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Abstract

This study investigated the greenhouse gas (GHG) emissions associated with various mecha-
nisation levels and extraction methods in Mediterranean chestnut (Castanea sativa L.) coppice
forests. Located in central Italy, these forests play a significant role in economic as well as
ecological terms. This study addressed a critical gap in emissions data for broadleaf forest op-
erations by examining the productivity and environmental impact of four logging systems.
These systems integrate semi-mechanised and mechanised felling methods with skidding and
forwarding extraction techniques. The results revealed that mechanised felling significantly
boosts productivity by 44—66% compared to semi-mechanised felling but generates over three
times the GHG emissions per cubic meter of wood. Notably, extraction operations account for
the largest share of total emissions, with skidding emitting nearly three times more than for-
warding, primarily due to its lower work productivity. Specifically, forwarding in a Cut-to-
Length (CTL) system achieved productivity of over double that of skidding and reduced emis-
sions per cubic meter of extracted wood by up to 63%. Key findings suggested that improving
work productivity through optimised extraction methods, operator training, and efficient road
network layouts can substantially lower emissions. Among the systems tested, CTL forwarding
paired with mechanised felling showed the highest productivity and lowest emissions, present-
ing a promising model for sustainable chestnut coppice management in Mediterranean regions.
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1. Introduction

Forests are essential to the global carbon cycle,
serving as critical carbon sinks (Daigneault et al. 2022,
Puchalka et al. 2024). In the face of climate change,
forest management strategies increasingly focus on
maximising carbon sequestration while minimising
greenhouse gas (GHG) emissions from forest opera-
tions (Verkerk et al. 2020). Accurately quantifying
these emissions is now a priority, as reliable data on
the GHG impacts of forest operations are essential for
guiding sustainable forest management, shaping pol-
icy, and enhancing reporting on international climate
goals (Schweier et al. 2019). However, the emissions
associated with forest management practices in broad-
leaf stands remain poorly understood, particularly
compared to the more extensively studied coniferous
forests (Karha et al. 2024).

Time-motion studies in forest operations are essen-
tial for accurately assessing work efficiency, fuel con-
sumption, and equipment usage, which are critical
inputs for estimating greenhouse gas (GHG) emissions

and assessing the overall sustainability of forest opera-
tions (Borz et al. 2025, Stoilov et al. 2024). By linking
operational productivity with GHG analysis, these
studies help identify opportunities to reduce emis-
sions, improve sustainability, and guide the develop-
ment of low-impact forestry practices (Borz et al. 2021).
Among broadleaf forests, chestnut (Castanea sativa
Mill.) stands are particularly significant in central and
southern Italy, serving as a vital resource for both eco-
logical sustainability and economic development (Mar-
ziliano et al. 2022). Italy hosts one of the largest areas
of chestnut forests in Europe, covering approximately
800,000 hectares, mostly located in the Apennine
Mountains as well as other parts of central and south-
ern regions (Gasparini and Tabacchi 2011). These for-
ests are not only valuable for their high carbon seques-
tration potential but also for their multifunctional role
in rural economies (Marcolin et al. 2020). Chestnut
wood is highly valued for its durability and quality,
and chestnut forests are an important source of timber,
non-timber products (such as chestnuts and mush-
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rooms), and recreational opportunities (Patricio et al.
2020). Additionally, chestnut stands contribute to bio-
diversity conservation, soil protection, and hydrologi-
cal stability, offering essential ecosystem services that
benefit both local communities and broader environ-
mental health (De Feudis et al. 2021).

Despite their ecological and economic benefits,
chestnut stands, like other broadleaf forests, contrib-
ute to GHG emissions through forest operations such
as felling, processing, bunching, extraction, and chip-
ping (Puka et al. 2024). These activities involve fossil
fuel combustion, resulting in direct CO, as well as
other pollutant emissions (Latterini et al. 2022b).

Research suggests that forest operations can ac-
count for a significant portion of a forest's overall GHG
footprint, particularly when they involve advanced
mechanisation levels (Klein et al. 2015, de la Fuente et
al. 2017). In Italy, where chestnut forests are often
managed for both conservation and productive pur-
poses, understanding the GHG emissions from differ-
ent phases of forest operations is crucial for creating
sustainable management guidelines that balance car-
bon storage with timber and non-timber outputs (Del
Giudice et al. 2024).

