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Abstract

:

Agricultural soil use does not only affect the amount of soil organic matter, but also the molecular composition of humic (HAs) and fulvic acids (FAs). Changed hydrothermal conditions and composition of the incoming plant residues are reflected in the rate of humification and its products. The objective of this study was to compare the molecular composition of HAs and FAs isolated from Eutric Albic Stagnic Histic Retisol (Loamic), two Eutric Albic Retisols (Loamic)—mature and arable. Plots of mature Retisols are located at a middle taiga (Komi Republic, Russia) in a bilberry-green-moss birch-spruce forest. The plot of Retisols arable is located in the fields of the Syktyvkar state farm, which is 3.3 km northeast of mature Retisol plots. The development period is about 40 years, it is sowed with a pea-oat mixture. The results obtained indicate that soil reclamation essentially increases the proportion of aromatic components and decreases the content of carboxyl and ester groups in the humic substance (HS) structure. An increased extent of hydromorphism of Retisols leads to the enrichment of HS with aliphatic fragments.
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1. Introduction


The carbon cycle disequilibrium is a key challenge to humanity in the 21st century. An increased concentration of CO2 in the atmosphere and dehumidification of soils are interrelated phenomena and the most typical attributes of anthropogenic disturbances in the global carbon cycle. Therefore, achieving a balance between the emission of carbon dioxide and its absorption through both lower anthropogenic emissions and higher biotic runoff and replenishment of global stocks of soil organic carbon (SOC) is considered the main focus in the strategy for minimizing disturbances to the Earth’s climatic system. The SOC increment rates and limits depend not merely on the quantity and quality of the incoming organic matter, but also on the stabilization of organic components in the soil [1]. For this reason, the information about soil organic matter (SOM) stability is of considerable importance for understanding processes occurring in the biosphere.



In recent years, several articles have questioned the role and even existence of soil humic substances (HS) as a distinct entity in SOM [2]. They are dealt with questions of SOM as a continuum of degradation reactions by unspecified processes from the original biomass inputs to carboxylic acids, and eventually to carbon dioxide without the formation of new classes of compounds along the way.



However, most reputable researchers in the field of HS chemistry fundamentally disagree with these views and highlight errors, misconceptions, misinterpretations, lack of scientific rigor, and failure to consider works and evidence that run counter to their preconceived views [3,4].



We believe that this complex matter (in both literal and figurative senses) could benefit from better cooperation between all scientific disciplines devoted to soil studies. Rather than abandoning the term “HS”, as provocatively suggested by Lehmann and Kleber [2], we propose considering HS as a prominent agent of the soil ecosystem, which adequately mirrors the evolution of SOM depending on the changing environment.



Many articles have been focused on the impact of agricultural soil use on humus composition and properties [5,6,7]. The findings of these studies highlight the degree of transformation of soil humus under the influence of plowing, organic and mineral fertilizers, liming and crop cultivation. However, most of these studies are only cut down to the determination of the total amount of carbon and nitrogen or the analysis of the group and fractional composition of humus. There are significantly fewer articles devoted to the study of the transformation of the molecular composition of HS affected by agriculture. In recent years, the issue of improving the methodological approaches to the study of HS has been quite acute. Traditional research methods (the analysis of the group and fractional composition of humus, etc.) have largely exhausted their potential, and a number of structural research methods widely used in biochemistry turned out to be either difficult to be applied, or too indirect and difficult to interpret, which restricts their widespread use. For further development of HS biochemistry, it is necessary to reach a new level of methodological support associated with the use of modern direct methods for studying the molecular structure and functional properties of HS [8,9].



