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Abstract

The current study compared disturbances caused by two types of log-skidding machines, namely a rubber-tired skidder and a

crawler tractor, on clay loam soil in forest. An extensive fieldwork was carried out to find out the impact caused by the combination
of both machine types, traffic intensity (5, 10, 15, and 20 skidding cycles) and skid trail slope (0-15 % and >15 %) on soil compaction
and forest floor after logging. The results showed that regardless of skidder type, bulk density of soil raised as traffic intensity and
slope increased while the coverage of forest floor decreased. Within each traffic treatment soil compaction intensified with increas-
ing skid trail slope, therefore significant differences in bulk density were observed between slope 0-15 % and > 15 %. Litter mass
measured on the skid trail reached 2012 kg ha'! at the maximum (five passes on slope with inclination of 0-15 %) and 54 kg ha™' at
the minimum (20 passes on slope > 15 %) for rubber-tired skidder, and 2489 kg ha™! at the maximum (five passes on slope 0-15 %) to
470 kg ha! at the minimum (20 passes on slope > 15 %) for crawler tractor. The results showed that the number of passes and slope
and skidder type had strong effects on the intensity of soil disturbance. The results suggest that the rubber-tired skidder causes soil
disturbance with lower traffic intensity than the crawler tractor. The dramatic increase of soil disturbance caused by the rubber-tired
skidder may be associated with higher static ground pressures.
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Introduction

Successful planning of skidding operations with
minimized soil compaction depends on knowledge on the
distribution of soil types in the area to be managed, as well
as knowledge on the response of each soil to compaction
pressure. It is important to know the relationship between
the susceptibility of forest soils and the machinary and
equipment to be used. Mechanized ground-based logging
systems are widely used since they generally have pro-
vided a safer work environment, higher quality products,
and greater labour productivity (Akay and Sessions 2001).
In these systems, the forest products are generally trans-
ported from stump to the landing areas by skidders and
forwarders, either rubber-tired skidders or crawler trac-
tors. Ground-based logging systems may cause serious
disturbance to the physical properties of forest soil due to
soil compaction (Grace et al. 2006). The most significant
changes occur on soil surface layers resulting in possible
restrictions for the movement of air and water into soil lay-
ers (Rab 1994, Botta et al. 2006). Undisturbed forest soils

have high macroporosity and low soil bulk density and are
easily compacted by logging machinery (Lacey and Ryan
2000). Soil compaction and reduction of total porosity are
unavoidable consequences of skidding operations, which
may vary in intensity and distribution due to the interac-
tion between machine and site factors at the time of har-
vesting. The extent of the impact varies according to many
factors such as slope, site characteristics, harvesting ma-
chines, traffic levels, planning of skid roads and produc-
tion season (Bettinger et al. 1994, Demir et al. 2007, Najafi
et al. 2009, Naghdi et al. 2010, Naghdi and Solgi 2014).

The number of machine passes is a factor that sig-
nificantly influences the degree of soil damage. Several
scholars (Froehlich 1978, Ampoorter et al. 2007, Najafi et
al. 2010) have studied the impact of the frequency of ma-
chinery passes on soil compaction. These studies showed
that the most severe compaction happens during the first
few passes of the machinery (Sundberg 1988). Subsequent
passes may damage the soil less, but they gradually in-
crease the density levels and reduce non-capillary porosity
to critical levels for tree growth (McNabb et al. 1997).
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During skidding on steep terrain, a given load results
in uneven weight balance on the axles (usually rear axle)
and increases soil disturbance (Najafi et al. 2010). Krag et
al. (1986) and Najafi et al. (2009) found that, during timber
harvesting, slope steepness had stronger effect on soil dis-
turbance than the number of machine passes, and the dis-
turbance was greater on slopes with inclination over 20 %
in comparison to slopes with inclination less than 20 %.

The type of machinery used in timber harvesting can
be a significant factor in determining the extent of soil
disturbance. Crawler tractors may have a lower impact on
soil than rubber-tired skidders due to lower static ground
pressures (Sheridan 2003). Murosky and Hassan (1991)
found that a crawler tractor caused less increase in bulk
density than two other rubber-tired skidders over a range
of conditions and soil depths.

Compaction involves rearrangement and packing of
the solid particles of the soil leading to an increase in bulk
density. When bulk density increases, a decrease in to-
tal porosity (Rab 1994, McNabb et al. 2001, Najafi et al.
2009), tree height, diameter and volume growth (Murphy
et al. 2004, Tan et al. 2006) are often observed.