Previous research on GHG emissions from forest
operations has mostly focused on coniferous forests in
boreal and temperate regions, where standard prac-
tices and machinery tend to be well-documented and
widely applicable (Karha et al. 2024). However, broad-
leaf stands, and chestnut forests in particular, exhibit
unique structural and compositional characteristics,
which can influence the type, intensity, and frequency
of management interventions. Compared to conifer-
ous forests, broadleaf forests generally have higher
biomass densities, which can lead to greater emissions
during felling and extraction activities (de la Fuente et
al. 2022). Moreover, chestnut forests, and more gener-
ally broadleaf forests in the Italian Apennine, are often
located in mountainous areas with challenging topog-
raphies that may have an impact on machinery pro-
ductivity and related environmental concerns (Lat-
terini et al. 2023b, Latterini et al. 2024a). These unique
conditions imply that findings from studies on GHG
emissions in coniferous forests may not be directly
transferable to chestnut-dominated ecosystems, fur-
ther making evident the need for region- and species-
specific studies. Furthermore, it is worth highlighting
that GHG analysis studies dealing with Castanea spe-
cies are rare and concern either high-intensity man-
agement systems (Lu et al. 2019) or focus on the over-
all rotation cycle (Prada et al. 2016). As a result, there
are no studies in the current literature that specifically
focus on forest operation-related GHG emissions.
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These are in fact the major part of the total GHG emis-
sions along the rotation cycle in chestnut stands.

It is important to note that advanced mechanisa-
tion, including mechanised felling and forwarder-
based extraction, was introduced in the Mediterranean
context relatively recently, about 10-15 years ago
(Laina et al. 2013, Schweier et al. 2015). This makes it
an opportune time to assess whether this machinery
has been successfully integrated into forest operations,
particularly whether operators have acquired the nec-
essary experience and technical expertise to use it as
effectively as traditional systems.

Taking the above into account, this research was
developed to test the work productivity and GHG
emissions related to different forest operations in Cen-
tral Italy chestnut coppices. Specifically, we analysed
the influence of felling type (motor-manual vs mech-
anised) and extraction mean (skidder vs forwarder)
on the overall GHG emissions related to the forest
operations up to the landing site; thus considering fell-
ing, processing, bunching, extraction and chipping.

The findings of this study hold several important
implications. First, they enhance the understanding of
GHG emissions associated with forest operations in
broadleaf stands, addressing a critical gap in the exist-
ing research. Second, by focusing on chestnut forests,
the study provides emissions data specific to a forest
type that is both economically and culturally signifi-
cant in Mediterranean regions. Finally, it offers action-
able recommendations for forest managers and poli-
cymakers aiming to reduce emissions and improve the
carbon balance of forest operations in Italy and com-
parable Mediterranean ecosystems.

2. Materials and Methods

2.1 Study Site and Harvesting Methods

The study area (WGS84UTM33 Coordinate 264958
East, 4670207 North) corresponds to a logging site har-
vested during the harvesting season 20222023 (Octo-
ber 2022-May 2023) located in the municipality of
Bracciano (Latium, Italy). The logging site was an al-
most pure chestnut coppice, in which chestnut repre-
sented more than 95% of the standing volume. Ac-
companying species were Quercus cerris L., Fraxinus
ornus L. and Acer campestre L. The total surface of the
logging site was 28 ha. Slope was constant along the
overall surface and equivalent to 15%. Prevalent aspect
was South-West. Terrain roughness (presence of ob-
stacles to the movement of mechanic means) was neg-
ligible. Stand age at the moment of harvesting was 18
years, with a standing volume of 185 m’ ha™. The sil-
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vicultural treatment was a coppicing with 60 stan-
dards per hectare, as is common in chestnut coppice
in Italy, resulting in a harvested volume of 165 m’ ha™.
The 28 ha of the logging sites were subdivided into
four plots of 7 ha each. Each plot consisted of a com-
bination of felling and extraction systems (i.e. experi-
mental treatments), namely: motor-manual felling by
chainsaw and extraction by cable skidder; motor-man-
ual felling by chainsaw and extraction by forwarder;
mechanised felling by excavator-based rotating shear
and extraction by cable skidder; mechanised felling by
excavator-based rotating shear and extraction by for-
warder. The technical characteristics of the analysed
machinery are as follows:

— Chainsaw Stihl MS440, 4 kW engine, 50 cm cut-
ting bar

— Excavator SANY SY155U, 16.5 tons, 78.5 kW en-
gine equipped with a rotating shear COMAF
GD350 for a diameter up to 35 cm

— Forwarder John Deere 1210G, 156 kW engine,
operating weight 31.0 tons

— Cable skidder John Deere 648 H 138 kW engine,
operating weight 13.7 tons

In the plots in which the skidder was used for tim-
ber extraction, the whole-tree system (WTH) was ap-
plied. In the plots where extraction operations were
carried out by forwarding, the Cut-to-Length (CTL)
system was applied. All the operations for each ex-
perimental treatment were carried out by operators
with a similar level of experience of at least 15 years.

2.2 Time-motion Studies

A time-motion study was conducted to quantify
the productivity and efficiency of the forest opera-
tions. Data collection took place during winter—spring
2023, covering ten working days for each experimental
treatment. Observations were made using direct in-
field methods with handheld devices, and time data
were recorded to the nearest second. Additionally,
video recordings were made for post-analysis, allow-
ing for precise timing and coding of activities.

