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Abstract: Mediterranean pines account for 14,000 ha in Tuscany alone, where they form large and
homogeneous stands and represent an important resource for the forest economy. Among the
harvesting systems applied to thinning operations, the most popular are whole-tree and cut-to-length
harvestings. Both systems can be deployed with different levels of mechanization. The decision
about which system might be the best option in a specific case possibly leads to conflicts due to
different management goals, for instance when the shift from cut-to-length to whole-tree harvesting
systems results in a decrease of costs and an increase of environmental burdens. Thus, an accurate
determination of economic, environmental and social indicators is crucial to make balanced decisions.
With that in mind, we carried out a sustainability impact assessment of typical forest-wood chain
alternatives applied to young Mediterranean pine plantations and made a comparative evaluation
by means of multi-criteria analyses. Trials were carried out in umbrella pine (Pinus pinea L.)
plantations in Tuscany. The analyzed cases considered four thinning operations and included the
processes of harvesting, extraction and chipping. In the analysis, 12 indicators were considered (e.g.,
global warming potential, fatal accidents). Results of the investigation allow quantifying possible
sustainability impacts and, thus, supporting management decisions.

Keywords: motor-manual harvesting; mechanized harvesting; WT harvesting; CTL harvesting;
energy chips; life cycle assessment; social indicators; sustainable forest management; decision support;
multi-criteria analysis

1. Introduction

Mediterranean pines represent a group of highly adaptable species that include Pinus brutia,
Pinus halepensis, Pinus nigra, Pinus pinaster and others such as Pinus pinea L. as the main representatives.
These are specifically adapted to the fire regime that characterizes the area and play a central role in the
vegetation dynamics of the Mediterranean regions [1]. Their aggressive colonizing strategy explains
the rapid occupation of abandoned fields, as well as a relatively simple silviculture [2]. The total
surface occupied by these pines is estimated at 13 million ha, or 25% of the total forest area of the
Mediterranean basin. In regions like North Africa and Anatolia, Mediterranean pines may account
for up to 75% of the total forest area [3]. The adaptability, rapid early growth and general colonizing
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capacity explain why Mediterranean pines have been traditionally used for reforestation projects and
often form extensive plantations.

Umbrella pine (Pinus pinea L.) likely occupies the smallest area among Mediterranean pines, and
yet, it accounts for almost 14,000 ha in Tuscany alone, where it forms large and homogeneous stands
along the coastal region and represents an important resource for the forest economy [4].

The mainstream silvicultural prescription for umbrella pine stands is two to four thinning
operations, followed by clear-cutting and replanting or re-naturalization, if the quality of the hardwood
understory is good [5]. Among the many harvesting systems applied to thinning operations, the most
popular are whole-tree (WT) and cut-to-length (CTL) harvesting. The former consists of felling trees
and extracting them whole (stem, top and branches) to the landing, which offers the advantages of
simplified in-forest handling and increased volume recovery. The latter describes a logging method
where the felled trees are processed into commercial assortments already in the forest [6]: that requires
laborious in-stand tree processing, but results in lower organic matter removals, which is especially
desirable for poorer sites, where organic fertility may be a serious issue [7,8].

Both WT and CTL harvesting can be deployed with different levels of mechanization. In the
motor-manual (MM) version, trees are felled or felled and processed with chainsaws, and the product
is extracted with skidders, forwarders or forestry-fitted farm tractors [9]. Motor-manual harvesting
is especially suited to self-employed forest owners and small contractors, with limited investment
capacity [10]. At the other end of the scale, fully-mechanized (FM) harvesting is implemented:
fully-mechanized whole-tree (FM-WT) harvesting is applied by feller-bunchers and grapple skidders.
Self-propelled feller-bunchers are designed to fell standing trees and arrange them in bunches
along skid roads, ready for pick-up by grapple skidders. Fully-mechanized cut-to-length (FM-CTL)
harvesting is applied by harvesters, which are designed to combine felling and processing. Harvesters
are also capable of stacking cut logs into neat piles by the strip road, where forwarders pick them up
and carry them to the landing.

The intersection of the two harvesting systems with the two mechanization levels generates four
possible options, each with its own specific pros and cons, especially as concerns financial performance,
environmental impact and social consequences. These should be discussed carefully before deciding
for or against any specific option.

Different management goals will favor different aspects of system performance, and yet, most
managers will aim at financial sustainability and minimum adverse impacts on the natural environment
and the community. For this reason, it is important to determine with some accuracy the financial,
environmental and social performance of each individual option. With that in mind, we carried out a
sustainability impact assessment (SIA) for the product obtained from the thinning of umbrella pine
plantations, under the four technical choices derived from the intersection of the two harvesting
systems and the two mechanizations described above and customarily applied to these stands. SIA
methods have been specifically developed for this task, namely to evaluate how management choices
influence the economic, environmental and social dimensions of system sustainability [11]. In addition,
a multi-criteria analysis (MCA) was applied to compare alternative management scenarios on a
cumulative preference scale. The results of our investigation will support management decisions by
offering accurate information about sustainability indicators. Results for different indicators are often
conflicting, and an accurate determination of these indicators is crucial to make balanced decisions that
may reflect specific management goals. In particular, the specific objectives of this study are to apply
an SIA to the typical forest-wood chain alternatives that can be applied to the thinning of umbrella
pine plantations and to make comprehensive evaluations of the alternative forest-wood chains. Strictly
speaking, the external validity of the study results is limited to umbrella pine plantations under similar
conditions to those encountered in the study. However, the general trends found with this experiment
could be extended to young pine plantations, although with much caution.



