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Abstract

Grapple skidder is a machine designed for the extraction of tree bunches after felling. Several 
factors influence its technical performance and costs such as terrain slope, operator experience 
time, machine type, and the size of tree bunches for each operating cycle, among others. Thus, 
it becomes necessary to weigh the variables that most influence the productivity and costs of 
the grapple skidder. So, the main objective was evaluated according to the influence of bunch 
size using two feller bunchers with distinct technical characteristics, two slope classes and two 
skidding areas on the productivity and machine production cost in a Eucalyptus plantation. 
For the analysis of the productivity, the study of time and method was applied and the sched-
uled machine cost per hour was based on the Food and Agriculture Organization of the 
United Nations methods. When analyzing the results, it was found that the operational ele-
ments moving without load (MWoL) and moving with load (MWL) were the ones that spend 
the most time in the operational cycle of the grapple skidder. Among the cost components, 
monetary expenditure on fuel and operator labor were the most influential in the scheduled 
machine cost per hour. In conclusion, the tree bunches and slope class influenced the produc-
tivity and, consequently, the cost of the skidding operation.
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1. Introduction
The use of mechanization in wood harvesting was 

an important advance for the forestry sector, which 
allowed better working conditions for operators, in-
creased productivity and reduced costs. Consequent-
ly, improvements related to mechanized wood har-
vesting provided knowledge of information regarding 
the productivity and costs of a particular machine and/
or system, i.e., the reliability of these two pieces of 
information is fundamental for a better understanding 
of the productive system.

Thus, it can be observed that the mechanization of 
the wood harvesting activity goes through major inno­
vations and technological advances (Simões et al. 2014, 
Di Fulvio et al. 2017, Kaakkurivaara and Kaakkurivaara 
2018), but for this to occur, it is important to under-

stand the processes, stages and work involved in this 
segment (Lindroos et al. 2017, Schweier et al. 2018, 
Blagojevic et al. 2019, Kizha et al. 2020), as well as fac-
tors involved in assessing forest planning (Mousavi et 
al. 2011, Bodaghi et al. 2018, Holzleitner et al. 2018, 
Santos et al. 2019). Although changes are often ob-
served, culminating in the evolution of forest opera-
tions, differences in machine production costs may 
occur due to machine models or wood harvesting 
methods applied.

One of the forest machines currently used is the 
grapple skidder, which removes bunches or logs from 
the felling site to a forest yard or to the edges of the 
fields. The grapple skidder transports trees from a fell-
ing area to the roadside or into an intermediate yard, 
being a versatile machine that allows great mobility 
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within the cutting area and also allows the dragging of 
large volumes of wood (Behjou et al. 2008, Jour Gholami 
and Majnounian 2008, Bavaghar et al. 2010, Lima and 
Leite 2014).

In this way, logging is one of the steps influenced 
by factors such as machine type, slope, operator expe-
rience, wood purpose, forest type, spacing, relief, cli-
mate, soil type, available resources and others (Egan 
2003, Oliveira et al. 2009, Mousavi et al. 2012, Maesano 
et al. 2013, Santos et al. 2013, Marčeta et al. 2014, Seixas 
and Castro 2014, Đuka et al. 2018).

So, considering the most significant variables, their 
relation with productivity and costs related to wood 
harvesting, as well as timber extraction and its vari-
ables becomes relevant (Najafi et al. 2007, Lotfalian et 
al. 2011, Borz et al. 2013, Ackerman et al. 2014, Ezzati 
et al. 2015, Rudek et al. 2019, Stang et al. 2019).

In addition to the importance of these variables in 
the productivity and hourly cost of the grapple skid-
der, the costs of production must also be evaluated 
with due care, since they are essential parts in the com-
position of the final cost of the product, allowing forest 
managers an understanding and options for decision 
making (Mac Donagh et al. 2017, Timofte and Enescu 
2019, Holm et al. 2020).

Given that, there is a hypothesis that there is im-
pact of timber bunching on productivity and costs in 
the grapple skidder logging operation. Therefore, the 
objective was to evaluate the influence of bunch size 
using two feller-bunchers with distinct technical char-
acteristics, two slope classes and two skidding area on 
the productivity and costs in a Eucalyptus forest.

