soil systems

Article

Influence of Soil Texture on Carbon Stocks in Deciduous and
Coniferous Forest Biomass in the Forest-Steppe Zone of

Oka-Don Plain

Sergey Sheshnitsan L@, Gennadiy Odnoralov 2 Elena Tikhonova 202, Nadezhda Gorbunova 1,

Tatiana Sheshnitsan !, Otilia Cristina Murariu

check for
updates

Citation: Sheshnitsan, S.; Odnoralov,
G.; Tikhonova, E.; Gorbunova, N.;
Sheshnitsan, T.; Murariu, O.C.;
Caruso, G. Influence of Soil Texture on
Carbon Stocks in Deciduous and
Coniferous Forest Biomass in the
Forest-Steppe Zone of Oka—Don Plain.
Soil Syst. 2024, 8,118. https://
doi.org/10.3390/soilsystems8040118

Academic Editor: Luis Eduardo

Akiyoshi Sanches Suzuki

Received: 31 July 2024
Revised: 10 November 2024
Accepted: 14 November 2024
Published: 17 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3 4

and Gianluca Caruso

Laboratory of Forest Monitoring and Planning, Voronezh State University of Forestry and Technologies,
Timiryazeva Str. 8, Voronezh 394087, Russia; vilian@list.ru (N.G.); tatianasheshnitsan@gmail.com (T.S.)
Faculty of Forestry, Voronezh State University of Forestry and Technologies, Timiryazeva Str. 8,

Voronezh 394087, Russia; kafedra.laip@inbox.ru (G.O.); tichonova-9@mail.ru (E.T.)

Department of Food Technology, “Ion Ionescu de la Brad” Iasi University of Life Sciences, M. Sadoveanu
Alley, 700440 Iasi, Romania; otilia.murariu@iuls.ro or otiliamurariu@uaiasi.ro

Department of Agricultural Sciences, University of Naples Federico II, 80055 Naples, Italy; gcaruso@unina.it
*  Correspondence: sheshnitsan@gmail.com

Abstract: Forests play a crucial role in climate change mitigation by acting as a carbon sink. Un-
derstanding the influence of soil properties on carbon stocks in forests is essential for developing
effective forest management strategies. The aim of the study was to assess the impact of soil texture
on carbon stocks in the biomass of deciduous and coniferous tree stands of a forest-steppe ecotone.
Soil samples were collected from 55 soil pits, and forest inventory data were obtained from eight
permanent sample plots. The results showed that the distribution of mechanical particles in soils,
particularly the stocks of silt and clay, significantly influenced the accumulation of carbon in tree
stands. The stock of silt and clay was shown to increase with an increase in the diversity of tree
species in forests and carbon stocks in forest stands. While soil organic carbon stocks did not exhibit
a clear relationship with tree stand carbon stocks, a strong positive correlation ( = 0.802, p < 0.05)
was found between the stocks of fine particles in the 2 m root-inhabited soil layer and the carbon
stocks in tree biomass. The study provides a classification of forest types based on soil texture, which
can facilitate differentiated forest management strategies for enhancing the carbon sequestration
potential of forest ecosystems in the forest-steppe zone.

Keywords: forest type; tree stand; carbon stock; fine particles; SOC

1. Introduction

Forests exert a fundamental influence on climate change mitigation. They act as an
annual carbon sink, preventing the accumulation of carbon dioxide in the atmosphere
at the global scale [1]. The carbon absorbed by plants is redistributed within the forest
ecosystem and accumulated in plant biomass, dead organic matter, and soils. Therefore,
the implementation of effective forest management and conservation strategies is essential
for the enhancement of forest ecosystems as carbon sinks and the achievement of global
climate goals [2—4].

Forest soils are of central importance to carbon storage in the forest ecosystem [5].
The direct and feedback relationships between forest vegetation and soils are essential for
maintaining forest ecosystem functioning [6,7]. The influence of forest vegetation on soils is
mediated by litterfall and root activity, which contribute to the accumulation of soil organic
carbon (SOC) [8,9]. Consequently, soil properties, including soil texture, fertility and
water-retention capacity, influence the growth and development of forest vegetation [10,11].
These interrelationships form a complex network that determines the productivity of forest
ecosystems and their capacity to sequester carbon.
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Soil texture is known to have a significant effect on the productivity of tree species,
as it is a defining factor in the water regime, aeration, and nutrient availability [12,13]. In
particular, it was shown that fine-textured soils with higher clay and silt content had a
significant effect on the productivity of oak stands [14], and the dominance of species in a
forest site can vary significantly depending on the soil texture [10].

