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Abstract: The objective of this study was to evaluate the influence of the mean individual
volume per tree (MIV) on the productivity of forwarder machines and the production cost
in eucalyptus plantations located in southern Bahia, Brazil. MIV positively influenced the
productivity and production costs, promoting a more attractive cost in the latter when the
individual volume per tree increased. The machine’s productivity for MIV of 0.13 m> was
42.06 cubic meters per effective working hour (m*Ewh 1), while the productivity for the
MIV of 0.58 m? reached 60.97 m3Ewh !, corresponding to an increase of 42.59% between
the minimum and maximum MIV classes. The extracted cost (m®) decreased by 30.12% from
USD 2.49 to 1.74, respectively, when comparing the minimum and maximum MIV classes.
The coefficient of determination obtained in the forwarder productivity modeling was
significant (R? = 92%), indicating the machine’s productivity can be explained by the mean
individual volume per tree. The highest forwarder yields in the highest average volume
per tree (MIV) classes provided better energy efficiency indices for the machine; that is to
say, when the forwarder became more productive, the ratio between fuel consumption per
cubic meter of timber harvested decreased, providing better performance for the respective
index. There was a difference in extraction costs of USD 147.83 per hectare between the
lowest and highest productivity forests (MIV varying from 0.15 to 0.58). The mechanical
availability and mean operational efficiency of all forwarders evaluated were above 80%,
which contributed to effective machine productivity performance. Maintenance and repairs
represented the largest portion of operational costs (33.59%), followed by labor (22.49%),
depreciation (14.33%), and fuel (10.11%).

Keywords: forest extraction; forest mechanization; timber harvesting; forest planning;
forest extraction cost; cut-to-length systems; forestry operation
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1. Introduction

Forwarders are machines typically used in fully mechanized cut-to-length (CTL)
timber harvesting with the aim of extracting timber from the forest to the landing sites [1].
The fully mechanized CTL timber harvesting system has become widely used in many
industrialized European countries where the conditions and the stands are favorable, such
as in Sweden, Ireland, and Finland, as compared to motor-manual harvesting (Karjalainen
etal. [2]. In New Zealand, although full-tree length extraction by grapple skidders is by
far the most common ground-based extraction system [3], CTL systems are also common.
In the United States, besides being used for the extraction of solid products (wood), the
forwarders are widely employed for biomass harvesting [4].

Forwarder machine productivity is influenced by a number of factors, including
mean volume per tree, slope, extraction distance, operator experience, type of machine,
power, load capacity, crane’s reach, operational efficiency of the machines, wood density,
volume per piece, and weather conditions [5-12]. Silvicultural aspects also influence
forest harvesting operations, such as stand volume, management regime, and spacing,
among others [13]. Forest harvesting is an expensive, complex activity, subject to several
variables that affect the productivity of machines and, consequently, operating costs [14-19].
Studies showed that as the mean individual volume per tree (MIV) increased, productivity
also increased, while the mean extraction distance showed an inverse relationship with
productivity [20]. According to the same authors, the highest productivity of the forwarder
machine occurred in forests with an MIV from 0.31 to 0.36 m>tree ! and at the shortest
extraction distances. Understanding the influence of such factors on the productivity of
forestry machines is essential for improving operational performance and reducing timber
harvesting costs.

The mean individual volume per tree (MIV) in the plots can significantly affect the
productivity of forestry machines and the cost of mechanized harvesting operations [20-22].
Stands having higher merchantable volume, the yield in the extraction operation is higher
due to the greater volume of wood in the piles, which contributes to a reduction in the cost
per cubic meter in the activity [21]. The greater the volume of wood in the piles, the fewer
the number of stops for loading and, consequently, the greater the yield in the extraction
process [23].

As mentioned earlier, there are numerous other variables that affect forwarder extrac-
tion operations [24,25], which can mean that even in highly productive sites, the extraction
yield and the cost per cubic meter extracted may not be efficient. Considering the extraction
distance, these authors explained that an increase in the extraction distance resulted in an
increase in the time required to complete the operational cycle, leading to a reduction in
equipment productivity and an increase in production costs.

