92 «H3BecTus By30B. JlecHoi :xxypHaa». 2021. Ne 5 ISSN 0536-1036

Z ‘J‘ JTIECOSKCIUIYATAIVIA

VIK: 630*311(470.1/.2)
DOI: 10.37482/0536-1036-2021-5-92-116

METHODS OF PROTECTION FOREST SOILS
DURING LOGGING OPERATIONS (REVIEW)

Aleksey S. Ilintsev!, Candidate of Agriculture, Senior Research Scientist;

ResearcherID: N-6286-2019, ORCID: https.//orcid.org/0000-0003-3524-4665

Elena N. Nakvasina?, Doctor of Agriculture, Prof.; ResearcherID: A-5165-2013

ORCID: https.//orcid.org/0000-0002-7360-3975

Lars Hogbom?*, PhD, Associated Professor; ORCID: https.//orcid.org/0000-0002-6914-2897
'Northern Research Institute of Forestry, ul. Nikitova, 13, Arkhangelsk, 163062, Russian
Federation; e-mail: a.ilintsev@narfu.ru

2Northern (Arctic) Federal University named after M. V. Lomonosov, Naberezhnaya Severnoy
Dviny, 17, Arkhangelsk, 163002, Russian Federation; e-mail: e.nakvasina@narfu.ru
3Skogforsk — The Forestry Research Institute of Sweden, Uppsala Science Park, Uppsala,
SE-751 83, Sweden; e-mail: lars.hogbom@skogforsk.se

*Swedish University of Agricultural Sciences, Umed, 901 03, Sweden;

e-mail: lars.hogbom@slu.se

Review article / Received on March 1, 2020/ Accepted on May 10, 2020

Abstract. Public opinion has become increasingly critical of current logging methods and
technologies, and there is a demand for standards to guide the operations of environmentally
impactful industries. For many years, numerous researchers have studied the impact of log-
ging on forest soils, revealing that there is a high risk of damaging forest soil during forest
operations and terrain transport. Here we analyse and review a total of 105 publications in this
area. This large body of work demonstrates the scientific interest that this field has attracted.
Despite this, important areas of uncertainty concerning the impact of forest harvesting still
remain. In particular, changes in soil conditions can affect soil properties in ways that are not
well understood, with possible impacts on the physical, chemical, and biological properties
of soils as well as the structure of the soil cover. While it is difficult to fully eliminate the
negative impact of forest operations on forest soils, their adverse environmental consequences
should be minimised because soil plays a vital role in tree regeneration and helps determine
the productivity of future forest stands. Some of the most frequently cited measures and ef-
fective technological solutions to minimize damage to forest soils involve taking terrain and
different technical solutions into account when organising logging operations. Potentially
helpful technical solutions include selecting machines and mechanisms suitable for the site
conditions, using larger and/or low-pressure tyres, using tyre pressure control, using anti-skid
tracks, using track belts, meliorating wet areas, and using logging machinery incorporating
global positioning systems and geographic information systems. Planning measures that can
help minimize soil damage include choosing a suitable wood harvesting system and technol-
ogy, accounting for seasonal factors when planning logging operations, planning networks
of roads and trails in advance, leaving wood residues or mats on soil surface, training for-
est specialists, and reducing the number of machine passes over skid trails and strip roads.
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Despite active interest in applying sparing methods of wood harvesting, uptake of measures
designed to reduce negative impacts on forest soils after logging has been limited. This may
be due to a lack of scientific and technical information and the high cost of implementing best
management practices. Moreover, economic factors and production plans may require wood
harvesting throughout the year, irrespective of conditions.
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Annomayus. OTHOLIEHHE OOLIECTBEHHOCTH K BOIIPOCY 3KOJIOTHYHOCTH JIECO3arOTOBHUTEb-
HBIX METOJOB M TEXHOJOTHH 3arOTOBKHM APEBECHHBI CTAHOBUTCS BCE 0oliee KPUTHYHBIM.
Anammz 105 myOnukaruif, BKIIOYEHHBIX B JaHHBIH 0030p, MOKA3bIBACT, YTO MOJOOHBIE HIC-
CJICIOBAHUS BBI3BIBAIOT MHTEPEC Y YUCHBIX BCETO MHpA. 3a JUINTEIBHBIA IIepUON H3ydeHHs
0003HaYCHHON MPOOIEMBI HAKOMTMIIOCh MHOTO PaboT O BIHSHUM PyOOK Jieca Ha JICCHBIE T0-
yBbl. OIHAKO, KaK OTMEYAIOT CHELHAINCThI, 3TH 3HAHUS eIlie He SABISIOTCS MONHBIMU. Ha BbI-
pyOKax BCIEACTBHE ABIKCHHUS MAIIMH BO BPEMs BBIIOJIHEHHS TEXHOJIOTHYECKUX OIlepanunii
HOSIBIISIIOTCS Pa3JIMYHbIe TOBPEXKICHUS TpyHTA. M3MEHEHHS yCIOBHI MOYBOOOPA30OBAHUS B
TOHM WJIM MHOM CTENIeHN OTpPaKaloTCs Ha BCEX CBOMCTBAX IMOYBBL (PU3MUYECKUX, XUMUUCCKHX
1 OMOJIOTHYECKHX — a TaKKe Ha CTPYKType IOYBEHHOI'O IOKpOBa. I10JHOCTBIO MCKIFOUUTH
BO3/ICHCTBHE JIECO3arOTOBUTENILHOW TEXHHKM Ha JIECHBIC IIOYBBI HEBO3MOXKHO, HO CBECTH
K MUHUMYMY HeoOxoanmo. Hambomee gacTo ykassiBaemble U 3()()EeKTHBHBIC TEXHOIOTHYEC-
CKHE pELICHHs [0 OrPaHHYCHHIO HeTaTHBHBIX MOCIEACTBUII MPOXoaa JICCHOH TEeXHUKH 3TO:
MIPOBE/ICHHUE JIECO3arOTOBUTENBHBIX Pa0d0OT C Y4eTOM MPHUPOAHBIX (HhaKTOPOB; BEIOOpP CHCTE-
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MBI 3aTOTOBKH JIPEBECHHBI; TUIAHUPOBAHUE CE30HA JIECO3ar0TOBOK, METOIOB JIECOCEUHBIX Pa-
00T, TEXHOJIOTHYECKOW CETH; OCTABJIEHHE MOPYOOUYHBIX OCTATKOB HA MOBEPXHOCTH TOYBBI;
JIONIOJIHUTENBEHOE 00y4YeHHUE CIIEHAINCTOB, PadOTAIOMINX B JIECY; TOI00pP CUCTEMBbl MAIIUH
1 MEXaHHM3MOB; CHIDKCHHE KOJIMYECTBA MPOE3/I0B TEXHUKU TI0 TEXHOJIOTHYECKUM BOJIOKAM;
WCIIONIb30BAaHKE IIUH OOJBIIEro pa3Mepa U HU3KOTO JIaBJICHUS, CUCTEMbI YIIPaBJICHHUS 1aBJie-
HUEM B IIMHAX; MPUMEHEHHE LeNeil MPOTHBOCKOIBKEHUS, TYCCHUYHBIX JICHT; ITPOBEICHUE
METHOopalK BIaKHBIX y4acTKoB; yctaHoBKka cucteM GPS u GIS B necozaroroButenbHOM
TexHHKe. HecMOTpst Ha akTHUBHBIA MHTEpEC K INAJISAIIAM METOJaM 3aroTOBKH JPEBECHHBI,
Mepbl, HalpaBJICHHbIC Ha COXPAaHEHHUE JIECHBIX MOYB MOCIE OCYIIECTBICHHS JIECO3ar0TOBHU-
TENBHBIX Pa0OT, NPUHATHI B HEJOCTAaTOYHOM oObeMe. [IpuunHaMu MOryT OBITH HETIOIHOTA
Hay4YHO-TEXHHYECKOW MH(OPMAIK 1 BBICOKAsI CTOMMOCTH BHEIPEHUSI IIEPEI0BOI MPAKTUKH
ynpasienus. Kpome Toro, skoHoMuueckre GpakTopbl ¥ MPOU3BOACTBEHHBIE TUIAHBI TPEOYIOT
3arOTOBKH JIPEBECHHBI B TEYCHHE BCETO rojia U HE NPUHHUMAIOT B pacyeT HeOJIaronpHsTHHIE
TIOTOJTHBIC YCIIOBHSI.

