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ABSTRACT
This study evaluated the effect on Oxisol soil compaction of traffic by wood harvesting machines 
from different extraction distances carried out by a logging company located in Paraná State. 
The harvesting system was composed of a feller buncher, skidder and harvester, in which soil 
compaction was evaluated at four extraction distances and four depths by means of density, porosity 
and soil penetration resistance. Increased machine traffic resulted in the highest compaction in 
the soil surface layers on the extraction trail, with the highest intensity in the region near the 
edge of the stand and with values above the critical density limits. Soil penetration resistance was 
critical in the row of traffic over the stand with significant effects at a of 0.11 to 0.60 m, which 
is the recommended depth for soil preparation.
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1. INTRODUCTION

Mechanization of wood harvesting operations 
has brought several benefits to the forestry sector, 
improving working conditions, ensuring industrial 
supply, increasing productivity and reducing production 
costs (Silva  et  al., 2007). However, the use of large 
machines for wood harvesting operations has led to 
an increase in soil compaction and is affecting the 
potential and sustainability of forest production (Seixas 
& Souza, 2007).

Soil compaction results from the approximation 
of soil particles due to external stresses applied on the 
soil with a reduction of volume that increases density, 
thereby reducing porous space, infiltration and water 
movement, and consequently increasing mechanical 
resistance to root development (Reichert et al., 2007; 
Reichert et al., 2010).

Nowadays, soil compaction has been studied in 
forest plantations as it is affected by several factors, 
such as: organic matter content; soil texture and 
moisture; forest residues; machine dimension and 
weight; size and air pressure of the tires; and machine 
traffic intensity (Reichert et al., 2007; Lopes et al., 2011; 
Szymczak et al., 2014; Pincelli et al., 2014; Jesus et al., 
2015; Sampietro et al., 2015).

In relation to these factors, traffic intensity is an 
important component that affects soil compaction 
during wood harvesting due to the use of large 
machines that usually travel several times over the 
same place. This situation contributes to increasing 
the soil compaction of these sites, causing alterations 
in the physical, chemical, and biological properties of 
the soil, and consequently in the sustainability of the 
forest ecosystem (Sampietro & Lopes, 2011; 2016).

In Brazil, two wood harvesting systems predominate: 
cut to length, characterized by the use of a harvester 
and forwarder in which the trees are cut and processed 
in the interior of the stands and then shifted to the 
edge of the roads in the form of logs; and full trees, 
characterized by the use of a feller buncher, skidder 
and harvester, in which the trees are cut and dragged 
to the edge of the stands for final wood processing 
(Malinovski  et  al., 2014). The full tree system has 
lower operating costs and favors soil preparation by 
removing residual biomass. However, it causes the 

highest soil compaction due to the requirement for 
large machines and the trees being dragged directly 
over the soil.

For Silva  et  al. (2004), soil compaction is more 
intense in areas near the edges of the stand, caused by 
the highest machine traffic intensities at these site, and is 
a common situation in the full tree system. In addition, 
Greacen & Sands (1980) affirm that timber harvesting 
operations do not cover every operational area, and 
therefore, a large degree of variability and heterogeneity 
of forest soil compaction and disturbance can occur.

On the other hand, it should be mentioned that soil 
compaction is greater in the first few wood harvesting 
machine passes and increases soil density along the 
traffic tracks which is related to the wheel types, the 
machine types used in the wood harvesting, and the 
number of passes (Seixas & Souza, 2007; Sampietro 
& Lopes, 2016).

Dias  et  al. (2003), when comparing two wood 
harvesting systems on an Oxisol, found that the impacts 
caused by the feller buncher and skidder were randomly 
distributed, covering a large area of the stand when 
compared to the harvester and forwarder system. 
Sampietro & Lopes (2016) evaluated the cross section 
along a row of traffic of the feller buncher and skidder 
tractors in an Inceptisol by means of geostatistical 
techniques. The authors concluded that compaction 
was influenced by the soil moisture, which was above 
the field capacity, as well as by the increase in traffic 
intensity, leading to compaction of the deeper and more 
distant layers of the machine traffic trails.

Additionally, the importance of forest soil compaction 
studies is highlighted through its application to precision 
forestry concepts to maximize yields. Therefore, 
determining compaction levels along the stand after 
wood harvesting is important, since depending on 
the compaction levels observed, soil preparation 
can be carried out in a differentiated manner with 
consequent gains in productivity and cost reduction 
(Brandelero et al., 2007).