A review of the current state of research reveals that the majority of studies have
focused on individual aspects of soil-vegetation interactions, with little consideration given
to the complex influence of soil texture on carbon stocks in forest stands. Furthermore,
comparative studies of deciduous and coniferous forests with respect to soil texture remain
relatively limited. This highlights the necessity for comprehensive studies that consider the
diverse forest types and their interactions with soil properties. Thus, the study of this aspect
is of particular importance in the forest-steppe zone, where climatic conditions can vary
significantly, from wet to dry. This region is characterized by the dominance of drought-
tolerant tree species, including oak, pine, and birch. However, the potential consequences
of predicted climate change may result in shifts in vegetation composition, with a possible
reduction in forest cover [15-17]. The combined effect of increases in the frequency and
intensity of droughts and elevation of mean annual temperatures not only undermines
soil health and productivity of forest ecosystems but also increases the vulnerability of the
entire forest-steppe ecotone to further climatic stressors [18,19].

The forest-steppe zone of the Oka—Don Plain represents a distinctive ecotone, where
deciduous and coniferous forests, characterized by different structural and dynamic pat-
terns of the carbon cycle, occur in similar climatic conditions. Therefore, it is important to
understand the impact of soil texture on carbon stocks in the biomass of different forest
types in this region. The aim of the study was to identify patterns of influence of soil texture
on carbon stocks in the biomass of deciduous and coniferous forests in the forest-steppe
ecotone. The hypothesis of the study was that the distribution of mechanical particles in
soils determines the differences between forest types and influences the accumulation of
carbon in the tree stand.

2. Materials and Methods
2.1. Study Area

The study area is situated in the southern part of the Oka—Don plain within the
typical forest-steppe zone of Russia. This study focuses on representative forests of the
Voronezh region, including pine forests grown on the sands of the floodplain terraces
on the watershed of the Voronezh and Usman rivers (42.2 km?, including 21.3 km? of
deforested lands), as well as broadleaved forests (Upland Oak Forest) developed on the
highly dissected right bank of the Voronezh River (24.5 km?) (Figure 1).

The climate is temperate continental, characterized by significant fluctuations in tem-
perature and precipitation. The average annual air temperature is +7.6 °C. The average
temperature in July and January is +21.3 °C and —6.0 °C, respectively. The average an-
nual precipitation for the last 30 years is 586 mm, with the summer and autumn period
contributing approximately 54.5% of the annual norm. From a geomorphological perspec-
tive, the study area is situated between two distinct watersheds: the Don-Voronezh and
the Voronezh-Usman. The Upland Oak Forest occurs on the watershed slope, as well as
partially on the Voronezh-Don watershed. The highest elevations of the watershed reach
155-165 m above sea level (asl). The topography is frequently characterized by steep and, in
some instances, precipitous slopes. The right slope of the Voronezh River valley is incised
by deeply eroded gullies, in some cases with their tops approaching the watershed line.
The left bank of the Voronezh River is separated from the right bank by a wide floodplain
with oxbow lakes and wetlands. The elevation of the Voronezh River floodplain is 92-95 m
asl. The formation of small sand ramparts, with elevations reaching 90-100 m asl, has also
been observed on the floodplain. The surface of the Voronezh River floodplain terraces is
uneven and hilly, displaying a bumpy relief in some localities.
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Figure 1. The geographical location of the study area.

Middle Quaternary deposits occur within the Upland Oak Forest and are represented
by cover, alluvial, alluvial-fluvioglacial, deluvial, and alluvial-deluvial deposits. They
are characterized by the presence of dusty loess-like porous loams. The right bank of the
Voronezh River, together with the gully and gully complex, is covered by a series of diluvial
and alluvial-fluvioglacial deposits. These deposits are represented by a variety of sedimen-
tary materials, including sand, loam, and clay, which occur in different combinations. The
sands are typically fine- to medium-textured, frequently exhibiting clay content, and often

interlayered with clays.
The modern Quaternary deposits are associated with the broad floodplains of the

Voronezh and Usman rivers. In general, the upper part of the floodplain is composed
of dark-colored clays and their mixtures, while the lower part is composed of finely
and unevenly grained sands. In some instances, the sands, particularly in the channel
floodplain, emerge from the underlying deposits and exhibit distinct layers. The ancient
alluvial sediments of Upper Quaternary age are represented by loose, rarely cohesive sands

or sandy loam.
The Mollic Leptosols that are predominant within the pine forest on the left bank of the

Voronezh River are situated on alluvial sandy deposits. The soils” texture on the left bank
is determined by the presence of different fractions of sands composing the terraces. The
soils of the upland oak forest exhibit a more diverse morphological profile, with enhanced
illuvial processes and a less uniform texture. The soil types present at this site are identified
as Mollic Leptosols and Grey-Luvic Phaozems (WRB, 2022 [20]).