The cost per cubic meter extracted can be defined by dividing the total operating
cost per effective machine hour [26-28] by the productivity per hour in the extraction
process, measured in cubic meters per effective working hour [12]. Mechanized timber
harvesting operations are challenging and complex due to the occurrence of numerous
variables that affect machine performance [29-32]. The average volume per tree is, however,
one of the factors that most affects forwarder productivity and operating costs [33,34], an
essential condition for improving machine performance and guaranteeing an economically
sustainable harvest [14,35].

The objective of this study was to evaluate the influence of the average individual
volume per tree on productivity and extraction costs of the forwarder in order to guide
forest companies in planning forest harvesting costs.
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2. Materials and Methods
2.1. Study Areas

The research was performed from January to October 2016 in a cellulose-producing
company with more than 100,000 hectares of planted forests, located in the south of the
state of Bahia, in the Northeast Region of Brazil (Figure 1). The region has an Af (humid
tropical) climate, with average precipitation and temperature of 1250 mm and 24 °C,
respectively [36]. According to Santos et al. [37], the soils in the study area are cohesive
dystrophic yellow argisols. Under the international classification (soil taxonomy), this soil
is classified as Ultisols. The tests with the forwarders were conducted in areas where hybrid
clones of Eucalyptus grandis and Eucalyptus urophylla were planted, located on flat terrain.
The operations were performed in areas with different productivity levels, ranging from
0.08 to 0.58 m®ub (cubic meter under bark), to analyze the influence of the MIV per tree
under bark (ub) on the forwarder’s performance. The spacing in all plots evaluated was
12 m?, with four meters between rows and three meters between trees. Trees were between
4.8 and 9.2 years old. The average extraction distance with the forwarder machine was
125 m.

Map of Brazil Map of Bahia Study area
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Figure 1. Map of the study area and operational diagram of the timber harvesting system (CTL).

Source: https:/ /rondonflorestal.wixsite.com/erondon/colheita-florestal accessed on 5 March 2025.

2.2. Technical Characteristics of the Evaluated Machine

The data were collected from 12 Ponsse Elephant model forwarders. The machinery
and its equipment were manufactured in Finland. The company is located in the city of
Vieremd. The machines were equipped with a Mercedes-Benz OM 906 LA EU Stage IIIA
6-cylinder engine, providing a power of 275 HP (205 kW). The machinery has eight-wheel
drive (8 x 8 configuration), which makes it suitable for operation on different types of
terrain. The machines weigh 21,800 kg and are equipped with a K100+ M/S crane, with
a reach of approximately 7.6 m, featuring a grapple with a capacity of 0.36 m? [38]. The
loading platform has a length of between 4.50 and 6.10 m and an adjustable cross-section
(5.20 to 6.25 m), with a load capacity of up to 18 tons. The machine is recommended for
terrain with a longitudinal slope of up to 27° and a lateral slope of up to 10°. The average


https://rondonflorestal.wixsite.com/erondon/colheita-florestal

Forests 2025, 16, 646

40f 14

number of hours worked for the 12 machines evaluated during the data collection period
was 15,622 h, with the newest registering 13,580 h and the oldest 21,221 h.

2.3. Operational Cycle

The operational cycle commences with the forwarder moving empty, in reverse, until
it finds the first bundle of logs in the field, and then it begins the self-loading process with
the help of the crane. When the first bundle is finished loading, the machine moves to
the next one until the loading platform is full. From this moment, the machinery moves
to the place where the wood piles are formed, and then unloading begins. The piles are
formed parallel to the road layout, and are on average 6.20 m wide, 3.8 m high, and 30 to
100 m long.

2.4. Operational Productivity

The study included 34,607 h of work, resulting in the extraction of 1,728,239 cubic
meters of wood, with an average transshipment distance of 125 m. The 0.25 to 0.40 MIV
classes were responsible for the majority of production, contributing more than 70% during
the 311 days of data collection. In Brazil, due to climate conditions, the percentage of days
worked with forestry machines per year exceeds 300 days, as observed by [21]. It increases
the operational efficiency of the machines and contributes to cost reduction and the greater
competitiveness of the sector in relation to North American countries.

