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Abstract

Assessment and management of environmental impacts of forest harvesting activities, one of the main reasons is that its importance 
is increasing day by day. Skidding operations could lead to an increase in detrimental soil disturbance and soil surface compaction that 
reduced forest soil fertilities. The aim of this study was to investigate and quantify of forest soil compaction following the skidding 
operations with wheeled cable skidder. This study was carried out in compartment no. 311 and 319 in Gorazbon district in Kheyrud 
forest in Hyrcanian forest. This study was conducted in a completely randomized factorial design and changes in soil bulk density and 
porosity with the skidder traffic intensity such as low intensity (less than 3 passes), moderate (3 to 7 passes) and very large (more than 
7 passes) and two depths of 0-10 and 10-20 cm of soil were measured. The results showed that with the increase of machine traffic, soil 
bulk density was increased but the largest percentage increase was observed in initial passes (less than 3 times). Soil bulk density at the 
depth 0-10 and 10-20 cm, was more than the control area by 21.2 and 6.5 percent, respectively. Soil porosity percentage at wheel rut 
was decreased comparing to the control area and this reduction in the 0-10 cm depth was greater than 10-20 cm soil depth. The most 
of the porosity reduction were occurred in the low intensity traffic and increase in skidder traffic has shown less effect on reducing soil 
porosity.
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Introduction

During forest harvesting operations, however, the use 
of modern machinery and equipment has been accelerated 
the logging operation, and improved the quality and quan-
tity of wood products and reduced costs. But forest soil 
was compacted and the natural balance of environment 
and regeneration would be disrupted. Deforestation and 
soil degradation begins simultaneously. Soil conservation 
in forestry and forest management is one of the most im-
portant principles that must be continually repeated. For-
est owner and engineers have tried to develop techniques 
that can be used for logging machinery that not to decline 
soil fertility. Soil compaction, rutting, soil disturbance and 
displacement, failure of the natural drainage structures, re-
moval of the soil organic matter on skid trails were such as 
the corrosive effects of the skidding operation (Makineci 
et al. ,2007; Najafi et al., 2009; Rab, 2004). Soil compac-
tion is a common consequence of the ground-based skid-
ding systems that always occurred in heavy machinery op-
eration (Greacen and Sand, 1980).

The most visible and tangible result of soil compaction 
is its impact on soil bulk density; however, the intensity 
of these effects can vary in different situations. Soil bulk 
density was used as soil compaction index that was a mass 
of dry soil per unit volume of solid, liquid and gas phase 
(Froehlich, 1976; Williamson and Neilsen, 2000). Soil 

compaction and removal of soil surface layer can alter 
plant root systems and reduce root growths and decrease 
the soil’s ability to supply oxygen, nutrients and water 
that the plant needs to be survived (Murphy, 2004). Grail 
(2000) stated that the harvesting operation and use of 
heavy machinery in the forest, typically by impacting on 
soil bulk density, soil degradation grains, reduce porosity 
and permeability capacity of the soil, finally influence on 
soil structure and soil stability and erosion was thereby 
caused. Because of skidding machine traffic and wheel 
rut on soil, reduced soil total porosity, soil particles were 
closer together and will be strengthen than natural situ-
ation (Froehlich, 1980). Soil compaction is reduced the 
volume of spaces or pores in the soil, especially the size of 
the pores between the particles, which are the components 
of the soil affecting gas emissions. During soil compaction, 
the proportion of macropores was reduced and the ratio of 
micropores was increased. 

Degree and depth of the forest soil compaction due to 
skidding operations depends on several variables, includ-
ing soil characteristics: soil texture, soil moisture content 
at the traffic time (Baris and Camire, 1998; Kozlowski, 
1999; Rab, 1999; Senyk and Graigdallie, 1997), soil or-
ganic matter, brash mat (Froehlich and McNabb, 1984; 
Kozlowski, 1999; Wasterlund, 1985), soil structure (Froe-
hlich and McNabb, 1984), parent materials (Brais and 
Camire, 1988) and particle size distribution (Froehlich 
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Rab et al., 2005). The aim of this study was to investigate 
and quantify the effects of ground skidding systems on 
forest soils influenced by two factors, intensity of machine 
traffic and soil depth. 

