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Abstract: This study was carried out in the territories of Northern Europe, in the middle taiga subzone
of Karelia. The paper presents the results of a study of an experiment on logging to study the impact
of controlled logging using supervised logging with controlling cutting (SLCC) and conventional
logging (CL) on the properties of soils (horizons O, E and BF) in a spruce forest 15 years after logging.
Virgin forest (VF) was used as a control. The volume weight of soils, the contents of carbon, nitrogen
and potassium in different soil layers (layers O, E and BF), as well as reserves of C, N and K and
their stratification coefficients SRs (SR1 [O:E], SR2 [O:BF] and SR3 [E:BF]) were studied. The results
showed a tendency to increase the volume weight of soils of anthropogenically disturbed (CL and
SLCC) areas can be measured. The obtained data demonstrated that there was no sharp change in
the contents or stocks of the studied elements between the anthropogenically disturbed (CL and
SLCC) and undisturbed areas (VF). The largest reserves of carbon, nitrogen and potassium were
noted in the upper horizons of the soils of all sites, averaging 35.6, 1.27 and 0.073 t/ha, respectively.
In the lower horizons of the studied soils, the values were lower. The values of the stratification
coefficients in the studied soils were arranged in decreasing order as SR2 > SR1 > SR3. At the same
time, the general trend of unidirectional changes in the SR values for carbon and potassium in soils
was noted; the data for nitrogen were somewhat different. The results showed a marked decrease
in SOC concentration with an increase in soil depth. Higher rates of cellulose decomposition were
observed in anthropogenically disturbed areas (CL—69.0 ± 3.6%; SLCC—57.4 ± 3.5%) compared
with virgin forest (VF) (53.7 ± 3.1%), which is consistent with the results of other studies in the taiga
zone. The data obtained indicate the importance of a more accurate assessment of the contents and
stocks of elements, as well as the need to use tests for soil biological activity.

Keywords: taiga forest; undisturbed forest; selective logging; contents and stocks of biophile
elements; soil horizons; stratification coefficient of elements

1. Introduction

Forests are one of the most important parts of terrestrial ecosystems and play an
important role in the circulation of chemical elements. According to the FAO, forests
account for up to 31% of the land on earth; more than half of the world’s forests are
located in only five countries (the Russian Federation, Brazil, Canada, the United States of
America and China) and two-thirds (66%) of forests are located in ten countries [1]. Soils
are an important part of forests, ensuring that they perform the most important ecological
functions. Forest soils are among the main carbon sinks on earth because of their high
organic matter content. European forest soils accumulate about 1.5 times more carbon
than trees [2]. The nitrogen content in soils is determined by many factors [3]. Factors
influencing the formation of carbon, nitrogen and potash pools in soils are important
for understanding the ecosystem services performed by forests, their importance in the
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formation of soil fertility, forest productivity, their role in controlling soil fertility and plant
production, as well as in reducing the effects of global climate change [4–6].

Currently, due to the increase in the anthropogenic impact on soils, their properties
are changing. Deforestation is one of the most powerful anthropogenic impacts on soils.
Different machine-based systems (forwarders, tractor skidders and harvesters) can be use
in harvesting activities, their engine powers, weights and sizes can be different different.
In this regard, logging equipment can directly or indirectly have various effects on the
main components of forest ecosystems [6,7]. However, the restoration of forest ecosystems,
including soils, will depend on the type of soil, vegetation and climatic conditions. Selective
logging is the most delicate management approach that can achieve a differentiation
of vertical stand structure. Selective logging (partial forest removal) is used in various
natural and climatic conditions, i.e., in tropical forests [7] and boreal forests [8–11]. This
is an alternative method of forest cutting and is a gentler method compared with clear
cut. Selective logging is the basis of the practice of sustainable forest management, as it
allows us to seize commercially valuable wood, preserve forest resources and enable rapid
restoration of forests and the performance of their ecosystem functions [12–16]. In Russia,
clear fallings are forbidden in protective forests, which includes forests in protected areas,
protective buffer zones along water bodies, shelterbelts by roads and railways, sites of
high conservation value, urban forests, etc. In Northwest Russia, the share of protective
forests in the forest estate is 38%, so selective logging is important, both economically
and environmentally. However, changes in the composition of forest litter, temperature,
humidity, etc., occur in anthropogenically disturbed soils [14,17,18]. As we know, the
greatest common effects of action of ground-based skidding equipment are forest floor
removal, soil compaction and rut deep occurrence [10,18]. The common properties of soils
can change under large-scale equipment: heavy vehicles tend to increase soil compaction
more than lighter machines [12]. Deformation of root systems (Picea abies [L.] Karst.)
has also been noted under the influence of soil compaction [13]. Changes in ecosystem
processes lead to changes in the type of vegetation, carbon recycling in the plant–soil system,
microbial transformation of organic matter and patterns of biomass distribution [14,19,20].
There may also be spatial–temporal changes in biomass, tree composition and diversity in
the forest [12,20,21]. A change in soil organic matter may indirectly affect global climate
warming [22]. Changes in the reserves of elements of the mineral nutrition of plants
can lead to a decrease in the adaptive potential of the phytocenosis and deterioration
of the forest-growing properties of soils [23,24]. Differentiation of the soil profile into
separate horizons determines the specifics of their properties (for example, the stocks of
carbon, nitrogen and potassium), and this is a common phenomenon in many natural
ecosystems [25]. In this regard, it is possible to use a very informative indicator (soil
stratification coefficient) that may change against the background of anthropogenic impact.
The stratification coefficient (SR) is defined as the ratio of soil properties in the surface soil
layer divided by the properties in deeper soil layers [26,27]. Knowledge about the content of
biophile elements in the upper horizons of soils is necessary to establish the quality of soils
that can influence ecosystem processes [28]. At the same time, if the indicators in the upper
soil horizons are more variable, then in deeper soil layers they are relatively stable and are
usually used as a basis for assessing and comparing changes in soils with different levels
of anthropogenic impact [17]. Consequently, the content of elements could be associated
with changes in soil formation processes; therefore, this coefficient can be used as an
indicator of the soil condition and changes in soil quality in various natural ecosystems
and under various management methods [29]. Over the past 20 years, deforestation has
been very active in Northern Europe, which leads to a disruption of biogeocenosis [30].
The latter becomes a “trigger” for the disruption of soil properties, the circulation of carbon,
nitrogen and potassium and changes in the natural rhythms of the intake mineralization
of matter [24,31]. We know that nitrogen, carbon and potassium are elements or nutrients
that are essential for coniferous plant growth and reproduction. They determine the
development of plants, participate in the most important physiological processes and are
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associated with the fertility of soils. These biophile elements determine the productive
capacity of forest ecosystems and their resistance to unfavorable environmental factors [32].
Despite the fact that there are a lot of works on the impact of logging on soil properties,
the changes in soil properties in response to various technological elements of the logging
process in Karelia have not been considered fully [33]. In this regard, the aim of the work
was to study changes in the contents and stocks of carbon, nitrogen and potassium and the
cellulolytic activity of soils after the use of logging equipment.