Forests 2018, 9, 375 3 of 17

2. Materials and Methods

2.1. Approach

The SIA was carried out to determine the impacts with regard to sustainability of four alternative
forest-wood chains, applied to umbrella pine plantations in Central Italy. This method was proposed
by [12,13]. According to them, a proper SIA should be comprised of the following characteristics:
(i) supply chains are described as a set of processes; (ii) each process is characterized by a set
of sustainability indicators; (iii) the total amount of material flowing through the processes is
the basis for assessing the overall sustainability impact; and (iv) an analysis of the trade-offs
between the characteristics is carried out to assess holistically the impact of changes between the
proposed alternatives.

2.2. Supply Chain Modelling

The so-called “cradle-to-gate” approach was applied, meaning that the analysis was restricted to
a selected life cycle stage [14]. In our case, the study concentrates on the harvesting, extraction and
chipping of trees. Four alternative thinning operations were modelled as forest-wood chains, as follows:
Chain 1 = 1-MM-WT (motor-manual whole-tree harvesting); Chain 2 = 2-MM-CTL (motor-manual
cut-to-length harvesting); Chain 3 = 3-FM-WT (fully-mechanized whole-tree harvesting) and Chain
4 = 4-FM-CTL (fully-mechanized cut-to-length harvesting). The chipping operations did not differ
between the cases. According to the modelling rules [13] in each process, the wood material changes its
appearance and/or moves to another location. Thus, the SIA builds on the conceptual representation
of forest-wood chains as chains of value-adding production processes [15].

Modelling was carried out with the dedicated software Umberto (v 5.6), developed by IFU
Hamburg GmbH [16]. With Umberto, material flow networks are created allowing one to model
material and energy flows occurring in the system.

2.3. System Description and Boundaries

In all cases, the system boundaries covered the felling, extraction and chipping processes used
in four alternative second thinning operations. In 1-MM-WT and 2-MM-CTL, trees were felled with
chainsaws (Husqvarna 357XP, 3.2 kW) by professional operators and skidded to the roadside landing
with a forestry-fitted farm tractor (Valtra 6400, 75 kW), equipped with a forestry winch. In 2-MM-CTL,
trees were also delimbed and crosscut into random lengths (4–7 m) before skidding. In 3-FM-WT,
trees were felled and bunched with a 27-t tracked feller buncher (JD759 J, 164 kW) and skidded to
the roadside with a rubber-tired grapple skidder (JD460 G, 127 kW). In 4-FM-CTL, trees were felled,
delimbed and crosscut to random lengths (4–7 m) with a 14-t four-wheel harvester (JD870 B, 114 kW),
while logs were extracted to the roadside with a 10-t capacity forwarder (JD1110 B, 121 kW). In all cases,
chipping was performed about four months after harvesting and extraction by a forwarder-mounted
drum chipper (Erjo 12/90, 370/129 kW).

System boundaries were designated to be from where machines are brought to the working
sites to where the wood chips are discharged into chip vans. Therefore, transport of personnel
and equipment to the work site, as well as transport of the chips to the final destination were not
considered. The building of roads and road maintenance were not included. In contrast, the production
of materials and machines, so-called indirect or upstream processes, was considered within the
boundaries. The CO2 uptake due to tree growth and its release to the environment after biomass
oxidation at the end of the life cycle was not considered, as well as changes in the soil organic matter
stocks, the latter due to rare long-term data.

2.4. Selection of Sustainability Indicators

The indicators selected for the calculations were relevant and balanced with regard to economic,
environmental and social sustainability, as well as feasibility in terms of data availability and
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quality [17]. In the present study, a set of 12 indicators was chosen (Table 1) to be analyzed based
on existing indicator sets, e.g., [18,19]. The most relevant economic indicators were production costs,
productivity and working delays. Production costs include all fixed and variable machine costs, as well
as personnel costs. Productivity describes the machine performance per productive machine hour, and
delays express nonproductive working times caused by mechanical, personnel or operational issues.

Table 1. Applied sustainability indicators.

No. Indicator Description Unit

1 Productivity
Rate of product output per unit of time for a
production system. A productivity ratio may
also be calculated for resources other than time.

PMH gt−1

2 Costs

Sum of production costs (fixed costs accruing
regardless of the rate of activity inclusive of
personnel costs, as well as variable costs that
vary with the quantity of production).

€ gt−1

3 Delays

Interruptions of the work process that can be
related back to the organization of the work;
commonly subdivided into the categories
mechanical (e.g., repair), personnel (e.g., rest
breaks) and operational delays (e.g.,
waiting times).

% of total working time

4 GWP

The potential of global warming is mainly
caused by the release of greenhouse gas
emissions due to anthropogenic activities such
as fossil fuel combustion, chemical processing
and transportation.

kg CO2-eq. gt−1

5 CED of fossil energy

The cumulative energy demand of fossil
energy investigates the energy use throughout
the overall life cycle, including the use of direct
and indirect consumption of energy due to the
use of materials.