The forwarder productivity was estimated in cubic meters of extracted wood (under
bark) per effective working hour (m3Ewh1), using Equation (1).

P = T 1)
In which P = forwarder productivity (m3Ewh™1); V = volume in the plot (m3); and T = time
spent in the plot (centesimal hours).

The machinery productivity data (m*Ewh~!) were evaluated in six MIV (mean indi-
vidual volume per tree) classes, namely: 0.08 to 0.15 m3; 0.15 to 0.25 m3; 0.25 to 0.35 m3; 0.35
to 0.45 m?; 0.45 to 0.55 m?; and 0.55 to 0.60 m>. A regression analysis was performed using
the machine productivity data as a function of the volume per tree, obtaining effective
productivity (m*Ewh ') as the dependent variable and the mean individual volume per
tree under bark (m3 ub) as the independent variable. The analyses were performed using
the R statistical software, version 3.4.3 and Excel 2013 software.

2.5. Mechanical Availability and Operational Efficiency

Mechanical availability represents the proportion of working time scheduled to per-
form productive tasks, disregarding preventive and/or corrective maintenance periods
(operational delay), according to Equation (2). Operational efficiency is the percentage
measure of time actually dedicated to work in relation to the total time scheduled for
activities, calculated by Equation (3) [21]. It is also referred to as utilization in other research
conducted in forest operations. In order to report the aforementioned indicators more
accurately, a period of 311 days of operation annually was considered for the calculations.

_ (TH - MT)
DM = =2 100 )
OE= _ E%h 199 3)

(Ewh + DT)
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In which DM = degree of mechanical availability (%); MT = maintenance time (h);
TH = total hours (h); OE = operational efficiency (%); Ewh = effective working hours (h);
and DT = delay time (h).

2.6. Cost Analysis

The production costs of the forwarders were calculated based on the stands having
higher merchantable volume. The total operating cost was determined based on the fixed
and variable cost components of the machine, expressed in dollars per effective working
hour (USD Ewh™1) using the accounting method, which combines real and estimated
data. The monetary values were converted United States Dollar (USD 1 = BRL 3.2456),
according to the exchange rate recorded in September 2016. The estimated values were
determined according to the methodologies proposed by Silva et al. [26], the American
Society of Agricultural Engineers Standards [27], and Ackerman et al. [28].

2.6.1. Fixed Costs

Fixed costs are defined as those that are independent of the degree of use and the
production of the machines, and are composed of depreciation, interest, insurance, taxes,
and storage and administration fees [26,28].

Depreciation Cost

Depreciation costs correspond to the devaluation of the asset (machine) throughout its
useful life due to physical wear and tear (rust), the degree of use or technological advances,
and the emergence of more modern and efficient machines on the market. The linear
depreciation method was considered according to Equation (4) [26,28].

_ Av—Rv

De= N+tn @)

In which Dc = linear depreciation cost (USD Ewh_l) ; Av = acquisition value of the machine
(USD 388,889.00); Rv = salvage value of the machine (USD 38,888.90); N = economic life
(6 years), and Ewh = effective working hours per year (3833 h).

Interest and Insurance Costs

Interest and insurance costs were calculated based on the machine’s value by applying
the mean annual investment (MAI) [39]. An interest rate of 12% per year was used. The
interest cost refers to the opportunity cost, since the interest resulting from applying the
value of the asset (machine) in an investment fund is no longer earned when purchasing
a machine for productive purposes, meaning that all possible alternatives regarding the
use of their own resources must be evaluated [40]. Insurance is the cost that protects assets
in case of fire, accidents, or theft [41]. Equations (5) and (6) were used to determine the
interest and insurance cost [26].

~_ (Av—Ro)(N+1)
MAI = 2N) )
_ (MATI*1)
He =T Ewn ©)

In which Ilc = interest and insurance cost (USD Ewh~!); MAI = average annual investment
(USD); i = interest rate (12%); Av = acquisition value of the machine (USD 388,889.00);
Rv = residual value of the machine (Av x 10%); N = estimated useful life (6 years) and
Ewh = effective working hours per year (3833 h).
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Storage Cost

The storage cost is related to the storage location and monitoring of the machines
(Equation (7)). An adjustment factor was considered [26,27].

