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Abstract: The establishment of a network of monitoring sites (term in Russian—«carbon polygons») for
monitoring climatic processes as well as the emission and deposition of carbon compounds in various
ecosystems is one of the priority tasks in the field of climate and biosphere conservation in the world.
This paper presents the results of the study of the soil sections of the «Ladoga» carbon monitoring
site. Folic Podzol (Arenic) and Fibric Histosol were considered. These soils are widely represented
in the southern taiga subzone and can be used as benchmark monitoring soil sections. As a result of
the analysis of chemical parameters, it was revealed that Fibric Histosol and Folic Podzol (Arenic) are
characterized by an acidic reaction of pH, pronounced podsolization, and peat accumulation. Fibric
Histosol stores a significant amount of soil organic matter (SOM) up to 42.95 kgC/m?. In the analysis
of the molecular composition of humic acids (HAs) extracted from the studied soils, it was found
that HAs from Fibric Histosol were characterized by a relatively high content of aromatic structural
fragments (27-41%), while in Folic Podzol (Arenic), aliphatic structural fragments prevailed (up to 70%).
The increase of aromatic structural fragments in the HAs composition indicates the stabilization and
conservation of SOM. The creation of a monitoring network will make it possible to identify the main
trends of SOM accumulation, determine the conditions under which accumulation occurs, and calculate
its contribution to climate change on the planet.

Keywords: carbon stocks; SOM quality; HAs; 13C CP/MAS spectroscopy; Podzol; Histosol

1. Introduction

Soil organic matter (SOM) is a major component of the pedosphere. The Food and
Agriculture Organization (FAO) estimates that the largest reservoir of organic carbon is in
the humid boreal zone (up to 356 Pg C in 1 m of soil), which, as a result of climate change
and landscape degradation, may make an additional contribution to climate change [1].
According to the Kyoto Protocol [2], countries that have ratified the protocol must reduce
their carbon dioxide emissions to the level set by the protocol and, as part of the Paris
Agreement, contain the temperature rise to 1.5 °C [3]. In the context of the climate crisis,
the sequestration of carbon from the atmosphere as well as the assessment of carbon
stabilization in soils are among the important tasks of climate preservation [4]. Various
programs aimed at assessing the sequestration potential of territories and SOM stocks are
initiated in different countries to implement these tasks [5]. Programs of carbon capture
and sequestration are actively applied in America, Canada, Europe, and Australia. One
of the mechanisms of implementation of these programs is sustainable soil management
(SSM) [6]. SSM aims to increase the content of SOM and increase the process of carbon
sequestration, thereby contributing to the mitigation of climate change [7,8]. To achieve
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this, a “low-carbon” development strategy has been initiated in various countries around
the world, which involves reducing carbon dioxide and methane emissions through the use
of techniques that prevent the rapid mineralization of organic residues in the soil [9-11].
This strategy corresponds to the goals of the international initiative “4 per 1000” [12]. The
“4 per 1000” initiative consists of the application of carbon-saving technologies. According
to the data of A.L. Ivanov and V.S. Stolbovoy, soils in Eurasia could be able to absorb up to
23-28% of the annual carbon dioxide emissions of the territory. This initiative will operate
for 12 to 15 years, which corresponds to the saturation of arable soils with carbon [12]. The
cold temperate humid zone, which is located in eastern Europe, Canada, and America, is
the most active zone in terms of carbon stocks, but according to calculations of experts
from FAO UN, it has less potential for sequestration than warmer and wetter zones of the
world [4]. It is worth noting that monitoring of natural ecosystems and the creation of
databases based on monitoring sites will make it possible to track changes in the balance of
carbon and its stocks, as this is a key task under conditions of climate change.

In Russia, to analyze the spatial patterns of SOM stocks and assess the sequestration
potential of the territory, the program “Carbon polygons” was established [13], and on
2 September 2022, the most important innovation project of the government “Carbon in
ecosystems: monitoring” was established, which will include a network of carbon moni-
toring sites in the future [14]. Carbon monitoring sites are the place where carbon dioxide
emissions and accumulation of SOM are monitored in different types of terrain and land
cover. Forest ecosystems of the boreal zone represent a wide range of system-forming
ecosystem services, in particular, regulation of the water cycle, atmospheric gas composi-
tion, formation of a favorable climate, and soil protection [15]. Under conditions of climate
change, the role of such ecosystem services is important as climate regulation increases.
Forest cover is capable of sequestering carbon from the atmosphere in significant quantities
and storing it in a stable form in the environment [15]. One of the most important areas of
work on the carbon monitoring site is the problem of assessing the reservoir and trends
of stabilization of organic matter in different natural zones and ecosystems [16-18]. By
stabilization, we mean the process by which SOM is formed resistant to biotic and abiotic
influences [19]. Humic acids (HAs) are determined as a complex of polydispersed materials
formed in soils by biochemical reactions during the decay and transformation of plant and
microbial remains [20]. Their functional features are determined by the following parame-
ters: climate, precursors of humification, composition, and activity of soil microbiota [21].
The development of climate projects in recent years and the relevance of the issue of stocks,
quality, and sequestration of carbon are due to active climate change. Reports at COP 27
suggested that the past eight years were the warmest on record and that the 1.5 °C limit in
the Paris Agreement would not be sustainable and temperatures would increase rapidly.
Thus, climate change issues are now the most important challenge in terms of science and
the preservation of the planet. In this regard, the purpose of this work is to assess the
parameters of soil organic matter of the “Ladoga” carbon monitoring site. To achieve this
purpose, the following tasks were set: (1) investigate the basic chemical and microbiological
properties of soils; (2) calculate the content and stocks of soil organic carbon and nitrogen;
(3) study the molecular structure of HAs extracted from soils of the carbon monitoring site.