Despite the fact that, at present, the issue of the effects of technology on soils is
considered for different aspects, data on changes in soil properties against the background
of logging equipment, types of logging, initial soil properties and environmental factors
are contradictory. This is due to the various natural and climatic conditions in which
the research was conducted [8,11,19,34] and, consequently, with which soils. Therefore,
we assume that the obtained data on both physicochemical parameters and biological
parameters of soils will emphasize the importance of anthropogenic impact on the ability
of soils to accumulate plant nutrition elements, including carbon.

2. Materials and Methods
2.1. Study Area

The research area was located on the territory of Eastern Fennoscandia, in the middle
taiga subzone of Karelia (61◦45′ north latitude, 33◦47′ east longitude) (Figure 1). The spruce
forest area occupies up to 300 hectares in the south of the Kivach Nature Reserve (Figure 1).
This area is relatively flat, and its height is about 80 m above sea level. According to the
climate classification of the studied area, it belongs to the group Df (boreal climate) [35].
The average annual precipitation is 550 mm per year; the average soil temperature in July
is 16.6–17.9 ◦C. The date of transition of the average daily temperature through 10 ◦C is the
period from 21 May to 27 May. A spruce forest grows on this territory. The soil in the study
area is an illuvial-ferruginous podzol (Podzols). These soils are widespread on the territory
of Fennoscandia [36] and are described in the World Reference Base for Soil Resources [37].
Spruce communities grow on this site. The ground cover is dominated by blueberries,
cranberries and blueberries and green mosses such as Dicranum sp. and Pleurocium sp. have
become widespread; Sphagnum sp. grow in conditions of stagnant moisture. In general,
stands, soils and plants of the ground cover reflect the features of the edapho-phytocenotic
complex of the taiga zone of Northern Europe [33].
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Figure 1. Geographical location of 3 study sites: supervised logging with controlling cutting (SLCC),
conventional logging (CL) and under virgin forest (control) (VF), where the experiment was per-
formed in Karelia, as well as the studied soils and their genetic layers (O, E and BF).



Forests 2023, 14, 1424 4 of 17

In 1999, a stand of trees (blueberry spruce) was naturally formed at this place. The
total volume of felled timber in the harvested area was 106 m3ha−1 in 1999.

2.2. Experimental Project

The plots were laid according to the project, which allowed us to establish the specifics
of the processes occurring at various levels of organization of anthropogenically disturbed
forest ecosystems [11]. The creation of the site was started in March–June 1999. A high-
intensity logging was carried out at the site under study. This technology formed the
basis of logging operations—controlled logging using manual felling, cutting branches and
skidding wood by tractors over the top. Tractor skidding (TDT-55) was taken as a basis
for removing trees from plots. With this forest management technology, the trees were
extracted after the portages (CL) were laid. To reduce the negative impact on nearby trees,
the felling of trees to the skidding trail was carried out at an angle of 45◦ to the slip road
distance. Fallen trees on the site (CL) were collected and removed from the site. Thus,
this biogeocenosis experienced a double anthropogenic impact (in 1929 and in 1999). The
changes in the soil properties of which was studied (Figure 2).