*x Af
SCZ% )

In which Sc = storage cost (USD Ewh™1); Av = acquisition value (USD 388,889.00);
Af = adjustment factor (0.75); and Ewh = effective working hours

Administration Cost

Administrative charges were calculated as a percentage of the machine’s acquisition
value [27]. An adjustment factor of 4% was considered. Administrative fee costs were
estimated according to Equation (8).

Ac = 7(Ag;ﬁf) (8)

In which Ac = administrative cost (USD Ewh~!); Av = acquisition value of the forestry
machine (USD 388,889.00); Af = adjustment factor (4%); and Ewh = effective working hours
per year (3833 h).

2.6.2. Variable Costs

Variable costs are those that vary with the degree of machine use, and are composed of
fuel, lubricants and greases, hydraulic oil, tires or tracks and repairs, and maintenance [26,41].

Fuel Cost

The hourly fuel cost was determined according to Equation (9) [34]. The mean fuel
consumption in liters per hour was used.

Fc=P x Mfc )

In which Fc = fuel cost (USD Ewh™1); P = price per liter of fuel (0.67 USD L~!); and
Mfc = mean fuel consumption in liters per effective working hour (16 L h~1)

Cost of Lubricants, Oil, and Greases

Lubricant costs refer to the consumption of oils, greases, and other lubricants used,
and are calculated based on an index [26].

Luc = ILG * Fc (10)

In which Luc = cost of lubricants, oil, and greases (USD Ewh~1); ILG = index for calculating
lubricant costs (8%); and Fc = hourly fuel cost (USD Ewh™1).

Hydraulic Oil Cost

This cost was calculated based on an index for calculating the hourly cost of hydraulic
oil, according to Equation (11) [26].

HOc = IHO * Fc (11)

In which Hoc = cost of hydraulic oil (USD Ewh~!); IHO = index for calculating hourly cost
of hydraulic oil (9%); and Fc = hourly fuel cost (USD Ewh ).
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Tire Cost

This is the cost related to the machines’ tires. The data on the useful life and price of
the tires were obtained from the company, and the aforementioned cost was calculated

according to Equation (12) [26].
(Nt Tv)

Ht

In which Tc = tire cost (USD Ewh~!); Nt = number of tires per machine (8); Tv = unit value
of a tire (USD 3.520,00 unit_l); and Ht = useful life of tire (10,000 h).

Tc = (12)

Maintenance and Repair Costs

These are costs for maintenance and repairs of machines during their useful life,
including spare parts and labor. These costs are directly related to the time the machine is
used. In the case under study, the methodology proposed by [27] was used as an estimate,
according to Equation (13). Repair factor 1 was adjusted to the realities of the machines
evaluated (forwarders) based on the historical costs charged by the company.

RF2 RF2
{Av « RF1 (gl } - {Av + RFL( 1ff ) }
Re = 1
MRc Tl (13)

In which MRc = maintenance and repair costs (USD Ewh~!); Av = machine acquisition
value (USD); RF1 = repair factor 1 (variable depending on the equipment); ah = accumulated
hours of use, up to the beginning of the year under analysis (h); RF2 = repair factor 2 (2.0);
and Ewh = effective working hours of use in the analysis year (h).

2.6.3. Other Costs
Labor Cost

Refers to the costs of machine operators, including social charges and benefits, such as
monthly salary, 13th salary (year-end bonus in Brazil), vacations, healthcare plan, and food.
Equation (14) was used to calculate this cost [26].

(Sop * SSc * Nof * M)

Lc = 14
¢ Ewh (14)

In which Lc = labor cost (USD Ewh™!); Sop = monthly salaries of operators (USD 847.30);
SSc = social security contributions (200%); M = number of operating months in the year
(12); Nof = number of operators per forwarder (3).

Cost of Transporting People

This refers to the cost of personnel travel to the operations site. This cost was obtained
considering the average daily travel distance of 280 km according to company information
during the two operating shifts (Equation (15)).