2. Materials and Methods

2.1 Study Area
The study was carried out in a Eucalyptus forest, 

located at the geographic coordinates 22°84’ of south 
latitude and 48°34’ of west longitude, in São Paulo 
State, Brazil. The eucalyptus plantation had an initial 
planting space of 3x2 m, 6 years old, average diameter 
at breast-height (DBH) 14.95±3.62 cm, average height 
20.87±3.28 m, and individual average volume 0.20 m³ 
(merchantable timber). The individual tree volume 
was calculated through the Schumacher and Hall 
model from the forest inventory, by randomized plots, 
each one consisting of 400 m2. As a result, a total of 10 
diameter classes were obtained, and then, rigorous 
cubing of five trees was carried out for each diametric 
class (Husch et al. 2003).

The slope classes in the study were labeled accord-
ing to the Brazilian soil classification. Thus, they were 
characterized in Class 1: slope from 0 to 3% (flat); Class 
2: slope from 3.1 to 8% (mildly undulated; Santos et al. 
2018). In both slope classes, the extraction was carried 
out on a slope.

2.2 Data Collection
The applied harvesting system was the full tree, 

thus, felling was performed by a feller-buncher. The 
wood was extracted by a John Deere 848H grapple 
skidder, four-wheel drive, with 200 hp motor and 
pneumatic wheels, with a grip load-bearing capacity 
of 1.5 m2 and a purchase price of USD 245,601.06.

The grapple skidder extracted trees from the plot 
to the edge of the plantation, that is, to the roadside. 
Generally, the machine accumulated and carried two 
tree bunches per cycle, previously formed by two 
feller-bunchers.

For felling two machines were used: Caterpillar 
(feller-buncher 1, FB 1) and John Deere (feller-buncher 
2, FB 2):

⇒ �FB 1 – Caterpillar, model 320 D FM, was with 
5197 cumulative hours of use, 147 hp rated pow-
er motor, tracked undercarriage, crane with 
maximum reach of 5.90 m and Quadco model 
cutting head, with a cutting capacity of 457 mm, 
accumulation capacity of 0.28 m2

⇒ �FB 2 – John Deere model 903 k, was with 13,241 
cumulative hours of use, 300 hp rated power 
motor, tracked undercarriage, crane with maxi-
mum reach of 6.71 m and FS22B model forest 
implement, 558 mm cutting capacity, 0.48 m² 
build capacity.

The skidding area depended on the number of tree 
rows being felled: SA1: skidding area composed of 
tree bunches, in which trees were cut in a three-rows 
operation area, and SA2: skidding area composed of 
tree bunches, where the tree felling was performed in 
a four-rows operation area. In both operational situa-
tions, the skidder carried out the dragging of two 
bunches, previously placed on the ground by the fell-
er-bunchers, in both operational situations - SA1 and 
SA2.

The time data were collected through time and 
methods study, through the continuous time method. 
The grapple skidder operating cycle was divided into 
work elements, which were carried out in a regular 
sequence. The operating cycle consisted of the time 
taken to perform the following operational elements 
(OE): moving without load (MWoL), timber loading 
(TL), moving with load (MWL), and timber unloading 
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(TU). After the completion of the operational element 
(TU), the number of trees for each operational cycle 
was counted.

120 operating cycles were observed (pilot study) to 
determine the sample size, i.e. to determine the maxi-
mum allowed difference between the population 
mean  and the sample mean , according to Eq. 1, with 
a confidence level of 95% and sampling error of 5% as 
proposed by Stevenson (2001).

	 n z s
a x

=




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2

		  (1)

Where:
n	 sample size
z	� obtained constant from the desired trust level, 

considering the standard normal distribution 
(1.96)

s	 sample standard deviation
a	 final desired precision (5%)
x̄	 sample mean.

2.3 Technical Analysis
The productivity (P Eq. 2) is a relation between the 

volume of wood extracted (number of trees per cycle 
x individual average volume) by the forest machine 
measured in cubic meters and the productive machine 
hour (PMH).

	 P
V
PMH

= wood 		  (2)

Where:
P	 productivity of machine, m3 h-1

Vwood	 volume of extracted wood, m3

PMH	� productive machine hour (without delays or 
interruptions), h.

2.4 Economic Analysis
The economic analysis was based on US dollar, ac-

cording to the official currency value of the Central 
Bank of Brazil. Thus, the foreign currency price mea-
sured in units and fractions of the national currency 
was considered as exchange rate, which was R$ 3.3133 
on April 3, 2019, in alignment with data provided by 
the Central Bank of Brazil (2019).

