences in TOC between fertilized 
objects (Table 2), the quantity of HUM (g kg−1) increased significantly as a result of manure 
fertilization (Table 3).  

Table 3. Fractions of SOM (mean value ± SD). 

Treatment 
FF HA FA HUM 

HA/FA 
HUM 

C % in TOC g kg−1 
CON  15.3 ± 1.7 b 53.4 ± 5.1 b 7.0 ± 1.8 a 24.3 ± 2.6 bc 8.1 ± 2.5 b 1.32 ± 0.19 a 
MAN 12.6 ± 0.3 a 43.5 ± 2.2 a 15.6 ± 2.9 b 28.2 ± 1.1 c 2.9 ± 0.6 a 2.30 ± 0.21 b 
LEG 13.2 ± 0.2 ab 56.6 ± 1.4 b 10.1 ± 3.9 ab 20.0 ± 2.6 ab 6.1 ± 2.0 ab 1.51 ± 0.25 a 

MAN + LEG 12.4 ± 1.7 a 60.1 ± 5.0 b 11.3 ± 5.2 ab 16.2 ± 3.0 a 6.4 ± 3.7 ab 1.49 ± 0.30 a 
FF—low-molecular compounds; HA—humic acids; FA—fulvic acids; HUM—humin. a,b,c Different 
letters indicate statistically significant differences (n = 3) according to analysis of variance and the 
Fisher procedure (p  <  0.05). 

3.3. TC-GC/MS Analysis of Bulk Soil and HUM 
Thermochemolysis and gas chromatography/mass spectrometry showed that HUM 

was enriched in carbohydrates in almost all pairs of soil and HUM (Table 4). For lignins 
and lipids, there was no consistent trend in differences between soil and HUM. Soil man-
agement was reflected by enrichments in carbohydrates and lignins in bulk soil and HUM 
samples from the treatments MAN, LEG, and MAN + LEG relative to CON. The only ex-
ception was the HUM from MAN + LEG, which had the smallest proportion of lignins.  

Table 4. Proportions (% of total peak area in chromatograms) of carbohydrates, lignin building 
blocks (abbreviated as lignins), and lipids in bulk soil and HUM from treatments of the long-term 
field experiment. 

Treatment 
Bulk Soil HUM 

Carbohydrates Lignins Lipids Carbohydrates Lignins Lipids 
CON 27.8 16.6 39.9 35.8 15.2 43.2 
MAN 33.6 23.4 24.6 38.2 17.4 37.5 
LEG 33.0 19.9 30.5 37.3 26.5 24.5 

MAN + LEG 34.0 19.0 38.7 46.3 14.4 32.5 

Lipids were particularly enriched in the bulk soil and HUM from CON treatment 
(Table 4). This relative enrichment of lipids in the bulk soil samples agrees with the larger 
proportions of lipids in the unfertilized treatment of the “Eternal Rye Cultivation” exper-
iment at Halle/Germany, observed by pyrolysis—[JJ1] field ionization mass spectrometry 
[61]. The same agreement is true for the enrichment of lignins in treatments with manure. 
In another long-term experiment in Germany, the “Static Experiment” at Bad Lauchstädt, 
the manure treated-soil was enriched in lignin dimers, but that treatment also had larger 
proportions of lipids than the unfertilized soil [62]. This indicates that relatively undecom-
posed lignin, probably from straw which had been used as bedding material, enters the 
soil with manure application, causing lignin enrichments. The fate of lipids is not so easy 
to explain. Their relative increase in unfertilized soil (Halle) [61] or CON (Skierniewice, 
see Table 4) indicates strong associations with soil minerals, making these lipids more re-
sistant to microbial decomposition than other, non-bound compound classes. This expla-
nation is supported by the proportions of lipid in the CON and MAN pairs of HUM 
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samples relative to the corresponding bulk soil samples (Table 4), and by the quantita-
tively highest concentrations of extracted lipids in clay-sized fractions of soil [63]. How-
ever, that study also reported higher concentrations of fatty acids in farmyard manure 
treatment relative to NPK in most particle-size fractions and across the entire range of C-
chain lengths. Accordingly, lipids constantly enter the SOM with plant residues and rem-
nants of microbial cell walls, explaining their greater abundance under soil management, 
which tends to increase the SOM level. Our results confirmed that some portion of lipids 
become strongly bound to soil minerals, especially in the HUM (Table 4), explaining their 
relatively higher abundance in CON, which tends to deplete the SOM.  