Forests 2023, 14, x FOR PEER REVIEW 5 of 18 
 

 

 

Figure 2. The scheme of the double anthropogenic impact (continuous logging: controlling cutting 

areas, conventional logging areas and under virgin forest) on the studied ecosystem and the for-

mation of the studied sites. 

As a result of cutting down the stand, three sites were created. The sites proposed 

for consideration were designated by us as the following. 

I—Conventional logging (CL). Total (100%) removal of trees was carried out on this 

site. The site experienced the greatest anthropogenic impact. The width of the plot was 4 

m and the length was 200 m (800 m2). 

II—Supervised logging with controlling cutting (SLCC). At this site, 40% removal of 

the stand was carried out. The site experienced an average anthropogenic impact. After 

logging in 1999, the remaining stand was 112 m3ha−1. By the time of the survey (2013), the 

remaining stand was 159 m3ha−1. 

III—Control area, virgin forest (VF). The stand was 218 m3ha−1. 

The total volume of felled wood in the harvested area was 106 m3 ha−1 in 1999. 

According to the handbook on soil resources, soils were classified as illuvi-

al-ferruginous podzols (Podzols), an important diagnostic criterion of which is the al-

pha-humus process [37]. As noted above, the soils of alpha-humus genesis are widely 

distributed on the territory of Eastern Fennoscandia and in this area [36,38]. The soil 

profile includes the following horizons: O-E-BF-B2-BC-C (Figure 1, Table 1). Where the E 

layer is a diagnostic, bleached soil material—washed out of iron, aluminum and humus 

by the podzolization process. In this paper, the analysis of the contents and stocks of 

chemical elements and the cellulolytic ability of soils under anthropogenic influence is 

carried out. 

  

Figure 2. The scheme of the double anthropogenic impact (continuous logging: controlling cutting
areas, conventional logging areas and under virgin forest) on the studied ecosystem and the formation
of the studied sites.

As a result of cutting down the stand, three sites were created. The sites proposed for
consideration were designated by us as the following.

I—Conventional logging (CL). Total (100%) removal of trees was carried out on this
site. The site experienced the greatest anthropogenic impact. The width of the plot was 4 m
and the length was 200 m (800 m2).

II—Supervised logging with controlling cutting (SLCC). At this site, 40% removal of
the stand was carried out. The site experienced an average anthropogenic impact. After
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logging in 1999, the remaining stand was 112 m3ha−1. By the time of the survey (2013), the
remaining stand was 159 m3ha−1.

III—Control area, virgin forest (VF). The stand was 218 m3ha−1.
The total volume of felled wood in the harvested area was 106 m3 ha−1 in 1999.
According to the handbook on soil resources, soils were classified as illuvial-ferruginous

podzols (Podzols), an important diagnostic criterion of which is the alpha-humus pro-
cess [37]. As noted above, the soils of alpha-humus genesis are widely distributed on the
territory of Eastern Fennoscandia and in this area [36,38]. The soil profile includes the
following horizons: O-E-BF-B2-BC-C (Figure 1, Table 1). Where the E layer is a diagnostic,
bleached soil material—washed out of iron, aluminum and humus by the podzolization
process. In this paper, the analysis of the contents and stocks of chemical elements and the
cellulolytic ability of soils under anthropogenic influence is carried out.

Table 1. The most important properties of soils affected by logging: controlling cutting areas (SLCC),
conventional logging areas (CL) and under virgin forest (control) (VF).

Study Areas Layers of Soil Soil Depth Interval
(SDI), cm

pHKCl
HA S DS

ppm %

SLCC 1

O 6–12 2.7 172.8 12.1 19.7

E 9–14 3.3 4.2 – –

BF 7–12 4.7 3.2 1.0 14.2

CL 2

O 4–11 4.7 110.2 74.1 50.6

E 5–8 3.0 6.2 5.1 6.4

BF 8–12 4.5 4.2 2.1 29.2

VF 3

O 5–8 2.9 54.2 17.2 24.2

E 7–11 3.1 5.2 – –

BF 9–12 4.7 4.2 1.8 21.7
1 Supervised logging with controlling cutting; 2 conventional logging areas; 3 virgin forest (control); HA—
hydrolytic acidity; S—sum of absorbed bases; DS—degree of saturation with bases. The values represent the
means of the measurements.

2.3. Assessment of the Contents of Carbon, Nitrogen and Potassium in the Soil

The selection of soils for analysis was carried out on anthropogenically disturbed (CL
and SLCC) and control (VF) sites. Sampling, determination of soil properties and cellulose
decomposition were carried out according to [39]. A total of 9 soils pit were made at each
site. Samples were taken from three genetic horizons of soils: forest litter (O), podzolic
(E) and alpha-humus (BF). The total number of soil samples at the 9 points was 3 for each
horizon. The soil depth interval of the horizons was determined at each point. To determine
the volume weight of the soils, samples from the upper organogenic horizons (O) were
taken using a frame (size 20 × 20 cm) and the mineral horizons of soils (E, BF) were taken
using a cylinder (volume 54.59 cm3). These samples were placed in plastic bags. Samples
were also taken from these soil horizons for chemical analysis. Then, all the samples were
taken to the laboratory for further analysis.