MJ gt−1

6 EP

Potential eutrophication due to some
substances, calculated through the conversion
factor of phosphorous and nitrogen
compounds into phosphorous equivalents.

kg PO4-eq. gt−1

7 POPC (low NOx)

The potential of photochemical ozone creation,
also known as summer smog, contains
nitrogen oxides and volatile
organic compounds.

kg ethylene gt−1

8 AP Potential acidification due to atmospheric
deposition of sulfur and nitrogen. kg SO2-eq. gt−1

9 Employment Rate of full-time employments related to forest
operations. FTE 1000 gt−1

10 Fatal accident Fatal accidents related to forest operations. Fatalities 10−6 gt−1

11 Tree damage
Percentage of stand damage after forest
operations (excluding wounds with an
exposed surface <10 cm2).

% of total trees

12 Soil compaction The increase of bulk density was used to show
possible soil compaction.

Difference in %
(untrafficked/trafficked)

Note: PMH = productive machine hours, exclusive of delays; gt = green tonnes (fresh weight); min = minutes;
CED = cumulated energy demand; MJ = megajoules; EE = energy efficiency; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = Photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

Concerning site impact, field measurements covered tree damage (frequency and severity), soil
compaction and biomass retention, i.e., the amount of tops and branches left on site after harvesting.
Biomass retention may offer a first indication about the potential for nutrient depletion, even when the
actual amount of nutrients left on site is not determined. Biomass retention is relatively easy to gauge
and is used here for comparing the risk for soil nutrient impact under the two treatments considered
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with this study. The basic concept is that a larger biomass retention for one of the treatments will point
at a proportionally lower risk for soil nutrient depletion compared with the other treatment. This
indicator does not define risk in absolute terms (i.e., quantity of nutrients released per ha), but only in
relative terms, which is consistent with the comparative character of the study.

Besides the well-known environmental impact category global warming potential (GWP) and
the cumulated energy demand (CED) of fossil energy, results were presented in the following
environmental impact categories: eutrophication potential (EP), acidification potential (AP) and
photochemical ozone creation potential (POPC). All of them are important categories for biomass
cultivation and distribution and are highly influenced by nitrous and carbon oxides, which are of
special interest to coastal pine plantations along the Tyrrhenian coast and generally in Central Italy,
where most of such stands are included within natural reserves, under special conservation rules (e.g.,
Parco Regionale di San Rossore, Tenuta di Castel Porziano, Parco Nazionale del Circeo).

When it comes to societal aspects, attention was focused on fatal accident and employment rate,
both of which are strongly impacted by the treatment of young stands.

2.5. Indicator Calculation

The system modelling outcome served as the basis for the comparative environmental and
social-economic analysis. The analysis of environmental impacts (GWP, EP, AP, POPC) focused on
technical aspects of the alternative operations and followed the ISO 14040 guidelines [20], which
prescribe the inclusion of indirect impacts (e.g., machinery used, material transportation; cf. [11]).
The database Ecoinvent (vs. 2.3) developed by the Swiss Centre for Life Cycle Inventories [21] was
used to determine the impacts of the different thinning operations. Thereby, specific characteristics of
the analyzed machines (weight, lifetime, duration of use) were considered. The Ecoinvent database is
implemented in the modelling software Umberto and provides emission data for numerous materials
(e.g., diesel). These emission data are then linked to the environmental categories to which they
contribute (e.g., CO2 to GWP).

In order to report the energy efficiency (EE), the CED of fossil energy was calculated, also by use
of Umberto and Ecoinvent. The EE shows how much fossil energy is required to produce one unit of
renewable energy.

Damage of trees by the harvest operations was determined by inspecting all residual trees
according to the method described by [22]. Results refer to the total amount of trees damaged and,
thus, do not relate to single operations. Wounds with an exposed surface <10 cm2 were not recorded.
Soil compaction was determined by collecting undisturbed core samples before and after harvests, as
described in detail in [23]. Samples do not refer to single operations, but to the total area.

Statistical data are neither available for the accidents occurring during the thinning of Italian
coastal pine plantations, nor for working accidents in Italian forestry in general, since the Italian work
accident statistics lump forestry and agriculture together. Therefore, it is not possible to determine
with any accuracy the number and severity of work accidents per unit product, nor to discriminate
between different forest-wood chains and mechanization levels. However, a good proxy was found in
the statistical data provided in the international scientific literature. In particular, Ref. [24] provide the
fatal accidents among professional forest workers reported in the national statistics of Austria, Finland,
Slovenia, Sweden and Switzerland. While these data do not discriminate between different forest-wood
chains (i.e., CTL- vs. WT harvesting), they can be used to discriminate between mechanized and
motor-manual operations, on the assumption that over 90% of the operations in Finland and Sweden
are fully mechanized, while operations in the other countries are motor-manual to a large extent [25].
Based on this reasoning, the number of fatalities per m3 recorded in the two Nordic countries was
converted into a per tonne figure and the result, 0.03 fatalities per million tonnes, was assumed as the
reference for mechanized operations. The fatality rate for motor-manual operations was estimated
from the mean data for Austria, Slovenia and Switzerland and amounted to 0.22 fatalities per million
green tonnes (10−6 gt).
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The effect of the alternative operations on employment rate was calculated from the productivity
data actually recorded in the study, after inflating these data for crew size and assuming 1510 h per
year as full employment of one worker unit (FTE). Machine costs referred to Euros (€) per productive
machine hour (PMH) and were calculated with the harmonized method developed within the scope of
European COST Action FP0902 [26]. Delay time was reported separately in order to calculate delay
factors [27,28], i.e., the ratio of delay time to productive working time. Data related to time input,
fuel consumption and machine productivity were determined with a time study as reported in detail
in [23] (see the Data Collection Section).