s yumuposanusn: llintsev A.S., Nakvasina E.N., Hogbom L. Methods of Protection
Forest Soils during Logging Operations (Review) // 13B. By30B. JlecH. xypH. 2021. Ne 5.
C. 92-116. DOI: 10.37482/0536-1036-2021-5-92-116
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u BeIciIero oopaszoBanus Poccuiickoit deneparmu B pamkax npoexra MK-2622.2021.5 «3a-
KOHOMEPHOCTH N3MEHEHHS JIECOPACTUTEIBHON CPE/IbI 10| BIMSIHUEM aHTPOIIOTeHHBIX (hakTo-
poB (pyOok sieca) B 6opeanbHbIx jiecax CeBepay. HacTh ucclieI0BaHHS MIPOBE/ICHA B paMKaxX
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Kntouesvie cnosa: necHble 3KOCUCTEMBI, [10YBA, aHTPOIIOT€HHAsl HAarpy3ka, pyOku Jeca, Jie-
C03aroTOBUTEJIbHAS TEXHUKA, KOJIOTMYECKUE TIOCIEACTBYSI, BOCCTAHOBUTEIIbHAS CYKLECCHS,
JIy4lIue MPAKTUKH.

Introduction

Forestry management and forest operations have become controversial due to
fundamental differences in the ways different segments of society view forest resourc-
es. Public attitudes towards forest management and logging technologies have become
more critical, and there is a growing demand for environmentally impactful industries
to act in accordance with the standards of organisations such as the Forest Steward-
ship Council (FSC) or Programme for the Endorsement of Forest Certification (PEFC).
It is therefore important to account for environmental concerns during logging activ-
ities, not least those relating to effects on soil and water [15]. Forest soils are vital for
ecosystem productivity and the sustainability of ecosystem services [10, 41, 98].

The use of heavy logging machines (e.g. harvesters, fellers, skidders, and for-
warders) during logging operations presents a high risk of damaging the soil surface.
The masses of forest machines range from 5—40 t [24, 46], and these masses exert
direct pressure on the soil surface in contact with the machine. Soil surface damage
occurs when the specific pressure of the active system of machines exceeds the soil’s
load-bearing capacity. According to Cambi et al. [15], the use of powerful and heavy
machines in forestry has increased exponentially in recent decades. Additionally, not
all machines used in logging operations meet environmental requirements; most log-
ging enterprises in Russia today have out-dated fleets of logging machines [73].

The impact of logging on the properties of forest soils has been studied for
many years. Despite this, both Russian scientists [19, 82] and researchers from other
countries [15, 63] have noted that our understanding of the impact of logging on soils
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is incomplete for two reasons: the technology and techniques of logging operations
are changing and the impact of logging operations is being affected by climate change
and abnormal weather conditions [87].

Sustainable forest management and ways of reducing the impact of logging
have attracted growing interest in recent years, prompting efforts to develop sparing
(nature-saving) methods of logging, design new logging machines, and revise the
technological processes used in forestry [37].

While the impact of logging equipment on forest soils cannot be completely
eliminated, there are ways to limit it [63]. Accordingly, various solutions have been
proposed to limit or minimise the impact of logging machinery on forest ecosystems.
Successful implementation of any solution will require deep knowledge and under-
standing of several topics relevant to logging activities and their impact (including
forest soil science, plant physiology, forest ecology, silviculture, and machines and
mechanisms) in order to calibrate measures based on the durability of the forest en-
vironment and its susceptibility to damage. Decisions about what logging equipment
and technology to use should be based on detailed knowledge of the soil properties in
the forest to be logged and an assessment of environmental risks.

This article reviews the literature on preventing or limiting negative impacts
of mechanised logging on soil in order to provide guidance on minimising the
negative impact of logging machinery on soil and thereby promote sustainable forest
management.

Prerequisites for reducing the impact of logging on the soils

The historical progress of logging technology can be divided into four stages.
This section briefly reviews the equipment and methods used during logging opera-
tions in each stage as well as their impact on forest soils [97].

The first stage (from the 15th to the early 20th century) is associated with the
exploitation of the European North of Russia [99], during which key forestry activ-
ities included salt-making, the production of charcoal and tar, and household wood
harvesting. Throughout this period, logging was done exclusively by hand in winter,
and wood removal (skidding) was done by horse-drawn transport over short distanc-
es. Axes and saws were the main tools for felling trees, and logging was performed
according to a simple selective strategy without territorial restrictions. The combina-
tion of winter logging and horse skidding helped to preserve the forest environment
and minimise adverse impacts on the soil.