In the laboratory, analyses were carried out to determine the volume weight of the
soils, the acidity (pH H2O) and the contents and stocks of C, N and K. The bulk density
of the soil (BD) was expressed as the ratio of dry mass to its volume [40]. To measure the
pH of the soil we used the method from [40]; the pH of the soil was determined using
a pH meter (Hanna, Vöhringen, Germany) after the solution was shaken with a shaker
for 30 min. This pH meter was calibrated using pH buffer solutions of 4.0, 7.0 and 9.0
before analysis. The percentage of carbon and nitrogen was determined on a CNH analyzer
(2400 Series II CHNS/O Elemental Analyzer, Perkin Elmer, Waltham, MA, USA). The
potassium content was determined on a flame atomic spectrophotometer (Shimadzu AA



Forests 2023, 14, 1424 6 of 17

7000, Yokohama, Japan). The research was carried out using the equipment of the Core
Facility of the Karelian Research Centre of the Russian Academy of Sciences.

2.4. Assessment of Carbon, Nitrogen and Potassium Reserves in the Organic Layer of Soils

To determine the reserves of elements, organogenic layer (O) soil samples were selected
at nine random points on the plots using a sampling frame of 20 cm × 20 cm (400 cm2). At
the same time, the soil depth interval (SDI) of the organogenic soil horizon was measured
simultaneously with a ruler. The selected samples were placed into plastic bags and
delivered to the laboratory. The drying of soil samples in the laboratory was carried out
first in air and then in a drying cabinet to a constant weight.

The stocks of carbon, nitrogen and potassium in the soil were calculated using infor-
mation on bulk density (BD), soil depth interval (SDI) and concentrations of C, N and K.
The calculation used the equation is given below (for example, carbon) [41]:

Csoil (mg ha−1) = BD (g cm−3) × SDI (cm) × C (%)

Calculations for nitrogen and potassium were made according to the same equation.
The coefficient of stratifications (SRs) for the contents of C, N and K were determined

as the content of an element in the upper layer of the soil divided by its value at a lower
depth [41]. SR concentrations of C, N and K in horizon O, relative to those in horizons E
and BF (SR1 [O:E], SR2 [O:BF], SR3 [E:BF], respectively) were calculated in this study.

2.5. Measurement of the Cellulolytic Capacity of Soils

The cellulolytic capacity of soils was measured according to the methodology rec-
ommended by [39]. Cellulose was laid in the upper organogenic (O) and mineral (E, BF)
horizons at 9 points. The exposure period of the cellulose web was carried out during the
vegetation period of plants from 15 May to 28 October (the exposure time was 5 months).

2.6. Statistical Analysis

To analyze the data, we used MS Excel and Statistica 10.0. To check the distributions of
BD (g cm−3), C, N and K stocks and CRs’ dates, Spearman’s t-test was used. Comparisons
of p values were used to identify significant differences between the same measurements
in the study areas (CL, SLCC and VF), as well as to identify differences between pairs of
measurement locations within a given forest stand for the BD (g/cm3), C, N and K stocks
and SR variables. To study the statistical differences between the obtained soil data from
logging sites and the control, one-way analysis of variance (ANOVA) was applied, followed
by testing using Student’s criterion with a significant value of less than 0.05.

3. Results
3.1. Physical and Chemical Properties of Soils

Table 2 shows the volume weight of soils in the control area in the apiary and on
the drag. The volume weight of the upper horizon of all soils varies between 0.103 and
0.147 g/cm3. The volume weight of the mineral horizons is higher; the horizon E varies
within 1.27–1.50 g/cm3 and the horizon BF varies within 1.43–1.54 g/cm3.

Table 2. Bulk density of soils after continuous logging in controlling cutting areas (SLCC), conven-
tional logging areas (CL) and under virgin forest (control) (VF).

Horizon of Soils Bulk Density (g cm−3) ANOVA
VF 1 CL 2 SLCC 3 F p

O 0.103 ± 0.03 0.147 ± 0.05 0.146 ± 0.02 2.302 0.1324
E 1.30 ± 0.20 1.50 ± 0.19 1.27 ± 0.49 0.6551 0.5328

BFH 1.43 ± 0.17 1.50 ± 0.15 1.54 ± 0.19 1.126 0.3487
1 virgin forest, 2 conventional logging, 3 supervised logging with controlling areas. The values represent the
means ± standard deviations of the measurements.
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Table 2 also shows trends in changes in the volume weight of soils depending on the
level of anthropogenic impact. The highest values for the volume weight of soils in the O
horizon were recorded in the areas with the highest levels of anthropogenic impact (CL),
with an average total value of 0.147 ± 0.05 g/cm3. This value was followed by the site with
the middle level of anthropogenic pressures (SLCC), where the value was 0.146 + 0.02 cm3.
The lowest value was observed in the control area (VF)—0.103± 0.03 g/cm3. In the mineral
horizon of soils (E) the picture is somewhat different. An increase in this indicator to
1.50 ± 0.19 g/cm3 was noted in the CL site, whereas in the soils of the control site (VA) and
the SLCC, the values were close and amounted to 1.30± 0.20 g/cm3 and 1.27 ± 0.49 g/cm3,
respectively. In the deeper layers of soils, the data values are close to each other. Statistical
analysis (ANOVA) showed that there were no statistically significant differences in the
volume weight of soils from the different sites.