Materials and methods

The Study Area
The research was carried out in Compartments 311 

and 319 of Gorazbon district, in Kheyrud Educational 
and Research Forest Station in the Hyrcanian forest region 
in the north of Iran. The compartments have an altitude 
range of 1050-1270 m asl, and the forest lies on an south-
ern aspect. Average rainfall ranges from 1150 to 1260 
mm/year, and is heaviest in summer and autumn. The for-
est stand was uneven aged with average growing stock of 
289.1 and 555.2 m3/ha. This area is dominated by natural 
forests containing native mixed deciduous tree species in-
cluding Fagus orientalis Lipsky, Carpinus betulus L., Alnus 
subcordata, and Quercus castaneifolia. The silvicultural re-
gime is selection based, with harvesting as a combination 
of group selection and single tree selection. The combina-
tion of timber type and topography limits mechanization 
to the transport function. Felling, limbing, topping, and 
on-site processing trees are motor-manual ( Jourgholami, 
2012). The soil of study site is classified as a brown forest 
soil (Alfisols) and well-drained. The texture of the soil is 
ranging from silt loam to loamy. 

Trees to be removed are felled, limbed and topped mo-
tor-manually. Felled trees are bucked and processed with 
chainsaws into logs, sawn-lumber and pulpwood. The logs 
with 5-15 meter length are extracted by rubber-tired skid-
ders to the roadside landings. The fuel wood is extracted 
by mules. Also, in steep terrain that can not be reached 
by skidders, logs are processed to sawn-lumber and then 
hauled by mules. An important strategy is to limit traffic 
on designated skid trails, hence, landings and skid trails 
were clearly flagged on the ground before harvesting op-
eration. The intension was to require the skidder to stay 
on the skid trail and winch logs on the trail. Downhill and 
uphill skidding to the landing are planned without any ex-
cavation and the skidding operations are done on natural 
ground. The extraction distances to the landing area near 
forest roadside was 350 m. The skid trail slope ranges from 
0 to 25%. 

Experimental design and data collection
Felling of marked tree was carried out in March and 

skidding operation was done in June 2012. At the time of 
harvesting of site, weather conditions had been dry and 
these conditions remained more constant during skidding 
operations. The 4WD Timberjack 450C rubber-tired 
skidder used in the study is normally an articulated, four-
wheel-drive vehicle weighing 10.3 ton (55% on the front 
and 45% on the rear axle) with engine power of 177 hp 
(132 kW) and engine model of 6BTA5.9. It is equipped 

and McNabb, 1984; Wasterlund, 1985), magnitude and 
nature of the compact force, weight and type of mashine, 
traffic intensity (Brais and Camire, 1998; Rab, 1996), skid 
trail conditions: skid trail type (Greacen and Sands, 1980; 
Rab, 1999; Senyk and Graigdallie, 1997), skid direction 
(Braise and Camire, 1988; McNabb, 1984) and skidding 
patterns (Froehlich and McNabb, 1984), forest stand 
characteristics: density and structure, species composition 
(Harvey and Brais, 2002; Senyk and Craigdallie, 1997), 
methods of operation (Carter et al., 1997; Rab, 1999; 
Harvey and Brais, 2002), training, experience and skill of 
the equipment operator (Greacen and Sands, 1980; Har-
vey and Braise, 2002).