At present, the use of modern physicochemical research methods has made a more detailed study of the HS molecule structure possible, without a need to resort to molecule destruction. Methods such as IR, NMR, and EPR spectroscopy can provide extensive information not only about the qualitative set of the most important atomic groups and types of bonds, but also about the specific arrangement of individual functional groups and molecular fragments [10]. These physicochemical methods allow studying not merely diluted preparations or dry matter, but also compounds in an intermediate state (such as colloids or gels). A huge advantage of these methods lies in the potential to examine both HS and organogenic (peat or histic-like) horizons or soils in general, without exposing the studied object to any treatment, except for grinding. It permits tackling the problem of the correspondence between HS preparations and native substances, which are part of the unchanged soil composition [11,12,13,14,15]. Advances in the technology of the NMR method have made it possible to use it to study SOM in general and HS in particular. The use of superconducting magnets and Fourier transforms has not only made it possible to calculate the integral signal intensity, but also to separate signals when they are superimposed or exposed to a high noise level [16]. These methodological improvements allow is greater accuracy in quantitative estimates (with lower acquisition time). To obtain spectra of solid matters, the solid-phase method CPMAS (Cross-Polarization Magic-Angle Spinning)—a technique with sample rotation at a magic angle—has been developed [17,18,19]. The advantage of acquiring spectra in a solid-state is the possibility of introducing much more carbon in the sample probe (better signal-to-noise ratio at the same acquisition time). Furthermore, insoluble macromolecular substances (e.g., HS) can be studied, and it is not necessary to find a suitable solvent for the sample, if any.



The aim of this work was to compare the molecular composition of humic (HAs) and fulvic acids (FAs) isolated from mature and arable Retisols by means of 13C NMR spectroscopic analysis.




2. Materials and Methods


Preparations of HAs and FAs were extracted from organogenic horizons of Eutric Albic Stagnic Histic Retisol (Loamic), two Eutric Albic Retisols (Loamic)—mature and arable. Plots of mature soils are laid on the catena: Eutric Albic Retisols (Loamic) and Eutric Albic Stagnic Histic Retisol (Loamic). The high position of the catena in the relief makes it possible to assess the effect of the moisture degree on the acid-base properties of HSs. The Eutric Albic Retisol (Loamic) plot is located at a distance of 8 km west of the city of Syktyvkar (Komi Republic, Russia) on the top of a watershed hill at the back of a microdepression of 1.5 m low (61°39′44.6″ N, 50°41′10.4″ E; 160 m a.s.l.). The vegetation is a bilberry-green-moss birch-spruce forest with many fallen trees. The Eutric Albic Stagnic Histic Retisol (Loamic) plot is located at a distance of 74 m from the previous one (61°39′42.4″ N, 50°41′8.4″ E; 155 m a.s.l.). It is a microhollow between low and flat elevations. The vegetation is a long moss-sphagnum birch-spruce forest. Near the plot, there is a sphagnum cover. The plot of Eutric Albic Retisols (Loamic) arable is located in the fields of the Syktyvkar state farm, which is 5 km southwest of Syktyvkar, on the watershed of the Sysola and Vazhel-yu rivers (61°38′46.1″ N, 50°44′20.7″ E; 145 m a. s. l.). The terrain is flat, with small hills. The development period is about 40 years. The plot is drained by a covered drainage system. It is sowed with a pea-oat mixture.



The ground soil sample was dried to an air-dry state and extracted with a mixture of 0.1 M NaOH and 0.1 M Na4P2O7 solutions. A solution of Na2SO4 (ω = 20%) was added to the alkaline extract to coagulate colloidal particles and were then centrifuged at 10,621× g for 5 h. Furthermore, HAs were precipitated with a solution of 0.1 M H2SO4. FAs were purified on activated carbon AG-3 (JSC Sorbent, Perm, Russia) and desalted by passing through KU-2 cationite (Ural Chemical Company, Chelyabinsk, Russia) in H+-form.



The elemental composition of HAs was determined on the CHNSO-analyzer EA 1110 (Carlo-Erba, Milan, Italy) at the Chromatography Core Facility Center of the Institute of Biology, Komi Scientific Center, Ural Branch of the Russian Academy of Sciences. The mass fraction of oxygen was calculated based on the difference taking the total content of C, N, H, O as 100%. All calculations of the elemental composition of HAs and FAs were corrected to absolutely dry and ash-free preparations. The oxidation degree of HA was calculated according to the following formula: ω = (2x(O) + 3x(N) − x(H)): x(C) [7].



