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Abstract

The behavior of the vehicle-soil interaction and reduction of the possible soil damage to an
acceptable level is one of the goals of forest engineering. This study aimed to analyze the impact
of a 6-wheeled forwarder on water-physical soil characteristics on lowland soil — pseudogley.
The research was conducted using a 17-ton Timberjack 1710B forwarder, which forwarded
694.1 m’ volume of oak (Quercus robur L.) assortments. Soil characteristics were measured
after each of the eight passes of the loaded forwarder. Bulk density measured on the surface
layer ranged from 1.01-1.23 (Me=1.10) g/cm’ (undisturbed soil); 1.14-1.70 g/lem’ (multiple
passes of the loaded forwarder). The highest soil density increase was observed after the first
pass of the loaded forwarder (16%). Soil solid phase ranged from 2.49 to 2.73 g/cm’ with no
statistically significant difference between undisturbed soil and soil after multiple passes of
the vehicle. The highest porosity decrease was observed after the first pass of the loaded for-
warder (10%). The highest soil water retention capacity decrease was observed after the first
pass of the loaded forwarder (3%). The highest soil air capacity decrease was observed after the
first pass of the loaded forwarder (30%) compared to the undisturbed soil of the forest stand.
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1. Introduction

Ground-based timber harvesting systems are still
dominant in global timber supply chains. Due to
high machine and payload weight, impact on the for-
est soil is unavoidable. Sustainable harvesting opera-
tions have never been under higher pressuer, balanc-
ing between favourable operational conditions,
environmental consequences, climatic extremes and
timber supply chain deadlines, requiring a constant
and solid revenue. Soil disturbance is often an un-
avoidable consequence of intensive harvesting op-
erations and causes undesirable effects on soil and
vegetation (Cambi et al. 2015a, Cambi et al. 2015b,
Cambi et al. 2016, Solgi et al. 2021, Ganatsios et al.
2021). Soil compaction negatively impacts soil respi-
ration, microbiological activity and, finally, forest
growth. Rutting causes compaction of the bottom of
the ruts, while retained water on the soil surface can
completely prevent the activity of roots and aerobic
microorganisms. Soil compaction decreases the

number of capillary pores and hence water perme-
ability, which also means that water conductivity can
be obstructed (Halvorson et al. 2003). In order to
achieve the least possible negative impact on the for-
est ecosystem, good planning actions and adequate
machinery are necessary.

Multiple passes of the forwarder along the same
trail lead to excessive soil disturbance, compaction
and changes in the water-physical soil characteristics
(Uusitalo et al. 2020, Lee et al. 2020, Starke et al. 2020,
Zemanek and Neruda 2021, Schonauer et al. 2021,
Marra et al. 2022).

The main water-physical soil characteristics can
be seen in bulk density and porosity changes. The
proportion of mineral versus organic particles, to a
large extent, determines bulk density. On the other
hand, porosity is the volume of soil filled with either
water or air. It is inversely related to bulk density; as
bulk density increases, porosity decreases. Soil tex-
ture is an essential determinant of porosity. The mac-
ropores of sands promote air and water movement,
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but limit their water-holding capacity. Because of
their micropores, clays have excellent water holding
capacity, but poor air and water movement and,
hence, poor drainage. Because of their low bulk den-
sity, organic soils tend to have much higher porosity
than mineral soils (Mobilian and Craft 2022).

Soil deformation is a consequence of the machine
traffic, when pores can no longer be compressed. On-
wards soil deformation occurs when shear strength
is exceeded. Soil bearing capacity is defined as the
maximum permissible tire pressure of the vehicle
without damaging the soil (Saarilahti 2002), depend-
ing on the type and texture of the soil, humus layer
and skeletal particles (permanent parameters of soil),
and the only variable parameter — soil moisture
(Vega-Nieva et al. 2009, Porsinsky et al. 2011). Very
wet clay and loamy soils are typical for extreme soil
deformations (Ampoorter et al. 2010). Rut depths of
10 cm are generally considered the breakeven point
for the acceptable level of ruts (Uusitalo et al. 2019).
Nugent et al. (2003) conducted a study to characterize
the effects of wood harvesting and extraction ma-
chinery traffic on sensitive forest sites with peat soils.
The influence of harvesting and extraction is con-
fined to the top 40 cm layer of a soil profile. The dam-
age may be reduced by controlling the number of
machine passes and limiting the contact pressure
imposed by wheels or tracks by adequately selecting
the size and type of traction mechanism (tires or
tracks). This was confirmed in later studies (Uusitalo
and Ala-Tlomaki 2013, Allman et al. 2017, Toivio et al.
2017).