The most important factors affecting soil compaction 
was traffic intensity. Several studies have shown that the 
most of forest soil compaction has been occurred during 
first initial passes, and subsequent machine passes on soil 
will result in diminishing extra compaction degrees (Froe-
hlich, 1978; Hatchell et al., 1997; Steinbrenner, 1995). 
This first initial passes has been stated that by McDon-
ald et al. (1998) with 3 passes, by Froehlich and McNabb 
(1984) with 5 machine passes, by Lotfalian et al. (2003) 
to 5 machine passes, by Naghdi et al. (2007) equal to 6 
passes, by Jamshidi et al. (2008) to 6 passes and by Najafi et 
al. (2009) in 3-7 traffic. Dickerson (1976) studied the soil 
compaction in the full-tree system on the sandy loam soil 
and silty clay loam soils of the North Mississippi’s. He con-
cluded that after 20 passes of wheeled skidder, soil bulk 
density in the wheel rut averaged 1.55 g.cm-3, with 20% 
increasing. Also, by increasing the number of passes, soil 
bulk density was increased, but most of the increase oc-
curred in the initial pass. 

The most of the soil compaction occurs in the superficial 
layers and the bulk density could be reduced by machine 
traffic as soil depth was increased (Froehlich et al., 1983). 
The real depth of compaction was differed considering the 
layers of soil, roots, large rocks and structures of different 
machine types (Froehlich et al., 1980). Soil compacted lay-
ers were often at different depths in the soil. Compaction 
may be low, medium and deep. Under heavy traffic load, 
some of the soil was compacted to a depth of 1 m or more. 
However, the highest degree of compaction occurred usu-
ally the first 30 cm soil profile depth, which includes the 
most of the plant roots (Wingate-Hill and Jakobson, 198). 
Given that forest harvesting operations with skid trail con-
struction, and machines traffic to extract forest products 
on the trail each year, causing extensive damage to the soil 
and a wide range of production can be reduced; therefore 
it is necessary to study the amount of damage to soil char-
acteristics. Among all the forest logging methods, ground 
skidding systems have the most used and most of the en-
vironmental problems and damages were associated with 
this system. About a third of the forest area was allocated 
in the skid trails in the forest, and machine and transporta-
tion operation were affected a large part of the forest area 
and irreparable damage to the soil (McMahan et al., 1999; 
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with a blade for light pushing of obstacles and stacking of 
logs. The skidder was fitted with size 24.5-32 tires inflated 
to 220 kPa on both front and rear axles, and it had a ground 
clearance approximately 0.6 m with overall width of 3.1 m. 
Timber bunching is carried out by the winch installed in 
the rear part of the skidder from the stump to the skidder 
and one end of the dragged round wood is in touch with 
ground. In the study areas, the average logged volumes in 
each pass were 3.5 m3 (1 and 3 logs respectively).

A sampling transect were selected at different slope 
gradients along the designated skid trail for bulk density 
measurements (Fig. 1). Organic horizons were removed 
from the soil surface prior to density measurements, so 
that depth readings were referenced to the mineral soil sur-
face. In order to ensure that the measurements were made 
in the same place after certain number of passes, we have 
implanted the painted sticks in the center of skid trails. 
The painted sticks indicated the centers of the experimen-
tal skid trails at the skid trial, in order that the machines 
would follow the same tracks at subsequent passes. The 
different levels of compaction were applied by varying the 
levels of machine traffic: 0 (undisturbed), <3, 3-7 and >7 
machine passes. A pass implies a drive back and forth the 
selected trail. Also, prior to any skidding operations and 
after machine passes, bulk density and soil porosity were 
measured at the 0-10 and 10-20 cm soil profile depths in 
wheel rut and control sample point adjacent skid trail. 
The soil sample cores were obtained from the layers of the 
mineral soil using a thin walled steel cylinder, 40 mm long 
and 56 mm in diameter, driven into the soil by a hammer-
driven device. After extracting the steel cylinder from 
the soil with minimal disturbance to the contents, the 
soil cores were trimmed flush with the cylinder end and 
extruded into a plastic bag for transporting to the labora-

tory. Samples were weighed on the day they were collected 
and again after oven drying at 105°C for 24 h to determine 
water content and bulk density. 