The aim of this study was to evaluate the effect 
of traffic by wood harvesting machines at different 
extraction distances, seeking information that could 
contribute to planning and operational cost reduction, 
as well as forest production sustainability.
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2. MATERIAL AND METHODS

This study was carried out at a forestry company 
located in the municipality of Telêmaco Borba, Paraná 
State, Brazil, between the geographical coordinates 
24°19’37” S and 50°36’58” W, in clear cut wood harvesting 
of seven-year old Eucalyptus grandis stands, at a spacing 
of 3.0 m × 2.0 m, an average number of 1,217 trees 
per hectare, and diameter, height and average volume 
per tree of 0.175 m, 26.5 m and 0.30 m3, respectively.

According to the Köppen climate classification 
system, the region is classified between Cfa and Cfb being 
predominantly Cfa. It presents average temperatures 
lower than 18 °C in the coldest month and higher 
than 22 °C in the warmest month. The annual average 
relative humidity is between 70 and 75%, with average 
annual precipitation of 1,400 to 1,600 mm.

The soil in the study area was classified as Oxisol, with 
a quantity of coarse sand, fine sand, silt and clay equal 
to 0.395; 0.238; 0.071; and 0.296 kg kg-1, respectively, 
obtained by the pipette method (EMBRAPA, 1997). 
The carbon content in 0 to 0.60 m was 0.009 kg kg-1 and 
was obtained by the modified Walkley‑Black method 
(Pavan  et  al., 1992). Soil moisture was determined 
by the gravimetric method, with average values of 
0.28; 0.25; 0.27; and 0.26 kg kg-1 at depths of 0 to 0.10; 
0.11 to 0.20; 0.21 to 0.40; and 0.41 to 0.60 m, respectively.

An experiment was conducted in a full tree harvesting 
system. The felling and piling of the tree bundles was 
carried out by a feller buncher with 224  kW rated 
power, 31.3 Mg operational weight, and equipped 
with tracks. Tree extraction by dragging from the 
interior to the edge of the stand was carried out by a 
forest tractor skidder with 6WD, 194 kW rated power, 
21.4 Mg operational weight and equipped with wheels 
of A35.5 sizes and 241 kPa inflation pressure. Finally, 
tree processing on the edge of the stands was carried 
out by a harvester tractor with 219 kW rated power, 
28.7 Mg operational weight and tracks.

In the machine traffic row, a feller buncher pass 
occurred at the time of tree felling. Subsequently, an 
average of 14, 10, 6, and 2 skidder passes were conducted 
during the extraction operation at the respective 
distance classes of 0 to 50; 51 to 100; 101 to 150; and 
151 to 200 m, taking into consideration the travel of 
an empty and loaded machine.

To evaluate the soil compaction caused along the 
extraction trails after the completed wood harvesting 
operations, undisturbed soil samples were obtained 
taking into consideration extraction distances of 
25, 75, 125, and 175 m in relation to the edge of the stand. 
These corresponded to the centers of the distance classes 
equal to 0 to 50, 51 to 100, 101 to 150, and 151 to 200 m, 
respectively; and in the center of the depths from 
0 to 0.10, 0.11 to 0.20, 0.21 to 0.40, and 0.41 to 0.60 m. 
Twenty-four samples were obtained by depth, with 
six samples for each extraction distance class (in the 
traffic rows and between the traffic rows).

Soil density (Ds) and total porosity (Pt) were 
determined according to the methodology proposed 
by EMBRAPA (1997), in which the soil samples were 
collected with preserved structure using a Soil Control 
TAI sampler and volume rings of 0.0001 m3.

Soil penetration resistance (PR) was determined 
at the same points of the undisturbed samples using a 
Eijkelkamp 06.15.SA digital electronic penetrometer 
equipped with a cone-shaped tip, a vertex angle of 
60º and basis of 0.0001 m2 (11.28 mm of nominal 
diameter). Maximum velocity of soil penetration was 
established at 0.02 m s-1, being performed by an operator 
controlled by an internal sensor which maintained the 
penetrometry pressure constant.

Seven sample points were established at different 
transverse positions along the machine traffic rows, with 
known distances for PR determination up to 0.60 m 
depth. Using the soil penetration resistance points, we 
obtained averages in the traffic row positions, between 
traffic rows, and off traffic rows, with these being equal 
to 0.25 m of the row distance.

