* forests

Article

Evaluating the Wood Quality of Conifer Species in the Greek
Forest Sector Using an Integrated Multi-Criteria Decision
Analysis (MCDA) Approach

Marina Chavenetidou 1'*, Stefanos Tsiaras

check for
updates

Academic Editor: Ian D. Hartley

Received: 30 April 2025
Revised: 6 June 2025
Accepted: 14 June 2025
Published: 19 June 2025

Citation: Chavenetidou, M.; Tsiaras,
S.; Koulelis, PP; Raptis, D.I
Evaluating the Wood Quality of
Conifer Species in the Greek Forest
Sector Using an Integrated
Multi-Criteria Decision Analysis
(MCDA) Approach. Forests 2025, 16,
1028. https://doi.org/10.3390/
16061028

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

2

, Panagiotis P. Koulelis 32 and Dimitrios I. Raptis

Faculty of Forestry and Natural Environment, Aristotle University of Thessaloniki, P.O. Box 247,

54124 Thessaloniki, Greece

2 Hellenic Agricultural Organization-DIMITRA (ELGO-DIMITRA), Institute of Mediterranean Forest
Ecosystems, Ilisia, 11528 Athens, Greece; stsiaras@fria.gr

3 Hellenic Agricultural Organization-DIMITRA (ELGO-DIMITRA), Forest Research Institute,

57006 Thessaloniki, Greece; pkoulelis@elgo.gr

Department of Forest and Natural Environment Sciences, Faculty of Agricultural and Forestry Sciences,

Democritus University of Thrace, 66100 Drama, Greece; draptis@neclir.duth.gr

*  Correspondence: mchavene@for.auth.gr

Abstract: The aim of this study was to evaluate the suitability of eight softwood species
most commonly used by Greek timber industries, including furniture manufacturers and
companies producing roundwood, sawn timber, and plywood. The analysis was based on
integrated Multi-Criteria Decision Analysis (MCDA), using a combined approach of the
PROMETHEE method and the Analytical Hierarchy Process (AHP), taking into consider-
ation some important criteria that affect timber quality. According to the PROMETHEE
complete ranking, Aleppo pine (Pinus halepensis Mill.) achieved the best performance under
the selected criteria among the examined softwood species, underlying the importance
of Aleppo pine to the Greek timber industry. Our findings could be highly beneficial
to the wood industry, promoting the recovery and advancement of the forest sector in
general, taking into account that sustainable wood supply is lower than the total biomass
available in Europe. Policymakers should prioritize the selection of conifer tree species that
can strengthen Greece’s forestry sector, promote sustainable management practices, and
increase the economic value derived from the country’s diverse forest resources.

Keywords: timber industry; wood production; PROMETHEE; AHP; sustainable forest
management; softwoods

1. Introduction

Mediterranean areas are highly susceptible to species reduction because of the frequent
and extensive periods of drought [1]. The forests of Southern Europe suffer from long dry
periods and other climatic factors that affect their viability and existence [2,3]. On the other
hand, the economic importance of trees has been widely highlighted, with timber being at
the core of this importance. Timber trees are used for many purposes, such as furniture, boat
and shipbuilding, carts and carriages, barrel making, matches and matchboxes, musical
instruments, boxes, pencils, railway carriage sleepers, toys, etc. [4].

Greece has been characterized as a hotspot for climate change, with an average tem-
perature increase of approximately 0.05 °C per year and a total rise of 1.5 °C over the
period from 1991 to 2020 across the entire country. However, there are regional variations
in the rate of temperature increase [5]. These climatic changes, particularly during the tree
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growth season, influence forest growth, wood formation, and ultimately, timber quality.
Given these environmental shifts, the forestry sector faces challenges in maintaining high-
quality timber production. Nevertheless, the demand for quality wood from consumers
remains, except for periods of economic crisis, underlying the need for sustainable forest
management strategies that balance climate adaptation with market expectations.

The main concern in Greece is the crucial issue of forest fires, which are expected to be
more severe in the future. Forest managers are adapting to climate change by combining
practical fuel management with time-tested ecological principles. A study by Mitsopoulos
et al. [6] found that professionals working in fir forests see thinning, pruning, and removing
leftover branches after logging as the most important ways to reduce fire risk—especially as
wildfires become more intense and frequent. These treatments help reshape forest structure,
making it more resilient to wild forest fires and improving trees’ ability to withstand
drought and insect or pathogen attacks as secondary infestations. Other steps, like clearing
dry understory—where applicable—removing dense understory, and encouraging a mix of
tree species, were also seen as valuable in making forests more resilient [7,8].