2. Materials and Methods
2.1. Study Area

The “Ladoga” carbon monitoring site will be located in the Voeykovo settlement, south
of the Vsevolozhsk district of the Leningrad region (Figure 1). The formation of the carbon
monitoring site will take into account the implementation of the national MRV protocol,
where MRV monitoring, reporting, and verification will allow to calculate the amount
of sequestration of greenhouse gas emissions. Leningrad region borders the territory
of Finland and the European Union, which will further allow comparisons between the
sequestration potential of the territory of Russia and Finland. The area is represented by
a fluvioglacial eskers relief form; in front of the eskers uplands, the Holocene lowland
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of Ladoga lake is located, which is merged with the current Ladoga water edge. Such
forms of relief combine elevations and depressions on which form various types of soils
confined to both drained and over-watered areas [22]. That allows us to study both zonal
and introzonal soils characteristic of the Scandinavian Peninsula within one monitoring
site. This area belongs to the southern taiga type of zonal plant classification [22]. The
parent materials are presented by fluvioglacial sands. The plant cover is represented
by Pinus sylvestris, Vaccinium myrtillus, Vaccinium vitis-idaéa, and Athyrium felix femina
in the elevations, and Betula pendula, Calamagrostis arundinacea, Sphagnum platyphyllum,
Vaccinium vitis-idaéa in the depressions of the relief. The study area is characterized by a
temperate climate, transitional from oceanic to continental, with moderately mild winters
and moderately warm summers. The average annual temperature is +5.6 °C, the minimum
temperature is —27 °C, and the maximum temperature is +37.7 °C. The average annual
relative humidity is 79%. The annual amount of precipitation is 707 mm, and the average
number of days with precipitation is 235. The average height of snow cover for 2021-2022
was 41.1 mm [23]. The temperature data were obtained from the meteorological station
“Voyeikovo” in the Voyeikovo settlement.

Ladoga
lake

e

"“"Ifad‘t‘oga” t
carbon monitoring site
Gulfof 3
Finland

BT T4

“VoeyKove”-weather station
L& rsd

e |

Figure 1. Location of “Ladoga” carbon monitoring site. Soil ID corresponds to Table 1. (a) North-West
of Russia, (b) “Ladoga” carbon monitoring site.

To study the soil cover, two soil transects were made on the top of the hill and in
the Holocene lowland of Ladoga lake. Soil description pits are presented in Table 1 and
Figure 2.
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Table 1. The description of study soils.
Soil Profile Horizon * Depth, cm Description Coordinates Soil Name **
Topsoil horizon with moderately
Oe 0-2 . .
decomposed organic material
A/E 213 Accumulation of organic matter with signs 59°56'50.2" N,
P of loss of silicate clay and iron. 30°42/53" E. Height  Folic Podzol
Bs 13-34 Spodic horizon with illuvial accumulation is 69 m above sea (Arenic)
iron and aluminum sesquoixides level (a.s.1.).
B/C 34-45 Transitional horizon with stones
C 45-79 Parent materials (fluvioglacial sands)
Hi; 0-10 Slightly decomposed organic material
Hi, 10-20 Slightly decomposed organic material 59°56/52" N, Fib
CP-2 His 20-30 Slightly decomposed organic material 30°43'03.1" E. Hi;tglsi)l
Hey 30-40 Moderately decomposed organic material Heightis 47m a.s.l.
He; 40-50 Moderately decomposed organic material

69 m
a.s.l.

Om
a.s.lL

* Guidelines for soil description [24]. ** FAO WRB [25].

Esker— Kame
Postglacial
Landforms

The Ladoga Lowland

_ Podzols

Figure 2. The studied soil sections of the “Ladoga” carbon monitoring site.