The study utilised continuous timing techniques to
record operational cycles, as outlined in the methods
of Spinelli and Visser (2009) and Magagnotti et al.
(2021). Each operational cycle was divided into key
phases, namely moving, cleaning, felling and process-
ing for felling/processing operations; travel unload,
loading, travel load and unloading for forwarding;
and travel unload, bunching, travel load and piling for
skidding. A description of the various phases for the
working cycle is reported in Table A1 in the appendix.
Winching, skidding and forwarding distances were
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recorded for each working cycle using both a measur-
ing tape and a GNSS handheld receiver.

These tasks were classified based on a standardised
classification system in forest operations studies: pro-
ductive time (time spent on core operational tasks);
unavoidable delays (refuelling, repairs, and operator
rest periods) and avoidable delays (personal breaks,
idle machine time).

Time-motion analysis for tree felling was conducted
by selecting and marking 100 stumps for each experi-
mental treatment using spray paint. For each stump, the
diameter at breast height (DBH) and height of all shoots
were measured, and the volume was estimated using
local dendrometric tables. Productivity evaluation fo-
cused on analysing work cycles, defined as the time
required to fell and process all the shoots of a single
stump. For bunching and extraction operations, the
work cycle was defined as the time taken to complete
the loading of the extraction unit. Therefore, 400 work-
ing cycles (100 x 4 experimental treatments) were anal-
ysed for both felling/processing and extraction.

After calculating the working times and shoot vol-
umes for each operational cycle, net productivity was
determined in cubic meters per productive machine
hour (m® PMH™), which excludes delays, while gross
productivity was measured in cubic meters per sched-
uled machine hour (m® SMH™), accounting for delays.
It is important to note that the analysis was concluded
at the landing site, excluding the time required for
loading and transporting the logs. Furthermore, it is
worth noticing that at the landing site the processing
phase was carried out for the material derived from the
skidding plots, and that the wooden material which
could not be sold as structural timber or poles was
chipped by a Pezzolato PTH 1200/1000 stationary chip-
per powered by a Claas Xerion 4500 tractor. Processing
phase for skidding plots and chipping of the residual
biomass were not analysed statistically, considering
that the comparison among the felling and extraction
methods at the base of the experimental design was not
applicable for these operations. However, the emis-
sions related to chipping operation and to processing
at the landsite of skidded biomass were included in the
overall calculation of pollutant emissions.

2.3 GHG Emission Analysis

The scope of the analysis included the operations
of felling, processing, bunching, and timber extraction,
with the reference flow defined as 1 m’ of wood ex-
tracted. Emissions of pollutants were linked to diesel
usage, which was quantified through the fuel refill
method. These emissions accounted for both direct
emissions from fuel combustion and indirect emis-
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sions related to fuel production and distribution.
Combustion-related emissions were estimated based
on the energy content of the fuel, engine output, spe-
cific emission factors, and combustion efficiency. Car-
bon dioxide (CO,) emissions were computed follow-
ing the methodology proposed by Athanassiadis
(2000), while carbon monoxide (CO), nitrogen oxides
(NO,), and particulate matter (PM) emissions were
estimated using formulas and emission coefficients
provided by Klvac et al. (2012). Emissions from fuel
combustion (EFC) were calculated according to Eq. (1):

EFC=Fex Efx Cox Te 1)
Where:
Fc  fuel consumption, L m™ of wood
Ef emission factor linked to engine power, g MJ™'
Cv fuel calorific value, MJ L™
Te thermal efficiency percentage.

Emissions from fuel production and supply chain
(EFP) were assessed using the approach reported by
Klvac et al. (2012), with an emission factor of HC as
recommended by Athanassiadis (2000), following Eq.

2):
EFP=Fcx Efx Co @)

Additionally, emissions associated with oil con-
sumption were evaluated as the sum of emissions
from oil production (EOP, in g m™ of wood) and emis-
sions from the reprocessing of waste oil for combus-
tion (EOR, in g m™ of wood). EOP and EOR were cal-
culated using Eq. (3) and (4):

EOP=0cx Ef (3)

EOR=Ocx Ef (4)
Where:
Oc oil consumption, L m™
Ef emission factor, g L™

Finally, emissions from GHGs (CO,, CH,, and
N,O) were converted to equivalent carbon dioxide (kg
COseq) by applying characterisation factors, translat-
ing the mass of these pollutants into the mass of CO,
that would yield an equivalent climate warming po-
tential (Weyrens et al. 2022).

2.4 Statistical Analysis

A preliminary statistical analysis by one-way
ANOVA was carried out to check for the presence of
statistically significant differences (p<0.05) in the den-
drometric features of the analysed stumps in the four
plots. Furthermore, the forwarding and skidding dis-
tances were analysed in the same way. These prelimi-
nary analyses allowed us to avoid the influence of
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dendrometric and logistic variables on the productiv-
ity and GHG emission results.

