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Abstract: Forest mechanisation plays an important role in increasing labour productivity and reducing production costs. This work aims at evaluating various logging scenarios in Calabrian pine
high forests, considering technical, economic and environmental aspects. The cut-to-length system
was adopted and structured as follows: felling and processing operations were carried out using
a medium-sized chainsaw while extraction of the processed material was carried out using three
different vehicles for timber extraction: (i) by cable skidder, (ii) by grapple skidder and (iii) by
a forwarder. The methodology was based on productivity analysis and production cost analysis,
while for environmental performance, the life cycle assessment (LCA) approach was adopted. The
selected functional unit (FU) was referred to as 1 h of logging operations. However, to assess the
resulting usefulness, further analyses were performed using an alternative FU consisting of 1 m3 of
round wood. The study’s outcomes show the complexity in achieving an optimal balance between
productivity, economic aspects and sustainable management in forest operations.
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1. Introduction
In the last fifty years, in Mediterranean forests, a rapid expansion of pioneer conifers is
occurring due to mountain depopulation and afforestation [1,2]. Furthermore, the history
of forests in Italy is marked by an intense work of reconstitution and expansion carried out
after the Second World War, when a reforesting programme was implemented by the State.
In this context, an indigenous conifer tree species widely used in reforesting programs
carried out in Calabria (southern Italy) was the Laricio pine (Pinus nigra J.F. Arn. ssp. laricio
(Poiret) Maire).
Due to the high costs involved in reforestation [3], useful management interventions
(e.g., intermediate cuts) have never been carried out. However, such interventions enable
increasing socioeconomic stability in rural areas [4,5] and permit enhancing forest biodiversity [6]. The low level of mechanisation [7] did not favour active forest management, which
opens the way to implement more innovative mechanised systems [8] and to increase the
quantity and quality of merchantable timber [9].
The choice of a harvesting system indeed depends on many factors (terrain characteristics, level of mechanisation, forest accessibility, available workforce, etc.). Extraction
technology and operator skills are part of that system, not a separate parameter [10,11]. In
Calabria, chainsaws are the most low-cost tools used for tree felling and processing while
wood extraction is mainly performed using farm tractors equipped with winches even if
some other equipment could be used, too, such as cable cranes, chutes or animals [12,13].
Today, sustainable strategies based on the use of innovative machines represent an
issue of great interest, and, at least, more diffuse employment of forestry skidders and
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forwarders should be achieved [14–17]. These machines have been thought to optimise the
production efficiency, abating idle times, and they find application in the most common
method of forest harvesting: (a) cut-to-length system, where harvesting equipment usually
consists of a harvester that fells, delimbs and cuts trunks into final assortments and the
forwarder, used for trees hauling along the roadside until landing; (b) tree-length system,
where a feller is used for felling, delimbing and topping the trees and the skidder pulls the
intact trunks to the roadside; and (c) full-tree system where the whole tree is felled and
transported to the landing, usually by a skidder. However, we should take into account
that felling and logging are still realised using chainsaws.
A common way to evaluate the harvesting productivity is to measure working time
for every single phase considering the related cost-production. The determination of these
factors can help to define the best method to improve harvesting activity and positively
impact the costs of the worksite [18,19].
Akay [20] identified the variable factors influencing the cost of harvesting machines
and computed the unit costs of specific harvesting methods in Turkey. Furthermore,
Mederski [21] accounted for the economic aspects of thinning operations with and without
midfield in Poland, while Ghaffariyan et al. [19] analysed operating costs of the cut-tolength (CTL) harvesting method in Northern Iran. Stoilov et al. [22] assessed salvage
logging productivity and costs in the sensitive forests in Bulgaria, while Badraghi et al. [23]
carried out a costs analysis for three ground-logging methods in a mixed broadleaved
mountainous forest. Proto et al. [24] determined the operation cost for the two forwarders
studied, and Jiroušek et al. [25], in a similar study, determined the operation costs for
different harvester and forwarder classes.
A lack of insight still pertains to the environmental impacts of harvesting alternatives.
Indeed, the impact of forestry mechanised processes on the environment should be validated, considering all implemented inputs and outputs related to the involved technology.
Today, one of the most powerful and effective tools useful for assessing the environmental
sustainability of a process or product is undoubtedly the Life Cycle Assessment (LCA).
Although LCA can be very onerous in terms of amounts and quality of data needed to be
gathered, this metric, widely recognised and validated from international standards [26,27],
allows conducting of the expansion of the analysis boundaries to the whole life cycle of a
product or a process in a so-called cradle-to-grave approach. However, according to Duka
et al. [28], the LCA implementations in forestry are not yet widely spread, probably due to
the complexity of concerns linked to the production process and the “dynamic nature of
forests and long-term production period, corresponding to the rotation period”.
Several studies dealing with the environmental aspects of forestry operations have
been performed. Some of them were limited to Greenhouse Gas (GHG) emissions assessment [29–31]; others focused on a single phase instead of the whole cycle within the system
boundaries [32–35] or referred to logging operations realised in different geographical
contexts and work conditions [36–38]. Indeed, Badraghi et al. [39] report the impacts
of small-scale wood logging by mules in the mixed broadleaved mountain forest; Proto
et al. [6,40] compared three different extraction systems concerning the valorisation of forest
residuals; Gan et al. [41] analysed log harvesting from three types of natural forest.
In this context, the present research aims at evaluating the technical efficiency of
small-scale harvesting companies, considering particularly the effects of mechanisation
level on labour productivity, operational costs and environmental performances.
2. Materials and Methods
This research focuses on the analysis of three different harvesting systems taking into
account:
(I) technical performances in terms of work capacity and productivity according to
harvesting equipment and site organisation;
(II) economic aspects based on the estimation of both operating machinery cost and
operator-machine labour cost, by performing the method described by Miyata [42];
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(III) environmental performance in accordance with ISO standard [26] which consider
the impacts engendered by a process or a product, along the entire life cycle, on different
environmental indictors, including human health, ecosystem and resources. To stress the
usefulness of the results, further simulations were achieved by scaling the data considering
two Functional Units (FUs): one 1 h of logging operations and 1 m3 of round wood.
2.1. Logging Scenario Organisation and Technical Performances Evaluation
A Laricio pine (Pinus nigra J.F. Arn. ssp. laricio (Poiret) Maire) high forest with a
density of 800 trees per hectare with an average age of 70 years was studied. The research
area (38◦ 370 28” N 16◦ 240 50” E) located at an altitude between 1000–1200 m a.s.l, with a
surface of more than 15 ha, had a good main road network density (in average 40 mha−1 );
the tracks opened during felling were used as the secondary road network (70 mha−1 ) [43].
The terrain roughness presents obstacles on less than 1/3 of the surface, while the slope
was between I and II classes (0÷40%) [44]. To calculate the main dendrometric parameters
shown in Table 1, four test plots of circular shape were randomly realised in the areas
where the conditions were representative of the entire surface (one plot represents on
average 3.5 hectares of forest); each test plot has a surface area of around 1200 m2 , and a
total of 700 plants were measured. Basal area was calculated according to the following
formulation [45]:
G = Π/4 (n1 d1 2 + n2 d2 2 + . . . + nn dn 2 )
(1)
where:
n = number of plants corresponding to each diametric class;
d = diameter at breast height (cm);
Table 1. Main characteristics of trees (means ± SD).