Timber transport in the lowland forests of Croatia
is based on forwarding timber cut mainly by chain
saws and processed to assortments by the stump,
similar to other European countries where forward-
ers are used in partly mechanized systems that inte-
grate motor-manual felling and processing of trees
(Borz et al. 2021, Mederski et al. 2021). Lowland clay
soils have limited bearing capacity due to their peri-
odically increased moisture during the year. Pseu-
dogley soils of solid and plastic consistency (low
moisture percentage) are suitable for vehicle mobil-
ity (Porsinsky et al. 2006). However, when the mois-
ture is higher, pseudogley soil becomes mostly un-
suitable for vehicle trafficking.

Understanding the behavior of the vehicle-soil
interaction and restricting the possible soil damage
to an acceptable level is one of the tasks of forest en-
gineering (Porsinsky et al. 2006). This study aims to
analyze the impact of a 6-wheeled forwarder on
water-physical soil characteristics on lowland pseu-
dogley soil.

2. Materials and Methods

2.1 Study Site

The fieldwork for this study was done in a central
lowland part of Croatia in the management unit (MU)
Josip Kozarac, sub compartments 14a and 14b
(N 45°20'-45°26'; E 16°45'-16°53'; 95 m a.s.1.) located ap-
proximately 100 km from Zagreb, the capital city of
Croatia. The test study site was within a 140-year-old
stand of pedunculate oak and dyer's broom (Genisto
elatae-Quercetum roboris caricetosum remote Horvat
1938) on a pseudogley soil type. Growing stock in the
sub compartments was 2968 m’ or 195.5 m’/ha
(39 trees/ha). After felling and processing, logs amount-
ed to 115.9 m’/ha, and long firewood to 43.9 m*/ha. The
average distance between cut trees was 16.1 m, and the
average tree of the compartment was 5.07 m’ in volume.

2.2 Defining Soil Characteristics

The soil type of the study test site is a pseudogley
(planosol) with a high share of clay particles and an
impermeable layer for water draining at 30-40 cm
depth. Porosity grades range from 42% to 56%, water
retention capacity is approximately at 40% and soil air
capacity is very low, below 10% (Martinovi¢ 2003, Per-
nar 2007). Soil texture is 28.8% sand, 40.3% silt and
30.9% clay (Fig. 1).

Penetration resistance of undisturbed soil of the
study site was measured by a hand cone penetrometer
(Eijkelkamp PenetroLogger), with a 2 cm® base area and
30° cone angle. Measurements were taken up to 80 cm
at a speed of 2 cm/s. A standardized value of the cone
penetration measurement (ASAE EP 542 1999) was
used at 15 cm depth, i.e. the cone index (CI). Soil shear
strength of undisturbed soil of the study site was deter-
mined with a vane tester (Eijkelkamp), 32x16 mm wing
dimensions, a measuring range of 0 to 260 kPa, and
reading accuracy of 4 kPa, on the surface layer of forest
soil, at 15 and 30 cm in depth. Cone index of undis-
turbed soil at the study site CI, ;5 was 0.744 MPa;
Cl5 3=0.859 MPa (Fig. 2A). Average soil shear strength
of the study site (Fig. 2B) was 41+15 kPa (median 36 kPa).

Water retention prevents the activity of roots and
aerobic microorganisms and reduces soil shear
strength. Also, pseudogley soils in increased moisture
conditions are more susceptible to deformation
(Fig. 1.). Soil moisture was measured with a Thet-
aProbe hygrometer. Rain occurred at the study site a
few days before and continued during the measure-
ments. This led to specific soil moisture conditions.
The current moisture of the surface soil layer ranged
from 30.7 to 63.9 vol.%, influenced by the micro condi-
tions of the location. The average current moisture of
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Fig. 1 Pedological soil profile and texture soil classification of study site

