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Abstract—Changes in podzolic soils (Albic Retisols) and vegetation after felling blueberry spruce forest in the
middle taiga of the Komi Republic are discussed. Changes in the morphological and physicochemical prop-
erties of soils after three and ten passes of the forwarder, as well as after ten passes with subsequent leveling of
the ruts are characterized. It is shown that the number of forwarder passes is the decisive factor in soil changes.
At the site with three passes, the formation of ruts with a depth of 11 £ 3 cm is observed, while at the site with
ten passes, the depth of the ruts can reach 66 cm with an average value of 27 = 4 cm. Leveling of forwarding
trails to remove the ruts leads to the greatest transformation of the natural composition of the upper soil hori-
zons over a larger area. A significant increase in the bulk density of the upper mineral horizon of the soil of
the trail takes place after three passes. After ten passes, the bulk density of the upper mineral horizon decreases
because of its mixing and loosening by wheeled vehicles. At the same time, an increase in the bulk density of
the underlying middle-profile mineral horizon retaining its natural composition is observed. The upper hori-
zons of the soil of the trail leveled with the use of an excavator are characterized by a significant increase in
the bulk density compared to the initial soil. It was found that the regrowth of the main tree species in the first
year after felling is extremely uneven. In the case of a strong clutter on the trails, there is no regrowth, which
requires additional measures to improve tree growing these technological elements of felling area. On the lev-
eled areas of the trails, the absence of regrowth in the first year after felling was observed. However, it can be

assumed that in the future these areas will be fairly quickly populated with regrowth of tree species.
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INTRODUCTION

Economic activity of humans is the leading factor
of changes in boreal forests. Forest ecosystems of the
Komi Republic (RK), as well as other taiga ecosystems
of Russia, have been subjected to increasing anthropo-
genic impact since the 17th—18th centuries [24]. At
the same time, until the middle of the 20th century.
sparing approaches to logging activities, including
manual logging and horse hauling of wood, did not
lead to significant changes in the species composition
of forests. In large areas covered by such types of log-
ging, coniferous phytocenoses functioned close to
their natural functioning patterns [23]. The situation
began to change from the middle of the twentieth cen-
tury. Thus, over 60 years, 112000 km? of the RK have
been affected by industrial felling and 1 billion m? of
wood has been harvested [4].

The increase in the volume of harvested wood, the
mechanization of the logging process, the predomi-
nance of clear concentrated and clearcut felling contrib-

uted to the intensification of the anthropogenic impact
on taiga ecosystems. The forest cover pattern [31], the
cycle of biophilic elements [5, 14, 32], and the micro-
climatic parameters of soils [16] change in the areas
that have been felled. On a large area of the European
northeast of Russia, coniferous trees have been
replaced by deciduous trees [8, 23, 26]. Plants of the
ground cover are sensitive indicators of environmen-
tal changes in felling areas [11, 22, 44]. Logging tech-
nologies largely determine the composition and
structure of derived plant communities [27, 43]. In
the taiga zone, the transformation of the micro- and
mesorelief under the impact of heavy logging
machines leads to the appearance of new complex
vegetation communities with a high degree of hetero-
geneity on clearings [29].

Clearcutting is the most widespread logging
method in the European north of Russia [25, 26, 39].
Technologically, with such types of felling (regardless
of the type of timber skidding), areas are separated that
differ in the nature of the impact on ecosystems. The
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least disturbed areas (residual plots) occupy 59—71%
of felling sites. Areas with disturbances of the soil cover
during skidding and storage of wood are allocated to
skidding trails (or technological corridors) occupying
18—29% and loading plots (6 to 15%) [33]. In some
cases, disturbance of the soil surface occurs on 40—
60% of the cutting area [17]. In areas, where artificial
reforestation is planned, the area of soils with
mechanical transformation associated with the prepa-
ration of soils for tree planting may be even larger [42].

At present, tree-whip hauling is gradually being
replaced by Scandinavian technology, which includes

the use of multi-operation machines (forwarder' and
harvester). A significant number of logging enterprises
carry out timber harvesting by multifunctional com-
plexes. In the KR, where these studies were carried
out, the ratio of harvesting using Scandinavian and
traditional (skidder and chainsaw) technologies is
90 and 10%, respectively. According to the existing
requirements for the organization and performance of
timber harvesting [37], the share of portages and tim-
ber loading areas when using multioperational equip-
ment can be up to 30% of the total cutting area. At the
same time, the depth of the ruts is not regulated in this
document. According to our preliminary estimates,
the areas of mechanically disturbed soils rarely exceed
20% of the cutting area [14]. Currently, there are few
works on the assessment of the impact of harvesters
and forwarders on the soils of Russia [15, 18, 21, 30].
In contrast to the Scandinavian countries and regions
of the Russian Federation with similar forest condi-
tions [12, 28, 46], the effect of the cut-to-length tech-
nology of timber hauling on soils virtually has not been
studied. It is likely that significant differences com-
pared with European countries [45, 47] and Karelia
[12, 28] in logging in similar forest types will be deter-
mined by the characteristics of the bearing capacity of
soils, namely, their texture and high water content.