2.2. Soil Sampling and Sample Plot Descriptions

A total of 55 full-profile soil pits, excavated to a depth of up to 2 m, were dug during
the study of soil cover in different forest types. The pits were dug not only on areas covered
with forest vegetation but also on deforested lands (the Voronezh-Usman interfluve) with
known characteristics of the forest types that existed in this area in the recent past. In
order to ensure the most comprehensive data set was obtained, a minimum of one soil
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pit was established for every 15 hectares for a total study area of about 850 ha. After a
morphological description of the soil profile, a series of soil samples were collected from
each pit by genetic soil horizons for subsequent analysis (total N = 310).

This study adopted a widely used forest typology according to the classification
of Alekseev and Pogrebnyak [21]. This classification scheme uses an edaphic grid to
define forest types that are distinguished by specific soil nutrient content (trophotope)
and moisture content (hygrotope); all established soil profiles were clustered within the
trophogenic series (Table 1). The forest ecosystems of the study area encompass the full
spectrum of recognized forest types. These conditions are favorable for the growth of
18 species of forest-forming species, among which the dominant species are Scots pine
(Pinus sylvestris L.), common oak (Quercus robur L.), Norway maple (Acer platanoides L.),
small-leaved linden (Tilia cordata Mill.), common ash (Fraxinus excelsior L.), wych elm
(Ulmus glabra Huds.), and aspen (Populus tremula L.).

Table 1. Forest types in the study area (according to Alekseev and Pogrebnyak’s classification).

Forest Type (Trophotope) Abbreviation
Index Name in This Study
A Pine forest Pf
B Pine-oak forest POf
C Pine forest with ?:)I.I'Ch,. aspen PfBAOP
and oak participation
D Oak grove Og

Eight permanent sample plots (100 x 100 m?) were established in different old-growth
forests in the vicinity of soil pits. A census-based forest inventory was performed within
these plots, and the main characteristics of the tree stands were determined (Table 2).

Table 2. Sample plot characteristics.

Tree Stands Variables

Sample Elevation  Forest Tree Species Composition Soil Type
Plot (m asl) Type ee Species Lompositio Site Age, Years DBH, cm H,m V(;lumel, (WRB, 2022 [20])
Tree Species RC*, % Index m’-ha~
SP_1 120 Pf Pinus sylvestris L. 100 3 130 30.7 24.2 327 Mollic Leptosols
SP_2 118 POf Pinus sylvestris L. 100 1 140 422 29.6 451 Mollic Leptosols
SP_3 115 POf Pinus sylvestris L. 100 1 110 39.2 28.6 424 Mollic Leptosols
SP_4 113 POf Pinus sylvestris L. 100 1 100 43.0 326 493 Gleyic Phaozems
Quercus robur L. 80 100 26.2 234 167
SP_5 178 PfBAOp Tilia cordata Mill. 10 3 80 28.0 242 41 Mollic Leptosols
Populus tremula L. 10 80 20.0 19.1 35
Quercus robur L. 30 100 33.4 22.6 86
SP_6 180 PfBAOp Tilia cordata Mill. 50 3 75 223 19.6 120 Mollic Leptosols
Acer platanoides L. 20 85 233 18.6 63
Quercus robur L. 50 110 347 241 169
Populus tremula L. 30 70 243 275 88 .
Sp.7 183 PIBAOP Acer platanoides L. 10 8 50 13.5 14.5 32 Mollic Leptosols
Tilia cordata Mill. 10 50 18.4 16.2 18
Quercus robur L. 60 105 384 26.0 216 G Luvi
SP_8 174 Og Acer platanoides L. 20 2 80 23.5 18.9 73 P;ey' uvic
Tilia cordata Mill. 20 70 189 17.2 66 aozems

* RC—relative composition, DBH—stem diameter at breast height, H—tree height.

2.3. Soil Analysis

The bulk density (BD) was determined using the excavation method. Soil samples
were collected in triplicate without loosening or disturbing the soil at different depths,
using steel rings of known volume. Subsequently, the soil samples were dried in an oven
at 103 & 2 °C until a constant weight was achieved, and the dry weight per unit volume
(g-cm~3) was calculated. SOC content in soil samples was obtained from the dichromate
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oxidation method using N-phenanthranilic acid as an indicator [22]. Samples were also
dried in a heating oven at 103 £ 2 °C to a constant weight for conversion to dry weight.
Soil particle size distribution was obtained from a pipette-sieving method, and the USDA
soil texture classification system was adopted [23].

2.4. Calculation of Particle Stocks in Soils and Carbon Stocks in Soils and Forest Biomass

SOC and particle stocks were based on the soil BD and the thickness of the soil layers
and were computed with the following Equation (1):

I
e

(C x BD x H x 10) 1)
i=1

where S is the sum of SOC or particle stock for the different layers, Mg-ha™!; C is the
content of SOC or mechanical particles in soil layer, %; BD is the soil bulk density, g-cm~3;
H is the thickness of the soil layer, m; and 7 is the number of soil layers.