the accumulative humus layer was 43.3+5.9 vol.% (a
value slightly below the water soil retention capacity).
With an increase in the soil depth, current moisture
was in decrease. This indicated saturation of the soil
surface layer with water, which led to reduced soil
bearing capacity.
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Fig. 2 A) Penetration resistance and B) Soil shear strength of study site
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Measurements of soil water-physical characteris-
tics were done with a Kopeckey cylinder (100 cm?).
Five samples were taken at soil depth of 15 cm and
transported to the laboratory, where bulk density, soil
porosity, soil water retention capacity and soil capac-
ity for air were determined for each soil sample. The
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Fig. 3 Technique used for rut depth measurements

samples were collected before machine traffic, and
after each of the eight passes of the loaded forwarder.
Standard laboratory analyses with a pycnometer were
made.

2.3 Vehicle and Load Characteristics

The research was conducted using a 17-ton
Timberjack 1710 forwarder, length 10.45 m, width 3.01
m, height 3.90 m, driven by a six-cylinder water-cooled
Perkins diesel engine 1306-8TI with pre-charging, of
the nominal power of 156.5 kW at 2400 min™” and
847 Nm of the maximum torque at 1600 min™. The

forwarder was equipped with a hydraulic crane
TJ 111 F 72, with a boom lifting torque of 151 kNm at
the maximum range of 7.2 m. Forwarder front tires
were Nokian Tractor special 700/70-34 16 PR and rear
tires were Nokian ELS L2 650/65-26.5 20 PR.

The estimation of allowed bearing capacities (con-
tact ground pressure) was based on the Nominal
Ground Pressure (NGP, kPa) calculation by Mellgren
(1980). Rutting was measured according to Meek
(1994) and Nugent et al. (2003) with a geodetic pole
5 m in length after every vehicle pass (Fig. 3). In prac-
tice, Saarilahti (2002) recommends the acceptable aver-
age rut depth up to 10 cm on 10% of the total length of
disturbed soil of a cut-block.

The load consisted of oak (Quercus robur L.) assort-
ments, i.e. logs and long firewood (Fig. 4) of 13.6 m’
volume each with the average log volume of
0.547+0.510 m”. In total, 694.1 m’ of oak logs were for-
warded from the stump to the roadside landing in 51
cycles. The average dimensions of logs were 41 cm
mid-diameter and 3.6 m in length.

All data were checked for normality (Kolmogorov—
Smirnov test), and homogeneity of variance (Levene
test) and then analysis of soil properties was made
with ANOVA using Statistica 7 software.

Fig. 4 Loading oak roundwood by a Timberjack 1710B
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3. Results

Bulk density measured on the surface layer ranged
from 1.01-1.23 (Me=1.10) g/cm® (undisturbed soil);
1.14-1.70 g/em’ (multiple passes of the loaded for-
warder). ANOVA showed a statistically significant
difference between forwarder passes and undisturbed
soil (p<0.0001; MS=0.09; df=9). The highest soil density
increase was observed after the first pass of the load-
ed forwarder (16%); after the first pass of the loaded
forwarder, Me=1.31 g/cm®, and after three passes,
Me=1.35 g/em’ (Fig. 5A).
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Soil solid phase ranged from 2.49 to 2.73 g/cm’.
Analysis of ANOVA did not show a statistically sig-
nificant difference between undisturbed soil and soil
after multiple passes of loaded forwarder (p=0.4819;
MS=0.00, df=9).

Along with the increase of the soil density, soil po-
rosity decreased. The highest porosity decrease was
observed after the first pass of the loaded forwarder
(10%). Porosity decreased from 61.2 vol.% to 46 vol.%
after the eighth pass of the loaded forwarder. ANOVA
showed a statistically significant difference between
forwarder passes (p<0.0001, MS=130.79; df=9).
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Fig. 5 Median, 25%—75% confidence level, minimum-maximum and chain index for A) bulk density and B) soil porosity
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The regression line and chain index suggest that the
highest soil porosity decrease occurs after the third
pass of the loaded forwarder (Fig. 5B).

The maximum soil water retention capacity is
reached when all soil pores (micro and macro) contain
water. Then air capacity of the soil is equal to zero; for
pseudogley soil, the maximum soil water retention
capacity occurs in the winter-spring when the imper-
meable layer retains water in the upper layers of the
soil. However, the measurements on the study site
took place after the dry period; a few days before the
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measurements, the rain started, which led to specific
soil conditions.