2.2. Methods
2.2.1. Chemical Analysis

The air-dried samples were grounded and passed through a 2 mm sieve in the Labora-
tory of Applied Ecology department of Saint-Petersburg State University. Soil samples were
collected for each horizon to analyze chemical properties. Soils were analyzed according
to the following parameters: actual acidity (pHH,O) and potential acidity (pHCaCly), by
a stationary pH meter in an aqueous solution and 1N CaCL; solution, respectively. The
microbiological activity of soils and basal respiration using incubation chambers was deter-
mined [26]. The organic carbon and organic nitrogen were analyzed on a CHN analyzer
(EA3028-HT EuroVector, Pravia PV, Italy). Carbon stocks (volumetric concentration) within
each horizon were determined by the formula:

SOC =p x Coc x Hx0,1 1
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where, SOC—soil organic carbon (kg/ m?); p-horizon density; Coc-Organic carbon con-
tent (%); 0,1—conversion factor; H—depth, m.
Nitrogen stocks (volumetric concentration) within each horizon were determined by
the formula:
N=pxNcxHxQ0,1 )

where, N—nitrogen stocks (kg/m?); p-horizon density; Nc-nitrogen content (%); 0,1—
conversion factor; H—depth.

Precision Range: Carbon—=0.01 mg or £0.5% RSD (Relative standard deviation);
Nitrogen—=-0.02 mg or +0.5% RSD.

2.2.2. Elemental Composition of HAs

HAs were isolated from studied soils according to the method recommended by
the International Society for the Study of Humic Substances in modification by Vasile-
vich [27]. The elemental composition of HAs is the percentage content of the elements
C, H, N, and O. For the graphical analysis of the elemental composition, we used the
van Krevelen diagram [20,28], using H/C-O/C ratios to determine the direction of hydro-
genation/dehydrogenation and oxidation/reduction in humic substances. The elemental
composition was corrected for weight, moisture, and ash content. The oxygen content was
calculated from the difference in mass of whole samples and gravimetric concentrations of
C, N, H, and ash. Determination was carried out on an elemental analyzer (EA3028-HT
EuroVector, Pravia PV, Italy). The H/C ratio was calculated by the following Formula (1):

_ (H,%/1.01)
H/C= (C,%/12.01) M)
The O/C ratio was calculated by the following Formula (2):
_ (0,%/16)
o/C= (C, %)/ (12.01) )

2.2.3. Procedure of CP/MAS *C-NMR Spectroscopy

Solid-state spectra of HAs were determined by CP/MAS *C-NMR spectroscopy on a
Bruker Avance 500 NMR spectrometer in a 3.2 mm ZrO, rotor. The magic angle rotation
rate was 20 kHz, and the nutation frequency for cross-polarization ul/2p 1/4 62.5 kHz.
The repetition delay was 3 s. Information on the mass of extractable HAs is presented in
Table 2. The extraction yields of HAs were calculated by the following Formula (3):

. . Mass of HAs,
Extraction yields of HAs, % = # x 100% (©)]
Mass of soil, g
Table 2. The basic information about HA extraction.
Soil Horizon Mass of Soil, g Mass of HAs, g Extraction Yields of HAs, %
CP-1 Oe 51.48 0.77 151
CP-1 A/E 65.40 0.58 0.93
CP-1 Bs 102.64 0.03 0.03
CP-2 Hi; 26.15 1.32 5.01
CP-2 Hij, 31.04 1.93 6.22
CP-2 Hig 25.26 0.95 3.84
CP-2 He; 39.08 0.19 0.52

CP-2 Hep 39.63 0.51 8.01
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Soil Horizon, cm

Eight chemical groups in HA were identified by 13C-NMR spectroscopy. Signals from
C, H-substituted aliphatic fragments (0—47 ppm), methoxyl and O-, N-substituted aliphatic
fragments (46-60 ppm), aliphatic fragments twice substituted with heteroatoms (incl. carbo-
hydrate) and methine carbon of esters and ethers (60-105 ppm), C, H-substituted aromatic
fragments (105-144 ppm), O, N-substituted aromatic fragments (144-164 ppm), carboxyl
groups, amides and their derivatives (164-183 ppm), quinone groups (183-190 ppm) and
aldehyde and ketone groups (190-204 ppm) were identified. The aromatic fragments were
determined by the sum of chemical shifts 108-164 and 183-190 ppm. The aliphatic frag-
ments were determined by the sum of chemical shifts 0-105, 164-183, and 190-204 ppm. The
degree of hydrophobicity (AL h,r+AR h,r) was calculated as a sum of 0-47 and 105-144 ppm.
The degree of organic matter transformation (C,H-AL/O,N-AL) was determined by the
ratio of integrals in the areas of 0—46/46-110 ppm. The calculation of chemical shifts was
performed in MestReNova software (Mestrelab Research, Santiago de Compostela, Spain).

3. Results
3.1. Chemical and Microbial Characteristics of Studied Soils

The soils of the “Ladoga” carbon monitoring site are developed in the southern taiga
subzone, characterized by a leaching type of water regime, peat formation, migration of
mobile iron and aluminum, and humus formation. Profile CP-1 is represented by Folic
Podzol (Arenic); the soil is characterized by an acidic reaction of pH from the surface and a
gradual transition to a weakly acidic reaction near the parent rocks (Figure 3). In the profile,
there are processes of Podzol formation and the formation of whitewash in the horizon
A/E, which is associated with the destruction of soil minerals by acidic organic acids and
their redistribution in the underlying horizon CP-1 Bs. Morphological features of gleying
are absent, which is associated with a relatively high position in the relief. According to the
analysis of soil respiration, we note a gradual decrease in microbiological activity from the
surface to the parent rock (from 45.4 to 23.8 mg CO, g~ ! day !, respectively).