(adt * ckm * dw)

PIe= (Ewh % No)

(15)

In which PTc = personnel transportation cost (USD Ewh~!); adt = average daily travel
(km day~!); ckm = cost per kilometer (1.51 USD km~!); dw = days worked in the year
(365); Ewh = effective working hours per year (3833 h), and No = number of operators per
transport vehicle (18).
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Machinery Transportation Costs

This refers to the costs generated by transporting machines between harvesting
projects, estimated according to Equation (16) [26].

MTc = MTI * PTc (16)

In which MTc = machinery transportation cost (USD Ewh~1); MTI = machinery transporta-
tion index (75%); and PTc = personnel transportation cost (USD).

2.6.4. Total Operational Cost

This refers to the sum of fixed costs, variable costs, and other costs. Fixed costs occur
regardless of the machine’s productivity level, unlike variable costs which only occur
when the machine is in operation. The total operating cost was calculated according to
Equation (17).

TOc =Y (TFc+ TVc + Oc) (17)

In which Toc = total operating cost (USD Ewh~1); TFc = total fixed cost (USD Ewh~1);
TVc = total variable cost (USD Ewh~!); and Oc = other costs.

2.7. Mean Individual Volume per Tree (MIV) vs. Production Cost

The production cost of the forwarder was determined in dollars per cubic meter
extracted (USD m™3), according to Equation (18). The calculation to determine this cost
was based on the ratio between the total operating cost and the effective productivity of
the machines, considering the most varied MIV scenarios.

(TOc)

FPc = 1
¢ Prod (18)

In which FPc = forwarder production cost, in dollars per cubic meter extracted (USDm’3) ;
TOc = total operating cost of the machine (USD Ewh~!); and Prod = productivity of
the forwarder machine analyzed as a function of the mean individual volume per tree
(m3Ewh™1).

3. Results and Discussion

3.1. Operational Cost and Forwarder Productivity as a Function of Mean Individual Volume per
Tree (MIV)

Table 1 illustrates the information used to determine forwarder productivity (m>Ewh 1)
and production cost, and dollars per cubic meter extracted (USD m~?) in each MIV class
per tree.

The cost per cubic meter extracted (USD-m—3) was determined by dividing the total
operating cost per hour of the forwarder (USD 106.33 Ewh~!) by the productivity of
the machine per effective hour of work (m*>Ewh~1). The type of operation and stand
affected forwarder productivity. For example, in Ireland, in clear-cut and thinned working
areas, forwarder productivity could range from 13.57 to 27.25 m*®/PMH and from 7.28 to
13.92 m*®/PMH, respectively [1].

In the current study, an increase of 18.21 m? per effective working hour (Ewh ') in for-
warder productivity was observed between the lowest and highest MIV class (Table 1). The
extraction cost (USD m~3) for the same conditions varied from 2.49 to 1.74 (Table 1). This ob-
servation demonstrates the influence of forest productivity on the operational performance
of the machine and on the economic sustainability of mechanized forest harvesting.



Forests 2025, 16, 646

9of 14

Table 1. Influence of individual volume per tree (MIV) under bark (ub) on forwarder productivity
and cost per cubic meter extracted.

Volume Class

per Tree (m3wb)

MIV (m3wb) Effective FP Total FP * Cost Extraction

(Class Center) Working Hours  (Total Wood Extracted) (m3Ewh-1) (USD m—3)

0.08 to 0.15 0.13 1579.62 67,551.98 42.76 2.49
0.15t0 0.25 0.21 3185.79 153,558.70 48.20 221
0.25t0 0.35 0.30 12,196.30 648,510.31 53.17 2.00
0.35to 0.45 0.38 12,470.72 650,061.63 52.13 2.04
0.45 to 0.55 0.49 4189.04 233,843.13 55.82 1.90
0.55 to 0.60 0.58 985.54 60,088.64 60.97 1.74

* FP = Forwarder productivity.