The purpose of this study is to evaluate changes in
soils and vegetation when using heavy wheeled logging
equipment.

Research objectives: to evaluate changes in the
morphological and physico-chemical properties of
soils with a different number of forwarder passes, as
well as with surface leveling and removal of deep ruts;
to identify changes in the composition of plant com-
munities of different technological elements of felling;
and to characterize the features of reforestation in the
studied areas.

OBJECTS AND METHODS

Description of the field experiment. For the experi-
ment, in the spring of 2020, a plot of blueberry—green-
moss spruce forest was selected in Syktyvdinsky dis-
trict of the KR (Fig. 1). The study of the initial forest

! Forwarder is a machine that skids wood; harvester is a machine
that cuts and lays wood on the surface of the soil.
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area (IF) began in the spring of 2020. The climate of the
study area is moderately continental and moderately
cold [2]. The mean monthly air temperature in July is
+16.6°C. The mean annual temperature is +0.4°C, and
the mean annual precipitation is 514 mm [2].

According to the soil-geographical zoning of the
KR [3], the study area is located in the southern part
of the Vym—Vychegodsky district of typical podzolic
soils, iron-illuvial podzols, and humus-illuvial gleyed
peat-podzolic soils. The study objects were located at
the top of the moraine ridge. The topographic survey
was conducted using a Vega L32C level. The terrain
map was built using Surfer software (Golden Software
Inc.). The features of the relief are shown in Fig. 1.

The logging in the study areas was carried out on
December 7—8, 2020. A four-axle PONSSE ELE-
PHANT ERGO8W A090626 forwarder with a stan-
dard weight of 22.8 tons was used as an experimental
machine. The pressure in the wheels was 3.5 (front
wheels) and 5.5 (rear wheels) bar. Standard removable
metal tracks were used only for the rear wheels. Before
passing, the forwarder was loaded with aspen logs; the
diameter of each log was measured, and the volume of
wood was calculated (Fig. 2). The total weight of the
forwarder with wood was 36.3 tons.

By the time of felling, the forest area under study
had virtually ideal conditions: the absence of pro-
longed snowfalls before felling, stable subzero air tem-
peratures, which allowed the soils to freeze to a depth
of about 15 cm, which in turn ensured a high bearing
capacity of the soils. At the time of the experiment, the
air temperature was —3.2°C, and the litter temperature
was —0.5°C.

During the experiment, nine trails were laid on the
top of the ridge, each about 50 m long. The number of
forwarder passes was three (3P) on three trails and ten
(10P) on six more trails. Soil pits were laid in the ruts,
the inter-rut space was not mechanically disturbed.
On three trails with ten forwarder passes, the ruts were
leveled (10P); and litter, stumps, and logging residues
were removed (shifted to the edge). Litter and logging
residues were moved onto the area adjacent to the
trails. Leveling was carried out with a Komatsu PC-8
excavator the next day after felling. A series of leveled
trails (10P1) was made to assess the feasibility of using
leveling technology for the success of subsequent
reforestation. The trails were not strengthened with
logging residues. Immediately after felling (December
2020), measurements were made of the depths of the
ruts formed by heavy wheeled vehicles. Measurements
were taken every 2.5 m. For 3-pass trails (with two ruts
each), 162 measurements were made; 392 measure-
ments were made on 10-pass trails.

The assessment of morphological changes in soils
and soil sampling were carried out in July 2021. One
reference soil pit was laid on each kind of soils. The
classification position of soils was determined accord-
ing to [36] taking into account recommendations for
EURASIAN SOIL SCIENCE  Vol. 55
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Fig. 1. Location of the study site and scheme of trails.

assessing the properties of turbated soils [13, 14]. To
determine the color of genetic horizons, the Munsell
scale was used. The bulk density in organic and min-
eral horizons was determined in reference pits accord-
ing to [7]. The main properties of the soils of felling
areas were determined in samples taken in July.

The chemical analysis of soils was carried out in an
accredited ecoanalytical laboratory and the department
of soil science of the Institute of Biology of the Komi
Scientific Center of the Ural Branch of the Russian
Academy of Sciences. The total contents of carbon and
nitrogen were determined on an analyzer EA-1100
(Carlo Erba). The pH of water extracts was assessed
using an Edge HI2002-02 pH meter (Hanna Instru-
ments, Romania) at the soil / solution ratio of 1 : 25 for
litter and 1 : 2.5 for mineral horizons. Exchangeable
cations were extracted by ammonium acetate extract
(pH 7) with subsequent determination on an ICP Spec-
tro Ciros atomic emission spectrophotometer. The par-
ticle-size distribution was determined according to the
Kachinskii method. The contents of iron and alumi-
num soluble in an acidic ammonium oxalate solution
was measured by atomic emission spectrometry. To
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extract nonsilicate iron compounds from the soil,
regardless of the degree of crystallization, the Mehra—
Jackson method was used [41]. The Schwertmann coef-
ficient was calculated according to the equation: Ky, =
Fe,,/Fegin [10]. Phosphorus was determined accord-
ing to standard procedure PND F 16.1:2.3.11-98 [38].
The method involves soil treatment with SM HNO,
(2 g s0il/10 cm? acid) followed by heating in a water
bath for three hours and determination on an ICP
Spectro Ciros spectrophotometer.