The main statistical analysis was performed to
check the effects of the felling system and extraction
system on the working times. Considering that our ex-
perimental design is based on a case-study approach
without involving any nested data structure, we used
linear models in a one-way ANOVA. The factor con-
sidered was the experimental treatment that had four
levels: SM-S: semi mechanised felling and extraction
by skidder; SM-F: semi mechanised felling and extrac-
tion by forwarder; MEC-S: mechanised felling and
extraction by skidder; MEC-F: mechanised felling and
extraction by forwarder. In the case the assumption of
data normality and homoscedasticity were not con-
firmed by Shapiro-Wilk and Levene test, respectively,
alogarithmic transformation was applied to normalise
the data by using the formula log(x+1). This transfor-
mation helps to reduce the skewness in the data, mak-
ing it closer to a normal distribution. Adding 1 before
applying the logarithm ensures that zero and negative
values are handled appropriately, as the logarithm of
zero or negative values is undefined. For the variables
that showed to be statistically significantly (p<0.05) in-
fluenced by the factors, we used the Tukey HSD test as
post-hoc. R software (R Development Core Team 2023)
was used to conduct the statistical analysis, specifi-
cally the package Ime4 (Bates et al. 2015), car (Fox et al.
2012) and emmeans (Lenth et al. 2019). Linear models
were further used to investigate the relationships be-
tween time consumption during felling and processing
and several explanatory variables: the felling system
(semi-mechanised vs. mechanised), the number of
shoots per stump, shoot volume, and stump volume.
Additionally, linear models were applied to examine
how time consumption during extraction operations
was influenced by the extraction system (skidder vs.
forwarder) and extraction distance.

2.5 Study Data

The preliminary analysis assessed the influence of
dendrometric and logistical variables on the experimen-
tal treatments, confirming that the experimental design
was unbiased in these aspects. Most variables showed
no statistically significant differences among treatments
(Table 1). Therefore, the results of the time-motion stud-
ies reflect the intrinsic differences among the experi-
mental treatments rather than the characteristics of the
study plots. The only variable that showed a significant
difference was the load volume, considering that obvi-
ously a forwarder has a higher load volume than a cable
skidder. However, the load volume was not signifi-
cantly different between the two plots extracted by the
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Table 1 Average dendrometric and logistic features in the investigated experimental treatments. Acronyms: SM—S: semi mechanised felling
and extraction by skidder; SM—F: semi mechanised felling and extraction by forwarder; MEC-S: mechanised felling and extraction by skidder;
MEC—F: mechanised felling and extraction by forwarder. Same lowercase letters in the columns of the experimental treatments indicate

homogeneous groups at p <0.05 according to Tukey post-hoc test

Variable SMS SM-F MEC-S MEC-F Db
N. shoot per stump 45 45 43 45 >0.05
Stump volume, m* 0.974 0.978 0.944 0.991 >0.05
Bunching distance, m 60.05 n.a. 61.10 n.a. >0.05
Extraction distance, m 1010 1185 1008 1191 >0.05
Volume of a load, m* 2.009a 14.441 0 2.2728a 14.994 b <0.001

skidder (semi-mechanised and mechanised) and be-
tween the two plots extracted by forwarder (semi-
mechanised and mechanised). It is important to note
that using a 13.7-ton skidder to extract approximately
2m3 per cycle may appear oversized. However, in
chestnut coppices, the extraction involves not only
small-diameter shoots but also standards, which are
significantly larger and hold greater economic value.
Each standard can reach volumes of around 1 m3. Ad-
ditionally, the extraction process often involves multi-
ple small stems (shoots) being removed simultaneous-
ly. In such cases, the winch capacity is typically reached
based on the number of stems rather than the total vol-
ume, making machine performance more dependent
on handling complexity than raw load size.

3. Results
3.1 Working Time and Work Productivity
Analysis

For felling operations, there is a clear trend of re-
duced time consumption when using mechanised fell-

ing (Table 2). This reduction applies not only to the
actual felling phase but also to the preliminary tasks,
such as moving and cleaning. At the same mechanisa-
tion level, the total working time - both net and gross
- was lower with the WTH system (skidding plots)
compared to the CTL system (forwarding plots). This
difference is attributed to the absence of an on-site pro-
cessing phase in the WTH system, which is instead
performed later at the landing site, as well as the low-
er impact of unavoidable delays (Table 2).

The analysis of the productivity of the overall fell-
ing operations showed that a higher mechanisation
level led to higher work productivity, and that the
highest productivity value was achieved when using
the WTH in a mechanised way (Fig. 1). Specifically,
gross work productivity for mechanised felling re-
sulted 41% and 65% higher in comparison to semi-
mechanised felling in the skidding and forwarding
plots, respectively. Considering net work productivi-
ty, the increase when using mechanised felling was
44% and 66%, respectively, for skidding and forward-
ing plots.