The relatively large proportion of carbohydrates in the HUM (Table 4) is consistent 
with the summarized evidence for carbohydrate enrichments in clay-size fractions [64]. 
However, plant-derived carbohydrates can also be enriched in specific light fractions that 
are isolated from soil in sand fractions, confirming our observation of tissue fragments in 
some of the HUM, supported by the largest proportion of carbohydrate in the HUM under 
MAN + LEG treatment (Table 4).  

3.4. UV-Vis Analysis of HUM 
UV-Vis spectral curves provide information about the presence of characteristic chro-

mophore groups in the structure of humic substances, and the size of their molecules can 
also be used to obtain information about the progress/intensity of the humification pro-
cess. The HUM absorption spectra obtained are distinguished by the presence of a specific 
band in the region of 245–310 nm with a maximum at a wavelength of 280 nm (Figure 2). 

 
Figure 2. UV-Vis spectra of studied HUM. 

Differences in the intensity of the maximum result from the different properties of 
the HUM themselves, which, in turn, are determined by the properties and method of 
fertilizing the soil. The use of LEG and MAN + LEG clearly increased the absorbance value 
at this maximum. However, fertilization with MAN alone did not affect the absorbance 
value at λ = 280 nm with respect to CON, indicating that legume application was the cause 
of increased UV-Vis absorbance. It is believed that the main chromophores absorbed in 
the UV region are aromatic rings with various degrees and types of substitution, including 
mono and/or polysubstituted phenols and/or various aromatic acids, as well as aliphatic 
chains [38,65,66]. The high intensity of this maximum for HUM from soils with legume 
applied may indicate a more intense substitution in the aromatic ring [67], which was 
confirmed by the higher values of ε280 (Table 5). Clearly, lower values of this coefficient 
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may be caused by mixing into the surface layers of new material that is rich in carbohy-
drates or groups with protein origin and low in aromatic content.  

Table 5. UV-Vis coefficients of studied HUM. 

Treatments E280:E365 E280:E665 E465:E665 ∆logK ε280 ε665 
CON 12.99 102.64 3.64 0.55 86.15 0.84 
MAN 6.92 32.98 2.44 0.43 83.01 2.52 
LEG 6.02 21.83 2.05 0.35 120.99 5.54 

MAN + LEG 14.93 152.66 4.01 0.63 110.20 0.72 

The complex structure of HUM makes their spectra in the visible range featureless 
and, therefore, their visible absorbance is more difficult to explain. Some authors suggest 
that it may be related mainly to extended conjugation in aliphatic and/or polyaromatic 
structures, as well as to the presence of inter- or intramolecular donor–acceptor complexes 
[37]. Significant differences in the absorption spectra of the HUM analyzed in the visible 
region were reflected in the values of the ε665 coefficient (Table 5). The obtained tendency 
of changes in the value of ε665 (LEG > MAN > CON ≥ MAN + LEG) may be related to the 
presence of various conjugations in aromatic and/or aliphatic structures. 

Absorption coefficients, determined at a specific wavelength, are used to assess the 
degree of humification and to assess the aliphatic or aromatic nature of a humic substance. 
The best described coefficient is E465:E665 (ratio of intensity at 465 nm to intensity at 665 
nm). The range of values of this coefficient (2.05 to 4.03) indicate the high molecular weight 
and highly condensed aromatic structure of HUM, as well as the presence of highly hu-
mified ingredients. The slightly lower value of this indicator for HUMs isolated from the 
LEG variant indicates a relatively higher degree of humification and a higher molecular 
weight, suggesting the advantage of cyclic structures over aliphatic ones. 

The value of the E280:E665 coefficient reflects the quantitative ratio of compounds re-
sistant to lignin-type humification to highly humified organic substances. The clearly 
lower values of this coefficient for HUM isolated from the MAN and LEG variants indicate 
their relatively greater degree of humification. This is also confirmed by the values of the 
E280:E365 and ∆logK coefficients.  