When describing plant communities, methods
were used that are generally accepted in geobotany and
forest typology [19]. On each test plot, the composi-
tion and density (in fractions of a unit) of the forest
stand and undergrowth were taken into account. For
the grass—shrub and moss—lichen layers, the total
projective cover was determined in percent, and the
degree of species dominance was assessed using the
Ipatov dominance scale [19]. In order to identify the
biodiversity of plants, the a-diversity index and spe-
cies saturation were calculated.

On the control plot of the blueberry—green-moss
spruce forest, one description of the original forest
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Fig. 2. Loading the forwarder before the experiment.

community was made (size 20 < 20 m). In the cutting
area, vegetation cover was recorded at each technolog-
ical element. The size of the test plots (TS) in the
residual part of the forest stand was 5 X 5 m. On lev-
eled trails and in ruts, the vegetation was taken into
account through survey along each technological ele-
ment. Latin names of taxa of vascular plants and
mosses were given according to the web source world-
floraonline.com; lichens were named according to
Santesson et al. [48].

Forest regrowth was assessed according to Pobe-
dinsky [34]. In the clearing, trial plots (TPs) of 1 X I m
in size on each technological element (residual forest.
skidding trails) were surveyed. Overall, data from
56 TPs were obtained. A detailed description of the
regrowth of the trees of different species was carried
out on TPs [40]. On the TPs laid on skidding trails, the
width and depth of the ruts were additionally mea-
sured, the presence or absence of water in the ruts, and
the amount of logging residues were noted.

The young growth occurrence index (7) was deter-
mined as the ratio of the number of TPs with young
growth (n,, to the total number of surveys TPs (n,,:

r= ngr/ntot .

At > 0.65, the distribution of young growth is con-
sidered uniform and additional measures aimed at
improving the reforestation process are not required.
At 1<0.65, the distribution of young growth is uneven
and additional measures are required to improve
regrowth; if natural regrowth is absent, artificial forest
planting should be applied.

The calculation of the average height of conifer-
ous and deciduous regrowth was carried out sepa-
rately on trails, residual plots, and in general on
clearings. The assessment of the degree of confi-
dence and in-depth analysis of survey materials on
the conservation of regrowth or measures to promote
natural regeneration was carried out using methods
of mathematical statistics.
EURASIAN SOIL SCIENCE  Vol. 55
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RESULTS AND DISCUSSION

Changes in vegetation cover on the main technologi-
cal elements of felling area. The original community
was represented by an uneven-aged coniferous—decid-
uous plantation, passed through ground fires and
selective felling of large coniferous trees about 60 years
ago. The tree layer is formed by Scots pine (Pinus syl-
vestris L.), Siberian spruce (Picea obovata Ledeb.),
birches (Betula pubescens Ehrh. and B. pendula Roth.),
Siberian fir (Abies sibirica Ledeb.), and aspen (Populus
tremula L.). The forest stand formula is 4P3S2B1A
solF. Layering in the forest stand is not expressed.
Dead wood occurs mainly in coniferous stands with a
stem wood stock of 30 m3/ha. The undergrowth is
dominated by spruce with a small admixture of birch
and aspen. The total projective cover (TPC) of the
grass-dwarf shrub layer is 80%; it is dominated by bil-
berry (Vaccinium myrtillus L..). The TPC of the moss—
lichen layer is 80%; Hylocomium splendens (Hedw.)
Schimp. predominates; Pleurozium schreberi (Willd.
ex Brid.) Mitt., Sphagnum angustifolium (Warnst.)
CEO lJensen, and Polytrichum commune Hedw. are
common moss species.

Compared to the initial communities, the shrub
layer in felling becomes depleted (Table 1). Its density
decreases, and juniper (Juniperus communis L.) disap-
pears from it. Large shrubs were destroyed during fell-
ing, so the height of plants in the post-cutting areas of
residual plots decreases to 30—40 cm. The total species
diversity of vascular plants decreases insignificantly
(from 18 species on the control plot to 16 species in the
felled area). Blueberries retain the leading cenotic
positions. Changes in the light regime lead to an
increase in the abundance of light-loving species
(lingonberries Vaccinium vitis-idaea L., meadow grass
Deschampsia flexuosa (L.) Trin.), Maianthemum
(Maianthemum bifolium (L.) FW Schmidt), one of the
dominant species in herb—shrub layer of control plots,
being a more shade-tolerant species, reduces its abun-
dance on clearings.

The total projective cover of the herb—shrub layer
in the residual plots decreases to 15—30% compared to
80% at the control. The projective cover of the moss—
lichen layer somewhat decreases within residual plots
(40—60% vs 80% at the control). The main changes
take place in its composition, where species of moist
habitats (Sphagnum angustifolium and Polytrichum
commune) become dominants. The abundance of
mesophytic species Hylocomium splendens decreases
from 8 to 4—6. The effect of increased moisture con-
tent in clearcut habitats is well known from the litera-
ture [22, 27, 43]. As a result of the destruction of trees,
which are powerful pumps that pump water out of the
soil, the hydrological regime changes at the initial
stages of ecosystem restoration, and temporary water-
logging is developed.