The second stage (1930-1970) is associated with the early development of
the logging industry and the introduction of mechanized skidders such as the S-60,
KT-12, S-80, TL-3, TDT-4, and TT-4 models [97]. Forced-selective and narrow-cut
logging strategies were replaced by the cut block approach. Haphazard skidding over
huge cutting areas contributed to changes in breed composition and worsened the en-
vironmental conditions of the resulting cuttings. In the Nordic countries (particularly
in Sweden), forestry machines were introduced on a large scale in the 1960s [26].
Since then, soil damage has become a significant problem worldwide [23]. Machines
such as agricultural tractors were used for many tasks during logging operations, in-
cluding harvesting and hauling wood. However, they were often unsuitable for these
purposes [102].
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During the third stage (which began in 1970), heavy machines for do-
mestic production were introduced. The appearance of machines such as feller-
bunchers (e.g. the Timberjack 850, LP-19), the VTM-4 felling-skidding machine and
the LP-18 and LT-154 lockless skidders increased labour productivity but also caused
significant damage to the top soil. When developing LP-19 cutting areas, skid trails
were not defined in advance, trees were skidded forward, and the cutting areas were
completely covered by skid trails because of the limited reach of the machine’s hy-
draulic manipulator [86]. The resulting environmental damage clearly demonstrated
the challenges of preserving the forest environment during logging. The machines
used in most cases did not meet environmental requirements and exerted specific
pressures significantly greater than 50 kPa on the soil [37].

Pobedinskiy [79] and Gusev et al. [37] noted that in some cases, the changes in
the forest environment caused by logging operations using forest machines are more
significant than those associated with forest removal.

The fourth stage is the present and near future. New systems of machines for
logging (harvesters and forwarders) have been introduced and begun replacing fell-
ing and bunching machines, but this has not been a positive change in terms of soil
conservation [24, 97]. One way to overcome the problems caused by forest machines
is to use smaller and more manoeuvrable tractors and multi-operation (combined)
machines. In modern forestry there are specialised machines for almost all activities,
including soil preparation, sowing, planting, care felling, thinning, and transporta-
tion. Modern machines are small and better suited for tasks such as thinning than
those that were available in the early years of mechanisation [102]. In addition, new
state-of-the-art machines and information tools are being introduced that can help
reduce negative impacts on soils and increase the efficiency of logging machines.

Changes in soil properties after logging operations

Harvesting operations cause various forms of damage to the soil, including
compaction, soil mixing, and the formation of turned-over, bared, and loosened sites.
Such damage can lead to changes in biogeochemical cycles [15] and the development
of hydrological shortcuts [86].

Changes in soil formation conditions affect all soil properties to some degree
(table 1), including physical, chemical, and biological properties as well as the struc-
ture of the soil cover [19, 76, 80, 103, 105]. Many authors [2, 5, 11] have noted that
compaction caused by forest operations is a major cause of soil degradation.

Changes in physical properties

The main effect of logging operations on soils is compaction, which
can be quantified by measuring the soil’s bulk density or hardness (resist-
ance to penetration). It is believed that soil compaction caused by logging is
most severe at a depth of 10 c¢cm, with less pronounced effects at 20 cm and
30 cm [2]. For example, noticeable changes in physical properties are ob-
served at portages to depths of 50-60 cm and at landing sites to a depth of 90 cm
[20, 45]. Changes in the density of the soil and the associated effects on air, heat, and
water regimes affect soil organisms and plants and can also have negative effects on
the ecological state of soils and future forest productivity [15, 52, 68].
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Table 1
Effects of logging operations on the soil cover

Type and direction
of the impact

Authors

Structure of the soil cover

Mixing and
removing horizons

~#

Kozlowski, 1999 [52]; Melekhov, 2003 [69]; Dymov, Lapteva, 2006
[20]

Rut formation

Lo

Jansson, Johansson, 1998 [45]; Lacey, Ryan, 2000 [56]; Eliasson,
2005 [24]; Dymov, Lapteva, 2006 [20]; Eliasson, Wisterlund, 2007
[25]; Gerasimov, Katarov, 2010 [33]; Katarov et al., 2013 [50];
Marchi et al., 2014 [64]; Cambi et al., 2015 [15]; Goltsev et al., 2011
[35]; Sirén et al., 2019 [87]; Garren et al., 2019 [31]; Ilintsev et al.,
2020 [42]

Physical properties of the soils

Compaction | <>

Seryyetal., 1991 [86]; Jansson, Johansson, 1998 [45]; Kozlowski, 1999
[52]; Brais, 2001 [11]; Susnjar et al., 2006 [93]; Dymov, Lapteva, 2006
[20]; Akay etal.,2007 [2]; Magnusson, 2009 [62]; Gerasimov, Katarov,
2010 [33]; Frey etal., 2009 [30]; Bagheri etal., 2011 [5]; Goltsev et al.,
2011 [35]; Pobedinskiy, 2013 [79]; Bottinelli et al., 2014 [9]; Cambi
etal., 2015 [15]; Ilintsev et al., 2020 [42]; Mariotti et al., 2020 [66]

Water-air regime
| &

Seryy et al., 1991 [86]; Wronski, Murphy, 1994 [104]; Kozlowski,
1999 [52]; McNabb et al., 2001 [68]; Magnusson, 2009 [62]; Han
et al., 2006 [38]; Dymov, Lapteva, 2006 [20]; Cambi et al., 2015 [15]

Thermal condition
T(—)

Arnup, 1998 [4]; Dymov, Startsev, 2016 [22]

Chemical properties of the soils

Nutritional
regime and
biogeochemical
cycles | <

Worrell, Hampson 1997 [103]; Zetterberg, 2013 [105]; Naghdi et al.
2016 [75]; Modry, Hubeny, 2003 [71]; Hume et al, 2017 [41]; Cambi
et al., 2017 [16]; Ilintsev et al., 2018 [43]; Ilintsev et al., 2020 [42]

Balance and
composition of
organic matter | <>

Fedchenko, 1962 [27]; Varfolomeev, 1964 [100]; Fedorets, Bakhmet,
2003 [29]; McLaughlin, Phillips, 2006 [67]; Dymov, Lapteva, 2006
[20]; Sah, Ilvesniemi, 2007 [84]; Vedrova et al., 2010 [101]; Osman,
2013 [76]; Dymov, Milanovskii, 2014 [21]; Dymov, 2017 [19];
Dolgaya, Bakhmet, 2021 [18]

Soil acidity | <

Seryy et al, 1991 [86]; Brandtberg, Olsson, 2012 [12]; Dymov,
Milanovskii, 2014 [21]; Achat et al., 2015 [1]; Ilintsev et al., 2018 [43]