Table 2 Average time-consumption (min cycle™) for felling operation. Same lowercase letters in the columns of the experimental treatments
indicate homogeneous groups at p<0.05 according to Tukey post—hoc test. Acronyms: SM-S: semi mechanised felling and extraction by
skidder; SM—F: semi mechanised felling and extraction by forwarder; MEC—S: mechanised felling and extraction by skidder; MEC—F: mecha-

nised felling and extraction by forwarder

Variable SM-S SM-F MEC-S MEC-F Al
Moving time, min 0.19ab 0.21¢c 0.17a 0.19b <0.001
Cleaning time, min 0.76 b 0.89¢c 0.58a 057a <0.001
Felling time, min 146 b 1.44 b 0.86a 0.96a <0.001
Processing time, min na.* 1.56b na.* 0.85a <0.01
Avoidable delay, % 5.1 6.5 6.4 7.0 >0.05
Unavoidable delay, % 6.3a 16.9b 73a 15.3b <0.01
Total time excluding delay, min 241a 410b 167a 258a <0.001
Total time including delay, min 2.72ab b.3b¢c 1.86a 3.32b <0.001

* In the plots extracted by skidder the whole—tree system was applied, thus processing operation was carried out at the landing site
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Experimental treatment

Fig. 1 Work productivity for felling operation in four investigated
experimental treatments. Acronyms: SM-S: semi mechanised fell-
ing and extraction by skidder; SM—F: semi mechanised felling and
extraction by forwarder; MEC—S: mechanised felling and extraction
by skidder; MEC—F: mechanised felling and extraction by forwarder

The analysis of factors influencing time consump-
tion showed that only the felling and processing sys-
tem (mechanised vs. semi-mechanised) had a statisti-
cally significant effect, with mechanised operation
showing lower time-consumption than the semi mech-
anised one. In contrast, stump characteristics did not
significantly affect time consumption (Table 3).

Focusing on extraction operations, the results in
Table 4 show a significant impact of the machinery
used on working times, whereas the level of mecha-
nisation employed for felling had a negligible effect
(Table 4). Skidding resulted in lower working times for
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all the investigated phases. This was expected for
bunching/loading, but we also found a significant dif-
ference for travel load and travel unload phases. How-
ever, the higher volume per load of the forwarder in
comparison to the skidder made the work productiv-
ity of forwarding substantially higher than skidding
(Fig. 2). Specifically, forwarder productivity in both the
mechanised-felled and semi-mechanised felled plots
was more than double that of the skidder (Fig. 2).

The linear model analysis revealed that all investi-
gated variables, extraction system, extraction distance,

12

1 Net work productivity
I Gross work productivity
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Work productivity, m’/h

SM-8 SM-F MEC-S MEC-F
Experimental treatment

Fig. 2 Work productivity for extraction operation in four investi-
gated experimental treatments. Acronyms: SM-S: semi mecha-
nised felling and extraction by skidder; SM—F: semi mechanised
felling and extraction by forwarder; MEC—S: mechanised felling and
extraction by skidder; MEC—F: mechanised felling and extraction by
forwarder

Table 3 Results of linear models analysing the effects of felling system, number of shoots per stump, shoot volume and stump volume on
time consumption for felling and processing operation. SM = Semi-mechanised system (compared to mechanised reference — MEC which

is the intercept in the model). Significance codes: »***« p<0.001

Predictor Estimate Std. error t-value p-value Significance
Intercept 1.164 0.695 1.675 0.095 -
Felling system (SM) 0.308 0.048 6.440 <0.001 Frx
Number of shoots -0.089 0.145 -0.618 0.537 -
Shoot volume, m* —0.209 3.119 —0.067 0.947 -
Stump volume, m* 0.426 0.646 0.659 0.510 -
Adjusted R 0.0852
F statistic 11.22
p value <0.001
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Table 4 Average time consumption (min cycle”) for extraction operation. Same lowercase letters in the columns of the experimental treat-
ments indicate homogeneous groups at p <0.05 according to Tukey post—hoc test. Acronyms: SM-S: semi mechanised felling and extraction
by skidder; SM—F: semi mechanised felling and extraction by forwarder; MEC—S: mechanised felling and extraction by skidder; MEC—F:

mechanised felling and extraction by forwarder

Variable SM-S SM-F MEC-S MECF o "a'”zﬁg%'f'way
Travel unload, min 6.27 a 14.40b 6.21a 14.49b <0.001
Bunching/Loading™, min 3.06a 3493 ¢ 2.10a 31560 <0.001
Travel load, min 871a 18.53b 8.33a 18.42b <0.001
Piling/Unloading *time, min 6.56a 9.25b 6.53a 9.48b <0.001
Avoidable delay, % 2.1a 5.1b 22a 53b <0.001
Unavoidable delay, % 14a 84b 16a 93b <0.001
Total time excluding delay, min 241a 77.1b 232a 739b <0.001

* Bunching and piling refer to skidding; loading and unloading to forwarding

Table 5 Results of linear models analysing the effects of extraction system, extraction distance, and load volume on time consumption for

extraction operation. S = Skidder (compared to forwarder reference — F which is the intercept in the model). Significance codes: »

p<0.001, »**«p<0.01

***«

Predictor Estimate Std. error t-value p-value Significance
Intercept 3.501 0.145 24.090 <0.001 e
Extraction system, S —-0.344 0.124 -2.773 0.006 o
Extraction distance, m 0.00025 0.00003 8.771 <0.001 e
Load volume, m? 0.028 0.010 2.862 0.004 o
Adjusted R 0.761
F statistic 425
p value <0.001

and load volume, had statistically significant effects
on time consumption (Table 5). Specifically, longer
extraction distances and larger load volumes were as-
sociated with increased time consumption.