After the forest felling, six moss species were
recorded in the studied area; the average a-diversity of
EURASIAN SOIL SCIENCE  Vol. 55
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mosses was 2 species. Thus, the total number of moss
species as a result of the transformation of plant com-
munities decreased by more than two times; at specific
most disturbed locations, the species diversity of
mosses decreased by three times. Moss species that
have disappeared from the studied communities— C/i-
macium dendroides (Hedw.) F. Weber & D. Mohr,
Dicranum majus Turner, and others—are more
demanding on microhabitat conditions. In particular,
they need shading, which is absent in the communities
at the initial stages of post-cutting succession. One
moss species (Ptilium crista-castrensis), which was
absent at the control, appeared in the felled area.

In the ruts, a strong degree of disturbance of the
original vegetation was observed, most of which was
mechanically destroyed. The shrub layer was repre-
sented by single rosehip plants (Rosa acicularis Lindl.)
and mountain ash (Sorbus aucuparia L.). The projec-
tive cover of the herb—shrub layer was about 3%; the
projective cover of of mosses and lichens, up to 5%.
The average o-diversity of vascular plants was reduced
to two species. Dominant species of the original com-
munities, which retain their abundance in residual
stands, are absent in the ruts. Under such conditions,
in the first year of succession, loosestrife (Lysimachia
europaea (L.) U.Manns & Anderb.), goldenrod (Soli-
dago virgaurea virgaurea L.), globular sedge (Carex
globularis L.) become dominant plants; among
mosses, Sphagnum angustifolium predominates.

Ruts with varying degrees of disturbance (3 and
10 forwarder passages) differ significantly in the main
parameters of the lower vegetation layers. The average
number of vascular plant species (o-diversity) in a rut
after three passages is 3 species (1—5 species on spe-
cific sites); after ten passages, it is 2 species (0—2 spe-
cies on specific sites). The moss—lichen layer in the
ruts is completely absent after 10 passages; after three
passages, its projective cover varies from 1 to 5%. Ruts
after 10 passages do not contain any plants in the first
year of the restoration succession.

In general, according to the results of vegetation
cover studies, it can be noted that on different techno-
logical elements of felling areas (residual plots, ruts on
trails), different degrees of disturbance of the vegeta-
tion cover can be observed. The degree of vegetation
disturbance depends on the level of technological load
in the course of felling operations.

Restoration of the main tree species on different ele-
ments of felled areas in the first year. The composition
of regrowth in clearings is 54A44B1S1P. The highest
occurrence is observed for aspen, both in residual for-
est stands and on skidding trails (r = 0.45—0.65); the
lowest occurrence is typical of conifers (r = 0—0.05).
After three passes of the forwarder along the trail,
higher values of the index in the ruts are noted for
aspen (¢ = 0.71). On trails after ten passes, birch and
aspen were observed in equal proportions (r = 0.22)
(Table 2), but mostly of seed origin. This trend is asso-
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Table 1. Characteristics of the lower tiers of vegetation of the studied technogenic elements of felling area

Index Control R 3P 10P
The total density of the undergrowth, in fractions of 1 0.2 0.1 <0.1 <0.1
Total projective cover of herb—shrub layer, % 80 20 1-3 0—1
Total projective cover of the moss—lichen layer, % 80 60 1-5 0

Undergrowth
Rosa acicularis 2 9 8 10
Salix caprea + 1 — —
Sorbus aucuparia 8 + 2 —
Herb—shrub layer

Chamaenerion angustifolium 1 1 — —
Equisetum sylvaticum 2 1 — —
Gymnocarpium dryopteris 2 1 - —
Blueberry blueberry 8 5 — —
Calamagrostis obtuse 1 1 3 -
Scarce globular 2 4 5 -
Deschampsia flexible 3 3 2 -
Maianthemum bifolium 4 1 2 —
Blueberry vines 2 5 1 -
Melampyrus forest 1 2 5 3
Solidar wood 1 2 4 4
Triennial europaea 3 1 6 7
Luzula hairy 1 2 — 3
Bush stony 3 2 — 4
Moss—lichen layer
Polytrichum common 4 5 — —
Aulacomnium swamp 1 3 — —
Pleurisy to be scratched 4 4 5 -
Hylocomium shining 7 5 5 —
Sphagnum angustifolium 4 5 6 -

Control—initial forest of the background area; R—residual forest plots remaining after felling; 3P—skidding trail after three forwarder
passes; 10P—skidding trails after ten forwarder passes/. For the undergrowth, the composition is given (from 10 units). The abundance
ranks of species of the herb—shrub and moss—lichen stages are given according to the Ipatov scale [19]. Species noted only in the control
plot: Carex cespitosa, Dicranum majus, Geranium sylvaticum, Hieracium laevigatum, Juniperus communis, Platanthera bifolia. Species
noted only in the residual forest plot: Leontodon autumnalis, Linnaea borealis, Oxalis acetosella, Rhytidiadelphus subpinnatus. Dashes

denote the absence of species.

ciated with the disturbance of forest litter and its mix-
ing with the upper eluvial soil horizons, resulting in
better fixation and germination of tree seeds in the
mineral soil. However, with an increase in the depth of
the ruts and their waterlogging, the young growth dis-
appears.