3.5. Fluorescence Analysis of HUM 
3.5.1. Synchronous Scan Fluorescence Spectra (SSF) 

In the case of complex heterogeneous compounds, such as HUM, the synchronous 
scanning method can selectively increase the intensity of specific fluorescence peaks and 
improve the resolution of the obtained spectra [68]. The analyzed SSF spectra differ from 
those obtained for other organic matter fractions (HA, FA, and DOM) of various origins, 
and indicated a greater variety of specific maxima in the region of 270–470 nm (Figure 3). 
Additionally, it does not indicate a maximum in the long-wave part of the spectrum, 
which is characteristic, primarily, of the terrestrial HA fraction [69]. It is believed that the 
occurrence of a maximum at a wavelength of 450–600 nm is characteristic of various elec-
tron-withdrawing substituents such as carbonyl groups, especially carboxyl groups 
[70,71]. The decrease in fluorescence intensity in this region may indicate the degradation 
of high molecular weight HA components and the formation of smaller fractions. Addi-
tionally, the presence of substituents containing carbonyl, hydroxyl, alkoxy, and amino 
groups causes a change in fluorescence in the region of longer wavelengths [72]. 
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Figure 3. Synchronous scan fluorescence spectra of HUM. 

The occurrence of maximum fluorescence in the wavelength range of 340–370 nm is 
primarily attributed to structures similar to those present in FA, and these are named the 
fulvic-like band (FLF). In turn, the maximum at 280–300 nm may be related to the presence 
of proteins and/or amino acids present in the HUM molecule, which is named the protein-
like band (PLF). According to many authors [73–76], tyrosine- and tryptophan-type amino 
acids constitute the majority of fluorophores responsible for the fluorescence signal in this 
region. 

The nature of the fertilization used had a significant impact on the polymerization 
and maturity of the HM, which is reflected in the coefficients calculated from the SSF spec-
tra (Table 6). Among the various possible indices, the percentage of each component re-
sponsible for the occurrence of a characteristic band was calculated as the area under the 
curve characteristic of a given region of the spectrum (total fluorescence intensity). HUM 
for the LEG and MAN + LEG variants was characterized by a higher share of fulvic-like 
(%FLF) and humic-like (%HLF) fractions, while the percentage of protein fractions (%PLF) 
was much lower. This indicates a greater degree of humification of the HUM of LEG and 
MAN + LEG compared to the others. This is also confirmed by their lower values of the 
ratio of fluorescence intensity at 325 and 390 nm (wavelengths corresponding to simple 
fluorophores and more strongly coupled and condensed aromatic nuclei, respectively), 
used as a potential measure of the degree of humification. 

Table 6. Selected fluorescence coefficients calculated from SSF and EEM spectra. 

Treatments 
SSF Spectra EEM Spectra 

%PLF %FLF %HLF IFl325:IFl390 HIX f380/f430 f450/f500 
CON 21.6 43.7 8.1 1.34 0.83 1.28 1.83 
MAN 20.1 45.1 8.2 1.49 0.94 1.40 1.73 
LEG 13.0 52.2 9.3 0.79 1.22 1.17 2.04 

MAN + LEG 10.2 50.3 10.6 0.85 1.45 1.14 1.88 
HIX—ratio of fluorescence intensity in the λem∈(400 ÷ 470) nm region to fluorescence intensity in 
the λem∈(320 ÷ 360) nm region of the emission spectra at λex = 254 nm [77]; BIX—calculated from the 
emission spectra at λex = 310 nm, as the intensity quotient fluorescence at λem = 380 nm and λem = 430 
nm, respectively [78]; f450/f500—calculated from the emission spectra at λex = 370 nm, as the fluores-
cence ratio at λem = 450 nm and λem = 500 nm, respectively [79]. 
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3.5.2. EEM Spectra 
Three-dimensional Fl spectra provide a complete representation of the fluorescent 

features of samples in the form of an excitation–emission matrix (EEM). 
The analyzed EEM spectra are similar and are characterized by the presence of a dou-