1

Density
(Trees ha−1 )

DBH 1
(cm)

Height
(m)

Basal Area
(m2 h−1 )

Stand Volume
(m3 h−1 )

800 ± 150.2

21.3 ± 5.3

23 ± 3.2

75 ± 15.4

720 ± 69.9

Diameter at the breast height.

Volume was estimated by using the functional expression [46]:
V = a+b1 d2 h + b2 d + b3 h + b4 dh + b5 d2 + b6 h2 + b7 d2 h2 + b8 d3 + b9 d3 h2

(2)

with:
a = 0.457023 × 10−3 ; b1 = 0.380346 × 10−4 ; b2 = −0.423233 × 10−4 ; b3 = 0.160308 × 10−2 ;
b4 = −0.112508 × 10−3 ; b5 = 0.210093 × 10−4 ; b6 = 0.132827 × 10−4 ; b7 = 0.337571 × 10−8 ;
b8 = −0.177836 × 10−6 ; b9 = −0.491192 × 10−9
d = diameter at breast height (cm);
h = compensated height (m).
A second thinning from below was carried out to remove around 20% of the trees
per hectare, focusing on trees with diseases, defects, small diameters, etc., that would not
respond with a large increase in growth, to guarantee the development of the remaining
trees and decreasing tree mortality rates from a long-term perspective [9]. Three circular
plots of three hectares each were randomly realised (spaced 200 m apart, taking into account
the homogeneity of conditions) to evaluate logging operation. An amount of 120 trees were
studied for felling. For logging, 50 cycles for each extraction system were studied.
Three scenarios were identified, where wood extraction was performed employing:
(i) a cable skidder (John Deere 548H), (ii) a grapple skidder (John Deere 548H) and (iii) a
forwarder (John Deere 1010D). Full-tree system (FTS) was employed for scenarios (i) and
(ii), while cut-to-length system (CTL) was adopted for scenario (iii).
Dimensions of processed timber were as follows: logs 240 cm long with a minimum
diameter of 22 cm destined for the production of packing material and pallets, and logs
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Dimensions of processed timber were as follows: logs 240 cm long with a minimum
diameter of 22 cm destined for the production of packing material and pallets, and logs
230 cm long with a maximum diameter of 20 cm destined for the paper mill. Felling and
230 cm long with a maximum diameter of 20 cm destined for the paper mill. Felling and
processing operations were carried out using a medium‐sized chainsaw (model Jonsered
processing operations were carried out using a medium-sized chainsaw (model Jonsered
CS 2260) with an engine power of 3.5 kW. The two‐man worker team consisted of the
CS 2260) with an engine power of 3.5 kW. The two-man worker team consisted of the
chainsaw operator and a helper with the task of keeping the work area clean and helping
chainsaw operator and a helper with the task of keeping the work area clean and helping
with
withdelimbing
delimbingand
andprocessing.
processing.
Trees
extraction
Trees extractionin
in scenario
scenario(i)
(i)was
wascarried
carriedout
outby
byaawork
workteam
teamofofthree
threeoperators:
operators:
vehicle
driver
from
felling
site
to
landing
and
two
choker
setters,
with
the
role
of
assistants
vehicle driver from felling site to landing and two choker setters, with the role of assistants
for
forbunching
bunchingand
andsubsequent
subsequentskidding.
skidding.In
Inscenario
scenario(ii),
(ii),aaskidder
skidderdriver
driverwas
wasemployed
employedto
to
manage
the
grapple
and
to
perform
skidding.
Moreover,
another
worker
helped
manage the grapple and to perform skidding. Moreover, another worker helpedin
inload
load
management.
management.Regarding
Regardingthe
theextraction
extractioncycle,
cycle,the
thehandling
handlingscheme
schemewas
wasadopted
adoptedby
byProto
Proto
etetal.
[11].
Extraction
involved
a
distance
equal
to
160
±
23.12
m
to
which
a
bunching
dis‐
al. [11]. Extraction involved a distance equal to 160 ± 23.12 m to which a bunching
tance
of
25
±
3.9
m
was
added.
The
number
of
trees
per
load
was
on
average
3.5
±
0.7
with
distance of 25 ± 3.9 m was added. The number of trees per load was on average 3.5 ± 0.7
3 and 1.87
awith
volume
of 0.90of± 0.90
0.40 ±
m0.40
± 0.50
respectively,
for scenario
(i) and (ii).
a volume
m3 and
1.87m
±3,0.50
m3 , respectively,
for scenario
(i) and (ii).
In
scenario
(iii)
during
timber
forwarding,
in
addition
to
the
driver
operating
the ve‐
In scenario (iii) during timber forwarding, in addition to the driver operating
the
hicle,
another
worker
was
entrusted
to
check
loading
operations.
The
extraction
cycle
vehicle, another worker was entrusted to check loading operations. The extraction time
cycle
required
to move
a payload
from the
forest
to roadside
landing
site was
such
time required
to move
a payload
from
the forest
to roadside
landing
siteevaluated
was evaluated
et al. [47].
distance
was equal
560 ±to
300
m±
including
driving
as
in Tiernan
such
as in Tiernan
et al.Forwarding
[47]. Forwarding
distance
wastoequal
560
300 m including
on
the roadside
landing site
during
The number
ofnumber
logs perofload
driving
on the roadside
landing
siteloading/unloading.
during loading/unloading.
The
logswas
per
3.
on
average
30average
± 9 for a30volume
± 3.80
load
was on
± 9 forofa 9.70
volume
of m
9.70
± 3.80 m3 .
Based
Basedon
onthe
theengine
enginepower
powerclassification
classificationproposed
proposedby
bySpinelli
Spinellietetal.
al.[48],
[48],the
theskidder
skidder
was
the forwarder
forwarder (Figure
(Figure1)
1)belonged
belongedtotoa
wasaa medium‐sized
medium-sized vehicle
vehicle (power 110 kW) while the
amedium-class
medium‐classloading
loadingcapacity
capacity(from
(from10
10t ttoto1414t),t),according
accordingtotoBrunberg
Brunberg[49].
[49].