The scheduled machine cost per hour of the grap-
ple skidder was estimated by the accounting method 
in accordance with the cost control methods applied 
to the mechanized forest harvest recommended by the 
Food and Agriculture Organization of the United 
Nations (FAO 1992), therefore classified into fixed de-
preciation costs, interest on capital, labor, insurance 

and property taxes. Variable costs included monetary 
values for fuel, maintenance and repairs, spare parts 
and lubricating oils and greases.

Grapple skidder economic life was estimated at 
five years with resale value of 20% of the purchase 
price. For social charges, 134% value was adopted re-
garding the machine operator salary. Considering the 
rate of return required for capital remuneration, i.e. 
the opportunity cost of financing, the weighted aver-
age cost of capital (WACC) was applied, determined 
by the equity weights and third-party capital.

The cost of third-party capital was represented by 
the expected risk-adjusted return on the transaction; 
consequently, the amount was to be equivalent to 
the  fixed income rate issued by the US Treasury 
Department, as it is considered a risk-free interest rate, 
reasonably integrated into the global capital market. 
Given that, it was possible to calculate the WACC 
(Eq. 3):

	 WACC k B
B S

k S
B S

=
+

+
+b s

( )1– t 	 (3)

Where:
kb	 third-party capital cost
t	 income tax rate
B	 holders’ wealth
S	 present value of shareholders’ wealth
ks	 shareholders’ capital cost.

Given that, the cost of shareholders’ capital, which, 
according to Copeland et al. (2002), is the most difficult 
to estimate since it cannot be directly observed in the 
market, was calculated by using the Capital Asset 
Pricing Model (CAPM, Eq. 4):

	 k r r r
s
= + +

f m f
b l( )– 	 (4)

Where:
rf	 return tax of a risk-free asset
β	 �systematic coefficient in wood, paper, cellulose 

segment
rm	 return rate of market portfolio
(rm–rf)	 market risk premium
λ	 country risk premium.

The machine production cost (MPC), i.e. wood ex-
traction, was calculated as a relation between sched-
uled machine cost per hour and productivity (Eq. 5):

	 MPC SMCH
P

= 		  (5)
Where:
MPC	 machine production cost, USD m–3

SMCH	 �scheduled machine cost per hour, USD h–1.
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2.5 Statistical Analysis 
In this experiment, three independent factors 

were considered at two levels, each described by: fac-
tor A referring to the tree bunches, factor B referring 
to the slope classes of the terrain and factor C refer-
ring the skidding area. In this scenario, the combina-
tions of the levels of the factors resulted in the treat-
ments of the experiment, characterized as a factorial 
scheme 23, arranged in a completely randomized 
design (CRD).

Thus, the element yijkl represents the l-th repetition 
(l=1,2,…,nijk, where nijk is the number of observations 
per treatment) of the i-th level of factor A (i=1,2), j-th 
level of factor B (j=1,2) and k-th level of factor C (k=1,2). 
According to Montgomery (2017), the general model 
of the response variable is given in Eq. 6:

yijkl =  
= m + ti + bj + gk + (tb)ij + (tg)ik + (bg)jk + (tbg)ijk + eijkl	 (6)

Where:
μ	 overall mean effect;
ti	 effect of the i-th level of factor A
βj	 effect of the j-th level of factor B
γk	 effect of the k-th level of factor C
(tβ)ij	 effect of interaction between ti and βj

(tγ)ik	 effect of interaction between ti and γk

(βγ)jk	 effect of interaction between βj and γk

(tβγ)ijk	 effect of interaction between ti, βj and γk

eijkl	 random error component.

The operating cycle element time, productivity and 
cost of the skidding operation (per m³) evaluated in 
these different treatments were compared through the 
three factor analysis of variance model (ANOVA), 
complemented by the Tukey-Kramer test for multiple 
comparisons, considering a 5% significance level 
(Montgomery 2017). Statistical analyses were per-
formed using genmod procedure of the statistical 

Table 1 Average time and standard deviation of operational cycle elements of tree extraction carried out by a grapple skidder

TB SC SA MWoL MWL TL TU

1

1

SA1
51.62 a A a 54.95 a A a 38.00 a A a 4.00 a A a

(15.93) (9.46) (13.13) (0.78)