2.6. Biomass Removal and Retention

Table 2 indicates how much biomass was removed per alternative; cf. [23]. The concentration of
nutrients within different biomass components was not determined. Conversely, biomass retention
(tops and branches) was determined on twenty 1 × 1-m sample plots per treatment, using an improved
version of the protocol developed by the Australian Forest Operations Research Alliance at the
University of the Sunshine Coast [29]. Before locating the plots, the sampled area was divided in
two strata according to the residual biomass load, in order to increase the accuracy of sampling and
reduce the number of required sample plots. After that, 50 sample plots per corridor were located
systematically on the terrain, and each of them was attributed to one of the strata. From the original
50 plots, 20 plots were selected randomly for measurement, reflecting the proportion between the
strata. Then, all tops and branches on each plot were manually collected and weighed, using a portable
electronic scale, accurate to ±10 g. Since stumps were not harvested under either treatment and the
assessment was a comparative one, stump biomass was not determined.

Table 2. Biomass removal, in green tonnes (fresh weight).

Forest-Wood Chain Biomass Volume (gt ha−1)

1-MM-WT 51.0
2-MM-CTL 29.6
3-FM-WT 53.9
4-FM-CTL 33.5

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.

2.7. Multi-Criteria Analysis

MCA is a methodology to structure a decision problem (e.g., by means of indicators) and provide
a formal model to compare a finite number of alternatives on a one-dimensional preference scale [30].
MCA has been richly taken up as a decision-support tool in forest management planning and practice
as documented in scientific literature; cf. [31,32]. As in [33], the Promethee method [34] was employed
in this application to compare four thinning operations via 12 environmental, economic and social
impact indicators. In this method, preference information is required at two levels: (i) weights of
importance for indicators; and (ii) preferences regarding when one alternative dominates another with
regard to one of the indicators (i.e., the selection and definition of preference functions). The pair-wise
comparisons of alternatives with regard to the evaluation criteria (i.e., indicators) result in a summed-up
and weighed degree of dominance of one alternative over another and a cardinal ranking of all
examined alternatives.

These two sources of preference information were modelled in an experimental way. First, we
assumed equal weights for clusters of economic, environmental and social indicators (1/3 each). This
means that in clusters with more indicators (4 economic, 6 environmental, 2 social indicators), these
have a lower relative weight because of the distributive effect, which is a feasible way to smoothen an
imbalance of representation in a decision-making problem [35]. A second arrangement, in absence
of empirical preference information, is to set the preference threshold, i.e., where strict preference of
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one alternative over another will be applied, for each indicator to 10% of the highest value. For all
indicators, a V-shape preference function has been applied; cf. [34].

2.8. Stand

Comparative trials were carried out in pine plantations located near Pisa, Italy, inside the Regional
Park of San Rossore, which encloses a surface of about 3000 ha and is covered in a large part by
umbrella pine plantations. This area is a typical example for the wider cohort of pine plantations
growing along the coastlines of Southern Europe, where they have been established and managed for
many centuries [3].

When the first thinning was conducted in 2002, all alternate rows had been removed, so that
spacing at the time of the second thinning was 5 × 2.5 m. In the second thinning in 2014, trials were
conducted of a 15-hectare tract, consisting of a 21-year old umbrella pine plantation. Selection of trees
to remove was left to the logger, whose main task was to create enough space around candidate trees.
Detailed information regarding site and thinning characteristics, as well as machineries is reported
in [23,36].

2.9. Data Collection and Assumptions

Fuel input was determined by refilling all machine tanks at the end of each working day and
recording the amount of fuel used during that day. This figure was divided by stopwatch hours and
prorated to each plot based on the hours actually needed to harvest it. Wood moisture content was
determined according to the European standard CEN/TS 14774-2 on the determination of moisture
content, on one 500-g chip samples per load. These samples were obtained from the reduction of larger
3 L samples collected at different places within the same load. Data about utilization and maintenance
of machines and value recovery were obtained directly from the machine owners and are described
in [23].

3. Results

3.1. Material Flow and System Productivity

Table 2 shows the amount of harvested biomass for each alternative. The volume harvested
was much lower when CTL harvesting was applied, compared with WT harvesting. Average
productivity was also lower with CTL, for the same mechanization level (0.0237–0.0165 PMH gt−1

in 2-MM-CTL and 4-FM-CTL compared to 0.0196–0.0092 PMH gt−1 in 1-MM-WT and 3-FM-WT).
Figure 1 shows the specific productivity by treatment and work phase. As reported by [23], felling and
extraction productivity were significantly different between treatments, whereas chipping productivity
was not. Mechanization allowed a dramatic increase of labor productivity. With mechanization,
felling-processing productivity increased eight times and felling-bunching productivity 20 times.
Extraction productivity increased from 6–8 times, as a result of mechanization. Shifting from CTL to
WT harvesting resulted in productivity increases between 40% and 270%, depending on the work step
and mechanization level.