13C NMR spectra of HS preparations were recorded on a pulsed NMR spectrometer Bruker CXP-100 with an operating frequency of 25.18 MHz using the CPMAS solid-phase method (cross-polarization with rotation at a magic angle). The sample rotation frequency was 12.5 kHz, the contact time was 2 ms, the relaxation time was 2 s, the number of accumulations was up to 4000 scans. Chemical shifts are presented with regard to tetramethylsilane with a shift of 0 ppm. To standardize the quantitative characteristics of macromolecules, the ratio of carbon of aromatic structures to the carbon of aliphatic chains was used as a formal indicator [20,21]. In this case, the signals generated by aromatic structures were summarized by us in the range of 108–164 and 183–190 ppm, aliphatic ones—in the range of 0–108 and 164–183 ppm. Statistical processing of the results was performed with the Statistica 12 software package.




3. Results


13C NMR spectroscopy method allows the identification of various functional groups and molecular fragments in the HS composition (Table 1).



The relative content of carbon atoms of the main functional groups and molecular fragments of HA and FA was estimated by integrating absorption lines in the corresponding ranges of chemical shifts. The results obtained are shown in Table 2.



Comparative analysis of the molecular structure of HA and FA preparations showed that FAs are high in oxygen-containing fragment content, which explains their better water solubility and migration ability.



The high content of carboxyl groups (up to 27.1%) determines the acidic aggressiveness of FAs in relation to soil minerals and the ability to form complex compounds with cations of iron, aluminum, and other metals converting them into soluble forms. A large amount of carbohydrate fragments (up to 23.2%) makes FA molecules a preferable object of nutrition for soil microorganisms compared to HAs, where aliphatic chains and aromatic fragments compose more than half of their content and whose oxidation is energetically less favorable.



The evaluated content of functional groups and molecular fragments of HA indicates a significant difference in their composition in the course of transition from the organogenic horizon to the mineral one in all the soils under study. A high degree of aromaticity of HS of the upper horizons (O and T) was noted in both mature Retisols.



The results obtained through 13C NMR spectroscopy were compared with the data on the elemental composition of HS (Table 3). It was found that HAs contain (mol %) 32.2–36.8% of C; 44.6–54.1% of H; 1.25–2.12% of N and 12.48–18.91% of O. FAs are characterized by lower content of C—31.9–33.9%, H—37.9–39.8%, N—0.76–1.54%, and an increased share of O—26.16–27.35%.




4. Discussion


When comparing the molecular structure of HAs in soils with different degrees of hydromorphism, it should be noted that HAs isolated from Eutric Albic Retisol (Loamic) have a higher content of aromatic fragments compared to HAs from Eutric Albic Stagnic Histic Retisol (Loamic). In addition, an increase in the relative content of oxygen-containing functional groups (–COOH, CAr=O and –C=O) in HA molecules was noted during the transition from the O to OEL horizons in Eutric Albic Retisol (Loamic). The content of similar groups in the structure of HAs from Eutric Albic Stagnic Histic Retisol (Loamic), on the contrary, decreases when going from the T to OEL horizon (Table 2). The mentioned fact is explained by aerobic conditions that are formed in Eutric Albic Retisol (Loamic) and facilitate oxidation processes, while Eutric Albic Stagnic Histic Retisol (Loamic) is characterized by anaerobic conditions under which reduction processes take place.



Changes in the molecular composition of FAs in the course of the transition from automorphic to hydromorphic soils are even more apparent. Here, a trend towards an increasing degree of aromaticity of FA preparations remains in the transition from Eutric Albic Stagnic Histic Retisol (Loamic) to Eutric Albic Retisol (Loamic). The content of oxygen-containing groups also increases by 14.5% when moving from the O to OEL horizon in Eutric Albic Retisol (Loamic) and decreases by 5.2% in Eutric Albic Stagnic Histic Retisol (Loamic) when moving away from the T and ELg horizons.