SA2
56.51 a A b 61.44 a A a 36.00 a A a 4.23 a A a

(11.58) (8.65) (15.82) (1.83)

2

SA1
56.26 a A a 87.32 b B b 44.03 a A b 3.71 a A a

(21.82) (30.47) (16.69) (0.58)

SA2
59.78 a A a 72.80 a A a 45.04 a B a 3.91 a A a

(20.94) (34.58) (30.06) (0.73)

2

1

SA1
65.63 a A a 91.40 a B b 42.55 a B a 4.30 a A a

(27.06) (42.15) (25.75) (0.56)

SA2
66.96 a A a 97.20 a B b 39.39 a A a 4.22 a A a

(26.58) (40.22) (19.54) (0.50)

2

SA1
56.36 a A a 72.00 a A a 32.78 a A a 4.03 a A a

(24.86) (23.41) (12.03) (0.61)

SA2
60.10 a A a 84.01 a A a 39.45 a A a 4.31 a A b

(23.19) (34.64) (15.81) (0.56)

Lower case letters compare the skidding area, upper-case letters compare slope classes, Greek letters compare tree bunches; all according to the Tukey-Kramer 
test with 5% significance.
TB – Tree bunches 1: formed by feller-buncher 1; Tree bunches 2: formed by the feller-buncher 2
SC – slope class, 1 (flat); 2 (mildly undulated)
SA – skidding area; SA1: three-rows operation area, SA2: four-rows operation area
MWoL – move without load
TL – timber loading
MWL – move with load
TU – timber unloading
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software SAS – Free Statistical Software, SAS, Univer-
sity Edition.

Moreover, for data collected through Kolmogorov-
Smirnov and Bartlett tests, it was checked whether the 
assumptions of normality and homogeneity of vari-
ances were verified; however, according to the Central 
Limit Theorem (Mood et al. 1974, RAO 2001) what-
ever the distribution of the variable of interest for large 
samples (n>30), the mean sample distribution will 
tend to a normal distribution, as the sample size 
grows. All the statistical analyses were performed us-
ing R software version 3.5.2 (R Development Core 
Team, 2018).

3. Results

3.1 Time of Elements of Operational Cycle
336 operational cycles were observed, which re-

sulted in the extraction of 1616.60 m³ of wood, with 
sampling error of 2.23%, which allowed the sample 
size to be greater than the number of minimum cycles 
to be observed with statistical legitimacy.

The elements considered in the grapple skidder 
operation (Table 1) can be verified, according to op-
erational conditions.

By analyzing the skidding area factor for perform-
ing operational elements, statistically significant dif-
ference (p<0.05) was found only for one situation and 
this difference was observed for the ML element for 
the operating condition composed of tree bunches 1 
and slope class 2. Moreover, no significant differences 
were found, indicating that the skidding area com-
posed of tree bunches referring to the three and four 
lines working area performed by the feller-bunchers 
did not affect the performance of the grapple skidder 
operational elements under the different operating 
conditions evaluated.

For the effect of slope class in the performance of 
the move with load (MWL) and timber loading (TL), 
statistically significant differences (p<0.05) were ob-
served in some operating conditions. This fact cannot 
explain the slope class influence for the performance 
of all operational elements; a possible explanation 
would be related to the fact that they are close slope 
classes.

For analyzing the factor tree bunches in the aver-
age time operation conditions, statistically significant 
differences (p<0.05) were found for all elements. The 
trees bunches formed in the cutting stage by two feller-
bunchers, with different technical characteristics, may 
have influenced the extraction operation.

3.2 Productivity
The productivity is essential for managers when 

making decisions about supply and logistics. Thus, by 
analyzing the productivity (Table 2), it can be checked 
that, for the skidding area factor, it was not possible to 
identify statistically significant difference (p<0.05) in 
any condition of machine operation.

Table 2 Productivity and standard deviation (m3 h-1) of tree extrac-
tions, performed by a grapple skidder

TB SC
SA

SA1 SA2

1
1

126.12 a B b
(24.52)

128.51 a B b
(23.56)

2
98.56 a A a

(31.29)
103.04 a A a

(29.68)

2
1

98.37 a A a
(47.63)

91.57 a A a
(35.89)

2
108.31 a A a

(34.73)
97.07 a A a

(32.11)
Lower case letters compare the skidding area, upper-case letters compare slope classes, 
Greek letters compare the tree bunches; all according to the Tukey-Kramer test with 5% 
significance.
TB – Tree bunches 1: formed by feller-buncher 1; Tree bunches 2: formed by the feller-
buncher 2
SC – slope class, 1 (flat); 2 (mildly undulated)
SA – skidding area; SA1: three-rows operation area, SA2: four-rows operation area

As to the slope class factor, statistically significant 
differences were also found (p<0.05) for the following 
operating conditions (Tree bunches 1 in E1 and E2), 
with the highest productivity for SC1, for the operat-
ing condition in which the tree bunches were formed 
by the feller-buncher 1.