The density and species composition of young
growth in the clearing of coniferous-deciduous stands
attest to abundant regrowth of deciduous species of
birch and aspen. Their number is 11 and 13 thousand
units/ha, respectively. Seedlings of spruce and pine are
single. Such a weak renewal of spruce and pine is asso-
ciated with a low fruiting score of coniferous trees in
the felling in the previous year. The young growth

occurrence index (7) is uneven regardless of the tech-
nological element of felling area (3P, 10P, 10P). Thus,
throughout the clearing, the highest index is noted on
the trails (= 0.7), while in the areas subjected to lev-
eling, it is zero. The established accounting plots
showed a complete absence of young growth on 10P
plots as a result of leveling and removal of the upper
horizons.

Changes in soil morphology. A reference soil profile
was laid in the central part of the felling area (Fig. 3).
The pre-cutting microtopography of this plot on the
top of the moraine ridge is typical of forest ecosystems:
near-stem microhighs, abundant stumps and dead-
wood of different stages of decomposition. The soils of
EURASIAN SOIL SCIENCE  Vol. 55
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Fig. 3. General view of the studied plots and soil profiles: IF—initial forest (control); 3P—skidding trails after three forwarder

passes; 10P—skidding trail after ten forwarder passes, 10P1—skidding trail after ten forwarder passes and surface leveling.

the initial forest (IF) are characterized by the presence
of forest litter with three subhorizons of different
degrees of decomposition of plant residues (O(L),
O(F), O(H)) [6]. Under the litter, a whitish (2.5Y
5/3—10YR 6/3) eluvial horizon EL is formed, which is
represented by structureless or weak platy loam. Grav-
elly material is abundant in this horizon. The transi-
tion to the subeluvial BEL horizon of a heavier texture
is gradual. The BEL horizon is dark brown to light gray
(7.5YR 4/4), well structured, and penetrated by verti-
cal tongues of the eluvial horizon with coarser loamy
sandy material. A reddish brown (7.5Y 4/4) silt loamy
BT horizon with a multi-order structure typical of
podzolic soils and with abundant cutans and skeletans
is seen under the eluvial layer. This soil is classified as
a typical podzolic soil (Retisol).

Pit 3P was laid in the central part of the trail with
three forwarder passes. There is no ground cover; there
are many branches and needles in the upper part of the
litter, but no mixing of the upper horizons is observed.
Visual overcompaction of the soil and additional input
of organic matter into the upper mineral horizons have
been noted. The soil profile has the following horizo-
nation: O(L) (0—2 ¢cm)—O (F + H) (2—5 cm)—ELI1
(5—15cm)—EL2 (15—-25cm)—BEL (25—35 cm)—BT1
(35—50 cm). The litter layer is subdivided into two
subhorizons according to the degree of decomposition
of plant residue represented by needles, branches,
remains of mosses and shrubs and by well-decom-
posed plant litter in the lower part of the horizon. The
upper mineral horizon EL1 is structureless whitish
loamy sand (2.5Y 5/2) with abundant rounded gravels.

Table 2. Characteristics of the subsequent natural forest restoration and the index of occurrence of regrowth in the felling

areas of the first year

Index occurrence (7)
Species Density of regrowth, trees/hs

3P 10P 10P1 R*
B 10714 - 0.22 — 0.15
A 13214 0.71 0.22 — 0.45
F 179 — — — —
P 179 — - 0.08 —
Total 24286 0.71 0.33 — 0.50

A—aspen, B—birch, F—spruce, P—pine. Dash—not found. *R—residual forest plot

EURASIAN SOIL SCIENCE  Vol.55 No. 11 2022
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The EL2 horizon is lighter (2.5Y 6/2) and denser; it
has a sand loamy texture. The underlying mineral BEL
and BT horizons have not been subjected to mechani-
cal disturbances and are similar to the horizons of the
background area. This soil is also classified as a typical
podzolic soil.

Pit 10P was laid on a trail after ten forwarder passes
that left a deep rut. There is no litter in the rut, but
there are many branches, needles and logging residues
on the surface. The soil profile has the following hori-

zons: TURcwd? (0—15 cm)—EL (15—20 cm)—BEL
(20—30 cm)—BT (30—50 cm). The upper turbated
horizon TURcwd is a gray mineral horizon with an
admixture of branches, needles, cones, and occasional
gravels. The underlying eluvial horizon corresponds to
that in the background soil, but is more compacted,
with elements of platy and angular blocky (nutty)
structure. The subeluvial BEL and textural BT hori-
zons are almost identical to those in the initial native
soil.. However, some overcompaction of the soil mate-
rial is observed in the middle-profile mineral hori-
zons. This soil was classified as a turbated soil with
plant detritus (detrital turbozem).