Biological properties of the soils

Composition and
activity of soil
organisms | <>

Seryy et al., 1991 [86]; Li et al., 2004 [60]; Battigelli et al., 2004 [6];
Mariani et al., 2006 [65]; Frey et al., 2009 [30]; Beylich et al., 2010
[7]; Blasi et al., 2013 [8]; Bottinelli et al., 2014 [9]; Cambi et al.,
2015 [15]; Dymov, Startsev, 2016 [22]

Regeneration conditions

Seed germination

Sokolovskaya et al., 1977 [88]; Seryy et al., 1991 [86]; Dymov,
Lapteva, 2006 [20]; Susnjar et al. 2006 [93]; Karpechko, 2008 [48];

and plant growth Gebauer et al., 2012 [32]; Hattori et al., 2013 [39]; Fedorenchik et
O al.,2013 [28]; Cambietal.,2017 [16]; Solgi et al., 2019 [90]; Ilintsev
etal., 2020 [42]
Note: Decline — | ; unknown — ~; improvement — 1; recovery over time — «; persistent dis-

turbances — #.
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For example, a common cause of poor plant growth is a reduction in the levels
of plant-available nutrients [9, 15, 30]. Increasing the bulk density of the soil reduces
its pore size, water permeability, and gas exchange rates, which in turn reduces the
available moisture content. All these factors affect root system formation and plant
growth [66, 93].

An increase in the soil’s water content implies a decrease in the friction forc-
es between the soil particles, which reduces the load-bearing capacity of the soil
[38, 68]. Studies by various authors have shown that restriction of nutrient and water
access affects the germination rate, root mass, root length, and main stem height of
plants [16, 48, 66, 89]. The negative effects of compaction of the upper soil horizons
on root biomass have been observed over a 15-year period [48].

Soil compaction also changes the water-physical properties of the soil in clear-
ings with heavy podzolic loamy and clay soils [79]. The compaction characteristics
of a soil depend on its particle size, humidity, and organic matter content; some are
stable, while others are less stable. Sandy loam and sandy soils are less compacted
by logging machinery. The negative effect of soil bulk density depends on the soil’s
particle size distribution: the greater the abundance of large particles, the worse the
impact of high bulk density on plant growth.

Studies on tree seedlings [86] show that the main mass of the roots of eight-year-
old crops on skid trails is located at depths of up to 10 cm, and up to 14 cm in cutting
strips. Additionally, spruce seedlings growing in the cutting strips have significantly
more fine roots than those in the strips, and spruce seedlings growing on compacted
soil exhibit reduced height and diameter growth as well as canopy development when
compared to peers grown on non-compacted soil. The available data indicate that the
compaction of sandy soils to densities of up to 1.5 g/cm? during logging has a positive
effect on the survival of seedlings following both sowing and planting. However, pine
and spruce seedlings planted on compacted loamy soils exhibit low survival rates and
poor growth, indicating a need to improve the physical properties of such soils by
loosening before regeneration. Melekhov [69] notes that in some cases compaction
and mixing of the soil’s organic and mineral components can be very important for im-
proving the growth of young plants. Loosening of fresh soils without compaction can
reduce the capillary lift. Additionally, Dymov and Lapteva [20] conclude that remov-
ing the plant cover and the forest floor horizon reduces seed germination by 15-28 %
because it disrupts the main organogenic horizon in podzolic soils, where significant
reserves of energy and plant nutrition elements accumulate.

According to Sokolovskaya et al. [88], the germination of spruce seeds in
loamy soils is clearly hindered when the soil density exceeds 1.45 g/cm?. The optimal
soil bulk density for successful spruce growth was 1.15-1.28 g/cm?; compaction to
densities of 1.30—1.34 g/cm? and above reduced the growth rates of young seedlings.
Similarly, Seryy et al. [86] found that the optimal bulk density for seedling growth is
1.0-1.3 g/cm? and depends on the soil’s particle size. For comparative purposes, the
upper soil horizons (0-25 cm) on landing sites and main skid trails are compacted to
1.7-1.87 g/cm3. These bulk soil densities significantly exceed the critical compaction
level of 1.4 g/cm?3; above this threshold, the soil’s ability to self-heal and recover its
original density is weakened or completely lost. However, as reported by Kuznetsova
and Danilova [53] each soil type has a distinct critical compaction threshold. Hattori
et al. [39] also note that changes in soil bulk density can increase seedling mortality,
while Fedorenchik et al. [28] found that root growth stops when the soil bulk density
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exceeds 1.89 g/cm? for oak, 1.84 g/cm? for larch, 1.80 g/cm? for birch, 1.72 g/cm? for
pine, 1.61 g/cm? for spruce, and 1.55 g/cm? for linden.

For blueberry-type spruce forests on loamy soils, the porosity of soil aeration
at depths of 5-30 cm on technological portages can be as low as 1-2 % [86]. For com-
parative purposes, the average aeration porosity for loamy mineral soil is 25 % [76].
When the aeration porosity decreases to 15 %, root growth decreases [34]. As a rule,
tree roots need an oxygen concentration above 10 % [52, 76]. Therefore, soil com-
paction can hinder natural tree renewal after logging. If a decrease in total porosity is
accompanied by an increase in the volume humidity, moisture will accumulate over
the entire profile of the affected soil. When the water content exceeds 75—-80 % of the
total moisture capacity, waterlogging processes begin. Soil compaction can thus lead
to reduced aeration and increased waterlogging, both of which are associated with
unsatisfactory reforestation [86].

Compaction and rutting have also been reported to change the thermal regimes
of soils after felling [4]. Changes in the temperature regime affect the dynamics of nu-
trients and organic matter and carbon dioxide emissions. Dymov and Startsev [22] note
that soils are heated to greater depths after felling than they are in established young
forests. As a result, the sum of temperatures for the two soil types differed by over 5 °C
and the sum of active temperatures differed by more than 10 °C over a six-year period.

Studies on wet and moist powdery loams after the passage of Ponsse ELK and
John Deere 1410 machines in the Republic of Karelia and the Tver region of Russia show
that strong compaction of the soil occurs during the first few machine passes. The authors
note that the density of the surface layer (0—5 cm) of the soil increased in all studied cases
even though the applied CTL (cut-to-length) systems comply with the environmental re-
quirements concerning soil compaction for this type of soil (1.4 g/cm?) [33, 35].

A meta-analysis conducted by Mariotti et al. [66] confirmed that soil compac-
tion during forest operations is a problem for forest regeneration.