. Very strongly alkaline
CP-1Oe, 0-24 5.88 5.21 CP-2 H|1, 0-104 5.16 4.97 Strongly alkaline
e Alkaline
CP-1 A/E, 2-13- 5.62 4.46 6 CP-2Hi,, 10-20q 5.28 4.59 Moderately alkaline
c Slightly alkaline
CP_1Bs, 13-344 588 47 | § cr2mi, 20304 470 461 Very slightly alkaline
—1Bs, 15 . : S —< A, 29— : : Neutral
- Slightly acid
CP-1B/C, 34-454 5.90 5.29 (,0) CP-2 He,, 30-40+ Moderately acid
Strongly acid
CP-1C,45-79{ 602 | 495 CP-2 He,, 40-50 Very strongly acid
Extremely acid
I I
pH H,O pH CaCl, pH H,O pH CaCl,

Figure 3. The pH distribution of studied soils. (A) Folic Podzol (Arenic), (B) Fibric Histosol.

Profile CP-2 is represented by Fibric Histosol; the soil is developed in the depression,
in the zone of active hydromorphism of the lowland. This soil has been in overwatering
conditions for a long time. The pH reaction of this soil varies from acidic to very acidic.
A characteristic feature of this soil is a low degree of transformation of organic remains;
with depth, the degree of transformation gradually increases. According to data on soil
respiration, the microbiological activity of the soil decreases down the profile (from 223.7
to 101.4 mg CO, g~ ! day~!). The microbiological activity of Fibric Histosol is five times
higher than that of Folic Podzol (Arenic) (Figure 4).
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45
200

E 4 40
CP-1 A/E, 2—13- 32.8 5 CP-2 Hi,, 10-20- 187.3
[
o
CP-1Bs, 13-34- 315 F 13° 5§ CP-2 Hig, 20-30- 1415
L - 1150
CP-1BJ/C, 3445+ 24.7 L 130 3 CP-2He,, 30—40- 116.0
CP-1C, 45-79- 2338 | |,s  CP-2He,, 40-50- 101.4
1 o T —
mg CO,100g 24 h™" mg CO, 100g 24 h™"

A B

Figure 4. The soil basal respiration of (A) Folic Podzol (Arenic) and (B) Fibric Histosol.

3.2. Carbon Stocks of «Ladoga» Carbon Monitoring Site

An important ecological function of boreal soils is the sequestration and deposition of
SOM. During the process of climate change, the emission of carbon into the atmosphere
may be greater than its accumulation in the soil; this may affect the global carbon cycle and
accelerate climate change on the planet.

We analyzed the indicators of the humus condition of the soils of the “Ladoga” carbon
monitoring site (Figures 5 and 6). The carbon content of Folic Podzol (Arenic) varies from
very high (in the CP-1 Oe horizon) to very low (in the CP-1 C horizon), from 7.54 to 0.17%,
respectively. There is a sharp decrease in the organic carbon content down the profile. The
total carbon stock content is 7.92 kg/m?, and the highest carbon storage is observed in the
CP-1 A/E transitional horizon (3.52 kg/m?), where the process of humification is most
active. Nitrogen content varies from 0.43% in the CP-1 Oe horizon to 0.03% in the CP-1 C
horizon. As well as with the carbon content, there is a sharp decrease in nitrogen down
the profile. The total nitrogen stock in Folic Podzol (Arenic) is 0.66 kg/m?; the highest
nitrogen stock is observed in the CP-1 A/E transitional horizon and is 0.22 kg/m?. Carbon
enrichment of nitrogen in upper soil horizons is very low. This is due to the fact that
forest plant litter is poor in ash elements and nitrogen, as well as increased leaching of
water-soluble organic acids down the profile.

The studied Fibric Histosol shows a very high carbon content throughout the profile
with a maximum at a depth of 20-30 cm. The high carbon content is associated with an
increased degree of hydromorphism in the area, peat formation, and peat accumulation.
Fibric Histosol is characterized by a very high carbon stock, the total carbon stock being
42.95 kg/m?. The greatest accumulation of carbon occurs at a depth of 10-20 cm. Nitrogen
content in the studied soil varies from 0.69 to 2.83%; the maximum content is observed at a
depth of 10-20 cm. Nitrogen accumulation in Fibric Histosol is 2.36 kg/m?. The highest
accumulation of nitrogen occurs at a depth of 10-20 cm.