The highest soil water retention capacity decrease
was observed after the first pass of the loaded for-
warder (3%). The median soil water retention capac-
ity for undisturbed soil was 45.96 vol.% and
41.79 vol.% after the third pass of the loaded forward-
er. ANOVA did not show a statistically significant
difference between undisturbed soil and soil after
multiple passes of the loaded forwarder (p=0.0737;
MS=51.16, df=9) (Fig. 6A).
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The highest soil air capacity decrease was observed
after the first pass of the loaded forwarder (30%) com-
pared to the undisturbed soil of the forest stand. Soil
air capacity decreased from an initial 8.92 vol.% to
4.35 vol% after eight passes of the loaded forwarder.
ANOVA showed statistically significant difference
between passes (p=0.0256; M S=23.98; df=9). The regres-
sion line and chain index suggest that the highest de-
crease of soil air capacity occurs after the first three
passes of the loaded forwarder (Fig. 6B).

The rutting results should be analyzed through the
interaction of soil characteristics, soil water dynamics
and soil bearing capacity after unloaded and loaded
forwarder passes on trails of the study site. When
analyzing rut depth (Fig. 7A), it is evident that ruts
deeper than 10 c¢m, as proposed by Saarilahti (2002),
were observed almost from the beginning, i.e. the sec-
ond pass of the loaded forwarder with Me=17.79 cm
and continued to increase up to the last, eighth pass
with Me=35.09 cm and the utterly unacceptable maxi-
mum of z=64.50 cm (Fig. 7B).

A single pass of the forwarder on the same track
comprised of three wheels with summarized load
weight 89.9 kN (50.2+19.8+19.8), but also with three
wheels of the loaded forwarder 167.2 kN
(62.6+52.3+52.3) with a load of 13.6 m*. NGP of the un-
loaded forwarder was 158 kPa (78+40+40) and NGP of
the loaded forwarder was 309 kPa (97+106+106). The
CI/NGP ratio (Wronski and Humphreys 1994) of the
study site was 2.2.
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Figure 7B clearly shows unacceptable rut depth on
the forwarder trail. During timber transport, vehicles
must remain all the time on the secondary traffic in-
frastructure network, in this case trail network, to
avoid further disturbance of the stand. Still, compac-
tion and rutting as in Figure 7B will lead to wheel slip,
which decreases vehicles productivity, while increas-
ing energy loss and fuel consumption.

4. Discussion

In lowland even-aged forests of Croatia, felling is
mostly done motor-manually by chain-saws, and tim-
ber assortments are transported from the stump to the
roadside landing by six- or eight-wheeled forwarders.
Vehicle movement and multiple passes induce pres-
sure on the soil surface. The bearing capacity of the soil
decreases if elasticity is disturbed, and in the case of
pseudogley soils, as in this research, soil moisture is
the main limiting factor of the soil bearing capacity
(PorsSinsky et al. 2011) and consequently of operation-
al planning. Reduced soil-bearing capacity causes re-
stricted mobility and decreases the forwarder's pro-
ductivity, increasing the damage caused to forest soil
reflected in its compaction and rutting. The wetter the
soil, the more susceptible the soil is to disturbance and
plastic deformations.

Marra et al. (2022) found that, after ten passes of a
tractor with a trailer (at slope of 25% and transported
timber volume of 127 m?), a significant increase in the
soil bulk density values (40%) occurred. The impact