(a)

(b)

Figure
Figure1.1.(a)
(a)Skidder
Skidderand
and(b)
(b)Forwarder
Forwarderused
usedduring
duringtrials.
trials.

forest work
work time
time study
study was
was conducted
conductedaccording
accordingto
tonomenclature
nomenclatureproposed
proposedby
by
AAforest
Björhedenetetal.al.[50]
[50]
and
Acuna
et [51].
al. [51].
In time-study
[52,53],
observed
time
was
Björheden
and
Acuna
et al.
In time‐study
[52,53],
observed
time was
sepa‐
separated
into working
time (WT),
included
the productive
the
rated
into working
time (WT),
which which
included
the productive
workingworking
time, thetime,
related
related
main working
the complementary
time,
and nonworking
time
main
working
time andtime
the and
complementary
workingworking
time, and
nonworking
time (NT),
(NT), subdivided
into mechanical,
operational
and personal
subdivided
into mechanical,
operational
and personal
delays.delays.
The
normal
distribution
of
the
results
was
checked
by the
Kolmogorov–Smirnov
tests.
The normal distribution of the results was checked
by the
Kolmogorov–Smirnov
Based
on
the
outcomes
of
this
analysis,
a
nonparametric
Kruskal–Wallis
test
was
used
to
tests. Based on the outcomes of this analysis, a nonparametric Kruskal–Wallis test was
test
the
results
that
did
not
meet
the
assumption
of
normality.
Free
R
software
version
used to test the results that did not meet the assumption of normality. Free R software
4.0.4 (R Foundation for Statistical Computing Platform) was used for data processing.
If a significant difference was found between groups, pairwise comparisons using the
Dunn–Bonferroni approach was used.
2.2. Economic Analysis
The economic assessment was carried out by comparing the harvesting costs of different harvesting systems. The method described by Miyata [42] was applied to determine
the machine hourly cost (Table 2), and thus, through the hourly yields of the individual
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mechanical operations, it was possible to determine the cost per m3 of wood harvested in
each harvesting system. Both the fixed and variable costs were considered, whereas the
fixed costs consisted of the interest on capital goods, depreciation, insurance and maintenance of the machinery, while equipment and variable costs consisted of the fuel and oil
consumption and operator–machine labour.
Table 2. Calculation of the machine hourly cost (Miyata 1980, modified).
Cost Item

Symbol

Unit

Source

Machinery value
Equipment value
Total value
Salvage value
Power
Interest rate
Economic life
Average annual machine use
Average daily machine use
Fuel price
Oil price
Fuel consumption
Oil consumption
Area occupied by the machine
Price per m2
Average hourly wage
Operator-machine
Hourly variable costs
Fuel consumption cost
Oil consumption cost
Operator–machine labour cost
Total hourly variable costs
Annual fixed costs
Interest on capital goods
Depreciation
Insurance
Maintenance
Space cost
Total annual fixed costs
Hourly fixed costs
Total hourly cost

MV
EV
TV
SV
P
R
EL
AMU
DMU
FP
OP
FC
OC
A
PA
HW
OM

EUR
EUR
EUR
EUR
kW
%
years
h year−1
h day−1
EUR L−1
EUR L−1
L h−1
L h−1
m2
EUR m2
EUR h−1
N.