Pit 10P1 was laid on the trail subjected to ten for-
warder passes with subsequent surface leveling. The
soil surface is uneven, with numerous microlows filled
with water in the summer. The upper horizons are tur-
bated; the restoration of vegetation is slow. There are
single branches and remains of the organic horizon on
the surface. The soil horizonation is as follows: TUR
(0—10 cm)—BEL (10—20 cm)—BT (20—50 cm). There
is no organic horizon; as a result of the leveling, a
strongly turbated (TUR) horizon is formed with a par-
tially preserved structure of the EL and BEL horizons.
In contrast to profile 10P, there are significantly fewer
logging residues and plant litter on the surface. The
BEL horizon forming below is brown (7.5YR 4/3),
with white tongues; it is dense. The BT horizon is rep-
resented by brown (7.5YR 4/3) heavy loam. The entire
soil profile is cemented, probably due to desicca-
tion/wetting cycles. This soil was classified as a tur-
bozem.

Rut depth. Wheeled heavy vehicles passing along
the trail break through the soil to a depth of 0—41 cm
leaving deep ruts (Fig. 4). On trails with three for-
warder passes. the depth of the ruts varied from 8 to
13 cm. Ruts are the deepest in better moistened places.
After ten passes, the depth of the ruts increases (0 to
66 cm with the average depths of 23—35 cm). Thus, the
depth of the ruts increases by two—four times after ten
passes in comparison with that after three passes of
heavy wheeled forwarder even in the case of significant
soil tolerance towards mechanical loads.

An analysis of the variation indicators made it pos-
sible to establish that, on average, the depth of the ruts

2 The cwd symbol denotes the presence of coarse woody residues
(from English coarse wood debris). The use of this index in tur-
bated horizons was described in detail by us earlier [ 14].
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after three passes is 11 = 8 cm. The variation coeffi-
cient of 79% in this case indicates the heterogeneity of
the obtained indicators in accordance with the normal
distribution (Kolmogorov—Smirnov criterion (D) is
0.149, at p <0.01; the Shapiro—Wilk test W= 0.8654 at
p = 0.0009). For ten-pass ruts, their average depth is
27 £ 12 cm with a coefficient of variation of 45%; thus,
the depth of the ruts becomes more even. The
observed sample corresponds to the normal distribu-
tion law (criterion D = 0.05711 at p < 0.02, criterion
W=0.98633 at p = 0.0009).

Soil density. A study of the density of the upper
genetic horizons after the experiment with three and
ten forwarder passes has been specially conducted. In
the residual forest area, the soil bulk density is close to
that in the control: 0.09 g/cm; in the litter horizon and

1.46 to 2.09 g/cm? in the mineral horizons (Fig. 5).

Some changes in the bulk density of genetic hori-
zons take place in the soils of trails. After three for-
warder passes, bulk density of the litter increases up to
0.13 g/cm? and the density of the upper eluvial horizon
is up to 1.70 g/cm?. Bulk density of the lower horizon
is close to that in the control (undisturbed plot). After
ten forwarder passes, the litter horizon virtually disap-
pears, and bulk density of the upper mineral horizon
decreases to 1.18 g/cm? because of its mixing with lit-
ter. However, bulk density of the middle-profile
EL2 horizon increases to 1.92 g/cm? because of high
mechanical loads.. For the soil of plot 10Pl, an
increase in the bulk density of the turbated horizon up
to 1.67 g/cm? was found; its bulk density is close to that
of the upper eluvial horizon after three forwarder
passes. The lower mineral horizons are less compact
(1.63—1.71 g/cm?).

At the same time. statistically significant differ-
ences in the density of the upper horizons of the soils
of the trails depending on the number of passes of
wheeled vehicles have not been found. However, it
should be noted that there is a tendency towards a
decrease in the soil density on the trails after ten for-
warder passes, which is probably associated with loos-
ening and mixing of the mineral horizon with the litter
layer.

Changes in the physicochemical properties. The ini-
tial soil (IS) developed from sandy loam/silt loam
material. The content of physical clay (<0.01 mm)
particles varies from 19 to 31%. A heavier texture in the
lower mineral horizons is clearly manifested. The con-
tent of the clay fraction is low (8—9%) in the upper
mineral horizons and increases to 23% in the BT hori-
zon. The clay differentiation coefficient in the soil
profile is 2.7.

The initial soil is acid to slightly acid (pHe; 4.3—
6.1). The most acidic is the litter; in mineral horizons,
pH approaches neutral values. The distribution of car-
bon and nitrogen along the profile is regressively accu-
mulative with the highest content in the litter (34.4—
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Fig. 4. Depths of ruts on skidding trails (1—6) after (a) three and (b) ten forwarder passes. drags with three (a) and ten (b) passes.
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Fig. 5. Bulk density of soil horizons in the studied pits. [F—initial soil, R—soil of the residual forest plot, 3P—soil of the skidding
trail after three forwarder passes, 10P—soil of the skidding trail after ten forwarder passes, 10PL—soil of the skidding trail after
10 forwarder passes and surface leveling. Mean * rms deviation (# = 5).
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44.5%) and the lowest content in the mineral horizons
(0.1—0.45%). The organic matter of the litter is char-
acterized by a wide C/N ratio (29 to 37). The content
of available phosphorus in the initial soil varies from
100 to 1500 mg/kg with a maximum in litter subhori-
zons O(F) and O(F + H). The mineral horizons con-
tain 6—18 times less phosphorus. The minimum con-
tent of available phosphorus is in the eluvial horizons,
which is typical for podzolic soils.