At a broader level of sustainable forest management (SFM), many of these ideas are
not new to Greek forestry [9]. For more than seventy years, forest management in Greece
has followed ecological silviculture principles that are now very close to modern climate
adaptation strategies [10,11]. These include the critical protection of forest resources, the
systematic rehabilitation of degraded forests (e.g., conversion of coppices to high forest), the
promotion of tree species mixture, the improvement of the horizontal and vertical structure
of all forest ecosystems, the exclusive use of species natural regeneration, the application of
selective felling prohibiting any clear-cutting, the extensive use of low-impact harvesting
practices, the retention of a few old trees for promoting biodiversity, the protection of
all rare and endangered flora and fauna species, and finally, the establishment of forest
protected areas [9].

Greece’s trade patterns in wood and wood products reflect broader Mediterranean
trade dynamics, where imports dominate due to a persistent decline in the availability
of certain wood products in short supply [12,13]. The Greek forest sector faces several
key challenges, including the natural characteristics of Greek forests, restrictive policies
on timber production investments, especially in state-owned industries, a lack of market
research, inefficient wood sales procedures, low product quality, high production costs,
and periods of economic recession [14]. Expanding domestic production across various
product categories and strengthening marketing efforts would gradually reduce reliance
on imports, but the country is not there yet [14].

The general decrease in wood supply makes the forest management sustainability
assessment process a necessity, even though it is a complex task since it combines multi-
ple environmental and socio-economic management factors to be taken into account for
implementation in different forest areas [15].

Even though forest practices that implement short rotation crops to produce wood
and somehow reach international demands have been applied over the years, these forest
management practices often lead to a decline in both the quality and quantity of wood [16].
It is important to underline here that the term “wood quality” expresses the quality con-
dition of wood in any stage of the production process, from its formation in the forest
and its harvesting to the processing, the formation into final products, and its use. More
specifically, it refers to desirable features and properties that best meet the requirements of
specific uses [17].

Rapid-grown trees usually consist of narrower growth rings, which can affect the
overall volume of wood produced. Furthermore, young trees consist of juvenile wood,
which has properties that differ from older (mature) wood [18]. Short rotation plantations
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of conifer species tend to have a negative impact on various quality parameters, such as
wood density, lignin content, and mechanical properties. Fertilization has been proven to
contribute to the production of high-quality mature wood. Additionally, thinning, pruning,
and control of weeds can lead to better productivity. In each case, the correct selection of
the site with the appropriate soil constitution and levels of nutrients is crucial for the yield
outcome [19,20].

The goal should be to optimize the use of raw materials so as to maximize their value,
ensuring efficient processing and high-quality end products. This factor plays a crucial
role in the global timber industry, influencing both softwood and hardwood production
as well. Focusing primarily on softwood, large-scale conifer plantations, particularly in
temperate and boreal regions, often prioritize fast growth to meet high demand. However,
this can result in lower wood density and reduced structural quality [18]. As Greece faces
challenges related to forest management, softwood plantations can offer a sustainable
and efficient solution. Softwood trees, which grow relatively faster, can be managed
through short rotation cycles, providing a renewable source of timber. The higher-altitude
zones, characterized by cooler temperatures and more consistent precipitation, support the
growth of species such as the Greek fir and black pine. In contrast, lower-altitude areas
with warmer, drier climates are more suited to species like the Aleppo pine (Figure 1). By
focusing on softwood production in these regions, Greece can capitalize on the natural
advantages of its vegetation zones, optimizing timber yields while maintaining sustainable
forest management practices. Moreover, the distinction between Greece’s vegetation zones
underscores the potential for selective management and the targeted planting of specific
softwood species, which can enhance both the efficiency of timber production and the
quality of forest products. Balancing the trade-offs between growth rate, wood quality, and
production efficiency in these regions is essential for sustainable forestry management and
the long-term stability of global timber markets [13].

g

B
Ey»”
5

Coniferous forest coverage
(1 km grid cells)
(%)

[Ji-10

I 11-25
I 25-50
Il 51-100

T

Figure 1. Conifer forest cover map of Europe [21].

The main aim of the current study was to evaluate the suitability of the softwood
species most commonly used by Greek timber industries, including furniture manufactur-
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ers and companies producing roundwood, sawn timber, and plywood. The assessment was
conducted using a combined Multi-Criteria Decision Analysis (MCDA) approach, consider-
ing specific criteria that impact wood quality. The innovation of this study is the application
of MCDA methods to the creation of an assessment tool evaluating wood quality for the
optimization of wood utilization. Except for two other studies [22,23], which evaluated
wood quality of hardwood species based on specific traits with the application of the Prefer-
ence Ranking Organization Method for Enrichment Evaluation (PROMETHEE) method, no
other research is available. The present study combines the Analytical Hierarchy Process
(AHP) and the PROMETHEE methods to evaluate the suitability of softwood species to
the wood industry. No other relevant papers in the bibliography use an integrated MCDA
approach in softwood species.