Price list
Price list
MV + EV
% of TV
Technical manual
Market survey
Technical manual
Field survey
Field survey
Price list
Price list
Field survey
Field survey
Technical manual
Local market
Current local salary
Field survey

FCC
OCC
OMC
HVC

EUR h−1
EUR h−1
EUR h−1
EUR h−1

FC*FP
OC*OP
HW*OM
FCC + OCC + OMC

I
DR
IR
MR
SC
AFC
HFC
THC

EUR year−1
EUR year−1
EUR year−1
EUR year−1
EUR year−1
EUR year−1
EUR h−1
EUR h−1

((MV + SV)/2) × r
(TV-SV)/EL
Field survey
Field survey
A * PA * (0.03)
I + DR + IR + MR + SC
AFC/AMU
HFC + HVC

The technical and economic data of the machinery were collected from direct measurements at the harvesting sites and through face-to-face interviews with experts in the
silvicultural sector. For the labour remuneration, the opportunity cost approach was
adopted by assuming the employment of temporary workers for felling and processing and
mechanical extraction [54] and adopting the current hourly wage, which included social
security contributions. The remuneration for the qualified workers undertaking mechanical
operations was a gross pay of EUR 8.60 h−1 , whereas that for the other workers was equal
to EUR 7.20 h−1 . The working day was considered 8 h. Was assumed a salvage value for
the machinery equal to 10% of purchasing value, and an interest rate of 2% was used to
determine the interest on capital goods.
To evaluate the harvesting cost of “1 m3 of wood”, the hourly cost of each operation
was divided by the harvesting wood yield per hour, and then the single costs characterising
the logging system were added up (Table 3).
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Table 3. Costs per logging scenario analysed.
Operation

Felling

Mechanical Extraction

Machinery

Chainsaw

Cable Skidder

Grapple
Skidder

Forwarder

Purchase price (EUR)
Power (kW)
Economic life (hours)
Average annual use (h year−1 )
Fuel consumption (L h−1 )
Oil consumption (kg h−1 )

950
3.5
1645
540
1.74
0.375

350,000.00
110
17,850
1,190
15.72
0.20

350,000.00
110
17,850
1,190
15.72
0.20

260,000.00
86
17,850
1190
12.37
0.20

2.3. Environmental Analysis
The environmental analysis was carried out through the application of the LCA
methodology. Framework and guidelines refer at ISO norms [26,27]. Following the structure suggested by ISO standard [26], the first step was to define the goals and scope. From
an environmental perspective, the objective of the present study was to compare three
different wood harvesting systems. According to Nemecek et al. [55], agricultural systems
can perform different functions (e.g., productive, ecosystem, etc.); therefore, different Functional Units (FU) can be identified depending on the function to be analysed. The same can
be said for forest systems, whose production process is mostly limited to wood harvesting.
In particular, “1 m3 of wood harvested” was chosen as FU, preferring a volumes unit
to a mass unit, since the latter is more conditioned by the moisture level of the product
and the type of wood [6]. However, to provide useful data for the scientific community,
elaborations were carried out for individual logging operations referring to a reference unit
of “1 h of execution”. This unit is more easily scalable and therefore could be useful for
applying the results obtained to other studies [56,57]. The system boundary includes all
the operations of wood harvesting (felling, bunching, extraction and processing), chipping
and secondary timber transport of wood. In particular, all background processes related
to inputs involved in logging operation are considered (fuel production, lubricating oil
production and machinery and tools construction maintenance and disposal) as well as
foreground processes such as fuel and lubricant consumption, air emissions from fuel
combustion, soil emissions from tyre abrasion and lubricant oil losses (Figure 2).
The inventory data related to background processes were collected from Ecoinvent
3.7.1 [58], while data from foreground processes were directly collected (Table 4), such as
data on consumption or run times, while data on emissions generated by fuel combustion
and those generated by tyre consumption were estimated according to Nemecek et al. [59].
For the chainsaw and shed, namely, the main machinery used in harvesting operations, an
allocation was carried out considering their use in the operations and their lifetime.
Grease and other materials of minor importance (e.g., water, liquids for pneumatic
systems) were excluded from inventory because their incidence on the results would have
been negligible (less than 1%). In the life cycle impact assessment (LCIA) phase, the
environmental impact data were processed using SimaPro 9.2 software [60] and the ReCiPe
2016 method at the midpoint level [61].
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per “1 mprocesses
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were directly collected (Table 4), such as
data on consumption or run times, while data on emissions generated by fuel combustion
Unit
Chainsawing
and those generated by tyre consumption
were estimated according
to Nemecek et al.
Two-stroke
blend and shed, namely,
kg
× 10−1
[59]. For
the chainsaw
the main machinery used 3.28
in harvesting
opera‐
−3
Power
saw
kg
4.73 × 10
tions,
an
allocation
was
carried
out
considering
their
use
in
the
operations
and
their
life‐
Materials/fuels
kg
7.08 × 10−2
time. Lubricant Oil
−3
Chain Steel

kg

Table Carbon
4. Inventory
per fossil
“1 m3 of wood harvested”.
dioxide,
kg
Carbon monoxide, fossil
kg
Unit
Lead
kg
Emissions
to airblendMethane, fossil
Two‐stroke
kg
kg
Nitrogen oxides
kg
Power saw
kg
erials/fuels
NMVOC, nonmethane
Lubricant Oil
kg
kg
volatile organic compounds
Chain Steel
kg
Sulphur dioxide
kg