Rut formation. Logging operations often cause compaction of the soil together
with significant rutting. Pressure exerted through wheels and tracks often causes both
vertical and horizontal displacement of the upper horizons, especially in soils with
excessive or temporarily excessive moisture. The ruts are bounded by bulges, which
tend to be more pronounced after wheeled vehicles than after tracked vehicles due to
the smaller contact area [45, 64]. Therefore, the use of tracked tractors in conditions of
high humidity is preferable from the point of view of soil protection. However, some
studies on soil compaction and rutting caused by tracked and wheeled vehicles have
yielded contradictory results [15]. This may be due to differences in natural and tech-
nological conditions. The soil’s susceptibility to rutting depends on the soil structure,
the density of addition, and weather changes that affect the soil’s moisture content
[87]. Above the soil’s critical moisture content, machine stress leads to rut formation.

The intensity of traffic (number of passes) is the main factor controlling rut
depth [24, 25]. In flat areas, ruts and other depressions are often sediment collectors
and are filled with water for long periods, leading to gleying and local anaerobiosis
[20]. This dramatically worsens the growing conditions of the forest’s younger gener-
ation [32]. Our research shows that the amount of undergrowth in ruts is several times
lower than in cutting strips [42].

On sites with even a slight slope, ruts direct surface runoff and are deepened
by water erosion. The projected erosion rate depends mainly on the steepness and
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length of the slope and the inadequacy of coverage on the skid trails [31]. The risk of
erosion increases with the degree of soil compaction because compaction increases
the amount of water in the topmost soil horizon (0—10 cm) [62]. The environmental
consequences of ruts can thus be significant, to the degree that the number and depth
of ruts have been proposed as rough indicators of reduced productivity in an area [56]
and of hydrological regime disruption.

The ruts formed by the passage of modern logging machines can be over 0.5 m
deep [96]. Current sorting methods therefore do not satisfy the environmental re-
quirements for thinning logging with respect to rut formation because the require-
ments state that track depths should be below 0.15 m. The problem is especially
severe on wet soils, where ruts can be up to 0.67 m deep [33, 35].

Studies by Ilintsev et al. [42] on rut formation showed that during summer har-
vesting on temporarily moist soils at sites with insufficient retention of logging resi-
dues, the depth of ruts reached 60—70 cm. Furthermore, a relationship was established
between the quantity of logging residues and the rut depth. Observations at cuttings
of different ages (from 1 to 15 years) showed that deep ruts smoothen out over time
but do not completely disappear.

The formation of ruts during logging operations indicates that the weight of
the loaded machinery exceeds the soil’s load-bearing capacity. Therefore, further
research is needed on the effects of using wheels and tracks and strengthening skid
trails with logging residues to enable adaptation of logging methods to suit different
environmental conditions.

Changes in chemical properties. Logging can disrupt the upper soil horizons,
leading to increased mineralisation and leaching of some nutrients (phosphorus, po-
tassium, etc.), usually lasting 2—5 years. Changes in the soil’s nutrient regime may
occur subsequently because this process is reversible and associated with changes in
vegetation [43, 103].

The influence of logging machines on soil chemical properties is more pro-
nounced in organogenic horizons than mineral ones [18], and changes have been
observed up to 30—40 cm deep in the soil profile [29].

Logging changes both the composition of the soil organic matter and its distri-
bution within the soil profile [18, 21, 27, 29, 100]. The role of the soil block (litter and
humus) in the total reserves of organic carbon increases in fresh cuttings, where car-
bon replenishment over time is greatly reduced by a sharp reduction in litter fall onto
the soil’s surface [101]. For example, Fedchenko [27] and Varfolomeev [100] found
that the content of organic carbon in the illuvial horizon in 1-11-year-old clearings
was greater than in the soil of the stands untouched by logging. The authors attribute
this change to accelerated litter decomposition and humification resulting from the
cuttings’ high humidity, which facilitates the movement of humus substances down
the profile. The direction and intensity of the soil-forming process change significant-
ly after final felling of spruce forests on drained podzolic soils with deep carbonates.
This was related to the change in plant cover, the microbiological decomposition of
acidic forest litter and logging residues, the formation of mobile acidic products such
as fulvic acids during humification, and the increased movement of substances along
the soil profile due to increased humidity.

McLaughlin and Phillips [67] found that the C and N contents of cuttings 17 years
after logging are identical to those of unfelled stands. The organic matter content of
forest soils is usually 1-5 % of the dry mass and decreases with depth. Under natural
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conditions, the content of organic matter in soils is stable, but this may change when
the balance of forest ecosystems is disturbed [76].

Changes in the qualitative composition of humus in cuttings were also high-
lighted in an analysis of soils at landing sites by Dymov and Lapteva [20], who ob-
served a sharp increase in the proportion of humic acids (ha, represented mainly by
the GF-1 fraction) in the humic substances (hs). This was reflected in an increase in
the C,,:C,, ratio in the upper half-metre of the profile to 1.0-2.1.

Dymov and Milanovskii [21] subsequently showed that this transformation of
organic matter mainly involves the formation of hydrophilic components in the litter.
Reactive hydrophilic humification products cause acid hydrolysis of minerals and ac-
cumulation of Fe-Al organic compounds in the upper mineral horizons of the profile.
In later stages, after 30—40 years, there is an increase in the density of the litter layer
and a decrease in the acidity, thickness and mass fraction of organic carbon compared
to the podzolic soils of the indigenous spruce stands.

Studies on the impact of various logging methods on the nitrogen content of
sandy illuvial-ferruginous podzols formed on binomial sediments revealed that se-
lective cutting changes the nature of the dynamics of mobile nitrogen in the soil
and increases the intensity of formation of its mineral and labile organic forms [29].
During clear-cutting, the intensive formation of mineral forms of nitrogen leads to
their loss from ecosystems due to their removal outside the soil profile. To prevent
nitrogen depletion in soils after continuous logging, reforestation measures must be
implemented within five years.

Hogbom et al. [40] and Sah and Ilvesniemi [84] note that after clear logging in
boreal forests, the abundance of NH,* containing the nitrogen isotope '*N increases in
the upper organogenic horizon. This change is associated with increased nitrification.
Additionally, the differences between the upper and lower horizons of the soil be-
come smaller than in untouched plantings and the NO,—N content of the groundwater
at a depth of 25 cm increase relative to controls.

In cutting areas in boreal forests, the content of mobile forms of phosphorus in
the upper soil horizons decreases significantly but that of mobile potassium remains
fairly stable [43]. Studies conducted in Iran [75] show that after summer skidding on
the skid trails, there is a decrease in phosphorus and potassium that depends on the
skidding tractor’s number of passes and the slope of the terrain. The mobility of phos-
phorus is determined by the acidic reaction of the medium [57]. Similar results were
obtained during winter logging in the forests of the Czech Republic [71].