3.2. Stocks of Carbon, Nitrogen and Potassium in Soils

Table 3 shows the change in carbon stocks in different soil horizons. We have estab-
lished that the largest carbon reserves are in the upper soil horizon (O); in the underlying
mineral horizons (E and BF), the element reserves are much lower and account for up to
3% of the reserves of the upper horizon. Table 3 also shows the reserves of carbon, nitrogen
and potassium in different soil horizons, depending on anthropogenic impact.

Table 3. Stock of organic carbon and elements of the mineral nutrition of plants in soils after logging:
controlling cutting areas (SLCC), conventional logging areas (CL) and under virgin forest areas
control (VF).

Horizon
Soils, cm

Soil C, N, K Stock,
t ha−1 ANOVA

VF 1 SLCC 2 CL 3 F p

Soil C (carbon) stock
O 32.26 ± 2.30 37.06 ± 2.42 38.167 ± 1.88 3.196 0.1482
E 0.97 ± 0.11 1.32 ± 0.19 1.27 ± 0.18 2.403 0.0305

BF 0.68 ± 0.17 0.88 ± 0.15 1.14 ± 0.19 2.432 0.2037
Soil N (nitrogen) stock

O 1.21 ± 0.04 1.24 ± 0.03 1.34 ± 0.03 3.554 0.1297
E 0.06 ± 0.02 0.09 ± 0.02 0.05 ± 0.01 20.00 0.0083

BF 0.04 ± 0.01 0.04 ± 0.01 0.01 ± 0.005 6.77 0.0519
Soil K (potassium) stock

O 0.059 ± 0.004 0.096 ± 0.019 0.096 ± 0.012 2.478 0.1995
E 0.0015 ± 0.0004 0.0035 ± 0.0006 0.0021 ± 0.0005 0.2037 0.8237

BF 0.00089 ± 0.00001 0.00274 ± 0.00001 0.00155 ± 0.00001 0.3544 0.7216
1 virgin forest, 2 supervised logging with controlling, 3 conventional logging areas. The values represent the
means ± standard deviations of the measurements.

Stocks of carbon in the O layer were arranged in ascending order as follows: at
the control (VF), SLCC and CL sites were 32.26 ± 2.30 t ha−1, 37.06 ± 2.42 t ha−1 and
38.167 ± 1.88 t ha−1 of carbon, respectively. In the podzolic (E) and (BF) soil horizons,
there was a general trend for changes in this indicator: the lowest value was recorded at
the control site (VF) (0.97 ± 0.11 and 0.68 ± 0.17 t ha−1) and at the SLCC (in the E horizon
1.32 ± 0.19 and BF 0.88 ± 0.15 t ha−1) and CL sites (1.27 ± 0.18 and 1.14 ± 0 t ha−1) the
values were higher. Statistical analysis (ANOVA) showed statistically significant differences
in carbon stocks in the E horizons of soils.

Nitrogen stocks in the different soil horizons from the sites with different levels of
anthropogenic impact are shown in Table 3. It was revealed that the largest nitrogen
reserves were in the upper soil horizons (O); in the underlying mineral horizons (E, BF),
reserves are much lower and account for up to 7% of the reserves of the upper soil horizons.
Table 3 also provides data on the impact of logging equipment on the stocks of the element
biophiles. Nitrogen stocks in the upper (O) layer of soils were arranged in ascending
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order as follows: VF, SLCC and CL were 1.21 ± 0.04, 1.24 ± 0.03 and 1.34 ± 0.03 t ha−1,
respectively. In the podzolic (E) soil horizon, the highest value was at the SLCC site
(0.09 ± 0.02 t ha−1); the values at the control (VF) and CL sites were close to 0.06 ± 0.02
and 0.05 ± 0.01 t ha−1, respectively. In the horizon (BF) of soils, the values at the CL sites
were lower (0.01 ± 0.005 t ha−1), whereas the control (VF) and SLCC sites were equal and
higher (0.04 ± 0.01 t ha−1). Statistical analysis (ANOVA) showed statistically significant
differences in nitrogen reserves in the lower (E and BF) soil horizons.

Table 3 also provides data on the impact of logging equipment on the stocks of the
elements. The trend for higher potassium values in the O, E and BF horizons was revealed at
the SLCC site, where reserves were 0.096 ± 0.19, 0.035 ± 0.0006 and 0.0027 ± 0.0001 t ha−1,
respectively. Potassium stocks in the upper (O) horizon at the control and CL sites were
distributed unevenly: the lowest value was in the control (0.059 ± 0.004 t ha−1) and
the highest in the CL (0.096 ± 0.019 t ha−1). Stocks of potassium at the control in the
mineral (E and BF) horizons were unequal and amounted to 0.0015 ± 0.0004 t ha−1. These
indicators were lower than at the CL site in the mineral (E and BF) horizons and amounted
to 0.0021 ± 0.0005 and 0.00155 ± 0.0001 t ha−1, respectively. Statistical analysis (ANOVA)
did not show statistically significant differences in potassium reserves.