Statistical analysis
The experimental design was a factorial arrangement of 

treatments conducted in a completely randomized design. 
The general linear modeling (GLM) also applied to relate 
bulk density and soil porosity to machine passes and depth 
in relation to the skid trails. Post-hoc comparison of means 
was performed using Duncan’s multiple designs to mean-
based grouping with a 95% confidence level. Analysis of 
variance of the data was conducted in SPSS (release 15.0) 
to identify differences between bulk density values of four 
slope gradients in skid trails. Treatment effects were con-
sidered significant if p<0.05. Soil bulk density before and 
after skidder operations was compared using independent 
samples t-test. Also, one-way ANOVA was performed.

Results and discussion

Soil bulk density
Tab. 1 shows the analysis of the soil bulk density data as 

influenced by machine passes and soil depth for the cable 
skidder. Results showed that machine passes and soil depth 
were significant variables (p<0.05) and the interaction ef-
fect of machine passes × soil depth was insignificant. 

Average pre-harvest bulk densities for two soil depth 
classes, 0-10 and 10-20 cm were 0.85 g cm-3 and 1.07 g 
cm-3, respectively (Fig. 2). Soil bulk density increased by 
21.2% in 0-10 cm depth that reached to 1.03 g cm-3 and 
by 6.5% in 10-20 cm that reached to 1.14 g cm-3 after ma-
chines passes. After machine passes, bulk density increased 
in soil profile depth under the skid trails, but the major in-
creases occurred in the top of the soil profile at 0-10 cm.

The bulk density in the 0-10 cm of soil (0.96 g cm-3) 
increased by 13.3% after less than 3 pass, 19.1% after 3-7 
passes and 19.6% after higher than 7 passes. Soil bulk den-
sity after skidding operation for control, less than 3 pass, 
3-7 passes and higher than 7 passes levels were 0.96, 1.09, 
1.14 and 1.15 g cm-3, respectively. Bulk density after >7 
machine passes showed the highest value in comparison 
with other machine passes by Duncan’s test (Fig. 3). The 
machine passes have a statistically significant effects on 
bulk density (p<0.05) before and after skidding operation, 
but the bulk density have not any significant increasing 
among three machine pass classes. 

Tab. 1. Analysis of variance (ANOVA) for the effect of number 
of machine passes

Source Sum of Squares df Mean Square F-value P-value
NP 0.436 3 0.154 6.71 0.000
SD 0.243 1 0.243 10.57 0.002

NP × SD 0.079 3 0.026 1.15 0.334
(NP) and soil depth (SD) on bulk density

Fig. 1. Sampling scheme for the soil bulk density and total po-
rosity in skid trail
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amount of porosity in the 10-20 cm depth at wheel rut as 
48.05% is achieved.

The soil porosity in the 0-10 cm of soil (55.27%) de-
creased by 9% after less than 3 pass, 14% after 3-7 passes 
and 16.6% after higher than 7 passes. Soil porosity after 
skidding operation for control plots, less than 3 pass, 3-7 
passes and higher than 7 passes levels were 55.27, 50.28, 
47.51 and 46.08%, respectively. Soil porosity after >7 ma-
chine passes showed the lowest value in comparison with 
other machine passes by Duncan’s test (Fig. 5). The ma-

Soil porosity
Tab. 2 shows the analyses of the soil bulk density data 

as influenced by machine pass and soil depth after skid-
ding operation. Results showed that machine pass and soil 
depth have a significant effects on soil porosity and the 
interaction machine pass × soil depth have not any signifi-
cant effects on soil porosity (p<0.05).