Estimation of tree biomass stocks was conducted using single-tree allometric Equation (2)

based on data on a stem diameter of 1.3 m and tree height [24]:
InP;=ay+a;InH +ap In DBH (2)

where P; is the biomass stock, kg dry weight; H is the tree height, m; DBH is the stem
diameter of 1.3 m, cm; ay, a1, and a; are species-specific coefficients of allometric equation.

Biomass-to-carbon conversion factors were used according to IPCC guidelines [25]:
0.51 for conifers and 0.48 for broadleaved tree species.

2.5. Statistical Analyses

Descriptive statistics and a correlation analysis among various sample groups were
carried out using STATISTICA 12.0 software (StatSoft Inc., Tulsa, OK, USA, 2014). The
statistical significance of the differences between variables was assessed according to the
distribution patterns of the sample data, using parametric methods (pairwise Student’s
t-test for independent variables). Pearson correlation coefficients were calculated, and
a regression analysis was performed to examine the tightness and type of relationship
between the two variables. All statistical calculations were performed at a significance level
of p <0.05.

3. Results
3.1. SOC Content and Soil Texture in Forest Types

Table 3 presents the results of statistical analyses of SOC content and soil texture
in different forest soil layers clustered according to the forest types in which soil pits
were established.

Although in some cases the total SOC content exhibited significant differences between
forest types, in the majority of cases such differences were not apparent. Notably, the
minimum mean values of SOC content in the Pf forest type, ranging from 0.24% to 0.54%,
are significantly distinct from those observed in other soil types within the 0-50 cm layer
across different forest types. Conversely, the soil types of POf, PIBAOp, and Og exhibit
comparable mean SOC levels, which are similar to those observed in the poorly fertile Pf
soils. Consequently, regardless of the forest type, SOC contents are higher in the upper soil
layer than in the deeper layers. This can be attributed to the elevated biological activity
and the presence of plant residues in the upper soil horizon.

The soil texture exhibits more substantial distinctions between the various forest types.
The sand content of layers 0-50 cm and 0-100 cm is greater in the Pf and POf forest types
than in other forest types, with the highest proportion of sand particles typically observed
in Pf forests. In contrast, the proportion of silt and clay is greater in forest types PfBAOp
and Og. It should be noted that the soils in the Og forest type have a particularly high clay
content, reaching a maximum mean value of 19.7% in the 0-200 cm layer, ranging from
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18.3 to 21.5%. This indicates a particularly heavy soil texture in this forest type. The analysis
of the coefficients of variation for each soil texture component demonstrated substantial
variability in the distribution of silt-sized and clay-sized particles. The particularly high
CV values for clay, ranging from 8.8% to 156.2%, indicate significant variability in clay
content between forest types. Furthermore, the variability of sand content is smaller (CVs
varied from 1.1% to 12.9%). This suggests a more homogeneous distribution of sand in
the different forest soil profiles. The high variability of clay-sized particles suggests the
potential for diverse processes of soil formation and heterogeneity in the parent rocks from

which forest soils were formed.

Table 3. SOC content and soil texture in different soil layers of forest types.

Forest Types (Trophotopes)

Soil .
Properties Soil Layer, cm Pf POf PfBAOp-C PfBAOp-CD Og
(n=16) (n =26) (n=5) (n=5) n=3)
0-50 0.54 +£0.22° 0.86 + 0.38P 0.84+041b 0.82+0.37b 0.93+0.26P
SOC. % 0-100 0.36 +0.14 2 0.57 +£0.26P 0.50 + 0.28 @b 0.51 4+ 0.21 2P 0.54 4+ 0.27 @b
’ 0-150 029 +0.122 043 +0.19b 0.38 + 0.23 2P 0.36 +0.14 2P 0.45 + 0.16 2P
0-200 024 +0.102 034 +0.16P 0.30 =+ 0.20 @b 0.28 +0.10 2P 0.37 £0.13 2
0-50 96.1+132 923 +28P 8724+ 58¢ 839 +8.2¢d 734+ 3.64
Sand. % 0-100 9.7 +1.12 929+26P 91.0 £ 3.0 b¢ 81.3 +10.5<d 705 +2.24d
’ 0-150 9%.9+11°2 933 +232 90.8+262 762+ 45P 68.7 £ 4.8P
0-200 97.0+1.22 925 +3.32 849 +3.62 725 +38b 67.7 £ 6.4°
0-50 28+142 57 +27b 64+11P 8.4 +43bc 124 +33¢
Silt % 0-100 24+142 55+24b 52+ 23bc 85+ 4.6 129 +0.64
’ 0-150 22+142 54+22b 55+25P 120+ 3.0°¢ 13.6 £ 0.7¢
0-200 224132 56+21b 944+26¢ 143 + 4.1 14.0 +0.94
0-50 1.1+1.12 1.8+1.22 42 4+35Pb 7.7 + 4.6 b¢ 15.6 £4.7°¢
Clay, % 0-100 09+1.12 15+1.22 1.7+122 102 +£59P 184 +19b
’ 0-150 08+122 124092 23+14Pb 118 +32°¢ 19.7 +£0.84
0-200 07+1.12 12+082 47 +2.6P 132 +28¢ 195 +1.74