3.3. Changes in the Ratio of Stratification of Organic Carbon, Nitrogen and Potassium in the Soil

SR concentrations of C, N and K were ranked as SR3 < SR1 < SR2 at all sites (CL, SLCC
and VF) (Figure 3).

There was a general trend for unidirectional changes in SR carbon and nitrogen indices
in soils: SR1 VF > SR1 (CL, SLCC), SR2 VF > SR2 (CL, SLCC). For potassium, such a general
trend was not observed for SR1. For the SR2 indicator, a sharp increase was noted in the
control area. The SR C ranged from 28.20 to 33.57, from 34.03 to 53.21 and from 1.14 to 1.56
for SR1 (O-E), SR2 (O-BF) and SR3 (E-BF), respectively, among the three experience options.
The lowest SR values in all soil horizons were noted in the SLCC site, the highest were at
the control site (VF). The SR N ranged from 14.00 to 25.11, from 29.97 to 48.28 and from 1.33
to 2.15 for SR1 (O-E), SR2 (O-BF) and SR3 (E-BF), respectively, among the three experience
options. The lowest SR values for the studied soils were noted at the SLCC site, the highest
at the VF site. The SR K ranged from 28.17 to 44.61, from 40.12 to 67.01 and from 1.44 to
1.78 for SR1 (O-E), SR2 (O-BF) and SR3 (E-BF), respectively, among the three experience
options. The lowest values of SR in the studied soil horizons were noted at the CL site,
the highest at the control (VF) site. One-sided ANOVA analysis does not show significant
differences for the studied indicator in the soil in the different studied territories.

3.4. Cellulolytic Activity of Soils

The cellulolytic activity of soils decreased with the depth of the soil in the horizon
order O > E > BF, from 53.7 to 69.0 in the O horizon, from 27.3 to 32.7 in the E horizon and
from 12.0 to 15.6 in the BF horizon. A marked increase in the cellulolytic activity of soils
was noted at the CL site in the upper (O) and underlying (E) horizons, which amounted to
69.0 and 32.7, respectively. The lowest values of the studied indicator (12%) were found in
the BF horizon. The ternary graph (Figure 4) shows a greater convergence in the cellulolytic
activity of the soils of the upper (O) and mineral (E) horizons (red color), whereas the
cellulolytic activity of the alpha-humus (BF) horizon (orange color) has a different location
on the graph (Figure 4).
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Figure 3. Coefficient of stratification of carbon content (A) and plant nutrition elements (B,C) in soils
affected by logging (controlling cutting areas (SLCC), conventional logging areas (CL) and virgin
forest areas as control (VF)). The vertical bars represent standard deviations. The values of F and p
for soils are obtained on the basis of ANOVA.
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4. Discussion

Soil is one of the most important components of terrestrial ecosystems, providing a
cycle of nutrients and being a source of moisture for plants [2,21]. Logging technology
affects all soil properties: morphological, physicochemical and biological, as well as the
development of plant root systems (Figure 5).

Due to the mixing and indentation of horizons, the usual rhythms of destruction of
organic matter and the work of the biodestructive block are disrupted [17,42,43]. At the
same time, it is noted that under the influence of logging equipment, soil mixing occurs
more intensively in wetter soils than dry ones [34]. The compaction of soils leads to an
increase in volume weight [44]. A similar tendency to increase the volume weight of
soils against the background of the impact of technology was noted in [12]. As noted
above, as a result of cutting down a stand, the temperature regime of soils changes [45],
as do the volume weight [46] and the rate of development of root systems [13]. The latter,
being the “conductors” of microbiological activity, changes the structural and functional
organization of soils and possibly causes deformation of soil microbiocenosis. Disruption
of the composition of microbiocenosis causes changes in the physicochemical properties
of soils, the circulation of element biophiles and the formation of a different macro- and
microelement pool of soils [47,48]. The areas that were studied 15 years after logging did
not show a sharp change in the studied soil properties compared with virgin forests. The
results showed that after cutting down the stand, no significant changes in the physical
properties of the soils were detected. The results of the volume weight of soils in areas
experiencing anthropogenic impact (CL and SLCC) showed higher values in the upper
horizons of soils compared with the control (Table 2). In the upper horizon of soils (O),
the volume weight of soils decreases in the series CL > SLCC > control, in horizon E it is
CL > control > SLCC and in BF it is SLCC > control > VF. The absence of pronounced soil
compaction may be due to the light granulometric composition of the studied soils. The
sandy soil base is less susceptible to compaction, which allows it, in a humid climate, to
recover faster after mechanical damage by logging equipment. Higher rates of compaction
of the upper soil horizons compared with the lower ones against the background of
harvesting equipment were also noted in separate works [17]. The authors noted that soils
of heavier granulometric composition were more compacted compared with light sandy
soils under the actions of heavy machinery [21].
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Figure 5. Diagram of the consequences of the mechanical impact of logging machinery on the soil
affecting the productivity of forest ecosystems (adaptation [48]).