As noted by Zetterberg et al. [105], the presence and abundance of various
chemical elements in the soils of clear cuts where logging residues are left differ from
those at sites where logging residues are collected. Removal of all logging residues
after clear and selective felling can reduce the productivity and vitality of the remain-
ing trees and lead to acidification of the soil and surface water [1, 86]. This is due to
the removal of nutrients and buffers in the tops of trees, branches and needles [44].
However, long-term studies over 10 years have shown that differences in soil acidity
between different harvesting options may become unreliable, indicating that the differ-
ences are not constant [ 12]. During the process of soil recovery, its acidity decreases.

A meta-analysis conducted by Hume et al. [41], based on 808 observations
from 49 studies showed that harvesting, on average, has little effect on C stocks.
Harvesting initially reduced mineral N reserves in the soil, while C, N and P concen-
trations on the forest floor decreased but those in the soil increased or remained at the
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same level. The concentrations of C, N, and P on the forest floor increased, depending
on the intensity of harvesting and were more pronounced in coniferous stands than in
broad-leaved and mixed forests. Over time, the concentration of C and N decreased.
The dynamics of P recovery after wood harvesting remain unclear due to a lack of
research. The authors highlight the important effects of the intensity of harvesting and
the duration of the logging turnover on the long-term availability of nutrients in the
soil. The lag in the recovery of phosphorus concentrations after logging may indicate
the separation of the phosphorus cycle from the carbon and nitrogen cycle, which is
an issue in need of further studies.

Changes in biological properties. Many researchers [15, 60] confirm signifi-
cant changes in biological variables due to soil compaction, and that the response of
soil micro, meso, and macroorganisms may be different.

Battigelli et al. [6] found that logging with heavy soil compaction also reduces
the total soil mesofauna, up to 93 % relative to unfelled forests. For example, there
are decreases in the abundance and activity of earthworms and in the biodiversity and
abundance of microarthropods [8, 9]. Soil compaction significantly reduces microbi-
al biomass and microbial activity [30] due to negative changes in total porosity, pore
size and bond distribution [104].

The biological activity of soils is determined by their particle size distribution
and soil bulk density of addition [86]. For example, the biological activity of the
surface layer of sandy soil is very high and tends to increase with increasing com-
paction. In loamy soil, the opposite trend is observed with a decrease in activity with
increasing soil density. A sharp deterioration in the microbiological activity of soils
compacted during logging may indicate a deterioration in their forest-growing prop-
erties and a decrease in the assimilation of nutrients by plants and the rate of their
involvement in the biological cycle.

Dymov and Startsev [22], note that in fresh cuttings, an increase in daily tem-
peratures and waterlogging of the soil leads to a decrease in the number of ecological
and trophic groups of microorganisms and the functional activity of the microbiota.
Shifting light in the soil due to wood harvesting can lead to short-term growth in
microarthropods’ abundance. Ongoing changes caused by logging also reduce bio-
logically determined processes in the soil, such as respiration [7, 65].

All these biological changes in the soils cause the recovery processes in the
cutting areas.

Recovery of soil properties. Studies by various authors [15, 36, 71, 72, 82]
show that the duration of the period after logging is of great importance for analysing
soil cover recovery processes.

Recovery is evident for several decades after logging, and irreversible damage
occurs in some cases [36, 51]. It should be taken into account that the rate of recovery
of different soil properties will be different [10, 15]. Recovery depends on the degree
of initial compaction, implying that the choice of logging machinery and technology
used can control the recovery dynamics [78].

Furthermore, the level of recovery seems to depend on the thickness of the soil.
For example, 3—4 years after compaction, Goutal et al. [36] found structural recovery
in the upper soil layer (0—10 cm) on soils of light grain size composition and partial
recovery in the next layer (10-20 cm) in more clay soil.

The results show that partial restoration of disturbed heavy clay soil occurred
24 and 30 years after logging, and the surface horizon of the soil within the track did
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not differ from the undisturbed control soil. However, the results show that even 30 years
is not enough to restore the soil completely. In addition, if it takes more than 30 years to
restore the compacted soil of the skid trails, the area covered with skid trails should be
considered unproductive soil for tree renewal unless tillage is carried out [17].

Recent results by Mohieddinnea et al. [72] show a trend of recovery over time
and the dynamics of recovery from the surface to deeper layers. The predicted dura-
tion of full recovery was about 54 and 70 years for Luvisol and Podzol, respectively.
The authors also noted that sandy neutral soils could recover in less than 20 years,
which is facilitated by the soil’s biological activity.

Soil restoration is first enhanced by contrasting climatic conditions, such as
moistening-drying and freezing-thawing [95]. Thus, the rate of restoration of the
original properties varies from different factors. For example, the soil’s original prop-
erties and the degree of exposure, which is observed in both Russian and foreign
studies.

However, data on soil cover recovery processes after logging, especially over
a long period, is currently insufficient. It is necessary to trace the course and period of
recovery of both the properties and the structure of different soils in typological terms,
which will allow us to talk about the prospects for the preservation and recovery of
forest ecosystems.

Methods of minimising damage and protecting forest soils

Factors affecting the degree of damage to forest soils. Factors that affect the
degree of damage to the soil’s surface during logging operations can be divided into
natural and technological factors (fig.). The level of disturbance is determined by
natural factors including the soil type [61, 85], the terrain and direction of movement
[47], soil moisture [38, 68], the organic matter content [15], soil texture, the propor-
tion of skeleton and sand particles in the soil, soil bulk density and porosity, and the
thickness of the humus accumulation layer [4], the slope, and the season [90].

The severity of the damage depends on technological factors that mostly relate
to the forest machines; they include the driving force [15, 24], the mass of the vehicle,
the load per axle/wheel/track contact area of the vehicle with the soil, the tire pressure
[13, 15, 45], the number of passes made by machines [38], the characteristics of the
additional equipment, the organisation of the skidding process [64], speed, and wheel
slip [24].

For example, the extent to which the forest floor and soil are disturbed de-
pends on the skidding method, skidding machines, and soil conditions. On flat or
slightly sloping terrain, wheeled vehicles are generally preferred due to their higher
productivity [15, 91]. Therefore, skidding operations should be rationally designed
to account for factors that affect logging costs and productivity as well as the major
factors affecting soil compaction [70].

The main methods of regulating and reducing damage to the soil cover during
logging operations should include all forest management stages, from planning and the
choice of technologies for use in the cutting area to the environmental training of personnel.