Fig. 7 Rutting A) median, 25%—75% confidence level and minimum-maximum each pass and B) unacceptable rut depth at study site
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on the soil was similar to the increase of the bulk den-
sity values of our research, ~27%. Schonauer et al.
(2022) argue that the first machine pass prevailingly
leads to soil compaction, and additional machine
passes result in a lower increase in the soil bulk den-
sity since preceding passes pre-compacted the soil
already. Authors measured ruts with an average of
6.3£2.1 cm, and a maximum depth of 11.6 cm, which
can be explained with lower initial soil moisture con-
tent of 29 vol.%. Starke et al. (2020) used a new 10-wheel
triple-bogie forwarder to promote sustainable forest
management by reducing the ecological impact of for-
est operations, especially under soft-soil working con-
ditions after forwarding 90 m® of timber. Rut depth of
10 cm (5.8-7.2 cm) was not exceeded; average soil shear
strength was 67 kPa and volumetric water content was
43%. Observed forwarder configurations ranked in
the lowest-impact machine categories on related soil
stability classes. In our research, the average current
moisture of the accumulative humus layer was
43.3+5.9 vol.%. Ala-Ilomaki et al. (2021) investigated
the effect of an eight- and ten-wheeled forwarder
equipped with five different bogie track sets in a peat-
land and concluded that using tracks is essential on
soils with a lower bearing capacity, especially Fomatec
tracks (EFwo). Zemanek and Neruda (2021) showed
that the rut depth after ten forwarder passes could be
decreased by 50% when using the tracked type of the
forwarder chassis. Labelle and Jaeger (2011) stated
that, during regularly scheduled harvesting opera-
tions using CTL systems, dry soil bulk density in-
creased by 19% in machine tracks. The authors also
noticed that soil compaction occurred at the moment
of the machine traffic and that bulk density increased
26 months after timber forwarding. As a possible ex-
planation for this phenomenon, the authors indicated
that the increased solar radiation and temperature on
trails are a consequence of a clear-cut. This possibly
increased the rate of biological activity and the decom-
position of organic matter from the sheared-off or
dead roots. The decreased organic matter content
could explain the increasing soil density long after the
machine traffic. Chain indexes showed the highest
increase after the first forwarder pass, similar to
Kormanek and Dvorédk (2022), where a single small
harvester (5.3 t) pass affected soil parameters; its eight
wheels passed one after the other, causing multiple
pressures. Ring et al (2021) suggest that there is con-
siderable scope for reducing rutting during off-road
forest transportation by acknowledging the variabil-
ity of ground conditions and continuing to develop
planning tools and onsite procedures such as ground
protection.

In the Croatian lowland, forwarders are mostly
equipped with tires characterized by deeper and
sparser tread patterns, a so-called aggressive tread
(Porsinsky et al. 2012). Such a tread pattern reduces
wheel slippage but increases damage to soil and tree
roots (Sutherland 2003). The use of tires with shal-
lower and denser tread patterns (so-called nonaggres-
sive tread), which reduces soil damage but increases
wheel slippage, and is more suitable for use than
tracks on the wheels of the rear (bogie) axle of for-
warders, is more an exception than a rule (Porsinsky
2005). The same applies to improving soil-bearing ca-
pacity conditions on trails by forming a cover of
branches or 3-4 m long firewood (PorSinsky et al.
2012).

Time of operations is also one of the essential plan-
ning activities. Frozen subsoils are ideal for forest ex-
ploitation activities since soil damage through com-
paction and deformation is minimized (De Schrijver
et al. 2018). Hoffmann et al. (2022) state that depth-to-
water (DTW) maps are desirable in forest manage-
ment for decreasing traffic-induced soil impacts by
identifying sensitive areas that should be avoided dur-
ing harvesting operations. DTW maps are supportive
during the planning phase and during the execution
of operations. Still, the creation of practicable DTW
maps relies on the availability of high-resolution digi-
tal terrain models (DTMs), which vary from country
to country. Measuring penetration resistance, soil
shear strength and current soil moisture is a simple
way of establishing stand conditions but is highly de-
pendent on climatic elements. Connecting forest soil
parameters to long-term monitoring of climatic ele-
ments is also one of the future needs in forestry plan-
ning (Puka et al. 2018).

5. Conclusions

The present study broadens our knowledge about
the impact of heavy forest machinery on soil condi-
tions. It has shown that the first three passes of a load-
ed forwarder are crucial for the compaction of the soil,
bulk density, soil porosity and water and air capacity.
For pseudogley soil, the maximum soil water retention
capacity occurs in winter-spring when the imperme-
able layer retains water in the upper layers of the soil.
The measurements on the study site were planned to
take place after a dry period; however, rain started a
few days before the measurements. That created spe-
cific soil conditions and led to specific results: high
moisture content, slippage of wheels, high soil com-
paction, a decrease of high porosity, and a decrease of
30% of the highest soil air capacity after the first pass
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of the loaded forwarder. These results showed that for
minimizing the impact on forest soil during timber
forwarding, good timing and planning of forest op-
erations are vital, but as the other research showed, the
use of tracks and eight- to ten-wheeled forwarders can
also reduce negative environmental consequences,
and lead to sustainability.
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