Carbon dioxide, fossil
Oils
Carbon monoxide, fossil
Lead
Methane, fossil
ssions to air
Nitrogen oxides
NMVOC, nonmethane volatile organic
compounds
Sulphur dioxide
sions to soil Oils
Emissions to soil

kg
kg
kg
kg
kg
kg
kg
kg
kg

2.30 × 10

5.13 × 10−1
1.86 × 10−1
Chainsawing
1.65 × 10−5
−1 × 10−4
3.28 × 10
3.02
−3
−3 × 10
2.13
4.73 × 10
−2 × 10−2
7.08 × 10
3.75
−3
2.30 × 10
1.52 × 10−4
5.13 × 10−1
7.08 × 10−3
1.86 × 10−1
1.65 × 10−5
3.02 × 10−4
2.13 × 10−3

3.75 × 10−2
1.52 × 10−4
7.08 × 10−3
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Table 4. Cont.
Unit

Materials/fuels

Emissions to air

Emissions to soil

Machine
Tool
Diesel
Shed
NMVOC, nonmethane
volatile organic compounds
Nitrogen oxides
Carbon monoxide
Carbon dioxide
Sulphur dioxide
Methane
Benzene
Particulates, <2.5 um
Cadmium
Chromium
Copper
Dinitrogen monoxide
Nickel
Zinc
Benzo(a)pyrene
Ammonia
Benzo(a)anthracene
Benzo(b)fluoranthene
Chrysene
Dibenz(a,h)anthracene
Fluoranthene
Phenanthrene
PAH, polycyclic aromatic
hydrocarbons
Selenium
Cadmium
Zinc
Lead

Chainsawing
(i) Cable skidder

(ii) Grapple
skidder

(iii) Forwarder

kg
kg
kg
m2

1.34 × 10−1
5.18 × 10−3
3.08
2.12 × 10−4

5.01 × 10−2
1.94 × 10−3
1.16
7.96 × 10−5

3.76 × 10−2
1.42 × 10−3
6.65 × 10−1
8.06 × 10−5

kg

2.35 × 10−3

8.82 × 10−4

6.45 × 10−4

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg

2.78 × 10−2
3.53 × 10−3
9.62
3.11 × 10−3
3.98 × 10−4
2.25 × 10−5
2.69 × 10−2
3.00 × 10−8
3.70 × 10−4
5.24 × 10−6
2.60 × 10−4
2.20 × 10−7
3.08 × 10−6
9.00 × 10−8
6.17 × 10−5
2.50 × 10−7
1.50 × 10−7
6.20 × 10−7
3.00 × 10−8
1.39 × 10−6
7.71 × 10−6

1.04 × 10−2
1.32 × 10−3
3.61
1.17 × 10−3
1.49 × 10−4
8.44 × 10−6
1.01 × 10−2
1.00 × 10−8
1.39 × 10−4
1.97 × 10−6
9.75 × 10−5
8.00 × 10−8
1.16 × 10−6
3.00 × 10−8
2.31 × 10−5
9.00 × 10−8
6.00 × 10−8
2.30 × 10−7
1.00 × 10−8
5.20 × 10−7
2.89 × 10−6

7.63 × 10−3
9.68 × 10−4
2.07
6.69 × 10−4
8.55 × 10−5
4.84 × 10−6
6.31 × 10−3
1.00 × 10−8
3.00 × 10−8
1.13 × 10−6
7.95 × 10−5
5.00 × 10−8
6.60 × 10−7
2.00 × 10−8
1.33 × 10−5
5.00 × 10−8
3.00 × 10−8
1.30 × 10−7
1.00 × 10−8
3.00 × 10−7
1.66 × 10−6

kg

7.19 × 10−5

2.70 × 10−5

1.55 × 10−5

kg

3.00 × 10−8

1.00 × 10−8

1.00 × 10−8

kg
kg
kg

1.62 × 10−5
7.01 × 10−5
4.31 × 10−4

6.07 × 10−6
2.63 × 10−5
1.62 × 10−4

4.56 × 10−6
1.98 × 10−5
1.22 × 10−4

3. Results
3.1. Productivity Assessment
Tree felling was realised by the same working team in all scenarios. The results do not
show any significant difference; in results reported by Câmpu and Ciubotaru [62] under
the same work conditions, only different working teams achieve different productivity.
Figure 3 shows de facto a substantial homogeneity among work times recorded. Team
productivity, calculated as average gross productivity, inclusive of all delays up to the
maximum event duration of 15 min (Productive Hour System, PHS15 ), is equal to 21.7 trees
h−1 , corresponding to a volume of timber of 5.3 m3 h−1 . The same value, when we consider
average net productivity (PHS0 ) excluding the delays, is equal to 30 trees h−1 for a volume
of 7.4 m3 h−1 . On average, productive worktime occupies 69% of total workplace time,
while work-related delay time 31%. Considering a working day of 8 h, productivity was
equal to 86 trees d−1 worker−1 for a volume of timber of 21.6 m3 d−1 worker−1 .
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3.2. Economic Assessment