3.2 Calculated GHG Emissions

GHG emissions related to felling operation were
substantially higher when using mechanised felling
(Table 6). This trend was evident for both the skidding
and forwarding plots. Emissions when using the
mechanised system resulted more than three times
higher than when using semi-mechanised felling. Fur-
thermore, emissions in the forwarding plots resulted
higher than in skidding plots, but this is related to the
fact that processing operation was performed at the

Table 6 GHG emissions related to felling operation. Acronyms: SM—
S: semi mechanised felling and extraction by skidder; SM-F: semi
mechanised felling and extraction by forwarder; MEC—S: mechanised
felling and extraction by skidder; MEC—F: mechanised felling and ex-
traction by forwarder; CO,: carbon dioxide; CO: carbon monoxide; HC:
hydrocarbons; NO,: nitric oxides; PM: particulate matter

co, co HC NO, PM

gm’
SM-S | 5985 5.2 0.6 9.4 12
SM-F | 11824 | 103 1.1 185 2.4
MEC-S | 21448 | 200 2.7 359 34
MEC-F | 36324 | 339 46 60.8 5.7
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stump in the forwarding plots, while at the landing
site for skidding plots.

Concerning the GHG emissions related to extrac-
tion operation, on equal mechanisation level, forward-
ing extraction resulted to emit much less GHG than
skidding extraction (Table 7). This was due to the high-
er work productivity achieved by forwarding, which
resulted in lower GHG emissions per cubic meter of
extracted wood. GHG emissions in forwarding result-
ed almost three times lower than in skidding. It is im-
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Table 9 Total GHG emissions for various investigated experimental
treatments. CO,: carbon dioxide; CO: carbon monoxide; HC: hydro-
carbons; NOx: nitric oxides; PM: particulate matter. Acronyms:
SM-S: semi mechanised felling and extraction by skidder; SM—F:
semi mechanised felling and extraction by forwarder; MEC-S:
mechanised felling and extraction by skidder; MEC—F: mechanised
felling and extraction by forwarder; EFC: emissions related to fuel
combustion; EFP: emissions related to fuel production; EOP: emis-
sions related to oil production; £OR: emissions related to reprocess-
ing of waste oil for combustion

portant to notice that extraction operation was the most Co, ‘ co ‘ HC ‘ NO, ‘ PM
impactful in terms of GHG emissions in comparison to 3
. .. . gm
felling and also chipping operations (Table 8). SV
o . . EFC 17070.3 184.0 6.5 296.7 21.3
Table 7 GHG emissions related to extraction operation. Acronyms:
SM-S: semi mechanised felling and extraction by skidder; SM-F: EFP 1100 1.2 127 65 00
semi mechanised felling and extraction by forwarder; MEC-S: EFC+EFP | 18180.3 | 1852 19.2 | 3031 27.3
mechanised felling and extraction by skidder; MEC—F: mechanised EOP 19.0 17 03 16 05
felling and extraction by forwarder; CO,: carbon dioxide; CO: carbon
. o . EOR 4.1 5 : . .
monoxide; HC: hydrocarbons; NO,: nitric oxides; PM: particulate 0 0.0 0.0 0.3
matter EOP+EOR 23.0 2.2 0.3 1.6 0.8
TOT 18203.3 187.4 19.4 304.7 28.1
Co, co HC NO, PM e
gm* EFC 87783 | 928 | 33 | 1494 | 145
SM-S 15538.1 161.6 16.5 264.4 23.7 EFP 570.8 0.6 6.5 3.3 0.0
SM—F 6111.8 63.5 6.5 104.0 9.3 EFC+EFP 9349.1 93.4 9.8 152.6 14.5
MEC-S | 138444 | 1439 | 147 | 2356 | 21.1 FOP 98 08 | 01 | 08 | 03
EOR 2.1 0.3 0.0 0.0 0.1
MEC-F 5717.2 594 6.1 97.3 8.7
EOP+EOR 11.8 1.1 0.1 0.8 04
TaT 9360.9 945 10.0 153.4 14.9
Table 8 GHG emissions related to chipping operation. This opera- MEC-S
tion did not differ among the experimental treatments because the
residual biomass was chipped all together at the landing site after EFC 169320 | 181.3 6.6 2944 %639
the end of the other operations; CO,: carbon dioxide; CO: carbon EFP 1101.0 1.1 12.9 6.3 0.0
monoxide; HC: hydrocarbons; NO,: nitric oxides; PM: particulate EFCEFP | 180329 | 1824 195 300.8 26.9
matter EOP 88 | 16 | 02 | 16 | 05
Co, co HC NO, PM EOR 4.0 0.5 0.0 0.0 0.2
gm?® EOP+EOR 228 22 0.2 1.6 0.8
2066.6 206 94 30.9 32 TOT 18055.7 184.6 19.8 302.4 211
MEC-F
EFC 10705.7 1119 43 184.0 171
The total emissions per each' exPerlmepta}l treat- EFP 696.1 0.7 85 39 0.0
ment are reported in Table 9. Skidding emissions re-
sulted higher than forwarding emissions, mostly as a EFC+EFP | 114019 | 1126 | 129 | 1880 171
consequence of the lower work productivity. The in- EQP 11.9 1.0 0.1 1.0 03
fluence of the felling system is much less evident when EOR 25 0.3 0.0 0.0 0.1
c'ons.ldermg the ovgrall forest.ope.ratlons, fufther con- EOP+EOR 124 14 01 10 05
firming that extraction operation is the most impactful
part of logging in terms of GHG emissions. Skidding Tor 14163 | 1133 | 131 183.0 176
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also resulted in higher emissions related to oil con-
sumption then forwarding, even if the contribution of
oil consumption to the overall GHG emissions of the
forest operations is practically negligible.