Data are presented as mean =+ standard deviation. Within each string, values with similar letters do not differ
statistically according to Student’s t-test at p < 0.05.

It is evident that the majority of studied soil characteristics demonstrate substantial
variability within certain layers of each trophotope. To prove the reliability of the gradient
by forest types, it is necessary to select one or several parameters in the soil layers of all
trophotopes that exhibit a sufficiently low degree of variability and significant differences of
mean values. The analysis was conducted on fine particles (less than 0.02 mm) comprising
total silt-sized and clay-sized particles within the corresponding soil layers. The data on
the particle content in soils of different forest types are presented in Figure 2a.

The mean fine particle content of less developed forest soils of pine forests was
minimal, ranging from 3.9% in the top layer to 2.9% in the two-meter soil profile. The
highest particle content was observed in the oak forest, reaching 28.1% in the 0-50 cm layer
and increasing to 33.5% of the total dry weight in the 0-200 cm layer. The fine particle
content exhibited significant variation between forest types at different depths, with the
greatest differences observed in the 0-150 and 0-200 cm layers. Therefore, in forest soils of
150 cm thickness, a reliable and consistent increase in fine particle content can be observed
in the sequence of forest types: Pf < POf ~ PfBAOp-C < P BAOp-CD < Og. In soil profiles
of 200 cm depth, the pattern is even more evident, with the exception of the absence
of differences between the last two forest types. The particle content was found to be
increasing in the following order: Pf < POf < PfBAOp-C < PfBAOp-CD =~ Og.
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Figure 2. Fine particle (silt + clay) contents (a) and stocks (b) in the soils of different forest types. Box
plot graph: the central line represents the mean value; the box indicates the standard error; and the
whiskers denote the standard deviation. The dotted curve connects the mean values of fine particle
content in the 0-200 cm soil layer, demonstrating a reliable increase in this parameter in accordance
with the gradient of forest types. Histogram graph: columns—mean values, whiskers—standard
errors. Similar letters in both graphs show the absence of differences between forest types according
to Student’s t-test at p < 0.05.
3.2. SOC and Particle Stocks in Soils of Different Forest Types
Based on the data on percentages of soil mechanical fractions and SOC by increasing
layers, the mean stocks of mechanical particles and SOC in the same layers were calculated.
Table 4 presents a summary of the statistical analysis of SOC stocks, as well as sand, silt,
and clay particle stocks across different forest types and soil layers.
Table 4. SOC and soil mechanical particle stocks (Mg-ha_l) in different soil layers of forest types.
Soil Forest Types (Trophotopes)
Ol .
Properties Soil Layer, cm Pf POf PfBAOp-C PfBAOp-CD og
(n=16) (n = 26) (n=5) (n=5) (n=3)
0-50 36.8 £ 14.6(39.6)**  57.4 4247 (43.1) "¢ 52.3 4+ 23.9 (45.7) 2 53.7 + 24.6 (45.8) 61.8 +15.2(24.7) ¢
sOC 0-100 50.8 4+ 19.3 (37.9) 2 77.0 £347 (451)° 643 + 33.8 (52.6) ® 66.6 & 26.8 (40.2) 75.7 282 (37.2)
0-150 61.6 4 25.0 (40.6) ? 88.8 +40.7 (45.9) ® 80.2 + 44.0 (54.8) 2 71.9 + 28.0 (38.9) 2® 88.7 + 32.2 (36.3) °®
0-200 68.3 + 28.3 (41.4) @ 96.1 £455(47.3)° 819 + 53.6 (65.4) ® 74.0 + 27.0 (36.5) 95.5 + 33.8 (35.4)
0-50 6612 + 216 (3.3) 2 6078 + 630 (10.4) ® 5445 + 449 (8.3) © 4974 + 1935 (38.9) « 4499 + 51 (1.1) ¢
Sand 0-100 13,600 £ 415 (3.1)® 12,695 + 627 (4.9)> 12,034 £314(26)¢ 10,869 + 1872 (17.2) ¢ 8657 + 164 (1.9) ¢
0-150 20,146 £ 1576 (7.8)* 19,272 £804 (42)* 18,306 & 525 (2.9) * 15,341 + 1378 (9.0) 13,761 + 756 (5.5)
0-200 27571 £906 (3.3)° 25,637 £1277 (5.00° 22,223 & 714 (3.2) 2 19,391 + 1692 (8.7)® 18,135 = 1609 (8.9) ®
0-50 189 + 93 (48.9) @ 357 + 158 (44.4) 399 + 71 (17.8) b 538 + 255 (47.3) <@ 960 + 226 (23.5) 4
Sile 0-100 334 + 184 (55.2) 2 729 + 341 (46.7) ® 675 + 330 (48.9) b 1115 + 558 (50.0) < 1815 + 282 (15.5) ¢
0-150 468 + 279 (59.6) @ 1106 + 445 (40.2) ® 1100 + 507 (46.1) ® 2387 4 557 (23.3) © 2709 + 176 (6.5) ©
0-200 618 + 372 (60.2) 2 1542 + 565 (36.7) @ 2514 + 667 (26.5) 2 3802 + 1048 (27.6) 3614 + 196 (5.4)
0-50 79 + 76 (95.7) @ 119 + 81 (68.2) * 127 4+ 121 (95.7) @ 493 + 271 (54.9) 981 + 303 (30.9)
Clay 0-100 125 + 157 (125.5) @ 241 4 231 (95.7) @ 221 + 154 (69.8) 2 1335 + 717 (53.7) ® 2293 £ 273 (11.9) ®
0-150 172 £240 (139.5)® 321 4 353 (109.9) 463 4283 (61.2) © 2346 4 599 (25.5) © 3632 4 256 (7.1) 4
0-200 209 + 320 (152.8) @ 327 4206 (63.1) 2 1254 + 706 (56.3) ® 3444 1+ 615 (17.9) © 4757 + 181 (3.8) 4