The economic results related to the hourly costs of the different logging operations
The economic results related to the hourly costs of the different logging operation
show a certain variability. As can be seen in Figure 6, excluding the hourly costs related to
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The harvesting scenario (iii) showed better results due to a lower incidence of fixed
and variable costs as well as a labour input for wood extraction limited to only two oper‐
The harvesting scenario (iii) showed better results due to a lower incidence of fixed and
ators. From a purely economic point of view, this system would always seem to be pref‐
variable costs as well as a labour input for wood extraction limited to only two operators.
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health”, “Ozone formation–Terrestrial ecosystems”, “Marine eutrophication”, “Human
carcinogenic toxicity”, “Land use”, “Mineral resource scarcity” and “Water consumption”,
while scenario (ii) is less impactful in the categories “Global warming”, “Ionizing radiation”, “Terrestrial acidification”, “Freshwater eutrophication”, “Terrestrial ecotoxicity”,
“Freshwater ecotoxicity”, “Marine ecotoxicity”, “Human noncarcinogenic toxicity” and
“Fossil resource scarcity”.
Table 6. Characterisation of the impacts of different logging scenarios per “1 m3 of wood harvested”.
Impact Category
Global warming
Stratospheric ozone
depletion
Ionizing radiation
Ozone formation,
Human health
Fine particulate
matter formation
Ozone formation,
Terrestrial
ecosystems
Terrestrial
acidification
Freshwater
eutrophication
Marine
eutrophication
Terrestrial
ecotoxicity
Freshwater
ecotoxicity
Marine ecotoxicity
Human carcinogenic
toxicity
Human
noncarcinogenic
toxicity
Land use
Mineral resource
scarcity
Fossil resource
scarcity
Water consumption

Unit
kg CO2 eq

(i) Cable
Skidder
1.34 × 10+1

(ii) Grapple
Skidder
5.43

10−6

10−6

1.09 × 10−5

6.42

kg CFC11 eq

8.82 ×

kBq Co-60 eq

1.91 × 10−1

8.13 × 10−2

1.29 × 10−1

kg NOx eq

4.93 × 10−2

2.28 × 10−2

4.96 × 10−2

kg PM2.5 eq

3.91 × 10−2

1.54 × 10−2

1.54 × 10−2

kg NOx eq

5.51 × 10−2

2.66 × 10−2

6.56 × 10−2

kg SO2 eq

3.61 × 10−2

1.58 × 10−2

2.80 × 10−2

kg P eq

7.98 × 10−4

3.42 × 10−4

5.84 × 10−4

kg N eq

1.02 × 10−3

7.30 × 10−4

3.24 × 10−3

kg 1,4-DCB

3.70 × 10+1

1.61 × 10+1

2.40 × 10+1

kg 1,4-DCB

2.46 × 10−1

1.03 × 10−1

1.62 × 10−1

kg 1,4-DCB

3.31 × 10−1

1.39 × 10−1

2.18 × 10−1

kg 1,4-DCB

6.45 × 10−1

3.35 × 10−1

9.67 × 10−1

kg 1,4-DCB

1.72 × 10+1

7.04

9.83

m2a crop eq

5.93 × 10−1

3.94 × 10−1

1.64

10−2

10−2

kg Cu eq

3.84 ×

4.31 ×

(iii) Forwarder

1.97 ×

5.62 × 10−2

kg oil eq

4.40

1.83

2.52

m3

1.65 × 10−2

8.83 × 10−3

2.70 × 10−2

In red, the highest impacts; in yellow, the intermediate ones; and in green, the lowest
impacts.
As specified in the paragraph on materials and methods, calculations were also carried
out on the hourly impacts linked to the individual extraction operations (Table 7). Excluding
felling, which is common to all scenarios, among the various logging systems, the one that
uses the forwarder always had the least impact (iii), while the two that use the skidder—i.e.,
scenarios (i) and (ii)—had identical ecoprofiles, since the machine with which they were
carried out was the same. A few minor differences are linked exclusively to the different
impacts generated by the production of the two tools (cable and grapple).
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Table 7. Characterisation of the impacts of different logging operations per “1 h of execution”.
Impact Category
Global warming
Stratospheric ozone depletion
Ionizing radiation
Ozone formation, Human health
Fine particulate matter formation
Ozone formation, Terrestrial
ecosystems
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Human carcinogenic toxicity
Human noncarcinogenic toxicity
Land use
Mineral resource scarcity
Fossil resource scarcity
Water consumption

Unit

Chainsawing

(i) Cable
Skidder

(ii) Grapple
Skidder

(iii) Forwarder

kg CO2 eq
kg CFC11 eq
kBq Co-60 eq
kg NOx eq
kg PM2.5 eq

5.19
1.31 × 10−5
1.26 × 10−1
5.58 × 10−2
9.15 × 10−3

6.29 × 10+1
3.07 × 10−5
8.38 × 10−1
1.91 × 10−1
1.89 × 10−1

6.29 × 10+1
3.07 × 10−5
8.38 × 10−1
1.91 × 10−1
1.89 × 10−1

5.09 × 10+1
2.95 × 10−5
7.30 × 10−1
1.85 × 10−1
1.65 × 10−1

kg NOx eq

7.80 × 10−2

1.96 × 10−1

1.96 × 10−1

1.90 × 10−1

kg SO2 eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
m2a crop eq
kg Cu eq
kg oil eq
m3

2.91 × 10−2
5.62 × 10−4
4.54 × 10−3
2.87 × 10+1
1.43 × 10−1
1.96 × 10−1
1.21
7.71
2.25
7.00 × 10−2
2.33
3.45 × 10−2

1.53 × 10−1
3.46 × 10−3
3.00 × 10−4
1.58 × 10+2
1.10
1.47
1.97
7.95 × 10+1
5.77 × 10−1
1.20 × 10−1
1.99 × 10+1
4.69 × 10−2

1.53 × 10−1
3.46 × 10−3
3.00 × 10−4
1.58 × 10+2
1.10
1.47
1.97
7.95 × 10+1
5.77 × 10−1
1.20 × 10−1
1.99 × 10+1
4.69 × 10−2

1.36 × 10−1
3.43 × 10−3
3.00 × 10−4
6.67 × 10+1
1.12
1.47
1.94
8.11 × 10+1
6.88 × 10−1
1.21 × 10−1
1.61 × 10+1
4.71 × 10−2