Multi-Criteria Decision Analysis (MCDA) methods are frequently used in forestry, es-
pecially in forest management planning [24]. The Preference Ranking Organization Method
for Enrichment Evaluation (PROMETHEE) and the Analytic Hierarchy Process (AHP)
are two of the most common MCDA methods, with broad applications in forestry [25].
According to the same authors, AHP is the most utilized method in forest management
planning, mainly because of its advantage in pairwise recalibration. In the broader field of
forestry, the combination of AHP and PROMETHEE has been used in several cases, e.g., for
measuring performance in occupational health and safety in forest fires [26], for the evalua-
tion of sustainable management of forest ecosystems [25], in forest road determination [27],
and the mapping of declining lowland forests [28].

Focusing on applications of PROMETHEE in the timber industry, a recent study in
Greece examined the suitability of ten common species of hardwood used in the Greek
timber industry with the PROMETHEE method analysis, taking into consideration ten
selected criteria that affect the wood quality and determine the final uses of timber [22].
Furthermore, a study conducted in the Czech Republic assessed the suitability of four
hardwood species for use in construction, employing the PROMETHEE method. The
authors considered criteria such as density, elasticity, workability, shrinkage, and bending
strength [23].

2. Materials and Methods

In the present paper, a combined Multi-Criteria Decision Analysis approach was
conducted using the Analytical Hierarchy Process (AHP) and the Preference Ranking
Organization Method for Enrichment Evaluation (PROMETHEE) to evaluate eight (8)
conifer species under nine (9) criteria that affect wood quality. Figure 2 presents the
workflow of the paper.
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Figure 2. Visual presentation of the research structure (workflow).
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2.1. Analytic Hierarchy Process (AHP)

For the needs of the current research, the Analytical Hierarchy Process (AHP) [29]
was properly implemented through a survey-based approach. The AHP is a widely used
Multi-Criteria Decision Analysis (MCDA) method for assigning weights to specific crite-
ria/factors and transforming complex decisions into a structured hierarchy. It is based on an
eigenvalue-based approach to pairwise comparisons, providing a methodology to calibrate
the numeric scale for the measurement of quantitative and qualitative performances [30].
Each comparison represents the relative importance of a factor, with values ranging from 1
to 9. It introduces the consistency ratio (CR) as a measure of the consistency of the final
ratings [31], while a revision of the preference matrix is recommended in cases where the
CR is higher than 10%. A CR value of less than or even equal to 0.10 indicates acceptable
consistency, showing valid and reliable results [32]. The mathematical expression of the CR
value is provided through the following equation:

CR = CI/RI 1)

where RI is the Random Index, expressing the consistency of random judgments. The
following equation calculates the Consistency Index (CI):

Cl= (Amax —1n)/(n—1) (2)

The Amax value is the maximum eigenvalue of the pairwise comparison vector [33]. In
the current study, an online questionnaire (survey) was set into operation for the pairwise
comparison of each wood criterion. Seven wood technology experts were surveyed, fol-
lowing Saaty and Ozdemir’s [34] suggestions that a sample size of three (3) to seven (7)
experts is usually sufficient to obtain valid and consistent judgments. Ozcan et al. [32] also
limited the number of judges to no more than seven (7) or eight (8). A group consensus
was achieved by aggregating the individual priority vectors of all experts based on the
arithmetic mean to derive the final preference weights. All of the selected experts are
PhD holders in Wood Science (wood structure and properties, wood technology, wood
chemistry, and wood utilization), with more than 10 years of experience in the field, most
of them (5) with an academic position (professor, assistant professor, or teaching staff) at
two universities in Greece. A potential limitation of this study is the fact that all of the
experts came from the academic sector, so their opinions are from a scientific perspective.
However, it should be noted that all of the experts have worked with wood machinery and
know about wood properties and behavior in practice.

Before this, a transformation method, as suggested by Harker [35], was employed in
cases of inconsistent or missing judgments. For this purpose, the ahpsurvey library [36] in
the open-source environment of R (CRAN) was implemented and used.

2.2. Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE)

The PROMETHEE II method (complete ranking) was developed by Brans in 1982 [37]
and evolved by Brans and Mareschal [38,39] and Brans et al. [40] in the following years.
The PROMETHEE II procedure is based on a pairwise comparison of the alternatives along
the selected criteria, and these criteria need to be maximized or minimized.