4, Discussion

The use of a fully mechanised system for felling
operation resulted in higher work productivity (Fig.
1) and higher GHG emissions (Table 5). This was ex-
pected and confirmed the literature findings in the
topic (Spinelli et al. 2014, Liepins et al. 2015, Latterini
et al. 2023a). However, looking at the details of the
various phases of felling operation (Table 2), it can be
noticed that the mechanised system was less time-
consuming than the semi-mechanised one not only for
the felling and processing phase, but also for moving
and cleaning phases. Furthermore, the results report-
ed in Table 2 also showed that there was no statisti-
cally significant difference in the avoidable delays
between the mechanised system and the semi-mecha-
nised one. These findings highlighted that, in the
study context, the operators used the excavator-based
felling system with the same level of skill with which
they use the typical chainsaw. It can therefore be con-
cluded that the 10-15 years since the introduction of
advanced mechanisation in the study context appear
to have been sufficient for operators to reach a high
level of confidence and skill. This is evidenced by their
ability to use the excavator-based felling system with-
out incurring increased delays compared to chainsaw
operations (Burk et al. 2023). The results of the model-
ling analysis for felling operations (Table 3) confirmed
that mechanised felling is less time-consuming than
semi-mechanised felling. However, no statistically sig-
nificant effects were found for the other investigated
variables related to stump characteristics. While larger
stem dimensions are typically associated with lower
time consumption (Latterini et al. 2023a), this relation-
ship was not observed in the present study. This is
likely due to the limited variability in stump dimen-
sions, which may have prevented a significant effect
from being detected.

Focusing on extraction operation, the use of a for-
warder led to higher work productivity than a cable
skidder (Fig. 2), despite the higher time consumption
related to forwarding (Table 4). It is obvious that load-
ing and unloading of a forwarder is more time-con-
suming than winching and then unhooking the load
of a cable skidder. However, as reported in Table 4,
travel times also resulted higher for forwarding than
for skidding, despite the similar extraction distances
(Table 1). This is related to the lower operating speed

R. Picchio et al.

of the forwarder. Although the observed delays were
in line with the literature for both skidding and for-
warding (Spinelli and Visser 2008), avoidable delays
resulted significantly higher for forwarding than for
skidding (Table 4). In the study context, forwarding
operations already demonstrate high productivity but
have significant potential for further improvement
(Stoilov et al. 2024). This can be achieved by enhancing
the experience and skills of the operators (Spinelli et
al. 2021, Leszczynski 2023). Results of the model anal-
ysis (Table 5) confirm that extraction distance and load
volume are important influencing factors for time-
consumption in extraction operation (Louis et al.
2022).

Due to its higher work productivity, forwarding
proved to be less impactful than skidding (Table 7),
despite the greater engine power (156 kW vs. 136 kW).
This finding supports the idea that improving work
productivity also reduces GHG emissions (Karha et al.
2023, Kérha et al. 2024). Based on our results, the Cut-
to-Length (CTL) system using a forwarder is a suitable
harvesting method for chestnut coppices in the Medi-
terranean region. This is attributed to its higher pro-
ductivity, greater potential for reducing delays, and
lower GHG emissions compared to the conventional
Whole-Tree Harvesting (WTH) system using a cable
skidder.