Based on the information in Table 1, a regression analysis was performed to determine
the relationship between forwarder productivity and MIV, as shown in Figure 2. The coeffi-
cient of determination obtained in the forwarder productivity modeling was significant
(R? = 92%), indicating that the machine’s productivity can be explained by the MIV per tree
under the conditions evaluated in this study. According to the productivity modeling, the
forwarder production cost for an MIV of 0.36 m® was USD 2.02 per cubic meter extracted,
considering an average extraction distance of 125 m. This value was higher than that
estimated by Carmo et al. [42], who found USD 0.97 per cubic meter. This difference can
be attributed to the greater productivity of the machinery or the shorter average transport
distance. The value found was also higher than that observed by Nunes et al. [20], which
can be explained by the greater load capacity of the machinery and the shorter useful life
(89% less compared to the present study).

70.00 -
y = 35.506x + 39.807
Energy efficiency 60.00 - R2=0.92
index -fuel
consumption per
cubic meter 50.00 -

extracted (cL/m3)

Forwarder

40.00 -|
productivity (EWH) \

Cost per operating
cycle (USD/cycle)

30.00 -

20.00 -

10.00 -

0.00 T T T T T 1

0.00 0.10 0.20 0.30 0.40 0.50 0.60
MIV classes

Figure 2. Relationship between forwarder productivity, energy efficiency index (fuel consumption
per m? of timber harvested), and cost per operating cycle as a function of mean individual volume
per tree (MIV).

In stands with higher merchantable volume, the machine presents a higher operational
yield, with a greater wood volume extracted per effective working hour, which consequently
makes the production cost lower [21,43]. It is worth highlighting that a low cost of extraction
can be directly connected to the low extraction distance [3]. The relationship between
forwarder performance and forest productivity has been previously reported by [21]. The
loading stage with the forwarder machine becomes more dynamic in stands with higher
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merchantable volume, since it completes a load with a smaller number of stacks due to
the greater volume of logs, which reduces time per cycle machine as well as cost per
operating cycle (Figure 2). The forwarder’s higher productivity also provides a better
energy efficiency index, i.e., when the machine becomes more productive, the ratio between
fuel consumption per cubic meter of timber extracted decreases (Figure 2).

3.2. Mechanical Availability

According to the results shown in Table 2, the average mechanical availability of the
12 forwarders evaluated for the period of 311 days and two work shifts was 81.60%. In terms
of operational efficiency, the forwarders presented an index of 80.40%. It was observed
that the forwarders with the highest hours of use presented mechanical problems more
frequently. The more hours the machines were delayed, the less time they were available
for work, affecting their productivity and indicators, as shown in Table 2. This suggests that
the machines used in more productive forests must necessarily present good mechanical
availability and operational efficiency to ensure good operational performance during
harvesting. The forwarder’s operating efficiency was similar to that observed by Simoées
and Fenner [44], who found an index of 82.21%. Good operating efficiency means investing
in preventive maintenance which, although costly, increases machine productivity [45] and
reduces production costs by minimizing operational delays [46].

Table 2. Technical conditions of 12 freight forwarders assessed over a period of 311 days.

Delays Indicators
Forwarders TSHs EWHs MDHs ODHs MA (%) OE (%)
1 4802 2797 1320 683 72.5 80.4
2 4816 3117 947 750 80.3 80.6
3 4058 2858 565 632 86.1 81.9
4 4796 2841 1274 680 73.4 80.7
5 4333 2939 615 776 85.8 79.1
6 4414 3018 574 820 87.0 78.6
7 4776 3297 636 843 86.7 79.6
8 4077 2773 614 688 84.9 80.1
9 4796 2841 1274 680 73.4 80.7
10 4341 3067 557 715 87.2 81.1
11 4596 2955 1107 652 759 81.9
12 3645 2214 944 486 74.1 82.0
Total 52,625 34,601 9662 8460 81.6 80.4

TSHs: Total scheduled hours; EWHs: effective working hours; MDHs: mechanical delay time hours; ODHs:
operational delay time hours; MA: mechanical availability; OE: operational efficiency.

3.3. Operating Cost of the Forwarder Machine

The forwarder’s operating cost was estimated at USD 106.33 per effective working hour
(Table 3), of which 27.69 corresponded to fixed costs and 78.64 to variable costs. The values
observed in this study were similar to those found by Ferreira et al. [21], who estimated an
operating cost of USD 97.63 per effective working hour for the same forwarder model.
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Table 3. Operating cost components and total operating cost of the forwarder machine.