The results obtained by us completely coincide with the data of the literature that has described the main differences between HS formed in the automorphic soils with respect to those formed in the hydromorphic environment. In particular in the case of the hydromorphic environment, HAs are comparatively: (i) more aliphatic; (ii) with low content of oxygen-containing functional groups; (iii) with a comparatively higher content of carbohydrate and protein fragments, and (iv) with a comparatively larger molecular size [22,23,24].



Thus, the processes of humification of plant residues in Eutric Albic Retisol (Loamic) are more intensive, which contributes to the formation of aggressive HAs enriched in oxygen-containing functional groups with a high content of aromatic fragments. HS of Eutric Albic Stagnic Histic Retisol (Loamic), by way of contrast, has a lower degree of aromaticity and mainly contains unoxidized aliphatic fragments, which, in combination with anaerobic conditions, facilitate the gleying process.



The comparative analysis of the results obtained for HAs from mature Retisols in the European northeast of Russia and data on the structural composition of HS isolated from soils of other climatic zones showed that the studied HA preparations are richer in aromatic structures compared to Spodic Cryosols and are lower in aromatic structure content in comparison with the soils of the southern regions, such as Phaeozems and Chernozems [25,26,27]. The indicated regularities of the structural composition of HAs are associated with the rate of humification processes: in the northern regions these processes are slower, and in the southern regions they are more intensive, while HS is more “mature” [7,20].



It has been found that with a higher degree of humification of HAs in the mineral horizons their oxidation degree increases. A decreased oxidation state of FAs from Eutric Albic Retisol (Loamic) and an increased one from Eutric Albic Stagnic Histic Retisol (Loamic) has been observed, while HAs show quite the opposite. This feature can be explained based on the intensity of microbiological activity being a driver for HAs formation. With more intense biological activity, there is the rapid destruction of non-specific compounds, such as proteins and carbohydrates [19,27,28]. Therefore, the higher biochemical activity of Eutric Albic Retisol (Loamic) in comparison with Eutric Albic Stagnic Histic Retisol (Loamic) [29] contributes to the oxidation of HA molecules with an accumulation of the most stable oxygen-containing products. Under similar conditions, FAs are one of the most accessible media for soil microorganisms and therefore they are rapidly used by them and get renewed. As a result, FAs from Eutric Albic Retisol (Loamic) are the youngest and least oxidized. The literature also contains data on an increase in the oxygen content during HA “maturation” [30,31].



A decrease in the C/N ratio in the HAs isolated from Albic Retisols (Loamic) indicates an increase in the proportion of whole nitrogen content, associated with protein fragments. Thus, the nitrogen content in the HAs could be an indicator of acrogenic soil transformation in long-term scenarios.



The Van Krevelen graphical statistical analysis also demonstrates higher oxidation and lower carbon content of FAs compared to HAs (Figure 1), which indicates a significant substitution of aromatic rings and the development of side aliphatic chains [32,33].



The elemental composition of HAs from various Retisols is comparatively well studied, and our results agree with the known data for soils of the boreal zone [1,7,34].



To study the effect of agricultural development on the structural and functional composition of HS by 13C NMR spectroscopy (CPMAS technique), preparations of HAs from the Oara horizon of the arable Eutric Albic Retisol (Loamic) were studied (Figure 2). The influence of soil development on the relative content of functional groups and molecular fragments of HAs is shown in Figure 3.



When comparing the data on the structure of HAs from mature and arable Eutric Albic Retisols (Loamic) (Figure 2 and Figure 3), a relative decrease in the total amount of aliphatic chains accompanied by an 8.4% increase in the content of aromatic structures should be noted, which subsequently leads to an increase in the Σ CAr / Σ CAL ratio in arable soil by half. It was found that plowing results in a decrease in –C–O groups of alcohols, ethers, and carbohydrates in the structure of HAs. It is explained by the fact that agricultural use enhances microbiological activity, which in turn leads to the destruction of the easily hydrolyzable part of HS consisting mainly of carbohydrate fragments [26].