Accounting for natural factors when planning logging operations. Preliminary
planning of logging operations in each cutting area is important. When assessing
the potential impact of logging operations on the forest environment, it is necessary
to consider all of the factors that may affect the degree of damage to the soil cover.
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Factors controlling the degree and scale of impact on the soil during logging
operations

Publicly available topographic and space maps, digital models of the terrain (surface)
of high spatial resolution (https:/www.pgc.umn.edu/data/arcticdem/), and forest
management and field materials for determining terrain conditions should be used when
drawing the harvest site planning map and planning the road and skid trail network.

Selection of the wood harvesting system. Three different wood harvest-
ing systems may be used: full-tree (FT), tree-length (TL) and cut-to-length (CTL)
[49]. Each system has its own characteristics that depend on the natural and pro-
duction conditions, the technology used, and the share of manual operations in the
overall process [34]. Globally, two systems are dominant — TL (‘Canadian’) and
CTL (‘Scandinavian’). All wood harvesting systems used in Russia have different nega-
tive effects on the forest environment [96]. All systems have almost identical effects on
light soils, sandy soils, or sandy loam. However, sandy and sandy loam soils are much
less common in Russian forests than medium and heavy soils (loam and clay). On such
soils, FT and TL systems cause significant soil compaction but do not tend to form deep
ruts. Katarov et al. [50] has argued that practices for implementing the CTL system on wet
and moist soils should be modified to reduce rut depths in the most common forest soils.

Planning the logging season. The degree of damage to the soil depends on
the season in which logging is done and the current weather conditions. The impact
of logging machines will be lowest in winter [93], when the soil is frozen and its
load-bearing capacity is therefore at a maximum. The depth of frozen soil primarily
depends on the number of days with temperatures below 0 °C, the thickness of the
snow cover, the water content of the soil and the thickness of individual horizons
[83]. Soil damage may occur in winter if only the upper soil horizons have only fro-
zen or if the soil’s temperature changes during the day, causing it to thaw.

The forest industry in Russia and the Nordic countries [87] has already faced
problems due to abnormally warm winters without severe frosts [58]. Climate fluc-
tuations resulting in land surface temperature anomalies are causing increasingly
mild winters with unstable weather, leading to soil thawing and limited snow cover,
both of which increase the risk of soil disturbance. Climate change and weather conditions
should therefore be taken into account when organising wood harvesting: it is important
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to be aware of when the soil will be wet, dry, frozen, or covered with snow, and to
adapt one’s plans accordingly.

Planning the technology of logging operations. Optimal skidding (transportation)
of wood with minimal impact on the soil cover requires proper planning of the density
of the forest road network, including skid trails, strip roads, landing sites, and production
and household sites. The technology used in logging operations depends on the size of
the cutting areas, the wood harvesting system and the types of cutting to be performed.
Three distinct classes of machines can be used in logging operations: narrow-, medium-
and wide-range [96]. The area occupied by skid trails when using narrow-, medium, and
wide-range machines is 15-25, 1015, and 3—6 %, respectively.

Negative impacts on soil due to logging can be further limited by combining a
mechanised CTL system with manual felling using chainsaws and manual transport
(forwarder) loading, both of which reduce the number of skid trails in logging areas
[15]. Such combined systems have no restrictions and can be implemented using
medium-range (wide-range) logging technologies when performing selective logging
such as thinning or gradual logging. Timber landing sites, production facilities, and
machinery parking areas should be located on well-drained soil.

Planning of the trail network. There are standard schemes for placing skid
trails on the cutting area that are used in diverse natural and climatic contexts. The
criteria governing the layouts of skid trails are the terrain, soil conditions, wetlands,
the presence of temporary and permanent watercourses, the position of the targeted
stands within the cutting area, and the landing method. It is also necessary to consid-
er forestry requirements and current regulatory rules, and to ensure that the average
skidding distance of tracked tractors does not exceed 300 m. When skidding with
wheeled tractors the skidding distance can be increased up to 500 m, or even to 1000 m
in some cases [3]. The locations of landing sites, non-operational areas, key biotopes,
and key stand elements in the cutting area should be taken into account in order to
minimise the negative impact of logging.

Leaving logging residues on the soils surface to strengthen the upper soil ho-
rizons. Numerous studies have show that reinforcing skid trails with logging residues
(brash mats and corduroy bridges) significantly reduces changes in soil properties
such as bulk density, porosity, and rutting when compared to unreinforced skid trails
and also significantly increases the soil’s load-bearing capacity [25].

Studies [54] showed that the peak load on the soil was reduced significantly by
using more than 10 kg per 1 m? of brush mats compared to when the brush mats were
not used. It is recommended to leave at least 15-20 kg/m=2 of brash mats on soils with
low load-bearing capacities. While the brash mats lose some of their load-sharing ca-
pacity with each machine pass, they remain effective after up to 12 forwarder passes.

Ilintsev et al. [42] showed that cutting strips usually contain additional logging
residues that could be laid on skid trails. The distribution and abundance of these
residues may depend on the composition, stock, and density of the stand [55].

The properties of the coverage material also significantly affect soil compac-
tion: branches and tops reduce compaction more effectively than chips and sawdust
[2]. Other authors recommend covering skid trails with sawmills or pallets [77].

In the Nordic countries, there is considerable interest in using logging residues
to produce bioenergy. If this waste is used to generate energy, it cannot be used to
strengthen skid trails [24] because materials used for strengthening are often con-
taminated with soil and become unsuitable for further use. Wood used to construct
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wooden strip roads and temporary bridges or to strengthen skid roads is also
unsuitable for the pulp and sawmilling industry [92]. Temporary bridges and
strip roads made of pulpwood can be built to enable the movement of machines
over crossings of temporary watercourses and on soils with low load-bearing
capacities. For further reinforcement, residual wood can be placed on top of the
temporary bridge.

Training of specialists working in the forest. Sirén et al. [87] note that
effective use of the various thematic maps and additional planning tools that are
available requires knowledge of the soil properties at the sites of interest and
how they are affected by logging activities. The experience and knowledge of
foresters and machine operators is thus important in the planning of logging op-
erations. In particular, accurate knowledge of the location and volume of the var-
ious wood grades and the soil’s load-bearing capacity is needed. Using this data
can help forwarder operators to identify optimal driving tactics and minimise
the number of passes through areas with low load-bearing capacities. Therefore,
operators, foresters, and engineers should be offered additional training on the
environmental aspects of forest management and ways of reducing negative im-
pacts on the soil, stand, and undergrowth. Work programmes for training new
specialists should also cover modern scientifically-based practical and techno-
logical solutions.