The highest share of delays occurred in the chains with manual harvesting operations. In both
cases, delay time was 29.7% of the total working time compared to 11.7–14.4% in the mechanized cases
(4-FM-CTL, 3-FM-WT) (Table 3). When looking at the harvesting process only, the share of delays
was 54.0% in 1-MM-WT and 2-MM-CTL, while it was 10.0–19.0% in 4-FM-CTL and 3-FM-WT. The
resulting delay factors were 42 in 1-MM-WT and 2-MM-CTL, 17 in 3-FM-WT and 13 in 4-FM-CTL.
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3.2. Indicator Results

Relative indicator results per gt of wood chips are presented in Table 3. The sum is shown in bold
letters, and the process causing highest impacts in each chain is highlighted in italic letters.

The economic indicator production costs followed the same pattern as the system productivity:
forest-wood chains with motor-manual harvesting operations were significantly more expensive
(40.36–77.19 € gt−1 in 1-MM-WT and 2-MM-CTL) than those applying fully-mechanized harvesting
systems (9.99–19.28 € gt−1 in 3-FM-WT and 4-FM-CTL, Table 3): in 1-MM-WT, the manual felling was
responsible for 69% and in 2-MM-CTL for 52% of the production costs. In the latter case, extraction
was very time consuming and expensive (42% of costs).

When considering social indicators, the amounts of fatal accidents and FTEs were significantly
higher in manual than in mechanized systems. The rate of accidents varied between 0.2108 and 0.2168
fatalities 10−6 gt−1 (2-MM-CTL, 1-MM-WT) compared to 0.0283–0.0259 fatalities 10−6 gt−1 (4-FM-CTL,
3-FM-WT) and, thus, was 7.5–8.4 times higher in manual cases (Table 3).

The rate of FTE 1000 gt−1 was 6.4–14.7-times higher in manual cases, as well, compared to
mechanized cases: indicator results varied between 1.7659 and 0.9729 FTE 1000 gt−1 (2-MM-CTL,
1-MM-WT) vs. 0.1520 and 0.0664 FTE 1000 gt−1 (4-FM-CTL, 3-FM-WT) (Table 3).

It turned out that the percentage of tree damage also increased when shifting from FM to MM
and from CTL to WT harvesting. Between 1.5% and 15% of the residual trees presented wounds larger
than 10 cm2 (Table 3). However, the 15% figure (2-MM-CTL) could be excluded from the comparison
(cf. [23]), which results in a wounding frequency range between 1.5% and 6%.

In contrast, the other environmental indicators significantly depended on the choice of the
applied system (CTL/WT). The GWP is highly influenced by the fuel consumption. As shown
previously [23], mechanization entailed a reduction of fuel consumption between 10% and 40%.
Shifting from mechanized CTL to manual WT harvesting allowed reducing fuel consumption by
19%. Differences were statistically significant between motor-manual CTL harvesting and all other
treatments, as well as of harvesting system and mechanization level. The calculated GWP was 2.37–2.49
kg CO2-eq. gt−1 (3-FM-WT, 1-MM-WT) when WT harvesting was applied and 3.85–5.55 kg CO2-eq.
gt−1 (4-FM-CTL, 2-MM-CTL) when CTL harvesting was applied (Table 3). Potential impacts caused by
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the extraction process in 2-MM-CTL were seven-times higher compared to the best case (3-FM-WT). In
2-MM-CTL, the use of fuel and lubricants contributed 43% to this result and the machinery 57%, while
it was almost the opposite (58% and 42%) in the case of 3-FM-WT, which shows that the extraction
process was sub-optimal in 2-MM-CTL.

The CED of fossil energy (Table 3) was much lower, as well, when WT harvesting was applied.
It varied between 137.75 and 156.14 MJ gt−1 (3-FM-WT, 1-MM-WT) compared to 227.92 and 314.27
MJ gt−1 (4-FM-CTL, 2-MM-CTL). Assuming an average energy content of about 9200 MJ per tonne
(moisture content = 45%), the resulting energy ratios are respectively 66.7, 59.0, 40.4 and 20.3. In the
first named, 3-FM-WT, this means that 66.7 units of fossil energy are necessary to generate one unit of
renewable energy from biomass. The analysis of the other environmental categories EP, POPC and
AP confirmed that the CTL harvesting system led to significantly higher impacts than WT harvesting
systems (Table 3), in the manual case (2-MM-CTL) due to the low productivity in the extraction system
and in the mechanized case (4-FM-CTL) due to the high fuel consumption during the harvesting
operation. Furthermore, results showed that only CTL harvesting caused soil compaction. However,
the increase was low, ranging from 8.8–11.9% of the original value (Table 3). In 1-MM-WT, soil
compaction was indicated to be negative (−1.2%) because the machines loosened up the soil and, thus,
caused disturbance.

When looking at the total indicator results per hectare (Table 4), one needs to have in mind that a
comparable amount of trees was harvested in all cases, but a greater amount of biomass was mobilized
in 1-MM-WT and 3-FM-WT (Table 2). This may lead to changing results, e.g., in the category EP, the
lowest impacts were expected in 3-FM-WT when looking at results per gt, while the value was equal
in 3-FM-WT and 4-FM-CTL when looking at the results per ha (cf. GWP and accidents) (Table 4).