The findings of the elemental analysis of the HAs from the arable Eutric Albic Retisol (Loamic) also confirm that agricultural development leads to an increased proportion of aromatic fragments, which is expressed as a lower (H/C)cor ratio compared to the mature soil samples (Table 3). Literature data also indicate a significant transformation of the carbon skeleton of HA macromolecules manifested in a relative increase in the total content of aromatic structures as a result of agricultural use [5,22,35].




5. Conclusions


The following functional groups and molecular fragments have been identified in the structure of HS: carboxylic; carbonyl; aliphatic; alcohols, ethers, and carbohydrates; phenolic; quinone; and aromatic ones. It was found that aliphatic structures prevail in the FA composition, while HA is dominated by aromatic structures.



Excessive moisture does not only affect the amount of accumulated HS, but also their molecular structure, namely, by causing accumulation of HS enriched with aliphatic structures in the semi-hydromorphic Eutric Albic Stagnic Histic Retisol (Loamic). The presence of a significant amount of unoxidized aliphatic fragments in the HAs structure from Eutric Albic Stagnic Histic Retisol (Loamic) is due to anaerobic conditions.



Agricultural development of Eutric Albic Retisols (Loamic) leads to the transformation of the molecular structure of HS, which manifests itself in a relatively higher proportion of aromatic molecular fragments and a decreased amount of carbonyl groups, which makes HAs less acidic and facilitates their accumulation in the arable horizon.
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Figure 1. Distribution of preparations by atomic ratio in the (H/C)cor – O/C coordinates. 
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Figure 2. CPMAS 13C NMR spectra of HAs from mature (1) and arable (2) Retisols. 
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Figure 3. Relative content of structural fragments in HAs from mature and arable Retisols: aliphatic –CH, –CH2, and –CH3 groups (1); amino group C and –O–CH3 structures (2); carbohydrate, alcohol, and ether –C–O groups (3); aromatic C (4); phenol CAr –O (5); –COOH groups (6); quinone CAr =O (7) and aldehyde and ketone –C=O groups (8). 
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Table 1. 13CNMR chemical shifts of molecular groups and fragments of humic substances.
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	Chemical Shift, ppm
	Molecular Groups and Fragments





	0–47
	Aliphatic –CH, –CH2, and –CH3 groups



	47–60
	Amino group C and –O–CH3 structures



	60–108
	Carbohydrate, alcohol, and ether –C–O groups



	108–144
	Aromatic CAr



	144–164
	Phenol CAr –O



	164–183
	Carboxyl C



	183–190
	Quinone CAr =O



	190–204
	Aldehyde and ketone –C=O groups










[image: Table] 





Table 2. Percentage of carbon in the main structural fragments of humic substances (according to 13C NMR data).






Table 2. Percentage of carbon in the main structural fragments of humic substances (according to 13C NMR data).





	
Horizon

	
HS Type

	
Chemical Shift, ppm

	
Σ CAr

Σ CAL

	
Aromaticity, %




	
0–47

	
47–60

	
60–108

	
108–144

	
144–164

	
164–183

	
183–190

	
190–204






	
Eutric Albic Retisols (Loamic)




	
O

	
HAs

	
22.4

	
8.1

	
12.8

	
33.5

	
10.0

	
11.3

	
0.5

	
1.4

	
0.79

	
44.0




	
FAs

	
23.3

	
6.6

	
23.2

	
18.6

	
7.4

	
19.6

	
0.6

	
0.7

	
0.36

	
26.6




	
OEL

	
HAs

	
40.7

	
8.6

	
8.9

	
18.8

	
7.1

	
12.1

	
1.7

	
2.1

	
0.38

	
27.6




	
FAs

	
25.1

	
6.4

	
18.6

	
10.3

	
4.2

	
25.0

	
3.2

	
7.2

	
0.22

	
17.7




	
Eutric Albic Stagnic Histic Retisol (Loamic)