* Data are presented as mean =+ standard deviation, and coefficient of variation is given in brackets. Within each
string, values with similar letters do not differ statistically according to Student’s t-test at p < 0.05.
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The analysis of these data generally supports the hypothesis that there are significant
differences between forest types and their dependence on the distribution of soil charac-
teristics. Furthermore, relatively high SOC stocks are observed in the 0-200 cm layer for
the POf and Og forest types, reaching 96.1 Mg-ha~! and 95.5 Mg-ha™!, respectively. These
values are significantly higher than those observed for Pf (68.3 Mg-ha™!). Furthermore, the
SOC stock in the 0-50 cm layer for Og is also significantly higher, reaching 61.8 Mg-ha™!,
than in other forest types, indicating greater organic carbon accumulation in the upper soil
layers for this forest type.

As anticipated, the highest sand fraction stocks are observed in all Pf soil layers in
comparison to other forest types. For example, the sand stock in the 0-200 cm layer of Pf
is 25.7 x 10°> Mg-ha~!, whereas that of Og is significantly lower at 18.1 x 10> Mg-ha~".
This trend is also evident in other layers. Conversely, the Og forest type exhibits notably
elevated silt and clay stocks, with significantly higher values observed across all soil layers,
including a maximum of 4.8 x 103> Mg-ha~! in the 0-200 cm layer.

The total silt and clay stocks in soils of different forest types (Figure 2b) exhibit
analogous patterns, reflecting their distribution by layers. Furthermore, the variability
observed in these stocks across different soil layers is significantly lower than that observed
in the coefficients of variation obtained for silt and clay stocks in some layers. Thus, CV
values for the 0-200 cm layer of soils in different forest types do not exceed 36.5%, and for
the 0-150 cm layer, they reach 42.6%. For comparison, CVs for clay stocks exceeded 152%,
while that for silt stocks reached 60% (Table 4).

It is noteworthy that a clear relationship between SOC stocks and stocks of silt- and
clay-sized particles is observed only in the upper 50 cm layer (Figure 3).

14

R2=0.239
r=0.489; p <0.001
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Fine particles stock, Mg - ha™
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0 20 40 60 80 100
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Figure 3. The relationship between SOC stock and fine particle (silt + clay) stock in the 0-50 cm
soil layer.

Although the determination coefficient is not high and indicates that approximately
23.9% of the variance in SOC stocks is explained by variations in fine particle stocks, the
moderately positive correlation coefficient and high statistical significance nonetheless
confirm the existence of a stable trend of increasing carbon stocks in the upper horizons of
forest soils with increasing mechanical structure. This relationship becomes less evident in
the 0-100 cm layer (r = 0.312; p < 0.05) and is almost entirely absent in deeper layers.

3.3. Assessment of the Dependence of Tree Stand Carbon Stocks on Soil Texture

Table 5 provides comparative data on carbon stocks in stand biomass, organic carbon
stocks, and fine particle stocks in soils to a depth of the 2 m root-inhabited soil layer.
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Table 5. Comparison of carbon stocks in tree biomass and soil and fine particle stocks across
forest types.