Table 3. Relative indicator results.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Costs € gt−1 felling 27.70 40.40 2.76 8.99
extraction 8.72 32.50 2.69 5.90
chipping 3.94 4.29 4.55 4.39

total value 40.36 77.19 9.99 19.28

Delay % felling 54.00 54.00 19.00 10.00
extraction 28.00 28.00 10.00 10.00
chipping 17.00 17.00 17.00 17.00

total value 29.70 29.70 14.40 11.70

GWP kg CO2-eq. gt−1 felling 0.43 0.58 0.68 1.73
extraction 1.16 4.01 0.58 1.01
chipping 0.89 0.96 1.12 1.11

total value 2.49 5.55 2.37 3.85

CED of MJ gt−1 felling 29.89 39.98 34.93 100.50
fossil energy extraction 65.04 209.23 33.02 57.37

chipping 61.21 65.06 69.80 70.05
total value 156.14 314.27 137.75 227,92

EP kg PO4-eq gt−1 felling 0.0006 0.0021 0.0012 0.0031
extraction 0.0023 0.0120 0.0010 0.0017
chipping 0.0017 0.0034 0.0018 0.0018

total value 0.0046 0.0175 0.0040 0.0066

POPC kg ethylene gt−1 felling 0.0001 0.0001 0.0002 0.0005
(low NOx) extraction 0.0004 0.0010 0.0002 0.0003

chipping 0.0003 0.0007 0.0004 0.0004
total value 0.0008 0.0019 0.0008 0.0012

AP kg SO2-eq gt−1 felling 0.0038 0.0051 0.0042 0.0120
extraction 0.0091 0.0301 0.0036 0.0065
chipping 0.0079 0.0084 0.0077 0.0075

total value 0.0208 0.0437 0.0156 0.0260
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Table 3. Cont.

Indicator Unit Process 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Employment FTE 1000 gt−1 felling 0.7976 1.1634 0.0188 0.0764
extraction 0.1561 0.5817 0.0254 0.0542
chipping 0.0192 0.0209 0.0221 0.0214

total value 0.9729 1.7659 0.0664 0.1520

Fatal fatalities 10−6 gt−1 felling n.a. n.a. n.a. n.a.
accident extraction n.a. n.a. n.a. n.a.

chipping n.a. n.a. n.a. n.a.
total value 0.2168 0.2108 0.0259 0.0283

Tree damage % trees felling n.a. n.a. n.a. n.a.
extraction n.a. n.a. n.a. n.a.
chipping n.a. n.a. n.a. n.a.

total value 6.0 15.7 2.5 1.5

Soil % difference felling n.a. n.a. n.a. n.a.
compaction (untrafficked/ extraction n.a. n.a. n.a. n.a.

trafficked) chipping n.a. n.a. n.a. n.a.
total value −1.2 8.8 2.5 11.9

Note: The sum is shown in bold. The highest value in each alternative is shown in italics. The incidence
of delay time over total harvesting time is the average delay incidence recorded for each single work step,
weighted for the contribution of each work step to total harvesting time. MM-WT = motor-manual whole-tree
harvesting; MM-CTL = motor-manual cut-to-length harvesting; FM-WT = fully-mechanized whole-tree harvesting;
FM-CTL = fully-mechanized cut-to-length harvesting; PMH = productive machine hours; CED = cumulated
energy demand; GWP = global warming potential; CO2 = carbon dioxide; EP = eutrophication potential;
PO4 = phosphate; POPC = photochemical ozone creation potential; AP = acidification potential; SO2 = sulfur
dioxide; FTE = full-time equivalent.

Table 4. Total indicator results per hectare.

Indicator Unit 1-MM-WT 2-MM-CTL 3-FM-WT 4-FM-CTL

Productivity PMH ha−1 24.01 31.45 4.60 6.84
Costs € ha−1 2058.52 2284.92 538.55 645.89
Delays % 29.70 29.70 14.40 11.70
GWP kg CO2-eq. ha−1 126.91 164.21 127.68 128.83
CED of fossil energy GJ-eq. ha−1 7.96 16.03 7.03 11.62
EP kg PO4-eq. ha−1 0.23 0.52 0.22 0.22
POPC (low NOx) kg ethylene ha−1 0.04 0.06 0.04 0.04
AP kg SO2-eq. ha−1 1.06 1.29 0.84 0.87
Employment FTE 1000 ha−1 49.62 52.27 3.58 5.09
Fatal accident fatalities 10−6 ha−1 11.06 6.24 1.40 0.95
Tree damage % trees 6.00 15.70 2.50 1.50
Soil compaction % difference −1.20 8.80 2.50 11.90

Note: MM-WT = motor-manual whole-tree harvesting; MM-CTL = motor-manual cut-to-length harvesting;
FM-WT = fully-mechanized whole-tree harvesting; FM-CTL = fully-mechanized cut-to-length harvesting.
PMH = productive machine hours; CED = cumulated energy demand; GWP = global warming potential;
CO2 = carbon dioxide; EP = eutrophication potential; PO4 = phosphate; POPC = photochemical ozone creation
potential; AP = acidification potential; SO2 = sulfur dioxide; FTE = full-time equivalent.