The contribution analysis, performed for all three scenarios (Figures 8–10), shows
that emissions related to fuel combustion represented the major hotspot in “Global warming”, “Ozone Formation–Human Health”, “Fine particulate matter formation”, “Ozone
formation–terrestrial ecosystems”, “Terrestrial ecotoxicity” and “Human noncarcinogenic
toxicity” categories. Diesel fuel production is the main hotspot in the “Ionizing radiation”
and “Fossil resources scarcity” categories, while the construction of machinery used in
mining operations is the main hotspot in the “Freshwater eutrophication”, “Freshwater
ecotoxicity”, “Marine ecotoxicity”, “Human carcinogenic toxicity”, “Mineral resources
scarcity” and “Water consumption” categories. Lubricating oil production is the most
impactful process in terms of the “Marine eutrophication” and “Land use” categories.
In all three scenarios, the biggest contributor to GHG emissions are diesel and petrol
production and combustion, further than the emissions of nitrogen oxides, carbon dioxide, methane and dinitrogen monoxide. Particularly, dinitrogen monoxide is the main
responsible for stratospheric ozone depletion, and its emission is mainly due to diesel production and combustion as well as lubricating oil production. Impacts related to “Ionizing
radiation” are mainly attributable to the production processes of fuels and forestry machinery. Emissions of NMVOCs, nitrogen oxides and benzene caused by gasoline and diesel
combustion have a significant effect on “Ozone formation–human health” and “Ozone
formation–terrestrial ecosystems” impact categories. Such an effect is also verified for
the impact category “Fine particulate matter formation”, mainly caused by particulate
emissions < 2.5 um, sulphur dioxide, nitrogen oxides and ammonia. The most important
hotspot for this impact category is diesel combustion, which accounts for about 90% of all
impacts. The last three substances released during diesel combustion represent the most
impactful contributors on the “Terrestrial acidification” category, where a major hotspot is
also represented by emissions generated during the production of diesel, lubricating oil
and petrol.
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Figure 9. Contribution analysis related to scenario (ii), grapple skidder.
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hotspots include chainsaw production and the emissions generated from its use, which are
a critical element in many impact categories across all the analysed logging scenarios.
4. Discussion
4.1. Productivity Assessment
Logging analysis from different points of view is an important step to evaluate the
best way to lead forestry management. In this research, the first matter was represented
by reached productivity level in manual tree felling with a chainsaw. If compared with
data present in the literature on work productivity [8,62,63], the results confirm diameter
at the breast height is one of the main parameters influencing tree felling with a chainsaw.
According to these aspects, we can remark the considerations of Zimbalatti et al. [8] and
Grzywiński et al. [64] about how it is possible to improve felling performance by reducing
the unproductive time through selecting the right season, a more careful organisation of
work and regular management of machines.
Considering cable and grape skidders productivity, the present study confirms the
research carried out by Kluender et al. [65], which concluded that grapple skidding is more
productive than cable skidders. According to Kulak et al. [15], the achieved results put in
evidence that logging operations in thinning operations are less efficient, due to difficulty
of skidder manoeuvrability in dense conditions, remarking that an essential role is played
by skid road density. On these aspects, Orlovský et al. [66] highlight how the mean gross
production depends on the type of forest stand and the skidding distance, recording values
to 47.76 and 55.28 m3 day−1 in the cases of cable and grapple skidders, respectively; in
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Horvat et al. [67], at a mountain working site, the daily output to 35.54 m3 day−1 was
achieved for a distance of 500 m; in Kulak et al. [13], where three types of treatment
were conducted on Pinus sylvestris L. with an average diameter at breast height of 36 cm,
productivity exceeded 112 m3 day−1 .
Referring to forwarder productivity, as reported by Cadei et al. [68], it is strongly
influenced by load volume, extraction distance and operator experience. Based on the
type of machine used, the results are very in line with other studies conducted on thinning
operations and not hard terrain conditions. In Proto et al. [12], average productivity of
forwarding was equal to 19.3 m3 PMH; Cadei et al. [68] show average productivity from
18.5 m3 PMH15 to 29.4 m3 PMH15 in three different sites; Eriksson et al. [69] and Hildt
et al. [70] reach results in line with the mentioned studies, where the results highlight that
productivity is higher for shorter forwarding distances and larger payloads.
4.2. Economic Assessment
The logging costs analysed are closely linked to the technologies used and the characteristics of the extraction site. The results of this research are in line with Badraghi
et al. [39], which compared different logging systems, correlating economic results to three
different factors: log diameter, winching distance and skidding distance, showing a gross
cost ranging from a minimum of EUR 5.20 m−3 to a maximum of EUR 17.33 m−3 . The
overall efficiency of logging systems has a considerable impact in terms of unit cost. For
example, Stoilov et al. [22] evaluated wood harvesting by cable crane, and despite a quite
high hourly cost (EUR 120.17), the unit costs were always lower than the scenarios we
analysed due to the high production efficiency of the extraction system. Jiroušek et al. [25]
also correlated the cost of logging with transport distance and load volume: machine class
III (large) has similar cost characteristics to the one used in our scenario (iii), although
the machine power was more similar to class II (medium). The results for hourly costs as
a function of machine productivity were very similar, and the differences are related to
site characteristics. As specified by the authors themselves, one of the critical factors was
the average volume of trees, which was less than 0.5 m3 , which could cause significant
differences in costs.
Similar conclusions were also obtained by Proto et al. [24], who report a forwarding
cost varying between EUR 2.5 m−3 and EUR 4.5 m−3 versus EUR 2.5 m−3 obtained in
the present study. The same authors correlated the cost of extraction with the distance
and volume of payload, showing that this latter is negatively correlated with the average
extraction distance.
4.3. Environmental Assessment
As previously mentioned, very few studies in literature can be quite compared with our
research, due to different conditions in forest management, impacts categories highlighted,
or functional unit considered.
Timmermann and Dibdiakova [30] analysed the impact of the forest industry in
Norway and found that harvesting accounts for about 30% of the total impacts. In addition,
they obtained an impact of 5.820 CO2 eq kgm−3 during logging operations performed
with a forwarder and then a cable crane, which is fully comparable to our findings in
scenario (iii) forwarder. In addition, our results obtained in scenario (i) cable skidder are
fully comparable with those of Zhou et al. [31], who compared different logging systems,
including the implementation of a cable skidder.
Climate change is often the only considered impact category; from this point of view,
according to Sonne [29] and Weyrens et al. [71], harvesting represents the main contributor
to GHG emissions in forest management.
Several authors consider the weight of the produced biomass [32,33] or the amount of
energy that can be obtained from it [34] as functional unit. Other studies use the volume
of harvested biomass [35,72], with González-García [35] showing that about 40% of GHG
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emissions (approximately 14 CO2 eq kgm−3 ) can be attributed to wood harvesting phase,
while Valente et al. [72] consider the biomass for energy use.
From a purely environmental point of view, scenario (ii) would seem to be the most
efficient, but it is not possible to generalise this statement because the choice of extraction
system often depends on the characteristics of the forest site, which can make a system
unusable. Moreover, the results are strictly referred to as logging systems adopted.
Nevertheless, our findings are shown to be fully consistent with those of LCA analysis
conducted by Proto et al. [40]. For the impact categories selected, their results are quite
similar, in particular, to scenario (i) of the present study (Table 8), obviously taking into
account all the differences that characterise the two studies both from the point of view of
experimental design and methodologies used.
Table 8. Comparison of results for scenario (i) with results for the HS–SK system in Proto et al. [40].
Impact Categories