Dc IIc Ac Sc MRc Lc Fc Tc PTc MTc Hoc Luc COT
15.24 7.62 4.07 0.76 35.72 23.91 10.75 2.82 2.25 1.69 0.91 0.59 106.33
14.33% 7.17% 3.83% 0.71% 3359% 22.49% 10.11% 2.65% 2.12% 159% 0.86% 0.55% 100.00%

Dc: depreciation cost; Ilc: interest and insurance cost; Ac: administration cost; Sc: storage cost; MRc: maintenance
and repair costs; Lc: labor cost; Fe: fuel cost; Tc: tire cost; PTc: personnel transportation cost; MTc: machinery
transportation cost; Hoc: hydraulic oil cost; Luc: lubricants cost; COT: total operating cost.

A detailed analysis of operating costs revealed that maintenance and repair costs
accounted for the largest share, representing 33.59% of the total. Labor was the second
most representative cost (22.49%), followed by depreciation (14.34%) and fuel (10.11%).
Together, these components accounted for 80.53% of the operating costs.

The significant influence of depreciation and fuel costs on the machine’s total op-
erating cost corroborates the studies carried out by Leite et al. [8]. The importance of
managing the operating cost components of forest harvesting machinery, especially the
most representative ones, is highlighted as a way of establishing careful planning aimed at
reducing production costs and ensuring the sustainability of mechanized harvesting.

The personnel transportation cost has been considered in this manuscript due to
the large planting area of the forestry company. Table 3 illustrates the operating cost
components as well as the total operating cost of the forwarder.

3.4. Correlation Coefficient Analysis

In analyzing the influence of the variables related to the operational cost on the
extraction cost (USD-m3), it was observed that the maintenance and repair cost was the
most expressive, presenting a positive and very significant relationship with the extraction
cost, i.e., in a proportion of 0 to 1, the oscillation of this variable influenced the extraction
cost by 0.86 (Figure 3). However, an inverse and very significant relationship with the
extraction cost was observed in analyzing the MIV variable (Figure 3).

Influence of IVT and operational cost components (0OCC) on the extracted cost

Maintenance and repair costs / 0CC 0.87
Forest productivity /(MIV)
Labor cost / OCC
Depreciation cost / 0CC
Fuel cost / OCC
Interest and insurance cost / 0CC
Administration cost / 0CC
Tire cost / 0CC 0.03
Shelter cost / 0CC 0.02
Lubricants cost / 0CC I 0.02
Personnel transportation cost / 0CC 0.02
Machinery transportation cost / 0CC 0.01
Hydraulic oil cost / 0CC 0.01
04 Correlation Coeﬁcients (Spearman Rank) 1.0

Figure 3. Correlation coefficients for the variables “operational cost components” (OCC) and MIV,
analyzed according to the extraction cost (USD-m~3).
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4. Conclusions

The operational cost components that presented the highest correlation coefficients
with extraction cost were maintenance and repair costs, labor costs, and depreciation costs.
The MIV (mean individual volume per tree) showed an inverse and significant correlation
with the extraction cost (coefficient of 0.32), showing that the costs in more productive
forests can be reduced considerably.

Stands with higher merchantable volume presented lower fuel consumption per cubic
meter of extracted wood and consequently a greater energy efficiency index.

Production costs were higher for lower MIV classes, with behavior inversely propor-
tional to machinery productivity. The coefficient of determination obtained in the forwarder
productivity modeling was significant (R? = 92%), showing that machine productivity can
be explained by the MIV per tree under the conditions evaluated in this study.

Maintenance and repair costs, labor, depreciation, and fuel were shown to be more
strategic in the composition of the forwarder’s total operating cost. Forests with higher
productivity do not necessarily imply high yields in the forest extraction process and low
production cost (USD m 3 extracted), mainly due to other technical and operational factors
that can influence machine performance, such as average extraction distance, terrain slope,
mechanical availability, and operational efficiency, among others.

Forest productivity and good operational efficiency of mechanized systems can be seen
as essential to improving machine performance, reducing costs in harvesting operations,
and ensuring the economic sustainability of the activity.
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