When analyzing the tree bunches factor, in the fol-
lowing operational conditions: SC1 and EF1, SC1 and 
EF2, statistically significant differences (p<0.05) were 
found with higher productivity of the grapple skidder 
in synergy with Tree bunches 1, which were formed 
by the machine with feller-buncher 1.

3.3 Cost Estimate
Cost-related pieces of information, such as the 

hourly programmed cost of the machine, as well as the 
cost of production, are economically essential, since 
knowledge of this information assists in the planning 
of mechanized wood harvesting, by choosing the type 
of machine and even the harvest mode. Accordingly, 
the rate of return on the capital required for the acqui-
sition of the grapple skidder, calculated through the 
WACC, is based on one of the assumptions - the risk-
free interest rate, which was 2.36% per year.
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The calculation of the systematic coefficient of the 
asset was made from the total average beta for the 
sector under analysis, that is, for the Brazilian forest 
sector, which resulted in an average unleveraged beta 
of 0.33, and then, a re-leveraged beta of 0.42. The five-
year annualized return, which was 5.06% according to 
the S&P Global Timber and Forestry Index, was also 
considered.

Finally, the country-risk premium (Brazil), which 
was 2.37%, was calculated using the geometric average 
of the Emerging Markets Bond Index – EMBI + Br. 
Consequently, the shareholders’ capital of 6.85% was 
obtained, considering the third-party capital cost of 
5.96% and the proportion for debt financed asset of 
40.84%, the WACC was 9.16% per year.

The scheduled machine cost per hour was USD 
70.76 h-1. Among the cost components, fuel, labor and 
depreciation costs were the highest, accounting for 
75.16% of the grapple skidder hourly programmed cost.

A possible explanation for the variation in the 
hourly programmed cost of the grapple skidder may 
be related to factors such as time, rate, monetary 
amounts spent on labor, depreciation of the machine, 
social charges and fuel costs.

When analyzing the impact of the skidding area fac-
tor on the machine production cost (MPC) (Table 3), 
there were no statistically significant differences 
(p>0.05). The tree bunches formed by those two feller-
bunchers from three and four tree rows did not influ-
ence the machine production cost at the extraction stage.

As to the slope class, statistically significant differ-
ences were found (p<0.05) in the cost of the skidding 
operation

4. Discussion
Regarding the impact of slope class on the time of 

realization of the operational elements: statistically sig-
nificant differences (p<0.05) were only found in some 
situations, differently from the results found by Behjou 
et al. (2008) and Diniz et al. (2019), who analyzed the 
grapple skidder in the slopes from 3% to 30%.

When assessing the effect of the tree bunches, it 
was also found that for some operational conditions 
this factor was significant. The tree bunches previ-
ously formed by two feller-bunchers with different 
technical characteristics influenced the time of realiza-
tion of the operational elements of the grapple skidder; 
therefore, the number of trees per bunches may be the 
factor that explains these differences, similar to the 
results found by Strandgard et al. (2015).

The number of tree rows (three and four) taken as 
tree bunches did not have an impact on the productiv-
ity of the grapple skidder. This can be explained by the 
fact that for both skidding areas, the grapple skidder 
always formed its load with two bunches from both 
feller-bunchers.

However, it is important to emphasize that the size 
of the tree bunches must be the most appropriate for 
the optimization in grapple skidder operation; this can 
positively and negatively influence the productivity, 
which can be corroborated by Ackerman et al. (2014).

The extraction operation may have been affected by 
the cutting operation for this combination of machines, 
and for these operational conditions the slope class may 
have been influencing the productivity. Gilanipoor et 
al. (2012a) and Vusić et al. (2013) confirmed the influ-
ence of slope classes on the productivity. This was not 
observed for the operating condition in which the cut 
was performed by the feller-buncher »2«, nor was the 
slope effect significant for this operation condition.