The experiment was conducted in transects with 
three replications in bands along the extraction distances, 
in which the occurrences of the studied phenomenon 
were measured. For this reason, the results obtained 
were submitted to normality testing and the averages 
of the extraction distances were compared by the 
Fisher DMS test (multiple t-test) at a 5% probability 
of error level. Cross-sectional thematic maps of soil 
penetration resistance were composed in the four 
extraction distance classes using Surfer 8.0 software 
using the values estimated by kriging interpolation and 
parameters of fitted semivariograms were performed 
with GS+ software.
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3. RESULTS

Table 1 shows the soil density outcomes at different 
soil depths after wood harvesting machine traffic from 
variable extraction distances. The highest soil density 
values were found in the distance classes from 0 to 
50 m and 51 to 100 m where there was the highest 
machine traffic intensity, ranging between 1.96 Mg m-3 
in 0 to 0.10 m, and 1.76 Mg m-3 in 0.41 to 0.60 m depth. 
Also, the difference between these two extraction 
distance classes was not statistically significant by the 
Fisher DMS test at the 5% probability level.

Significant differences in soil density were observed 
for the different extraction distance classes in the 
deepest soil layers of 0.11 to 0.60 m. Distance classes 
near to the stand edge where there was the highest 
traffic intensity differed from the lowest intensity 
classes. These results prove that soil compaction caused 
by the wood harvesting machine traffic occurs in a 
systematic way, with the highest compaction occurring 
at the edge of the stands and decreasing towards the 
center of the stands (Dias et al., 2003; Silva et al., 2004; 
Reichert et al., 2007).

The definition of critical compaction sites in a 
forest stand contribute to the application of specific 

management techniques for each affected area. 
Therefore, it is possible to reduce the time and costs 
of soil preparation operations (Reichert et al., 2007). 
However, it should be highlighted that all the soil 
density values obtained after wood harvesting, both 
in distance classes and depths, reached the critical 
density values for tree development. According to the 
equation proposed by Reichert et al. (2009), for soil 
with an average clay content of 0.298; 0.305; 0.295; 
and 0.285 kg kg-1 at depths of 0 to 0.10; 0.11 to 0.20; 
0.21 to 0.40; and 0.41 to 0.60 m, respectively, there is 
an average critical density of 1.61 Mg m-3 for all depths.

In Table 2, it is possible to observe that total porosity 
values in the superficial soil layer (0 to 0.10 m) did not 
present significant statistical differences in most of the 
distance classes, except in the class 101 to 150 m. While 
the treatments differed in the intermediate soil layers 
due to the increase in the number of machines passes.

Average values of soil penetration resistance (PR) 
for different extraction distances and depths after the 
wood harvesting machine traffic are shown in Table 3. 
In the traffic row position, the surface layer (0 to 0.10 m) 
did not present significant statistical difference between 
the extraction distances, in which the soil penetration 
resistance values ranged from 1.97 to 1.68 MPa. These 

Table 1. Average soil density values at different extraction distances and depths after wood harvesting machine 
traffic.

Soil depth 
(m)

Distance classes (m)
Average

Value F DMS CV 
(%)0-50 51-100 101-150 151-200

Ds (Mg m-3)
0-0.10 1.96 a (±0.13) 1.91 ab (±0.19) 1.74 b (±0.20) 1.82 ab (±0.13) 1.86 1.9* 0.20 9.11

0.11-0.20 1.96 a (±0.02) 1.88 ab (±0.13) 1.74 c (±0.13) 1.77 bc (±0.10) 1.84 6.2** 0.12 5.47
0.21-0.40 1.94 a (±0.01) 1.85 ab (±0.10) 1.77 bc (±0.11) 1.69 c (±0.10) 1.81 7.9** 0.11 5.15
0.41-0.60 1.88 a (±0.03) 1.76 ab (±0.16) 1.73 b (±0.12) 1.64 b (±0.08) 1.75 4.9* 0.13 6.25

Where: Averages followed by different letters indicate significant differences by the DMS test (α = 0.05) in distance classes and same 
soil depth (lines). *significant at 5%; **significant at 1%.

Table 2. Average total porosity values in the different extraction distances and depths after the wood harvesting 
machine traffic.