3.3. Multi-Criteria Analysis of Harvesting Operations

The MCA of the four harvesting alternatives (Figures 2 and 3) was based on per hectare results
for the 12 indicators (Table 1).

The overall ranking results of the four alternative thinning operations showed a robust preference
for both FM alternatives (Figure 2). The difference in the overall preference value ϕ between FM-WT
(0.3612) and FM-CLT (0.2887) was relatively small, while MM alternatives showed both negative
overall preference values with MM-CLT (−0.5156) having a much larger preference than MM-WT
(−0.1343) (Figure 2).
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A deeper look into the action profiles of the alternatives, i.e., their performance in each indicator,
reveals the reasons for the overall ranking (Figure 3). It shows that FM alternatives consequently
have positive net flows apart from employment, while MM-CTL is not competitive in eight out of
12 indicators.

Pre-empting a full sensitivity analysis, the examination of stability intervals unravels the
sensitivity of the ranking of alternatives to changing indicator weights. This analysis shows
only increased weights for indicators ‘tree damage’ (weight > 21.69%), ‘GWP’ (weight > 79.52%),
‘soil compaction’ (weight > 22.02%), ‘fatal accidents’ (weight > 34.24%) and ‘employment’
(weight > 37.24%), while maintaining the initial weight relations in other indicators could change
the overall ranking results.

4. Discussion

A major challenge of forest management is to consider the consequences of different management
strategies and to estimate the financial, environmental and social performance of each individual
option before an action is carried out. It is important to consider different pillars of sustainability
and to link environmental impacts to socio-economic activities in order to guide decision-makers in
their actions and to ensure that the impacts of their decisions are measured. With that in mind, we
carried out an SIA for felling, processing and extraction of four alternative thinning operations in
Mediterranean softwood plantations. The system boundaries included all steps necessary for turning
standing trees in the forest into whole-tree chips loaded on trucks and ready for delivery to the mill.

Twelve indicators were considered to be important and feasible with regard to data collection.
Input data were gathered mainly from field studies and in the case of fatal accidents from statistics.
Respective indicator values were calculated by the use of different tools, e.g., potential environmental
impacts of exhaust gases under the use of the Ecoinvent database and Umberto, a tool for life cycle
assessments. Previous studies have shown that the use of several indicators and the combination of
different methods to calculate indicator values lead to a strong analytical power for embracing financial,
technological, environmental and other aspects of a production system, e.g., [37]. In particular, the
feature of Umberto to include ‘own’ indicators and data, as well as data from the database Ecoinvent
turned out to be efficient and productive. However, although a significant effort was made to collect
realistic input data, there were some limitations, e.g., in the accuracy of the indicators, as results reflect
average cost and emission values only or in the generalization of the results, as soil compaction for
example is highly complex. Furthermore, system boundaries need to be considered when interpreting
results. For instance, the transport of personnel and equipment to the work site was not included
in our study, which would be a weak point if this were of major importance. There are numerous
variables influencing the overall sustainability of a product, a process or a system, and the challenge is
to find the most important ones in a specific case.

Furthermore, it is well known that WT harvesting leads to a higher removal of biomass (cf. Table 2)
and, thus, of nutrients [38], because branches and foliage account for a significant proportion of the
total nutrients bound in trees. However, it is still uncertain whether the lower biomass retention after
WT harvesting actually has any visible effects on forest growth, stability or diversity. Kaarakk et
al. [39] assessed the effects of WT harvesting and conventional stem-only harvesting and found out
that 10 years after the final harvest, repeated WT harvesting had a decreasing effect on total carbon
and nitrogen pools in the combined organic and mineral soil layer. In another study [40], the effects of
WT harvesting (needles left on site) and conventional stem-only harvesting were compared 30 years
after clear-cutting of Norway spruces, and any significant treatment effects with regard to the amount
of organic matter, the amounts of nutrients in the forest floor or the concentrations of foliar nutrients
were found. In [41], the impacts of WT harvesting were distinguished according to the harvesting
intensity (thinning, clear-cutting). The authors figured out that negative effects of WT harvesting were
lower in thinning than in clear-cutting operations [41]. In [42], soil carbon and nitrogen contents were
determined over a period of 15–16 years after clear-cutting of conifers in Sweden, and any conclusive
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evidence was obtained about a general effect of harvest intensity on soil carbon or nitrogen pools,
but only site-specific impacts. To conclude, the long-term impacts of intensified forest harvesting on
nutrient losses are not clear (cf. [43]), and it is most likely that regional site interactions influence the
overall effect of increased removal [42,43]. As we did not determine the concentration of nutrients
within the different biomass components, we can state from our results only that seven-times more
residue biomass (34 vs. 4.3 t ha−1) was retained with CTL harvesting compared to WT harvesting.