Selection of machine systems and mechanisms. A wide range of machines for
forest management has been introduced in recent years. Therefore, the choice of ma-
chine systems is a key step when designing technological process for logging oper-
ations in specific natural and climatic conditions [81]. A machine system includes
machines designed to perform specific sequences of technological operations such as
felling, delimbing, bucking, skidding, sorting, and landing [28].

The different load-bearing capacities of different soils must be accounted for
when selecting machine systems [77] (table 2).

Some machines are more suitable than others for specific soils with different
load-bearing capacities. The period of wood harvesting must also be considered be-
cause large temporary fluctuations in the soil’s bearing capacity can be expected, es-
pecially in sensitive areas. For example, peat soil can withstand a pressure of 80 kPa
in dry summers but only 20 kPa in wet conditions. The nominal pressure exerted by a
machine is highly dependent on its tire size and the overall vehicle configuration [77].

Reducing the number of vehicle passes over the skid trails. The number of
vehicle passes significantly affects the degree and scale of soil damage. Most studies
[33, 38, 50] show that soil compaction is highest during the first few machine passes,
and that the soil bulk density and depth of compaction increase more slowly with
subsequent passes. Therefore, to reduce negative impacts on the soil, it is important to
design and structure logging operations so as to optimise the passage and movement
of machinery.

Use of larger tires. Increasing the tire width of an 8-wheeled 22-ton forwarder
from 600 to 800 mm reduces its track depth by about 50 % [15]. While increasing the
wheel diameter and the tires’ width effectively reduces the pressure on the soil, this
approach has some limitations. For example, wide tires require a lot of space, which
may be undesirable when thinning young trees [104].
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Controlling the tive pressure. Manufacturers specify appropriate minimum, optimal,
and maximum permissible internal air pressures for the different tires that they offer [81].
This enables the use of tire pressure control systems that allow the tire pressure to be
adjusted to suit specific working conditions, which can improve traction and mobility and
increase access during rainy seasons [15]. On secondary skid trails where there are fewer
driveways than on main skid trails, the use of a forwarder with low-pressure tires can limit
soil compaction to a degree [24]. To further reduce the risk of compaction, low-pressure
tires are usually paired with anti-skid tracks, which are used for extended periods.

The use of snow chains. The use of chains on the front wheels reduces the
load when the wheels slip, thereby reducing soil damage and increasing the vehicle’s
mobility [94].

The use of track belts. When organising the work of wheeled vehicles in heavy
soil conditions, various measures can be taken to increase the cross-country ability of
vehicles and reduce their negative impact on the soil. The most effective and common
such measures are reducing the tires’ internal pressure and installing removable tracks
[81].

Fitting long rectangular tracks (track belts) significantly increases the machine’s
contact area with the soil, allowing its mass to be distributed over a larger support
area. This reduces the pressure on the soil by a factor of 1.5 to 2. Although track
belts increase the weight on the trailer by 10-12 %, they can reduce the track depth
(by 30—40 %) and the degree of soil compaction when compared even to fairly wide
(700 mm) and soft tires [33]. This is probably due to reduction of the relative
coefficient of rolling resistance [13].

Anti-skid tracks are also used to increase traction, load capacity, cross-country
ability, speed, stability, and operator comfort, especially in hard-to-reach areas and
on wet (moist) soils [14, 81]. In a machine with a 6x6 wheel configuration, track
belts will typically cover the wheels of the rear truck, whereas with an 8x8 config-
uration, track belts would be used on the front and rear pairs of wheels [74]. Using
track setups adapted to specific wheel configurations and tire sizes allows machines
to perform well and achieve high productivity under diverse natural and industrial
conditions while also minimizing their environmental impact. For example, the use
of track belts on the rear trolley of a 3-axle forwarder reduced its nominal pressure
to 50-60 kPa, and using track belts on the front and rear bogies of a 4-axle forwarder
reduced its nominal pressure to 40-50 kPa [77].

It should be noted however that the use of wider tires and anti-skid tracks is
not always sufficient to avoid damage to the soil surface; even if all of the currently
available technical solutions are applied, it can be difficult to completely prevent soil
damage. As pointed out by Cambi et al. [15], the technological equipment available
today is simply not good enough.

Conducting melioration in wet areas. Melioration during site preparation can
help remove excess moisture and thereby increase the soil’s bearing capacity. For
example, shallow-groove melioration reduces high local groundwater levels and im-
proves aeration of the upper soil horizons [59]. The main limitations of mechanical
site preparation methods are the high cost of work and the potential consequences of
repeated machine movements.

Use of global positioning systems (GPS) and geographic information systems
(GIS). Logging management involves equipping modern logging machinery with
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navigation components (GPS) and GIS to provide accurate information on the vehicle’s
location in relation to bodies of water, swampy areas, and so on. Detailed operational
planning using technologies such as real-time mapping can help technicians avoid
wet and lowered areas and thereby reduce potential soil damage.

Conclusion

This paper has summarised the results of studies on how different types of
mechanised logging can affect the forest environment and soil to varying degrees
by changing the soil’s physical, chemical, and biological properties and by causing
mechanical damage (rutting). The process of soil rehabilitation after logging
operations may take many decades, and some damage is irreparable. Therefore,
given the strong influence of soils on forest productivity, it is essential to conserve
and protect forest soils in order to ensure the successful renewal and productivity of
future forests. The soil must be maintained in a healthy state to ensure environmental
stability and the preservation of forest flora and fauna.

Despite the high interest in sparing methods of wood harvesting, current
measures for preserving forest soils after logging operations are insufficient. Based
on this review of field management practices for reducing adverse impacts on
soils and soil cover, it can be concluded that there are effective ways to reduce the
negative impact of logging activities. While there are no regulatory requirements to
reduce negative impacts on soils during logging, voluntary forest certification could
potentially serve a similar purpose. Efforts to reduce soil damage are also hindered by
the limitations of the current scientific and technical knowledge base and the high cost
of implementing best management practices. Furthermore, economic factors including
production plans, the growing demand for forest products, the cost of harvesting
wood, and the need to pay taxes and rent, all require the continuous harvesting of
wood throughout the year even when weather conditions are unfavourable.

Therefore, major goals for future research in this area should be to clarify
the impact of logging machinery and equipment on soils, identify optimal processes
and measures for promoting the rehabilitation of soil cover and the best times for
implementing such processes and measures, and develop guidelines, regulatory
documents and accessible large-scale soil maps to support scientifically sound forest
management that takes climate change into account and aims to reduce the negative
impact of logging machinery on soil cover.
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