The studied soils are acidic. The changes occur from 2.7 to 4.7 in the upper (O) horizon,
from 3.0 to 3.3 in the podzolic (E) horizon and from 4.5 to 4.7 in the lower (BF) horizon
(Table 1). The high acidity of the soils is due to the plants growing in this area. Spruce
and pine stands are widespread in this taiga territory [33]. According to our data, the litter
of spruce plants entering the soil has an acidity of up to 2.7, so the acidity of the upper
horizons of the soils is high. The high acidity of the litter has an inhibitory effect on the
processes of mineralization of organic matter and creates conditions for the formation of
forest litter and carbon accumulation [49–51]. As is known, the rate of chemical reactions
doubles when the temperature is increased by 10 ◦C (Van ’t Hoff reaction). When cutting
down a stand, it is possible to change the thermal regime of soils due to the “opening” of
the territory from the forest canopy, which can directly and indirectly enhance the microbial
transformation of organic matter [15,20]. In this regard, a question also arises regarding
the need to optimize the state of the microbiota so that carbon losses into the atmosphere
are optimal and the forest can perform its ecosystem functions of maintaining the carbon
balance in the ecosystem.

Logging equipment can have an impact on carbon stocks and plant nutrition elements.
Organic matter is associated with the properties of soils, as it is an accumulator of nutrients
and determines the temperature and hydrothermal regimes of soils [52,53]. Despite the
fact that the changes in carbon stocks in the soil were at the level of a trend, the studied
sites formed series in descending order in the upper (O) horizon of CL > SLCC > control,
in the E horizon of SLCC > CL > control and in the BF horizon of CL > SLCC > control.
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Lower carbon stock values were noted in the control area, which was not affected by
anthropogenic factors. It can be assumed that the higher values for carbon reserves in these
areas are due to the arrival of the remains of parts of woody plants, which appear in large
amounts when cutting down the stand. It may also be due to the drying of the litter in the
summer and a decrease in the microbiological activity of soils; in this regard, the processes
of destruction of the lignified mass may be inhibited. As is known, undisturbed forests are
a source of more litter than disturbed ones [41,54]. Apparently, in CL plots, the growth of
deciduous trees leads to the arrival of birch litter, the acidity of which (up to pH 4.2) is lower
compared with spruce litter (pH up to 3.7). In the composition of forest litter, the structure
is determined by many factors [5]. Among them, we can single out the stress of trees that
are located close to the CL site: the destruction of root systems could lead to insufficient
moisture uptake and, as a consequence, the dumping of a larger mass of coniferous litter
into the ecosystem [42]. An interesting conclusion was made that the composition of forest
litter (horizon O) of soils formed during logging does not always differ from the control [55].
The authors suggested that this is due to the fall coming from undisturbed areas, which
once again indirectly confirms the existence of a spatial continuum in forest ecosystems.

Proper and rational forest management can regulate the supply of nitrogen, which
is the basis for the functioning of terrestrial ecosystems. Nitrogen reserves in soils have
a similar distribution trend across plots. In the upper horizon of soils, nitrogen reserves
decrease in the following orders: in the O horizon CL > SLCC > VF, in the E horizon
SLCC > VF ≈ CL and in the BF horizon VF ≈ SLCC > CL. Higher nitrogen values in the
upper horizons of soils (O and BF) of anthropogenically disturbed sites (SLCC and CL),
proving higher mineralization of plant residues and favorable conditions for the develop-
ment of microbiota. As is known, oligonitrophils can carry out non-symbiotic nitrogen
fixation, thereby creating conditions for a complex of cellulolytic organisms [56–58]. Ni-
trogen is known to be necessary for the functional activity of these microorganisms. The
arrival of deciduous plant litter (birch litter pH 4.2) can also have a positive effect on the
nitrogen cycle and consequently improve the forest-growing properties of soils.

Potassium is necessary for plant growth and determines the productive capacity of for-
est ecosystems. According to the potassium content, the soils are arranged in the following
orders: in the upper (O) horizon SLCC ≈ SL > control, in the E horizon SLCC > CL > con-
trol and in the BF horizon SLCC > CL > control. According to this ranking, the highest
indicators for potassium for all soil horizons were noted for the SLCC site. For mineral soil
horizons, a general trend for a higher potassium reserve in the CL site compared with the
control (VF) was noted. As is known, forest litter accumulates potassium, which plants and
microorganisms can use for their constructive purposes. An increase in potassium reserves
in the soil creates favorable conditions for the development of plant root systems, allowing
them to adapt to new environmental conditions [59]. It should be emphasized that changes
in potassium reserves in the soil can affect carbon and nitrogen reserves and vice versa [60].
In this regard, it is necessary to know about the peculiarities of the formation of pools of
macroelements for implementation by forest ecosystems as carbon reservoirs.

The effect of the anthropogenic impact on the stratification coefficients was shown
in Figure 2. It should be noted that this integral indicator for assessing the distribution of
element stocks in the soil is a good indicator of their condition, since it reflects the differences
in the formation inherent to soils in different natural and climatic zones [25,29,59]. The
concentrations of C, N and K in the soil had a general tendency to change. It was established
that SR1 and SR2 were >2, whereas SR3 < 2. This indicates the features of forest soils:
biogenic accumulation of C, N and K in the upper horizons of soils and a sharp decrease in
the mineral thickness [61].