Histosols, on par with Chernozems, sequestered the greatest amount of carbon
from the atmosphere and are also capable of accumulating and storing it in the form
of SOM [29,30]. Therefore, the greatest attention in terms of the contribution of soils to
climate change should be given to Histosols because, as a result of the degradation of these
soils, a significant amount of carbon can be released into the atmosphere, which provides
an additional contribution to climate change on the planet.
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Folic Podzol (Arenic)
CP-1Oe, 0-2 CP-10e, 0-2
© ¢ 30
£ £
S CP-1AJE,2-13 S CP-1AE,2-13
S S
£ cP-1Bs 13-34 § CP-1Bs, 13-34 20
I I
S CP-1BIC, 34-45 3 CP-1BIC, 34-45
(2] ) 1.0
CP-1C, 45-79 CP-1C, 45-79
C.% C stock, kgxm ™2 cP-10e,0-24 205
£
Toml & stock S CP-1AE,2-13{ 186
in profile: =
_: o
7.92 kgxm? £ cpiss 1334 121
I
3 CP-1BIC, 34-45- 7.4
(]
CP-1Og, 0-2 0.4 CP-10Oe, 0-2 0.2 CP-1C, 45-79- 6.6
S S T
S CP-1AE, 2-13 03 S CP-1AE, 2-13 C/N
[ c
<] S 0.2
& CcP-1Bs, 13-34 £ CP-1Bs, 13-34
o 0.2 o
I I
S CP-1BIC, 34-45 3 CP-1B/C, 34-45 m 0.1
(] 01 (/2]
CP-1C, 45-79 ’ CP-1C, 45-79
0.1
N,% N stock, kgxm™2
Total N stock
in profile:
0.66 kgxm2
Figure 5. Carbon and nitrogen stocks in Folic Podzol (Arenic).
Fibric Histosol
CP-2 Hiy, 0-10 46.0 CP-2 Hi;, 0-10
S £
S CP-2 Hiy, 10-20 440 S CP-2Hiy, 10-20
c c
[e] [e]
N cp_oHi N cP-2 Hi,, 20-
S CP-2Hig, 20-30 46.35 420 5 CP-2Hi; 20-30
I I
S CP-2 Hey, 30-40 3 CP-2 He,, 30-40
@ 400 @
CP-2 He,, 40-50 CP-2 He,, 40-50
C.% C stock, kgxm 2 CP-2Hi, 0104 204
£
Total C stock S CP-2Hi,10-204  17.3
in profile: g
42.95 kgxm™2 T CP-2His, 20-30 203
I
3 CP-2 He,, 30-40- 26.8
(2]
CP-2 Hij, 0-10 m CP-2 Hiy, 0-10 0.8  CP-2Hey, 40-50 28.0
= £ T
S CP-2 Hiy, 10-20 2.5 ©  CP-2 Hiy, 10-20 CIN
S S
£ CP-2Hiy, 20-30 £ CP-2 Hig, 20-30 0.6
I I
3 CP-2Hey, 30-40 1.91 20 3 CP-2He,, 30-40
: ()
CP-2 He,, 40-50 1.69 CP-2 He,, 40-50 0%
N,% N stock, kgxm 2
Total N stock
in profile
2.36 kgxm2

Figure 6. Carbon and nitrogen stocks in Fibric Histosol.
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3.3. Elemental Composition of HAs

The elemental composition of HAs is the most important indicator determining the
progress of oxidation/reduction and hydrogenation/dehydrogenation processes. The
HAs we investigated extracted from the soils of the proposed carbon monitoring site
accumulated up to 55.41% C in the CP-2 Hij in the Histosol horizon (Table 3). The smallest
amount corresponded to CP-2 Hi; in Histosol. The highest nitrogen content was observed
in the horizon in the upper CP-1 Oe horizon. The studied soils are characterized by a
relatively high C content in the HA composition compared to the Arctic tundra soils, where
the C content varies from 36 to 44% [31]. The increased C fraction in peat soils in the middle
part of the profile may indicate more homogeneous conditions of humification of plant
residues [32]. The H/C ratio is an indicator of the stability of HAs in soils. Based on the
obtained data, we can conclude that the process of hydrogenation is most active in sample
CP-2 Hi2. It indicates that the process of hydrogen addition to carbon can be caused by the
process of humification in extra-humid conditions.

Table 3. The elemental composition of HAs isolated from soils of the carbon monitoring site (n = 3).
Sample ID corresponds to Table 1.

Soil Horizon C, % N, % H, % 0, % o/C H/C
CP-1Oe 56.43 1.94 4.94 36.69 0.46 1.04
CP-1A/E 55.37 1.80 4.66 38.17 0.49 1.00

CP-1 Bs 54.75 143 4.64 39.18 0.51 1.01

CP-2 Hi; 54.43 1.41 4.60 39.56 0.52 1.00

CP-2 Hi, 54.47 1.42 451 39.60 0.52 0.98

CP-2 Hig 58.35 1.53 5.14 34.98 0.43 1.05

CP-2 Heq 56.87 1.56 4.88 36.69 0.46 1.02

CP-2 Hep 54.81 1.52 5.28 38.39 0.50 1.15

Standard deviation (SD) 1.41 0.19 0.27 1.65 - -

For the graphical analysis of the elemental composition, the van Krevelen diagram
is presented. According to this diagram, we can identify the main chemical changes that
occur during the transformation of humic acids during soil formation (Figure 7).