A possible explanation may be attributed to the 
shorter effective time and to shorter time to perform 
the MWL and ML operating elements. The tree bunch-
es were considered an important variable that can in-
fluence the grapple skidder operation time, as well as 
the respective productivity according to Wang et al. 
(2004) and Hiesl et al. (2015).

When analyzing the factors tree bunches (TB1) and 
tree bunches (TB2), slope class was significant. Accord-
ing to Kulak et al. (2017), the number of trees per cycle, 
volume of wood per cycle, extraction distance and 
ground conditions (Proto et al. 2018) were the most 

Table 3 Average cost of skidding operation and standard deviation 
(USD m-3)

TB SC
SA

SA1 SA2

1

1
0.59 a A a

(0.15)
0.58 a A a

(0.16)

2
0.79 a B a

(0.25)
0.74 a B a

(0.21)

2

1
0.88 a B b

(0.38)
0.88 a A b

(0.30)

2
0.72 a A a

(0.24)
0.81 a A a

(0.26)
Lower case letters compare the skidding area, upper-case letters compare slope classes, 
Greek letters compare the tree bunches; all according to the Tukey-Kramer test with 5% 
significance.
TB – Tree bunches 1: formed by feller-buncher 1; Tree bunches 2: formed by the feller-
buncher 2
SC – slope class, 1 (flat); 2 (mildly undulated)
SA – skidding area; SA1: three-rows operation area, SA2: four-rows operation area
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significant factors affecting productivity. Besides that, 
it was also found that slope class influenced the pro-
ductivity and the machine production cost (Gilanipoor 
et al. 2012b, Lopes and Diniz 2015).

In the evaluation of a cable skidder, the distance 
was the most relevant factor for the performance of all 
operational elements, and the slope of the terrain in-
terfered in winching operation (Borz et al. 2014). The 
volume of wood was the most significant factor in the 
productivity and cycle time of cable skidder (Mousavi 
2012). The same fact was observed by Lopes et al. 
(2014), who evaluated the productivity of the grapple 
skidder with different types of wheelsets.

When analyzing machine cost per hour, it was 
found to be superior to the one calculated by Rocha et 
al. (2009), which was USD 57.48 h-1 for similar condi-
tions of slope and forest. According to the study carried 
out by Pereira et al. (2015), it was USD 65.43 h–1 on 
mildly undulating terrain, though. However, the sched-
uled machine cost per hour was lower than the results 
found by authors Nikooy et al. (2013) for a grapple skid-
der, and by Oliveira et al. (2006) for a clambunk skidder 
in a Eucalyptus forest and undulating terrain. The 
differences in scheduled machine cost are due to the 
different methods with different components.

When analyzing the effect of the tree bunches size 
formed by the feller-buncher for the following opera-
tional conditions: SC1 and E1 and for SC1 and E2, dif-
ferences were statistically significant (p<0.05). Machine 
production cost was lower for tree bunches »1«, which 
may be explained by the higher productivity, shorter 
effective time performing the machine operational 
cycle and the number of trees. Besides that, the cutting 
operation influenced the extraction operation, mainly 
by the number of trees per bunches (Wang et al. 2004, 
Hiesl and Benjamin 2015).

The number of trees per cycle was the most sig-
nificant factor for productivity and machine produc-
tion cost according to (Hejazian et al. 2013). In addi-
tion, slope class, moving distance and volume of wood 
per tree were the most significant factors according to 
Leite et al. (2014), and extraction distance according to 
some other authors (Ghaffariyan et al. 2012, Spinelli 
and Magagnotti 2012, Han et al. 2018).

5. Conclusions
Among the analyzed factors, the tree bunches and 

slope class influenced the grapple skidder productiv-
ity. In the condition of tree bunches »1« (TB1) formed 
by feller-buncher »1«, the average time for the realiza-
tion of the skidding elements, MWoL and MWL took 
less time in comparison with tree bunches »2« (TB2) 
formed by feller-buncher »2«.

The productivity in operation condition for tree 
bunches »1« (TB1) formed by feller-buncher »1« was 
18.84% higher compared to the operation condition for 
tree bunches »2« (TB2) formed by feller-buncher »2«. 
Therefore, the grapple skidder production cost in op-
eration condition for tree bunches »1« was 25.22% 
lower compared to the operation condition for tree 
bunches »2«.
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