SOC Stock in the Layer,

Sample Forest Type Tree Stand Fine Particle Stock

Plot (Trophotope) Carbon Stock, Mg-ha™1 in 0-200 cm of Soil,
Mg-ha—1 0-50 cm 0-200 cm Mg-ha—1
SP_1 Pt 99.9 31.9 38.3 696
SP_2 POf 129.1 479 110.2 1428
SP_3 POf 131.0 70.2 135.7 2026
SP 4 POf 132.4 93.1 141.5 2494
SP_5 PfBAOp-C 136.1 52.8 74.2 3944
SP_6 PfBAOp-CD 124.9 80.3 914 5852
SP 7 PfBAOp-CD 147.0 479 56.8 7758
SP_8 Og 180.7 77.1 131.1 8710

Analysis of the data in Table 5 shows that there is no obvious relationship between tree
stand carbon stocks and SOC stocks both in the upper horizons and down to a 2 m depth.
For example, the tree stands at SP_5 and SP_6 have similar carbon stocks at 136.1 and
124.9 Mg-ha~!, respectively, while SOC stocks differ significantly at 52.8 and 80.3 Mg-ha~!,
respectively. A similar trend can be observed at sites SP_3 and SP_4.

Concurrently, a distinct positive correlation is evident between the stocks of fine
particles (comprising total clay and silt stocks) in soil at depths of up to 2 m and carbon
stocks in tree phytomass (Figure 4).

200

R2=0.643
r=0.802, p <0.05
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Figure 4. The relationship between carbon stock of tree stands and fine particle (silt + clay) contents
in the 2 m root-inhabited soil layer. Orange markers denote coniferous tree stands, and green markers
represent broadleaved tree stands. Triangle—pine forest (Pf), diamonds—forests with possible
dominance of coniferous and deciduous tree species (POf, PfBAOp), circle—deciduous forests (Og).

The value of the coefficient of determination indicates that 64.3% of the observed
variation in the carbon stock of tree cover can be explained by changes in the soil content of
fine particles. The correlation coefficient (r = 0.802) indicates a strong positive relationship
between the two variables. It is evident that elevated concentrations of fine particles
within the 2 m root-inhabited soil layer contribute to an enhancement in carbon stocks in
tree phytomass.

4. Discussion

The disparate age of the left-bank and right-bank landscapes of the Voronezh River val-
ley, coupled with the unequal soil texture of their deposits, has resulted in the accumulation
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of the major chemical constituents in soils exhibiting marked differences. Consequently,
the same soil types give rise to a wide variety of forest types.

The findings of this study indicate that SOC stocks are not a primary factor in dis-
tinguishing between different forest types and that they do not have a significant impact
on the carbon stocks of tree stands. Soil chemical parameters alone are known to be poor
predictors of tree productivity [26]. Apparently, this indicator is of secondary importance
to the tree stand and can be determined by the influence of stand composition and the
characteristics of the parent rocks on which forest soils were formed [27,28]. The observed
positive correlation between soil carbon stocks and clay and silt stocks in the topsoil is
in accordance with the findings of previous studies, which also identified a correlation
between SOC stocks and the content of fine particles in soil [29-31]. The same positive
relationship of SOC content with clay plus silt content in soils under tree stands was found
by Riestra et al. (2012) [32]. Silt- and clay-sized particles are known to provide an enhanced
capacity for organic carbon sorption [33].

The soil particle size distribution of the upper soil horizon and the nature of the parent
rock are the primary factors influencing the formation of a forest type (trophotope). A
significant degree of variation was observed in numerous soil characteristics across the
various layers of each forest type. In order to substantiate the reliability of the gradation by
trophotopes, it was determined that the clay and silt stocks in soil layers 0-200 cm serve as
the determining indicators.

The stock of fine particles smaller than 0.02 mm in the 0-200 c¢m soil layer is distin-
guished by relatively low variability in the distribution of aggregates across the entire
trophogenic series. This factor is of particular significance in differentiating between forest
types. Furthermore, the high significance of these differences provides additional evidence.