The change in this indicator for all soils was wide for SR1 and SR2, whereas for SR3
this indicator was narrower. The two opposite values for the SR indicate the accumulation
of nutrients in the upper horizons of soils, which is associated with the climatic features
of the territory [36,38]. At the same time, it was found that for potassium, there was the
largest range of changes in SR1 and SR2; for nitrogen and carbon it was narrower. For SR3,
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the largest ranges of changes for this indicator were noted for carbon and potassium; for
nitrogen the range was smaller. The general trend of higher values for the SR measurement
range for potassium is associated with its properties, specifically its high migration ability.
Carbon and nitrogen are elements that can accumulate, forming a sustainability pool in the
soil; this results in their indicators being less variable.

In this paper, three SR values were calculated (SR1, SR2 and SR3). The influence
of logging equipment on the SR indicators was established at individual sites (Figure 2).
Generally, the SRC values were higher at the control site, which indicates that the soil
quality there was higher than in areas that had experienced an anthropogenic impact. The
SRN value was higher in the VF sites, whereas this indicator was lower in the SLCC and
CL sites. In the latter case, we can talk about the unfavorable nitrogen regime of soils in the
area experiencing the greatest anthropogenic impact. The SRK value was also higher at the
control (VF) site, indicating more favorable conditions for mineral nutrition.

The common tendency for the accumulation of carbon, nitrogen and potassium at the
SLCC site indicates the favorable conditions that are formed at the site where selective
logging took place. It is possible that this is determined by the microclimatic conditions
where the selective removal of trees took place: a small illumination, the creation of more
illuminated micro-conditions, an increase in soil temperature and a change in humidity
can contribute to improving the forest-growing properties of soils and the development of
a stand [12,62,63]. There is no doubt that despite the fact that the data obtained had the
same direction of changes, as noted above, further work is needed to verify their validity
and the possibility of using them in other natural and climatic conditions [6].

Against the background of changes in the physicochemical properties of soils, a change
in the biotic component is also possible [12,64,65]. To determine the spatiotemporal changes
in the carbon cycle in the soil, a good indicator is the determination of the cellulose activity
of soils in a model field experiment (Figure 4). This cellulose decomposition test makes it
possible to determine the state of the hydrolytic prokaryotic complex of the microbioma
that is involved in the initial states of the conversion of carbon-containing compounds. This
test is used in monitoring studies and can be a reliable indicator of soil quality. An increase
in the rate of decomposition of cellulose in the O, E and BF horizons of soils in the studied
areas (CL and SLCC) indicates an increase in the carbon cycle and the activity of destructors.
Cellulose decomposition is carried out by a cellulolytic complex of microorganisms that
produce cellulases and act synergistically on cellulose [66]. In this regard, the change
in the rate of decomposition of cellulose indirectly indicates a change in the complex of
cellulolytics and their functional activity [65]. When organic substances are decomposed
in soils, carbon dioxide is formed and can migrate into deep-lying layers or enter the
atmosphere [67].

The processes change under anthropogenic influences, which leads to an increase in
the carbon load on forest ecosystems. It is appropriate to note an interesting conclusion
that in compacted soils, an increase in CO2 emissions is not always associated with an
increase in biological activity but may be due to a decrease in aeration [19]. Deforestation is
one of the most powerful types of anthropogenic impact on soils. The impact of logging
equipment on various levels of the organization of forest ecosystems is complex and the
change is complex [68–70]. In this regard, the natural restoration of soil properties occurs
gradually, whereas various indicators can be used to diagnose their changes [26,71]. In
further studies, it is necessary to take into account the state of the soil microbiota, as well as
to determine the biochemical parameters.

5. Conclusions

Logging operations can lead to changes at all levels of the organization of forest
ecosystems, including soils. The change in soil properties against the background of a
negative impact depends on the natural and climatic features, the type of soil and the
recovery time for biogeocenosis, as well as the anthropogenic load itself. Unfortunately,
insufficient attention is paid to this problem in Northern European. A way to reduce the
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negative impact is to conduct more extensive research, conducting studies of soil changes
of various types in contrasting environmental conditions. The results of the current study
show that there were no sharp changes in the studied soil properties at different levels of
anthropogenic impact (CL and SLCC sites) 15 years after logging. Changes in soil acidity,
volume weight and the stratification coefficients (SRs) of elements are at the trend level.
Stratification coefficients (SRs) reflect the specifics of soils of the alpha-humus genesis when
there is a biogenic accumulation of carbon, nitrogen and potassium in the upper horizons
of soils and a sharp decrease in their contents with increasing depth. The general trend for
decreasing SRC, SRN and SRC in soils in the area experiencing the greatest anthropogenic
impact (CL) indicates the influence of logging in the past. Higher values for cellulose
decomposition in CL and SLC soils compared with the control site (VF) prove positive
changes and improvement in the forest-growing properties of soils during the 15 years
since the anthropogenic disturbance. In addition, data on the rate of decomposition of
cellulose also indicate positive changes in the biogeocenosis, i.e., its restoration when the
anthropogenic impact is removed. It is necessary to continue the study in order to further
establish the trajectory of the development of forest eco-systems, for a more perfect plan
for managing forest resources in the context of sustainable development, preserving their
diversity, as well as performing their carbon-depositing function in the biosphere [72].
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