Soil depth 
(m)

Distance classes (m)
Average

Value F DMS CV 
(%)0-50 51-100 101-150 151- 200

Pt (m3 m-3)
0-0.10 0.265 b (±0.051) 0.284 ab (±0.072) 0.345 a (±0.075) 0.316 ab (±0.052) 0.303 1.9* 0.08 20.99

0.11-0.20 0.264 b (±0.008) 0.310 a (±0.036) 0.347 a (±0.050) 0.337 a (±0.021) 0.314 7.5** 0.04 10.57
0.21-0.40 0.272 c (±0.002) 0.305 bc (±0.041) 0.335 ab (±0.041) 0.366 a (±0.039) 0.319 7.9** 0.04 10.97
0.41-0.60 0.295 b (±0.001) 0.341 ab (±0.065) 0.351 a (±0.045) 0.384 a (±0.029) 0.343 4.8* 0.05 11.99

Where: Averages followed by different letters indicate significant differences by DMS test (α = 0.05) in distance classes and same depth 
of soil (lines). *significant at 5%; **significant at 1%.
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values are below 2 MPa, considered critical for tree 
development (Greacen & Sands, 1980; Whalley et al., 
1995). However, the soil penetration resistance exceeded 
2 MPa in other soil depths, showing the need to adopt 
mitigating actions to reduce soil compaction, as well as 
the need for the greatest intervention in soil preparation 
for forest implantation.

We observed that the PR presented a statistically 
significant difference in relation to other extraction 
distances at a depth of 0.11 to 0.60 m and distance 
classes of 0 to 50 and 51 to 100 m (in which there was 
the highest traffic intensity). This behavior represented 
the highest values and demonstrated the effect of the 
intensity that occurs in this region of the stand.

In the position between the traffic row and off 
the traffic row of the machines, we also observed 
the effects on the sides of the soil profile. This had 

the smallest magnitude in relation to the traffic row 
position however, and it did not reach the critical value 
for tree development. Additionally, the values in the 
first distance classes for a depth of 0.11 to 0.60 m were 
the statistically highest difference in relation to other 
extraction distances.

Table 4 shows the fits obtained in the construction 
and analysis of the semivariograms for soil penetration 
resistance at different extraction distances. These 
values obtained were used to produce the transversal 
penetrometric profile of the distance classes evaluated 
after the wood harvesting operations (Figure 1).

In the traffic row positions, soil compaction tended 
to be highest with the increase of machine passings. 
The greatest changes in soil compaction were observed 
at a distance of 0 to 50 m with one feller buncher pass 
and 14 skidder passes, represented by the dark color 

Table 4. Parameters of semivariogram fitted for soil penetration resistance.

Distance 
class (m) Model C0 C0+C1 A (m) R2 SPI DSD

0-50 Sph 0.0268874 0.1445004 1.8 0.001 0.814 Strong
51-100 Sph 0.0305255 0.193746 2.0 0.004 0.842 Strong

101-150 Exp 0.0333688 0.197861 2.1 0.005 0.831 Strong
151-200 Sph 0.0394000 0.181800 2.6 0.058 0.783 Strong

Where: Exp = exponential model; Sph = spherical model; C0 = nugget effect; C0 + C1 = sill; A = range; SPI = spatial dependence index; 
R2 = coefficient of determination of the model; and DSD = degree of spatial dependence.

Table 3. Average soil penetration resistance values of different extraction distances and depths after the wood 
harvesting machine traffic.

Soil 
depth 

(m)

Distance classes (m)
Average

Value F DMS CV 
(%)0-50 51-100 101-150 151-200

PR (MPa)
Traffic rows

0-0.10 1.969 a (±0.551) 1.934 a (±0.301) 1.878 a (±0.501) 1.679 a (±0.505) 1.865 0.8ns 0.41 25.43
0.11-0.20 2.271 a (±0.044) 2.285 a (±0.053) 2.187 b (±0.014) 2.132 c (±0.031) 2.212 41.7** 0.03 1.60
0.21-0.40 2.229 b (±0.0.60) 2.356 a (±0.012) 2.157 d (±0.013) 2.189 c (±0.036) 2.233 116.5** 0.02 1.62
0.41-0.60 2.418 b (±0.010) 2.484 a (±0.075) 2.198 c (±0.018) 2.050 d (±0.047) 2.287 323.7** 0.03 2.17
Between traffic rows

0-0.10 1.412 a (±0.366) 1.408 a (±0.148) 1.451 a (±0.367) 1.359 a (±0.345) 1.408 0.2ns 0.28 22.72
0.11-0.20 1.652 a (±0.028) 1.503 c (±0.006) 1.636 a (±0.016) 1.554 b (±0.015) 1.586 152.6** 0.02 1.13
0.21-0.40 1.630 a (±0.057) 1.493 c (±0.016) 1.650 a (±0.031) 1.515 b (±0.008) 1.572 110.0** 0.02 2.15
0.41-0.60 2.101 a (±0.116) 1.504 d (±0.026) 1.722 b (±0.025) 1.560 c (±0.016) 1.722 384.3** 0.04 3.57
Off the traffic rows