Hydrogenation CP-2 He:
1.14 [ ]
Reduction Oxidation
1.08 Dehydrogenation
CP-2 His
U ® CP-1 Oe
‘E ®
CP-2 Hex
1.02 ([ ] CP-1 Bs
e  CP-2Hi
L ]
[ J
CP-1A/E CP-2 Hix
[
0.96
0.41 0.47 0.53
o/C

Figure 7. The van Krevelen diagram of the elemental composition of HAs. Sample ID corresponds to
Table 1.
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CP-1 Oe

o

CP-1A/E

Aromatic
C-C/C-H

From the obtained diagram, we can conclude that the most hydrogenated HA molecules
are formed in the CP-2 He; horizon, which may indicate a high degree of hydromorphism
and low microbiological activity in the underlying soil horizon. The process of dehydro-
genation is characteristic of the other studied HAs extracted from the soils of the carbon
monitoring site. The process of oxidation of organic residues is most pronounced in the
upper soil horizons in Histosol and CP-1 Bs, in which illuviation of haloxides in complex
with humus substances occurs.

3.4. 13C NMR Spectroscopy of Studied HAs Isolated from Soils of the Carbon Monitoring Site

We have interpreted the spectra of humic acids obtained according to the 3C NMR
spectroscopy method. The obtained spectra are shown in Figure 8. The HAs extracted
from Folic Podzol (Arenic) are characterized by the predominance of aliphatic structural
fragments, with the greatest contribution from nonpolar alkyls (0-46 ppm). However,
aromatic structural fragments (aromatic C=C/C-H) occupy a significant proportion of the
HA structure of these soils. Considering the intraprofile distribution, we can note that the
share of aliphatic structural fragments (C,H-alkyl) decreases from the soil horizon CP-1
Oe to the middle horizon CP-1 Bs (37-28%, respectively). Aromatic structural fragments
in the HA structure increase from 34 to 40%. We noted that in the CP-1 Bs horizon, with
the decreases in C,H-alkyl and aromatic C=C/C-H, the content of structural fragments of
the O, N-substituted aromatic fragments increases (up to 13%). This may be due to the
redistribution of organic acids along the profile and the accumulation of sesquioxides in
the CP-1 Bs horizon.
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Figure 8. 13C CP/MAS NMR spectroscopy of studied HAs isolated from soils of the “Ladoga” carbon
monitoring site.

In the studied spectra of HAs extracted from Fibric Histosol, we distinguish the
predominance of C,H—alkyl, aromatic C=C/C-H, and -COOR groups. The HAs extracted
from the organogenic soil of the studied carbon monitoring site are quite different from the
zonal variant of Folic Podzol (arenic); the predominance of aromatic structural fragments
(aromatic C=C/C-H + COOR) in the HA structure is noted (27-41%). When analyzing
the formation of HAs along the soil profile, we can note that the formation of aliphatic
structural fragments occurs in the upper CP-2 Hij and in the middle Hi; horizons (70-73%,
retrospectively). The results obtained by NMR spectroscopy are presented in Table 4.
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Table 4. Percentage of carbon in the main structural fragments of HAs from the studied soils.

. i Chemical Shifts, % of 1*C AL h.r+AR C H-
Soil Horizon h AL/O ,N— AL
0-46 46-60 60-105 105-144 144-164 164-183 183-190 190-204 AL AR /X ’
CP-1Oe 37 5 6 27 6 17 1 1 66 34 64 3.36
CP-1A/E 34 5 4 33 4 17 2 1 61 39 67 3.78
CP-1Bs 28 10 6 25 13 13 2 3 60 40 53 1.75
CP-2 Hiy 31 4 22 26 2 11 2 2 70 30 57 1.19
CP-2 Hi, 40 8 4 28 5 14 1 1 67 34 68 3.33
CP-2 Hij 34 2 6 29 10 4 2 6 52 41 63 425
CP-2 Hey 36 5 10 19 6 17 2 5 73 27 55 2.40
CP-2 Hep 30 2 18 28 9 9 1 3 62 38 58 1.50
SD 3.95 2.74 6.82 3.97 3.56 4.62 0.51 1.91 - - - -

Up to 41% of aromatic compounds accumulate in the studied HAs, which could
indicate the degree of stabilization of organic matter in Fibric Histosol. However, aliphatic
fragments remain dominant in Fibric Histosol. The small fraction of aromatic fragments
are primarily related to the quality of humification precursors. As a result of the study,
we can note that the maximum content of aliphatic fragments is noted in the upper and
middle horizon, which is apparently associated with the processes of peat accumulation
and peat formation. Under the conditions of Histosols formation, a significant amount of
plant biomass is formed, which is involved in the process of humification and formation
of humic acids; the low level of microbiological activity and overwatering conditions
have a significant impact on the transformation of organic residues and the formation of
aromatic structural fragments in the HA composition. Apparently, under conditions of
long-term overwetting, active mineralization of easily mineralizable organic compounds
(carbohydrates and lipids) could take place. Mosses can contain up to 80% carbohydrates
and lipids and up to 20% aromatic compounds (tannins and flavonoids).