Average pre-harvest soil porosities for two soil depth 
classes, 0-10 and 10-20 cm were 58.2% and 52.34%, re-
spectively (Fig. 4). Soil porosity decreased by 11% in 0-10 
cm depth that reached to 51.51% and by 8% in 10-20 cm 
that reached to 48.05% after machines passes. After ma-
chine passes, soil porosity decreased in soil profile depth 
under the skid trails, but the major decreases occurred in 
the top of the soil profile at 0-10 cm. As Fig. 4 shows, soil 
porosity in the control area was less than the soil porosity 
in compacted trail, and at 0-10 cm depth greater than the 
10-20 cm. Soil porosity decreases with increasing depth, 
but this value is lower than the initial depth. The lowest 

Tab. 2. Analysis of variance (ANOVA) for the effect of number 
of machine passes (NP) and soil depth (SD) on soil porosity

Source Sum of Squares df Mean Square F-value P-value
NP 968.039 3 328.68 7.034 0.000
SD 239.501 1 239.501 5.126 0.027

NP × 
SD 53.18 3 17.727 0.379 0.768

Fig. 2. Comparison of bulk density in both control and compacted tail in the soil depth

Fig. 3. Average of the bulk density in g cm–3 and its relative changes before and after skidding 
in each of the traffic classes using Duncan’s test (b). Different letters within each slope treat-
ments shows significant differences (p < 0.05)
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our result (Froehlich, 1978; Froehlich and McNabb, 1984; 
Hatchell et al., 1997; Lotfalian et al., 2003; Jamshidi et al., 
2008; Steinbrenner, 1995; Najafi et al., 2009). Each stress 
applied at the soil surface is always transmitted three di-
mensionally and causes not only soil compaction but also 
shear effects. Result shows that bulk density significantly 
increased as machine pass increased. The numerous litera-
tures have studied the impacts of the frequency of vehicle 
passes on soil compaction. These studies show that most 
compaction occurs during the first few passes of a machine 
and subsequent machine passes increased the soil com-
paction at a lesser extent until there is little or no more 
compaction associated with a machine pass. A possible ex-
planation for this could be: once this initial compaction is 
complete, further compaction is resisted by the increasing 

chine passes have a statistically significant effects on soil 
porosity (p<0.05) before and after skidding operation 
among three machine pass classes. 

According to the obtained results, the soil bulk den-
sity increased with increasing soil depth. One reason for 
this phenomenon can be introduced by soil organic mat-
ter, such as soil organic matter in surface horizons high, 
decreases rapidly with increasing depth that resulting in 
the soil bulk density increased. Froehlich and Mcnabb 
(1981) and Kozlowski (1999) proved that reduce soil or-
ganic matter functionality increases soil compaction. Re-
sult shows that average bulk density significantly increased 
after wheeled skidder operations. However, in different 
machine of increased bulk densities were statistically dif-
ferent. Results of majority of studies were consistent with 

Fig. 4. Comparison of soil porosity in both control and compacted tail in the soil depth

Fig. 5. Average of the soil porosity in g cm–3 and its relative changes before and after skidding 
in each of the traffic classes using Duncan’s test (b). Different letters within each slope treat-
ments shows significant differences (p < 0.05)
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ing soil compaction. Hence, even one pass is already suf-
ficient to induce a strong increase in bulk density. Also, 
slope gradients on trails should be as low as possible, par-
ticularly when vehicles are traveling loaded. Severe com-
paction of soil adversely affects the growth of plants by a 
combination of physical soil changes and plant physiologi-
cal dysfunctions. One strategy to limit soil disturbances is 
to avoid traffic whenever the water content approaches the 
limit of liquidity, or even exceeds it. Skidding operations 
should be planned when soil conditions are dry so as to 
minimize rutting, but if skidding must be done under wet 
conditions, the operations should be stopped when ma-
chine traffic creates deep ruts. The machine traffic should 
be limit on skid trails. Traffic trails should be developed 
for forest sites in order to concentrate most forest opera-
tions to compacted trails. Preplanning of skid trails and di-
rectional felling will improve skidding efficiency, increase 
safety, and reduce ground disturbance. The impact from 
the felling of large tree is another source of compaction 
but this aspect has not been studied in this forest. In Hy-
rcanian forest which was managed by uneven-aged meth-
od, all trees aren’t felled in harvesting period, then the 
strengthening effects and damages of the roots persist and 
growth losses due to root damage will occur. 
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