	
T

	
HAs

	
23.2

	
6.0

	
11.8

	
22.4

	
8.8

	
17.0

	
4.3

	
6.5

	
0.55

	
35.5




	
FAs

	
19.5

	
2.4

	
20.2

	
12.9

	
4.2

	
26.3

	
5.1

	
9.4

	
0.29

	
22.2




	
ELg

	
HAs

	
50.5

	
2.8

	
7.3

	
16.9

	
4.7

	
12.8

	
2.7

	
2.3

	
0.32

	
24.3




	
FAs

	
31.2

	
2.7

	
17.9

	
8.7

	
3.3

	
27.1

	
2.5

	
6.6

	
0.17

	
14.5
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Table 3. Distribution and elemental composition of HAs and FAs.






Table 3. Distribution and elemental composition of HAs and FAs.





	
Horizon

	
HS Type

	
Content, g/kg Soil

	
Molar Content, %

	
Atomic Ratio

	
(H/C)cor 1

	
Degree of Oxidation (ω)




	
C

	
H

	
O

	
N

	
H/C

	
O/C

	
C/N






	
Eutric Albic Retisols (Loamic)




	
O

	
HAs

	
5.6 ± 0.28

	
35.6 ± 0.4

	
44.6 ± 0.9

	
17.88 ± 0.18

	
1.96 ± 0.10

	
1.25

	
0.50

	
18.2

	
1.92

	
−0.08




	
FAs

	
18.2 ± 0.9

	
33.3 ± 0.3

	
39.1 ± 0.8

	
26.16 ± 0.26

	
1.42 ± 0.07

	
1.17

	
0.786

	
23.4

	
2.22

	
+0.52




	
OEL

	
HAs

	
6.0 ± 0.3

	
35.2 ± 0.4

	
44.7 ± 0.9

	
18.00 ± 0.18

	
2.12 ± 0.11

	
1.27

	
0.51

	
16.6

	
1.95

	
−0.07




	
FAs

	
5.50 ± 0.28

	
33.0 ± 0.3

	
39.5 ± 0.8

	
26.75 ± 0.27

	
0.76 ± 0.04

	
1.20

	
0.811

	
43.4

	
2.29

	
+0.49




	
Eutric Albic Retisols (Loamic) arable




	
Oara

	
HAs

	
6.1 ± 0.3

	
36.8 ± 0.4

	
46.0 ± 0.9

	
15.10 ± 0.15

	
2.07 ± 0.10

	
1.25

	
0.41

	
17.8

	
1.80

	
−0.26




	
FAs

	
4.23 ± 0.21

	
32.2 ± 0.3

	
39.6 ± 0.8

	
27.35 ± 0.27

	
0.83 ± 0.04

	
1.23

	
0.849

	
38.8

	
2.37

	
+0.55




	
Eutric Albic Stagnic Histic Retisol (Loamic)




	
T

	
HAs

	
11.0 ± 0.6

	
34.5 ± 0.3

	
44.8 ± 0.9

	
18.91 ± 0.19

	
1.81 ± 0.09

	
1.30

	
0.55

	
19.1

	
2.04

	
−0.04




	
FAs

	
18.3 ± 0.9

	
33.9 ± 0.3

	
37.9 ± 0.8

	
26.65 ± 0.27

	
1.54 ± 0.08

	
1.12

	
0.786

	
22.0

	
2.17

	
+0.59




	
EL

	
HAs

	
8.5 ± 0.4

	
32.2 ± 0.3

	
54.1 ± 1.1

	
12.48 ± 0.13

	
1.25 ± 0.06

	
1.68

	
0.39

	
25.7

	
2.20

	
−0.79




	
FAs

	
10.5 ± 0.5

	
31.9 ± 0.3

	
39.8 ± 0.8

	
27.24 ± 0.27

	
1.08 ± 0.05

	
1.25

	
0.854

	
29.5

	
2.39

	
+0.56








1 (H/C)cor = (H/C) + 2 × (O/C) × 0.67 [7].
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