The results have shown that highest productivities were reached in FM harvesting operations.
Shifting from CTL to WT harvesting systems resulted in further productivity increases (Figure 1).
The resulting monetary cost of felling, processing and extraction varied between 10 and 77 € gt−1

(Table 3) (=̂ 19–147 € per oven dry tonne). Forest-wood chains with motor-manual harvesting
operations were significantly more expensive (40–77 € gt−1 in 1-MM-WT and 2-MM-CTL, Table 3)
than those applying fully-mechanized harvesting systems (10–19 € gt−1 in 3-FM-WT and 4-FM-CTL,
Table 3). In addition, the highest share of delays occurred in the manual cases, in particular in the
felling processes (Tables 3 and 4). However, not only the level of mechanization, but also the applied
harvesting system had a significant effect on the costs, as well as on the productivity: it decreased
with increasing level of mechanization and when shifting from CTL to WT harvesting. Other studies
comparing WT and CTL harvesting confirm the better performance of forest-wood chains applying
WT harvesting, e.g., [44,45].

In contrast, environmental indicator values (CED, GWP, EP, POPC, AP) depended on the
applied harvesting system and were much better when WT harvesting was applied compared to
CTL harvesting. This can be explained due mainly to the productivity: in 4-FM-CTL, the felling
process was four-times less productive than in 3-FM-WT, and in 2-MM-CTL, the extraction process
was 3.7-times less productive and, thus, more fuel consuming than in 1-MM-WT (Table 3). As stated
above, the use of a forestry trailer would have been more appropriate. As potential environmental
impacts strongly depend on exhaust gases and the use of machineries, an increase in productivity
would result in lower impacts at the same time.

With regard to soil compaction, it should be noted that only the CTL treatments caused a
compaction. However, such an increase was very low, ranging from 8.8–11.9% of the original value.
The density increase recorded for the mechanized CTL treatment was significantly higher than for the
manual CTL treatment. As soil compaction is highly complex and a very recent research topic [46–50],
further analysis should be conducted if this indicator is of crucial importance.

The rate of FTE 1000 gt−1 was 9.8–14.6-times higher in the manual cases (Table 4). However,
one should have in mind that it is increasingly difficult to find skilled labor in many regions. A very
important argument to further support the process of mechanization in felling operations is that many
fatal accidents occur during manual felling operations [51], as also shown in this study. Therefore,
replacing manual with mechanized felling is likely to result in a reduction of accident frequency
and severity.

Based on the indicator results, an MCA was carried out. In general, an MCA provides a proven
suite of methods for sustainability evaluation in the context of forest management [31,52–55]. In
particular, its use in SIA of forest-wood chains has been demonstrated previously [33,56,57]. MCA
strives at contributing a cumulative assessment of alternative options that combines all indicator
performances into one common preference ranking. Having in mind that the total surface occupied by
homogeneous pine stands is estimated at about 25% of the total forest area of the Mediterranean basin
(=ca. 13 million ha), indicator results per hectare (Table 4) were quite impressive, such that the MCA is
a very useful method to support the comparison of given alternatives, because associated impacts were
huge and conflicting in some cases (e.g., 3-FM-WT and 2-MM-CTL). To give one example: managing
“just” the 13,800-ha umbrella pine plantations in Italy with the thinning system presented in 3-FM-WT
would result in overall production costs of 7.4 million €. In contrast, managing them with 2-MM-CTL
would cost 31.5 million €.
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The MCA results in the current application showed very robust preferences for the FM harvesting
operations, while the difference between FM-WT and FM-CLT was rather small (<0.1 of total preference
value ϕ). This indicates that a final selection of the most appropriate option cannot be generalized, but
has to be scrutinized in more detail in a specific decision-making context. It is remarkable that MM-CLT
is by far the least preferred option, since it has the highest negative preference values in eight out of
12 indicators. MM-WT might be a compromise solution, if entrepreneurial limitations (e.g., investment
capital for mechanization, skills and workforce) are a major obstacle to pursue FM options. MCA has
been used is an exploratory way, i.e., no real indicator weights by decision-makers or stakeholders
were used. While this renders the MCA application incomplete to a certain extent, the sensitivity
analysis is to give insights into the impact of changing weights. In this respect, the analysis of stability
intervals shows very robust rankings, unless indicator weights for five of the indicators are increased
beyond 100% of what has been assumed for the preference modelling. Even if a decision maker would
state such preferences in a specific decision-making situation, such an unbalanced weighting scheme
might compromise the underlying assumptions of a well-balanced concept of all sustainability aspects
within the current understanding of sustainable forest management.

5. Conclusions

An SIA was conducted for typical forest-wood chain alternatives that can be applied to the
thinning of pine plantations, which are widespread in the Mediterranean region. Four technical
choices derived from the intersection of the two harvesting systems and two levels of them were
analyzed with regard to 12 indicators considering economic, environmental and social aspects.

The results offered quantitative support to the assessments made by field experts, namely that
mechanized harvesting operations should be preferred unless there are entrepreneurial limitations to
pursue mechanized options and that motor-manual harvesting with a cut-to-length system is by far
the least preferred option, due mainly to the time-extraction process by the forestry-fitted farm tractor.
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Abbreviations

MM motor-manual
FM fully-mechanized
WT whole-tree
CTL cut-to-length
SIA sustainability impact assessment
MCA multi-criteria analysis
PMH productive machine hours, exclusive of delays
gt green tonne (fresh weight)
CED cumulated energy demand
MJ megajoules
EE energy efficiency
GWP global warming potential
CO2 carbon dioxide
EP eutrophication potential
PO4 phosphate
POPC photochemical ozone creation potential
AP acidification potential
SO2 sulfur dioxide
FTE full-time equivalent
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