For the analysis of the degree of hydrophobicity and organic matter transformation, the
diagram of integrated indicators of the molecular composition of HAs has been presented
(Figure 9).

4.7
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3.7 L
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|
.
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|
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AL h,r+AR h,r

Figure 9. The diagram of integrated indicators of the molecular composition of HAs. Soil ID
corresponds to Table 1.

From the data obtained, it is clear that the most humified organic matter accumulates
in the profile Fibric Histosol. The lowest level of humification is revealed in the sample
CP-2 Hiy; this is due to the fact that in this horizon, to a lesser degree, occur the processes
of transformation of organic matter and the accumulation of organomineral products from
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the superficial layers. The most hydrophobic molecules in the HAs are formed in the Fibric
Histosol profile at a depth of 10 to 30 cm. HAs extracted from the upper soil horizons are
characterized by a less number of hydrophobic molecules. The preservation of organic
matter under conditions of increased hydromorphism leads to the formation of aromatic
substances and SOM conservation. The increase in the fraction of aromatic structural
fragments in the composition of HAs is related to the local position in the topography, the
duration of the humification process, the hydromorphism of the territory, and the quality
of the humification precursors.

4. Discussion

Current climate change affects the carbon balance of wetlands, as well as affecting
the exchange of ecosystems with the atmosphere of carbon dioxide and other greenhouse
gases [33]. Wetlands are a long-term sink of atmospheric carbon and one of the most important
pools among terrestrial ecosystems [34]. Our data indicate that wetland soils accumulate
up to 42.95 kg C/m? at a depth of up to 50 cm. In Arctic tundra soils, up to 25.7 kg C/m?
C is accumulated at a depth of 75 cm and 44.48 kg C/m? in a frozen state up to 1 m [35].
In southern taiga bogs, up to 64 kg/m? C are concentrated in the soil layer up to 1 m [29].
Forest ecosystems of the southern taiga are characterized by lower reserves of SOM [36]. Thus,
up to 7.92 kg C/m? is buried in the studied soil, while in the Eastern European part, this
indicator, on average, is 14.59 kg C/m?. Following the peat soils, the largest SOM stock is
arable soils, in which fertilizers are annually introduced, and the level of biogenic elements
necessary for agricultural crops is maintained [29,37]. However, an important challenge to
modern soil science is more coverage of territories and the development of monitoring sites in
areas with the highest SOM stocks [38]. Due to the complicated logistical situation, most of
the Arctic tundra is practically unexplored, although it is here that a substantial amount of
organic carbon accumulates and is buried [28,39,40]. Thus, the development of a monitoring
system based on a carbon monitoring site will make it possible to create a reliable tool for
studying various ecosystems and determining the quality and quantity of SOM for taking
further steps to mitigate climate change.

It is generally assumed that an increase in the fraction of aromatic structural fragments
leads to the stabilization of SOM since more complex structural fragments are less available
for biodegradation and indicate the conservation of HAs [41,42]. According to the data
we obtained, HAs are isolated from Fibric. At the same time, soils that are formed under
the process of Podzol formation are characterized by the prevalence of aliphatic structural
fragments. Typical Podzols of southern taiga were studied by us earlier; HAs extracted
from these soils accumulate a significant amount of aliphatic structural fragments (from 69
to 81%), the highest content of aromatic structural fragments was observed in soils over
1500 years BP, and their content decreased in younger soils [36]. In the tundra zones in
the Komi Republic, up to 45% of the aromatic structural fragments accumulate in HAs
from peat soils, and the content of aromatic structural fragments increased with depth [42].
This may be related to the temperature factor; the more pronounced the processes of freez-
ing/thawing, the more active the splitting of HA molecules to lower molecular weight
fragments [42]. According to the supramolecular hypothesis of humic substance forma-
tion, HAs are associations of low-molecular-weight compounds, which, depending on
environmental factors, can both decompose into low-molecular-weight components and
self-organize into consortia [43—46]. According to the supramolecular hypothesis, we could
assume that the formation of HAs in Fibric Histosol and their relatively high content of aro-
matic structural fragments is related to the self-organization of low-molecular hydrophobic
fragments in the humid regime. In general, this agrees with the previously obtained data
from the Nizhnesvirsky reserve; the oldest soils and HA have a higher content of aromatic
structural fragments, in contrast to the relatively young soils with more active processes of
humification and the influence of weak acids on the molecular associations [36]. In recent
years, a new view of the formation of OM soils has appeared; according to Wells [46], OM is
a meta-chemical hydrogel and expands the idea of the supramolecular structure of OM. Ac-
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cording to the notion of meta-chemical hydrogel, it can form, dissipate, and spontaneously
recover during turbulent/quiet cycles, indicating the reversible abiotic self-assembly under
the influence of the environment and the presence of the necessary structural fragments in
its composition [47].