Compacted forest soil due to harvesting operation
can persist for several decades depending on soil texture,
machine activity, soil water content, and other soil con-
ditions at the time of harvesting (Kozlowski 1999, Rab
2004, Demir et al. 2007).

Apart from compaction, one of the major deficien-
cies also caused by the skid roads is loss of organic mat-
ter from the forest floor (Demir et al. 2007). Mixing or
removal of litter and soil may change the physical, chemi-
cal or biological properties of soil. Organic material re-
tention can significantly increase microbial biomass due
to increased carbon availability for microbial metabolism
(Mendham et al. 2002). Forest floor removal increases the
mean temperature in the mineral soil during the growth
season (Tan et al. 2005).

Accordingly, the aims of this paper were to (1) study
compaction effects of rubber-tired skidder in comparison
to crawler tractor on forest soils and (2) evaluate com-
bined effects of traffic intensity on skid trail slope caused
by logging operations using a crawler tractor and a rub-
ber-tired skidder on bulk density and forest floor removal
in the Hyrcanian forests of Northern Iran.

Material and Methods

Study site

The research was carried out in September 2012 in
Sorkhkola forest, Mazandaran Province, Northern Iran,
between 36°11°’N and 36°17°N, and 52°17’E and 52°57’E.
The tree stand in the study area was dominated by Fagus
orientalis and Carpinus betulus. The cover of canopy
reached 80 %, the average tree diameter was 29.72 cm, the
average height was 22.94 m, and stand density was 220

trees ha'!. The altitude was approximately 700 m above
the sea level, slopes were exposed to the north. The aver-
age annual rainfall recorded at the nearest national me-
teorological station was 1,280 mm. The mean maximum
monthly rainfall (120 mm) usually occurs in October,
while the minimum rainfall (25 mm) occurs in August.
The mean annual air temperature is +15 °C, and the low-
est air temperatures are recorded in February. At the time
of skidding, the weather condition was wet with average
soil moisture content of 32 %. Soil texture along the skid
trail was clay loam and was analyzed using the Bouyoucos
hydrometer method (Majnonian and Jourgholami 2013).
The soil had not been driven on before the experiment.
The machines used were crawler tractor “Onezhets
110” and rubber-tired skidder “Timberjack 450C” (Tab-
le 1). Both operators had several years of experience, and
they performed all service and most of the repair work.

Table 1. Technical specification of crawler tractor “Onezhets
110” and four-wheel drive skidder “Timberjack 450C”

Characteristic “Onezhets 110” Tlrzggg?ck
Length (m) 6.2 6.4
Width (m) 2.6 24
Height (m) 3.20 3.15
Mass (kg) 12500 10275
Front tyres - 24.5-32
Rear tyres - 24.5-32
Length of Track (cm) 185 -
Width of Track (cm) 69 -
Ground pressure (kPa) 49 221
Power (kw) 88.26 130.1
Fuel tank capacity (dm?®) 140 232

For determination of the tyre /soil contact area and
finaly ground pressure, prior to the trial, the two machines
were weighed to obtain their total load. The tyre /soil
contact arca was measured on the experimental field by
reversing or driving the machines into the field and spray-
ing the area around the tyre with paint. A hydraulic lift
was then used to raise the machine and the tyre impres-
sion outlined on a sheet of glass by placing the glass on
the soil surface. The observed area free of paint was then
transferred to paper and measured with a planimeter. Av-
erage ground pressure was estimated as the total axle load
divided by the tyre—soil contact area for both tyres on the
axle (Botta et al. 2009).

Experimental treatments and layout

A recently used skid trail with 1,400 m length and
4 m width running parallelly to the slope (south-north di-
rection) was selected for the experiments.
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The impacts of skidding on soil surface layer (0-10
cm depth) of the skid trail were examined using bulk den-
sity and mass of forest floor per ha at specified degrees of
traffic and slope for both vehicles in comparison to un-
disturbed area. There were 16 treatments due to combina-
tion of traffic intensity (5, 10, 15 and 20), skid trail slope
(0-15 % and >15 %) and machine types (crawler tractor
and rubber-tired skidder). Each treatment was replicated
three times, therefore 48 plots were obtained. Thel0 m-
long and 4 m-wide rectangular shaped plots were delin-
eated prior to skidding. There was at least 5 m buffer zone
between the plots to avoid interactions. The soil samples
were taken along four randomized skid trails perpendicu-
lar to the direction of travel with 2 m buffer zone between
lines to avoid interactions. At three different points of
each line (left track (LT), between track (BT) and right
track (RT)) one sample was taken from the forest floor
and one sample at 0—10 cm depth below the forest floor.
Moreover, for control purposes, soil samples were taken
from the undisturbed area at 0-10 cm depth and forest
floor without any visible impacts of skidding operations,
at least 50 m away from the skidding road.