Our findings also confirmed that extraction opera-
tion is the most impactful in terms of GHG emissions
(Tables 6, 7 and 8), because it is the operation with the
most extensive use of mechanised machinery with big
power engines. This leads to three important practical
considerations retrievable from this study. First, the
development of electric, hybrid or biofuel-powered
extraction machinery should be prioritised (Mergl et
al. 2021). It is however worth noticing that Lajunen et
al. (2018) projected that forest machinery, which de-
mands substantial power and operates beyond the
range of fixed charging infrastructure in forests, is un-
likely to be electrified in the coming years. Conse-
quently, there are not many studies dealing with elec-
tric or hybrid forest machines. The only one in the
current literature is the study by Poikela and Ovas-
kainen (2022), who focused on a hybrid harvester and
found that its energy efficiency does not substantially
exceed that of a traditional harvester powered by a
combustion engine. However, there are opportunities
to enhance the energy efficiency of forest machinery
by minimising hydraulic system losses and incorpo-
rating hybrid technology (Englund et al. 2022). Given
that increasing work productivity is the best way to
decrease GHG emissions, a series of solutions can be
applied towards this objective which include:
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= Improving the skills of the operators through
specific types of training (Aalmo and Talbot
2014, Landekic et al. 2018, Burk et al. 2024)

= Proper planning of the extraction routes by
navigating gentle curves, making gradual turns,
optimising payloads during extraction, and re-
ducing the distance driven with a loaded ma-
chine within the stand (Amishev 2010, Ghaffari-
yan et al. 2018). This will also allow for reduced
soil impacts related to ground-based extraction
(Latterini et al. 2024a, Latterini et al. 2024b)

= When possible, considering the environmental
context, enhancing the layout of the forest road
network by shortening the distance needed to
transport wood from the harvesting site to the
roadside landing area, thereby reducing fuel
consumption and emissions (Picchio et al. 2018,
Kithmaier et al. 2022, Latterini et al. 2022a)

= Proper machine maintenance, such as regular
greasing and cleaning of radiators and oil cool-
ers (Amishev 2010, Karha et al. 2023)

= Reducing idling time (Nordfjell et al. 2003).

Finally, considering that: i) forwarding resulted to
have higher productivity and lower GHG emissions
than skidding, and ii) despite higher emissions of the
mechanised system in comparison to the semi-mech-
anised one, the influence of felling operation on the
overall GHG emissions is minimal (Table 9); we rec-
ommend the Cut-to-Length system applied by mech-
anised felling and extraction by forwarder as the best
suitable harvesting system among the investigated
four alternatives.

Our findings reveal that the choice of machinery
and method significantly impacts GHG emissions.
Mechanised felling, although more productive, gener-
ates higher emissions during felling operations than
the typical semi-mechanised system. However, extrac-
tion operations, particularly skidding, are the most
impactful on overall emissions, largely due to the
lower work productivity compared to forwarding.
Notably, forwarding in a Cut-to-Length (CTL) system
demonstrates both higher productivity and reduced
emissions, making it a preferable system for chestnut
coppice management in this context.

5. Conclusions

This study provides insights into the greenhouse
gas (GHG) emissions associated with different mech-
anisation levels and extraction methods in Mediter-
ranean chestnut coppices. The research fills a critical
gap in the understanding of GHG emissions from
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broadleaf forest operations, specifically targeting
chestnut stands in Central Italy, a region where such
data is scarce but much needed for sustainable forest
management.

Our findings reveal that the choice of machinery
and method significantly impacts GHG emissions.
Mechanised felling, although more productive, gener-
ates higher emissions during felling operations than
the typical semi-mechanised system. However, extrac-
tion operations, particularly skidding, are the most
impactful on overall emissions, largely due to the
lower work productivity compared to forwarding.
Notably, forwarding in a Cut-to-Length (CTL) system
demonstrates both higher productivity and reduced
emissions, making it a preferable system for chestnut
coppice management in this context.
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Appendix
Table A1 Description of working cycle phases
Operation Phase Description
Felling/ Moving Began when the operator started traveling toward the next tree and ended when it reached the tree
processing Cleaning Began with the removal of branches and ended when the tree was ready for felling
Felling Started when the cutting process began and ended once the tree was fully detached and on the ground
Processing Began when the operator started delimbing and bucking the felled tree and ended when the processed logs were laid aside

Forwarding | Travel unloaded

Began when the forwarder moved toward the cutblock and ended upon arrival at the loading location

Loading Started when the boom engaged the first log and ended after the last log was placed on the bunk

Travel unloaded

Started once the forwarder moved toward the landing site and ended upon arrival

Unloading

Began when the first log was lifted off the bunk and ended after the last log was placed in the pile at the landing site

Travel unloaded

Began when the skidder moved from the landing toward the cutblock and ended upon reaching the first bunch

Skidding Bunching

Started with the first catch of logs and ended after the skidder completed log accumulation

Travel unloaded

Began when the skidder started moving toward the landing with logs and ended upon arrival

Piling Began with log release at the landing and ended after the last log was placed in the pile at the landing site
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