The temperature regime of marshes and wetlands significantly differs from the soils
of the zonal series; this is associated with the activity of anaerobic microorganisms and the
high level of hydromorphism of the territory. Soils that are located in relative proximity and
develop in the same climatic conditions can have significant differences in the qualitative
composition of HAs [42,48]. Apparently, it is the temperature regime and the quality of the
humification precursors that play a decisive role in the formation of the HA structure in a
study region. For the more southern regions, the steppe zone, a significant predominance
of aromatic structural fragments is common; thus, up to 68-76% of Car+Caro+COO groups
were found in Chernozem [49]. Moving north, the content of aromatic structural fragments
in HAs gradually decreases, so in gray forest soils, up to 67% of Car+Caro+COQO groups
are detected [49]. This is associated with the change of vegetation cover, as well as the
types of microbial communities in the soil. The relatively low content of aromatic structural
fragments in the Folic Podzol (Arenic) studied by us may be the result of the transformation
of coniferous decay rich in lignin-containing substances according to the polymer theory of
humification [41,49]. A great role is also played by microbial communities, which specialize
in the transformation of different types of litter (coniferous, deciduous, grass), which is the
main source of organic matter in the taiga zone [50]. Under conditions of climate change,
the process of degradation of organic matter may intensify, during which SOM components
will be available for use by microorganisms, leading to additional greenhouse gas emissions
into the atmosphere [33]. The formation of databases based on information obtained from
carbon monitoring sites is the most effective mechanism for the analysis of carbon stocks
in ecosystems recognized around the world. Based on measurements of carbon stocks in
different biomes, it was found that the largest carbon stock is in the area of permafrost—
2991 tC/ha [51], which is twice the average projected stock value of 1173 tC/ha [4]. This
indicates that the reference material may have significant errors and present underestimated
data on carbon stocks. When comparing carbon stocks in the northern hemisphere (Canada,
Ireland, Scotland, Anglia, USA, Belgium, and Russia), it was found that the natural soils of
Russia store much more soil carbon than the countries represented, but the USA leads in
carbon stocks in agricultural soils. Intergovernmental organization FAO made calculations
on relative sequestration degree for different countries, taking into account three scenarios—
the first scenario implies an increase of carbon content in soil by 5%, the second scenario
increase of carbon content in soil by 10%, and the third scenario, an increase of carbon
content in soil by 20%. Based on FAO projections in conditions of the third scenario, Brazil
will be in the 1st place among other countries of the world on the degree of sequestration [4].
The simulation of the sequestration potential is based on mean annual daily temperature,
total annual precipitation, total annual evapotranspiration potential, altitude, and soil
type [4,8]. Depending on soil type, the predominance of clay materials, and structure,
natural soils have an upper limit of carbon accumulation and sequestration. Thus, based
on the FAO and IPCC reports, it follows that the highest degree of carbon sequestration is
observed in soils saturated with clay minerals because, during carbon accumulation, stable
organomineral complexes are formed, which contribute to the conservation of carbon in the
soil [1,4]. For long-term monitoring, the carbon monitoring site initiative has been proposed
to cover all ecosystems of the country and conduct monitoring of the main atmospheric,
soil, and hydrological parameters of the territory. The formation of a monitoring network
of the carbon monitoring site will allow a detailed study of the factors influencing the
formation of SOM structural fragments in the HAs and identify the main mechanisms of
carbon sequestration in various ecosystems.
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5. Conclusions

The development of the carbon monitoring network will make it possible to estimate
the physicochemical properties of soils, stocks, and the spatial distribution of SOM and,
together with molecular research methods, assess the degree of SOM stabilization through-
out the country and in the world as a whole. The soils of the “Ladoga” site have significant
differences from the studied soils. Folic Podzol (Arenic) is characterized by the process of
Podzol formation and relatively low microbiological activity throughout the profile. The
carbon content varies from 7.54 to 0.17%, respectively, with a total carbon stock content of
7.92 kg/m?. Fibric Histosol develops during peat formation, peat accumulation, and in
conditions of high hydromorphism and a relatively high level of microbiological activity.
The carbon content varies from 38.4 to 46.3%, with a total carbon stock of 42.95 kg/m?.
The studied soils accumulate a significant amount of SOM, and the study of mechanisms
of carbon accumulation in soils on the basis of carbon monitoring sites can help in the
development of technologies aimed at carbon sequestration. According to the data obtained
by molecular analysis of the composition of HAs extracted from Fibric Histosol soils, it
was found that aromatic structural fragments prevail in HAs, which may indicate the stabi-
lization of SOM, accumulation of organic carbon in the soil, and lead to the sequestration
of carbon. At the same time, HAs extracted from Folic Podzol (Arenic) are characterized
by the predominance of aliphatic structural fragments. The formation of a network of
carbon monitoring sites will cover all natural zones of Russia, which will create a unique
database on the processes occurring in the atmosphere, hydrosphere, and pedosphere, thus
calculating the sequestration potential of the territory and contribute to solving global
problems associated with climate change on the planet.
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