The distribution of dithionite- and oxalate-soluble
forms of iron and aluminum in mineral horizons has
an eluvial—illuvial distribution along the profile.
There is a removal of iron and aluminum from the
upper mineral horizons and their accumulation in the
middle part of the profile with further decrease in their
content in the lower mineral horizons. Physicochemi-
cal properties of the initial soil generally correspond to
the properties of podzols in the studied region [35].

The accumulation of oxalate-soluble forms of iron
to some extent reflects the degree of soil hydromor-
phism. It is believed that the values of the Schwert-
mann coefficient (Ksh) allow one to obtain a quanti-
tative expression for the degree of soil hydromorphism
[1, 9, 20]. The values of Ksh varied from 0.4 to 0.6.
High values of the Schwertmann coefficient were
found in the EL and BEL horizons, where some mois-
ture stagnation takes place (Ksh = 0.6). Increased
hydromorphism is observed in soils on flat surfaces
because of the absence of lateral runoff.

For the soil of the residual plot (P), a decrease in
the content of both dithionite- and oxalate-soluble
forms of iron in comparison with the control plot has
been found. It is likely that an increase in the mobility
of these forms of iron is associated with an increase in
the water content of the upper genetic soil horizons
within the residual area after felling. The aluminum
content in the upper part of the illuvial horizon
decreases by a factor of three; at a depth of 20—45 cm,
it increases by two times. The carbon and nitrogen
contents gain their maximums (34.5—44.8 and 1.11—
1.90%, respectively) in the organic horizon and
decrease to 0.112—0.82% carbon and 0.018—0.033%
nitrogen in the mineral horizons. In the soil of the
residual plot, no changes were found in the contents of
carbon and nitrogen in comparison with the initial
soil. The available phosphorus content somewhat
increased (up to 1700—1900 mg/kg compared to
1400—1500 mg/kg in the initial soil) in the organic
horizon; mineral horizons of both soils were charac-
terized by close values of the available phosphorus
content (46—150 mg/kg).

According to the chemical indicators for the soils of
trails, some of them were close to those in the initial
soil, whereas others differed significantly. The acidity
indices in the soils of the trails remained similar to
those in the initial soil (Table 3); pH,,., in the soil P3
was 4.4 to 5.8; in the soil P10, it varied from 4.7 to 5.9;
in the soil P10I, from 5.1 to 5.5. The most acidic were
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the organic subhorizon O(F + H) (pH 4.4) and the
upper eluvial horizon (pH 4.7) in the soil of the trail 3P.
There was some increase in the acidity of the upper
turbated TUR horizon in the soil 10P (pH 4.7), which
was probably associated with an increase in the num-
ber of branches, needles, and logging residues on the
soil surface.

Analysis of particle-size distribution data (Table 4)
made it possible to reveal some increase in the content
of coarse and medium silt fractions in the mineral
horizons of the soils of the trails in comparison with
the initial soil. The content of coarse silt varied from 17
to 30%; the content of medium, from 2 to 10%, which
was 1.1—1.6 times higher than in the initial soil of
background area (control). In addition, an increase in
the clay content in the middle and lower mineral hori-
zons of the soils of the trails by 1.2—5.0 times was
found. The content of the clay fraction in the soil of
plot 3P varied from 13 to 44%; in the soil of plot 10P,
from 19 to 46%. The maximum increase in the clay
content was in the soil of plot 10PI (20 to 60%). The
distribution of the physical clay fraction (<0.01 mm)
had a clear eluvial pattern with an increase in the lower
mineral horizons. Removal of the litter and, in some
cases, eluvial and subeluvial horizons exposed heavier-
textured underlying horizons. It can be stated that the
present-day upper horizons of the soils of the trails are
somewhat heavier in texture than the initial soils. This
may be due to the spatial heterogeneity of soil-forming
rocks. Also, removal of the upper mineral horizons can
contribute to the appearance of heavier-textured lower
horizons on the surface.

The contents of carbon and nitrogen in the soils of
the trails are characterized by significant changes in
comparison with the initial soil: the upper mineral
horizons become enriched in carbon and nitrogen. In
the soil of plot 3P, the content of carbon and nitrogen
in the litter horizon was close to the initial values:
42.5-47.0% C and 1.24—1.25% N; in the mineral
horizons, the carbon content varied from 0.14 to
0.65%, and the nitrogen content varied from 0.017—
0.049%, which corresponded to the initial values. The
content of carbon in the turbated horizon (plots 10P
and 10P1) ranged from 0.32 to 2.2%; the nitrogen con-
tent, from 0.031 to 0.112%. In the lower mineral hori-
zons, the values were close to the initial contents of
these elements. The maximum content of carbon
(2.2%) and nitrogen (0.112%) in the mineral horizons
was found in the soil of plot 10P, which was due to the
mixing of mineral material with the organic matter of
the litter.