Forest floor samples were taken by collecting 1 m? of
soil surface. The soil samples from the depth of 0-10 cm
were collected using a soil hammer and rings (diameter=5
cm, height=10 cm). Samples were put in polyethylene
bags and labeled. The collected samples were taken to
the laboratory and subsequently weighed. Soil and forest
floor samples were dried in an oven under 105 °C (24 h)
and 65 °C (48 h), respectively (Turk et al. 2008).

An analysis of variance (ANOVA) was carried out
on the data, and the means were analyzed by Duncan’s
multiple range tests utilizing the SPSS 16 software.

Results
Soil bulk density

The average soil bulk density measured on an un-
disturbed area was 1.155 g cm™. The average bulk den-

sity on the skid trail varied from 1.451 g cm™ to 1.717 g
cm under impact of the rubber-tired skidder, and from
1.353 g cm? to 1.656 g cm™ under impact of the crawler
tractor. Both for crawler tractor and rubber-tired skidder,
bulk density significantly increased with increasing traffic
intensity and skid trail slope (Figure la and Figure 1b).
The results showed that for both machine types (crawler
tractor and rubber-tired skidder), the average bulk den-
sity under treatment with 15 passes and on slopes more
than 15 % was higher than that of the treatment with over
15 passes and on slopes 0-15 % (Table 2). In addition,
the slope of trail affected the bulk density. In all skidder
passes and skid trail slope treatments, the bulk density in-
creased considerably with a change in skidder type from
crawler tractor to rubber-tired skidder (Figure 2).

Bulk density was significantly influenced by the
number of skidder passes (p = 0.037), slope (p = 0.012),
and machine type (p = 0.041), but the interaction between
those variables was not significant (p = 0.147).

Forest floor

Forest floor removal on the skid trail caused by ter-
rain transportation of timber was highly variable in the
spatial extent and severity. In all traffic intensity and skid
trail slope treatments, litter mass decreased considerably
with a change in skidder type from crawler tractor to rub-
ber-tired skidder (Figure 3).

The average forest floor was 3,053.68 kg ha! on un-
disturbed area, while on the skid trail it varied from 54.66
kg ha'! to 2,012.22 kg ha' for rubber-tired skidder, and
from 470.44 kg ha'! to 2,489.66 kg ha™! for crawler tractor
(Table 3).

Figure 4 shows the influence of traffic intensity and
skid trail slope on the mass of forest floor along the skid
trail (Figures 4a, 4b). The highest forest floor removal was
found on trails with the highest traffic intensity class and
slopes over 15% . Forest floor removal by rubber-tired
skidder was higher than that caused by crawler tractor
in similar working conditions. The influence of the trail

Table 2. Influence of machine type, traffic intensity and slope on soil bulk density

Machine type

Rubber-tired skidder

Crawler tractor

Number of passes Slope (%)
0-15 >15 0-15 >15
Soil bulk density (g cm™)
5 1.451° 1.511° 1.353¢ 1.4044
10 1.6322 1.6772 1.468° 1.5647¢
15 1.6642 1.6982 1.591° 1.632°
20 1.6912 1.7172 1.6272 1.6562

Note: Bulk density values in the same column marked with the same lower case letter are not significantly different (p > 0.05).
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Figure 2. Effect of skidder type on average soil bulk density.
The error bars depict the standard error. Bulk density values
marked with the same lower case letter are not significantly dif-
ferent (p > 0.05)
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Figure 3. Effect of skidder type on average forest floor per ha.
The error bars depict the standard error. Values marked

with the same lower case letter are not significantly different
(» > 0.05)

Table 3. Influence of machine type, traffic intensity and slope on the mass of remaining forest floor per ha

Machine type

Rubber-tired skidder

Crawler tractor

Slope (%)
Number of passes
0-15 >15 0-15 >15
Mass of forest floor (kg ha™')
5 2012.22¢ 1518.22¢ 2489.66 2271.33¢
10 1276.55¢ 745¢ 1742.33¢ 1490°
15 675.33° 307.11° 1301.88° 879.22°
20 203.442 54.66° 800.442 470.442

Note: Values in the same column marked with the same lower case letter are not significantly different (p > 0.05).
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Figure 5. Effect of skid trail slope on the mass of forest floor
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slope on the mass of forest floor is presented in Figures
5a and 5b. With increasing slope, the mass of forest floor
decreased for both vehicle types.