ble broad maximum of fluorescence (A and B in Figure 4), identified by a pair of excitation 
and emission wavelengths (λex/λem): 270–280/360–390 and 315–330/380–390 nm. Its occur-
rence is attributed to the presence of simple structural components with high molecular 
heterogeneity and a low degree of aromatic polycondensation [80]. In the case of LEG and 
MAN + LEG, a maximum of D stood out in this area (λex/λem = 300–310/405–415 nm), sug-
gesting the presence of more complex structures, such as conjugated quinones and/or phe-
nols with an increased degree of polycondensation [39,81]. Furthermore, a weak C maxi-
mum was identified in the area λex/λem = 355–370/425–455 nm (Figure 4). Its occurrence 
can be attributed to the presence of an extended, linearly condensed network of aromatic 
rings and other systems of unsaturated bonds, capable of a high degree of conjugation in 
high molecular weight and well-humidified units [80]. Table 7 shows the location of the 
characteristic fluorescence maxima and their intensity (IFl). Their highest values were 
demonstrated by HUM from LEG and MAN + LEG samples (except MAN + LEG in area 
A), while the remaining HUM showed lower values or their absence in area D. 

 
Figure 4. EEM fluorescence spectra of HUM. 

Table 7. Location of characteristic fluorescence maxima and their intensity. 

Treatments 
A B C D 

λex/λem IFl λex/λem IFl λex/λem IFL λex/λem IFl 
CON 278/370 50.0 318/387 45.0 365/437 25.0 --- --- 
MAN 280/365 49.8 319/385 49.0 360/450 24.5 --- --- 
LEG 277/379 63.6 326/390 79.8 366/430 50.6 306/412 75.8 

MAN + LEG 275/384 39.2 324/388 60.8 369/429 38.9 308/413 54.5 

Based on the EEM spectra, the characteristic coefficients commonly used to interpret 
the spectra were calculated (Table 6). High HIX values are associated with a greater degree 
of aromaticity in the structure, which indicates the strong humification of the SOM 
[67,77,78]. The addition of legumes promotes the humification of HUM, as shown by the 
values of the HIX, f380/f430, and IFl325:IFl390 ratio. The results obtained do not completely 
coincide with the conclusions drawn from the UV-Vis analysis for MAN + LEG. However, 
due to the very complex structure of humic substances, the analysis of UV-Vis absorption 
does not fully meet the criterion of measurement selectivity and specificity, and some in-
dicators calculated to assess the degree of humification may provide divergent infor-
mation on HS [82].  

4. Summary and Conclusions 
The research carried out confirmed that appropriate cultivation can significantly in-

crease C resources in the soil, contributing to the mitigation of climate change. This is 
particularly effective when using legumes supported by fertilization with manure. The 
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use of such fertilization for 100 years may increase TOC by 67%, while the use of legumes 
alone during such a period may increase TOC by 36%. 

Manure supported by legume fertilization (MAN + LEG), which leads to the greatest 
increase in SOM content, results in a significant increase in the proportion of HA, while 
only manure fertilization (MAN) increased the HUM content. Both CON and MAN ferti-
lization contributed to a greater abundance of lipids in HUM. However, a high proportion 
of lipids, which constantly enter the soil with plant residues and remnants of microbial 
cell walls, was also observed in the CON variant, whereas the soil was depleted in SOM. 
This can be explained by the fact that lipids strongly bind to soil minerals, contributing to 
their relatively greater abundance in the HUM.  

Long-term different soil management strategies not only altered TOC, but also, sur-
prisingly, the chemical composition of HUM, which is considered to be particularly stable 
and a long-term sink of atmospheric carbon. Compared to bulk soil, HUM indicated a 
relatively high proportion of carbohydrates, which is consistent with summarized evi-
dence for carbohydrate enrichment in clay-sized fractions. However, plant-derived carbo-
hydrates can also be enriched in specific light fractions, which confirms our observation 
of tissue fragments in some of the HUM. The highest proportion of carbohydrate in HUM 
was found in the soil after MAN + LEG treatment.  

The application of legumes (LEG and MAN + LEG) was reflected in the most visible 
changes in the UV-Vis and fluorescent properties of HUM. They pointed to a greater de-
gree of HUM humification created under the influence of this kind of management and 
suggested the presence of more complex structures. The obtained results show that fluo-
rescence spectroscopy can be successfully used as a sensitive technique to characterize 
changes in structures resulting from different soil management strategies; however, fur-
ther work is necessary for a better understanding of the processes related to SOM trans-
formation.  
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