The distribution of iron and aluminum in the soil
profiles displayed the eluvial—illuvial patterns with the
removal from eluvial horizons and accumulation in
the middle-profile horizons. The content of dithion-
ite-soluble iron in the soils of the trails was slightly
higher than that in the initial soil and varied from 0.25
to 1.21%. The content of oxalate-soluble iron was
EURASIAN SOIL SCIENCE  Vol. 55
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Table 4. Particle-size distribution data

DYMOV et al.

Size of particles, mm; particle content, %
Soil sand silt sum of particles
oi .
profile forizon | Depth, em coarse fine coarse | medium fine clay
medium >0.01 mm | <0.01 mm
1-0.25 | 0.25—0.05 | 0. 05—0.01 |{0.01—0.005|0.005—0.001| <0.001

ELI 5-20 35 30 16 5 5 9 81 19

EL2 20—45 19 31 22 7 12 9 72 28

IF BEL 45—65 31 35 14 1 11 8 80 20
VT1 65—85 20 38 15 0 5 22 73 27

VT2 85—110 16 38 15 1 7 23 69 31

EL1 15—15 49 19 18 5 2 7 86 14

1p EL2 15-25 20 29 23 6 13 9 72 28
BEL 25-35 14 32 21 5 13 15 67 33

BT 35-50 10 30 16 6 11 27 56 44

TUR cwd 0—15 31 29 18 6 7 9 78 22

10P THE 15-20 32 26 23 6 6 7 81 19
BEL 20-30 13 25 18 6 15 23 56 44

BT 30-50 13 23 19 8 11 28 54 46

TRIP 0—10 18 29 25 9 13 5 73 27

10P1 BEL 10—-20 8 13 19 5 14 41 40 60
BT 20—50 8 17 18 6 13 40 42 58

close to that in the initial soil (0.16—0.46%). The soils
of the trails are somewhat wetter than the initial soils,
in which the Schwertmann coefficient is 0.3—0.6. In
the soils of the trails, it varies from 0.3 to 0.8 with max-
imum values (0.6—0.8) typical of the upper eluvial and
turbated horizons. The content of oxalate-soluble alu-
minum is weakly differentiated along the soil profiles
on the trails.

The distribution of total phosphorus in the profile
of physically disturbed soils has an accumulative
character with an increase in the content in the lower
mineral horizons, which is consistent with the results
for the initial soils. The content of phosphorus on
plot 3P in the litter layer is 1000—1200 mg/kg (the
same as in the initial litter horizon). The main differ-
ences concern the mineral horizons. All the soils of
trails are characterized by a general increase in the
available phosphorus content of the mineral horizon.
On plot 3P, it varied from 160 to 220 mg/kg; on plot
10P, from 150 to —320 mg/kg; on plot 10P1, from 160
to 330 mg/kg. An important feature of the soils of the
trails is an increase in the content of phosphorus in
the upper eluvial and turbated horizons from
100 mg/kg in the background soil to 160—220 mg/kg
in the soils of the trails.

CONCLUSIONS

In the course of the field experiment, conditions
with a different number of forwarder passes were sim-

ulated, as well as activities related to the leveling of ruts
on the skidding trails. It was found that the number of
passes of heavy wheeled machines is the decisive factor
in the transformation of soils and vegetation on the
trails. Under the same conditions and load of the for-
warder, ruts of different depths with varying degrees of
disturbance appear on the trails after 3 and 10 for-
warder passes.

The formation of ruts with a depth of 11 + 3 cm is
observed on the trails after three forwarder passes. The
depth of the ruts after ten passes can reach 66 cm with
average values equal to 27 = 4 cm. The leveling of the
trails with ruts after ten passes leads to the complete
destruction of the vegetation and the most significant
transformation of the natural composition of the
upper soil horizons over a larger area. A statistically
significant increase in the density of the upper mineral
horizon in the soil of the trail after three passes of for-
warder was determined.

In the soil subjected to ten forwarder passes, bulk
density of the upper mineral horizons decreases
because of the admixture of the remains of surface lit-
ter into it. At the same time, the underlying middle-
profile mineral horizons become more compacted.
The upper horizons of the soil of the trail with leveling
of the surface by an excavator, a statistically significant
increase in the bulk density of the upper mineral hori-
zon was noted; it took place because of the partial
EURASIAN SOIL SCIENCE  Vol. 55
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removal of the upper horizon and appearance of the
heavier underlying horizons on the surface.

The change in soils and vegetation in the first year
after the impact of machinery with different intensity
was assessed. It can be assumed that further resto-
ration and change of the ecosystem components under
consideration will occur at different rates. These
objects can be used for further monitoring of the suc-
cess of reforestation in dependence on the particular
forest management activities.
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