Statistically, the mass of forest floor was significantly
influenced by the number of skidder passes (p = 0.029),
skid trail slope (p < 0.045), and machine type (p =0.031).
Interaction between them was not statistically significant
(» =0.362).

Discussion

The results suggest that there are differences between
two skidder types in terms of their influence on soil bulk
density and the remaining mass of forest floor. According
to our results, both increasing traffic intensity and increas-
ing skid trail slope increased soil bulk density for both ve-
hicle types. Similar results were obtained by Garrison and
Rummell (1951), Krag et al. (1986), Eliasson (2005), Bot-
ta et al. (2006), Ampoorter et al. (2007) and Najafi et al.
(2009). The increase in bulk density and negative effects
on forest floor on steeper slopes have also been observed
in other studies (Najafi et al. 2009, Naghdi et al. 2010,
Solgi et al. 2014). This may be a consequence of the dif-
ficulties of skidding in steep terrain, where machines can
slip continuously and remain in a given place for a longer
period of time, resulting in more puddling and dragging of
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the soil (Gayoso and Iroume 1991). Most of the compac-
tion, expressed as the increase of bulk density, takes place
during the initial passes. As proved by this study, high in-
crease in bulk density (28.2 %) for skid trails already ap-
pears after five passes of the skidder. Our results are in ac-
cordance with the results of Ampoorter et al. (2007), who
found that the bulk density increases gradually with 50 %
of the total impact occurring after the first three passes.
The type of machinery is one of the most important fac-
tors determining the degree and the extent of compaction.
The results showed that compaction created by rubber-
tired skidder “Timberjack 450C” was significantly higher
(p < 0.05) than that caused by crawler tractor “Onezhets
110”. Lower increase in bulk density by the crawler trac-
tor may be associated with lower static ground pressure.
Our results are in accordance with the results of Murosky
and Hassan (1991), who found that a steel-tracked skid-
der (crawler tractor) caused lower increase in bulk den-
sity than two types of rubber-tired skidders over a range
of conditions and at various soil depths. Rusanov (1991)
found that crawler tractors compacted the soil less than
wheeled skidders in similar sized classes.

In this study, the number of skidder passes, skid trail
slope percent, and machine type significantly affected
forest floor removal. Trail steepness has a strong effect
on the forest floor removal during skidding. Slipping
and slip sinkage may mix mineral soil and litter result-
ing in increased displacement, rutting and decreasing of
litter mass. Similar results were found by other research-
ers (e.g. Johnston and Johnston 2004, Demir et al. 2007,
Najafi et al. 2009). The intensity of soil disturbance may
be influenced not only by the frequency of trips over the
same tracks, but also by soil wetness, vibration, texture,
and organic matter (Vogt et al. 1999). The decrease of for-
est floor mass and increase of bulk density on steep slope
trails may be associated with higher slip ratio of skidder on
steep slope trail. Furthermore, uneven weight distribution
on steep slopes decrease the rolling radius of rear wheels,
which increases the slip of the front wheels with lower
axle load and higher rolling radius. This was noticed also
by Davies et al. (1973) and Raghavan et al. (1977), who
identified wheel slip on agricultural tractors. The wheel
or track slip directly affected the soil structure and altered
physical soil properties down to a depth of 10 cm.

Conclusions

The study compared changes in the soil bulk density
and litter mass due to timber haulage by two ground-based
logging machines on two different slope classes and four
traffic intensities. The results showed that there were dif-
ferences between both machine types in terms of two key
soil parameters, bulk density and the mass of forest floor.

Compaction caused by rubber-tired skidder “Timberjack
450C” was significantly higher than that caused by crawl-
er tractor “Onezhets 110”. Compaction of soil during
skidding increases soil bulk density on the skid trail. With
increasing compaction the soil porosity decreases. When
soil is compacted, total porosity is reduced at the expense
of the large voids. There is a positive relationship between
soil compaction and skid trail slope and traffic intensity.
Therefore, the hypothesis that skid trail slope and skidder
passes have an effect on soil bulk density and litter mass
removal was supported.
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