0-0.10 1.215 a (±0.349) 1.241 a (±0.120) 1.202 a (±0.238) 1.111 a (±0.094) 1.192 17.8** 0.19 18.82
0.11-0.20 1.483 a (±0.005) 1.291 c (±0.010) 1.307 b (±0.002) 1.170 d (±0.002) 1.313 17.9** 0.01 0.41
0.21-0.40 1.571 a (±0.044) 1.255 c (±0.040) 1.435 b (±0.161) 1.217 c (±0.047) 1.370 27.8** 0.06 6.50
0.41-0.60 1.595 b (±0.008) 1.390 c (±0.066) 1.634 a (±0.018) 1.370 c (±0.047) 1.497 64.3** 0.03 2.79
Where: Averages followed by different letters indicate significant differences by DMS test (α = 0.05) in distance classes and same depth 
of soil (lines); *significant at 5%; **significant at 1%; ns: non-significant; RP: soil resistance to penetration; DMS: minimum significant 
difference; CV: coefficient of variation.
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which corresponds to critical values above 2 MPa 
according to soil penetration resistance. Meanwhile, 
in positions between traffic rows and off the traffic 
rows there were changes that are considered residual, 
with the lowest values in comparison to the traffic row 
position. However, heavy traffic could have affected 
areas beyond the machine’s runway trails, particularly 
in terms of depth.

4. DISCUSSION

According to the evaluated physical soil parameters, 
the highest soil compaction caused by the wood 
harvesting machine traffic was evident in the deepest 
soil layers, traffic row of the machine, and near the 
edge of the stand.

Several studies have evaluated the impact of 
machine traffic intensity on soil compaction, especially 
Lima et al. (2008) who studied the traffic intensity of 
feller bunchers and skidders in Eucalyptus spp. stand 
on Oxisol, concluding that the machine traffic affected 
the PR up to 0.45 m of depth. Sampietro & Lopes (2016) 

in studying an Inceptisol verified that an increase in 
the number of feller bunchers and skidders caused 
an intensification of soil penetration resistance after 
the first machine passes, with the clearest signs in the 
deepest soil layers.

However, these studies did not show if the soil 
penetration resistance variability occurred routinely 
within the stand, since it is a characteristic of forest 
extraction activity. Thus, this variability may influence 
the reform activities of the stands, and directly affect the 
soil preparation activities. Therefore, this study suggests 
a need to adopt efficient planning of forest operations 
and a differentiated soil preparation along the stand 
according to the soil compaction intensity, thereby 
reducing energy consumption and operating costs.

Moreover, only areas near the edge of the stand 
and on the machine traffic trails need more intensive 
soil preparation, being a technique for more efficient 
forestry which can contribute to reducing the forestry 
operation costs.

The cross-sectional thematic maps of soil penetration 
resistance can be used as an efficient tool to realize 

Figure 1. Effect of soil penetration resistance along the soil profile in the full tree system for the distances: (a) 0-50 m; 
(b) 51-100 m; (c) 101-150 m; and (d) 151-200 m. Legend shows the values of soil penetration resistance. Arrows 
indicate the traffic row position.
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precision forestry due to the highest effects caused 
by the machine traffic occurring below the traffic 
row, as well as the lowest intensities being observed 
on the sides of the stand. According to Håkansson & 
Voorhees (1997), these behaviors can be caused by 
the characteristics of the wheelsets, mainly from the 
inflation pressure and total axle load of the machines, 
and the use of large machines to drag the trees directly 
in contact with the ground.

Finally, this study has shown that forest management 
based on spatial distribution information could be used 
as a basis for strategic decision-making to conduct 
forestry operations with greater efficiency and fewer 
errors and costs.

5. CONCLUSIONS

•	Wood harvesting machine traffic causes the highest 
density increases and reduced porosity in the 
superficial soil layers, in the machine traffic rows, 
and near the edge of the stand, with values above 
critical limits;

•	An increase in the number of skidder passes in 
the distance classes close to the edge of the stand 
increased soil compaction;

•	Soil penetration resistance is more critical in the 
machine traffic rows, with effects at depths of 
0.11 to 0.60 m in comparison with other evaluated 
positions;

•	Soil preparation must be carried out with the same 
intensity along the stand in the traffic tracks of the 
machines up to a depth of 0.60 m and in the areas 
near the sides of the stands;

•	Soil compaction spatial location can support 
precision forestry techniques through differentiated 
soil preparation within the stand, leading to gains 
in productivity and operating cost reductions.
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