Unit

Our Results

Proto et al. [40]

Global warming
Stratospheric ozone depletion
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Fossil resource scarcity

kg CO2 eq
mg CFC11 eq
kg SO2 eq
g P eq
kg N eq
kg oil eq

13.43
8.82
0.04
0.80
0.0010
4.40

8.04
1.27
0.025
0.496
0.0047
2.440

Among the studies that have dealt specifically with LCA analysis of forest wood extraction, some authors [37,73,74] used the mass as functional unit; González-García et al. [75]
instead considered the biomass produced by one hectare of forest over its lifetime. Additionally, the differences inherent to the several contexts of analysis should be considered. In
this sense, González-García et al. [76] extended the assessment of forest wood harvesting
and included planting and growth phases: in such a way, it is not possible to determine the
contribution of logging operations on total impacts. However, they pointed out that for
spruce, logging is the main impactful operation. Dias and Arroja [38] analysed different
scenarios for eucalyptus and maritime pine production in Portugal. GHG emissions related
to logging operations varied roughly between 7.5 and 4.8 CO2 eq kgm−3 . Hence, we can
state that our results appear consistent with their findings. Similar outcomes are obtained
for acidification, levels of which are close to 0.03 SO2 eq kgm−3 for logging operations.
The results are also coherent with those of Michelsen et al. [77], who report impact values
during logging operations of 9.37 CO2 eq kgm−3 and 0.044 SO2 eq kgm−3 , respectively, for
“Global warming potential” and “Acidification” categories. In other studies always related
to the evaluation of alternative logging systems, such as Gan et al. [40] and Proto et al. [6],
the scenarios analysed are very different from those in our study, which makes it impossible
to compare results.
However, by orienting the discussion to comparison within the same system boundaries, it is possible to see that the hotspots identified in these studies are the same as what
emerged from our analysis, and in particular, felling and extraction operations turn out
to be the main impactors due to emissions generated by fuel combustion. Through environmental sustainability analyses, it was possible to identify the system with the lowest
impact, but this must always be linked to technical and economic analyses. The adoption
of each of the three systems is conditioned by the structural characteristics of the extraction
site (slope, forest density, accessibility, distances), so it is not possible to define a better
or worse system in absolute terms. When comparing the three systems on the same site,
the environmental results showed an advantage for the grapple skidder system. From an
economic point of view, the forwarder scenario was the most cost-effective one, although
the advantage over the grapple skidder is not very strong. The cable skidder system was
the worst both economically and environmentally, mainly due to low extraction yields and
higher labour input, but the conditions at the extraction site may not leave any alternative
to the use of this system.
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5. Conclusions
The present research would be helpful to develop a decision support system, based
on machine productivity and cost evaluation, aimed at estimating the extraction rates by
contractors.
Unless the soil is particularly vulnerable, requiring, therefore, the employment of
cable crane systems, a wide range of different machines for timber extraction can be
implemented. A fundamental feature to optimise forestry activities is the availability of
a forest road network, which should be maintained in good condition to guarantee high
working performance [78].
Additionally, during logging operations, machines can cause negative impacts, especially damages to residual trees. Hence, to reduce the environmental impacts, the capabilities of these machines should be well understood, and correct conservation techniques
should be implemented during work phases [79].
Furthermore, the LCA is gaining significance in the wood sector, where industries aim
to make a comprehensive and reliable assessment of all environmental aspects related to
products, based on the interest in climate change that is expressed by regulators worldwide.
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