The topsoil of the PIBAOp-CD forest type usually has a sandy texture, sometimes
changing to sandy loam within the 0-100 cm layer. At depths greater than 1 m, the parent
rock is replaced by sandy loam. Such a difference in the composition of the soil profile
according to the mechanical composition results in some difference in the fine particle stock,
which is more pronounced in the 0-50 cm layer and to a lesser extent in the 0-200 cm layer,
thus the mean stock of particles smaller than 0.02 mm in the 0-200 cm layer of soils of
PfBAOp-CD is (27.5 & 3.9) x 10° Mg-ha~! and in Og conditions—(33.5 + 2.2) x 10° Mg-ha 1.
In comparison, under C conditions, this value was lower (14.0 & 3.8) x 103 Mg~ha’1.
Obviously, the PEBAOp-CD trophotope differs significantly from the PfBAOp-C conditions
despite the similar texture of their topsoils. At the same time, the P BAOp-CD and Og
conditions, despite the differences in mechanical composition from the surface, are close to
each other by their soil texture in the 0-200 cm layer. All these factors make it legitimate to
divide the PfBAOp forest type into two subgroups and to identify the intermediate forest
type (trophotope).

The results of this study permit the identification of gradations in the total silt and
clay particle content in the two-meter root-inhabited soil layer of different forest types
(Table A1l). The classification system comprises five groups of forest types according to
trophotope. For each forest type, the minimum and maximum values of silt and clay stocks,
expressed in tons per hectare, are indicated. The data in the table indicate that the stocks of
silt and clay naturally increase with an increase in the diversity of tree species in forests
and vice versa. Obviously, the differentiation of forest management should be determined
by the classification of forest types or groups of forest types with similar soil-typological
conditions. Accordingly, the most appropriate composition of tree species for reforestation
can be selected, and areas for the conservation of existing forest stands can be identified
using the developed gradation.

The relationship between fine particle stocks in forest soils and tree stand carbon
stocks, supported by data showing an increase in tree productivity with higher clay content,
indicates the significant influence of soil texture on forest productivity. The findings of
earlier studies indicated that soil quality has a significant impact on forest ecosystem
productivity [34]. Soil texture can be considered the most fundamental qualitative soil
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physical characteristic, exerting a significant influence on the exchange, retention, and
uptake of water, nutrients, and oxygen. It is a primary soil property that affects a number of
other properties and processes [35]. The stock of silt and clay particles in the soil is a critical
factor in the water-holding capacity of the soil [36,37], the availability of nutrients [31],
the root growth rate [38,39], the level of soil microbial activity [40], as well as the rate of
nutrient cycling [41], all of which are essential for maintaining a healthy forest ecosystem.

Devi (2021) [42] suggested that loamy soils, comprising 40% sand, 40% silt, and 20%
clay, are conducive to tree growth due to the favorable properties of these mineral particles.
The growth rates of trees on loam soils are typically higher than those on sandy loam or
clay soils. These observations reflect the enhanced fertility and moisture retention capacity
of loam [43]. Additionally, a study of mixed-species plantations on loam soils demonstrated
superior survival rates of trees compared to other soil types [44].

The results of these studies demonstrated that forests with sandy soils had lower
carbon stocks than those with loamy soils [42]. However, other studies indicated that the
influence of tree diversity on forest productivity was more amplified in sandy soils, where
resources are limited, and greater species diversity can more effectively occupy different
niches than in loamy soils, where competition for resources may be less intense due to the
higher availability of nutrients [45,46]. This indicates that the interrelationship between soil
texture, tree diversity, and productivity may be dependent on the specific characteristics
of the forest ecosystem. Although the present study results demonstrate that soil texture
predicts forest productivity in forest-steppe regions, additional factors such as climate,
topography, and management practices that may also affect forest carbon stocks need to
be considered.

5. Conclusions

This study demonstrated that soil texture, particularly total stock of silt and clay, is a
key factor influencing the carbon stocks in the biomass of coniferous and deciduous forest
stands in the forest-steppe zone. It is noteworthy that SOC stocks in these conditions do
not significantly affect carbon stocks in stands. The data obtained provide a foundation
for classifying forest types based on soil characteristics for facilitating differentiated forest
management strategies. This enables the optimal selection of tree species composition for
the purpose of reforestation as well as the delineation of areas conducive to the continued
maintenance of existing forests. In particular, developing methods to improve the quality
of soils with low silt and clay content will increase the potential for forest growth on
these soils.

Further research could focus on detailed studies of the relationship between different
soil types and tree species. Other research must be carried out to examine the influence of
climate change on alterations to forest productivity, with specific reference to soil physico-
chemical characteristics. An understanding of these aspects will facilitate the development
of more effective forest management strategies in the forest-steppe zone, ensuring the
long-term sustainability and productivity of forest ecosystems.
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Appendix A

Table Al. Gradations of total silt and clay particles in the 2 m root-inhabited soil layer of different
forest types.

Range of Total Silt and Clay Particle Stock (t-ha—1)

Forest Types (Trophotopes)

Minimum Maximum

Pine forest (A) 0 1000

Pine—oak forest (B) 1001 2500
Pine forest with birch, aspen,

and oak participation (E) 2501 5000
Pine forest with birch, aspen,

and oak participation (CpD) 5001 8000

Oak grove (D) 8001 >8001
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