According to Brans and Mareschal [38], each alternative « faces (n — 1) other alterna-
tives in A. The following equations define the outranking flows:

Positive outranking flow

1
n—1

¢ (o) = Y (e, %) 3)

x€A
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Negative outranking flow

o (@) = —— Y n(x,) @

n-= leA

Brans and Mareschal [40] state that ¢* () shows the outranking character (the power)
of the alternative, while ¢~ () indicates the weakness of the alternative (the outranked
character).

The following equation provides the complete ranking of the alternatives:

p(a) = 9" () — ¢~ (a) 5)

where @(x) is the net outranking flow, ¢*(x) is the positive outranking flow (Phi+), and
@~ (o) is the negative outranking flow (Phi—) of the alternatives.

Higher values of net outranking flow suggest a better ranking for the alternative.
When the net outranking flow is positive [@(x) > 0], the alternative « is more outranking
than all the alternatives on all the criteria, while when the net outranking flow is negative
[¢(x) < 0], the alternative « is more outranked by all the alternatives on all the criteria [41].

Preference function. A preference function has to be associated with each criterion
when using the PROMETHEE II method. The preference function defines how pairwise
evaluation differences are translated into degrees of preference. It reflects the perception
of the criterion scale by the decision maker [42]. The preference function is a function of
pairwise differences, taking into consideration the data of the problem, such as minimum,
maximum, and average value, standard deviation, etc. [42].

The g indifference threshold is the largest deviation, which is considered as negligible
by the decision maker, while the p preference threshold is the smallest deviation, which is
considered sufficient to generate a full preference [41].

2.3. Description of the Methodology

In the present research, eight (8) conifer species were evaluated by employing nine (9)
criteria, which determine wood quality and play a crucial role selecting wood’s final use.
The criteria were (1) dry density, (2) modulus of rupture, (3) elasticity, (4) toughness (impact
bending), (5) shrinkage, (6) splitting (resistance to cleavage), (7) resistance/durability,
(8) workability, and (9) permeability.

The criteria were selected based on key wood traits identified about established wood
quality standards [23,43,44]. The examined studied species were (1) fir (Abies sp.), (2) Italian
cypress (Cupressus sempervirens), (3) Norway spruce (Picea abies), (4) Calabrian pine (Pinus
brutia), (5) Aleppo pine (Pinus halepensis), (6) European black pine (Pinus nigra), (7) Stone
pine (Pinus pinea), and (8) Scots pine (Pinus sylvestris). Together, these species reflect
the variety of softwoods utilized by the Greek forest sector, offering a comprehensive
overview of the growth habits and wood properties essential for different timber products.
Italian cypress is valued for its durability and resistance [45]. Norway spruce is a major
European softwood species with a vast distribution and various applications [46]. Calabrian
pine, common in southern Greece, plays a significant role in timber production, since—
along with Aleppo pine—it is recognized for its fast growth and adaptability to dry,
rocky soils, contributing to timber and resin production [47,48]. European black pine
is a highly adaptive species used for reforestations [49]. Stone pine and Scots pine are
widely distributed across Europe and extensively used in construction [50-52]. Fir is known
for its extended suitability for construction and fine wood products, as well as Christmas
trees [53].
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The collected data were derived from related studies, research, and databases [17,43,54].
The data used in the paper (Table 1) were analyzed using the Visual PROMETHEE Aca-
demic Edition software version 1.4.0.0 [42].

Criteria such as resistance/durability, workability, and permeability were described
using a 5-point Likert scale (Table 2), with scoring values of 5 = very good, 4 = good,
3 = average, 2 = bad, and 1 = very bad [42].

The preference functions and the thresholds of indifference (q) and preference (p) were
calculated using the “Help me” wizard of Visual PROMETHEE Academic Edition [42]. For
criteria with quantitative data, the “Help me” wizard suggested the linear preference func-
tion type, while for criteria with qualitative data (resistance/durability, workability, and
permeability), the suggestion was the usual preference function type (Table 2). Regarding
the threshold type, the “Help me” wizard suggested the “Absolute” threshold type, based
on the data of the study.

The selected criteria represent basic wood properties that define the quality of the
timber and its suitability for the production of various products and services, and thus they
determine its value [11]. Table 3 presents the uses and applications of the examined species.

The Analytic Hierarchy Process (AHP) method was additionally used to calculate the
criteria weights (Table 4). The PROMETHEE method does not provide specific guidelines
to determine the weights of the criteria [55], and the choice is made by the user, which is a
weakness of the method, because it is affected by the bias of the user. Therefore, the authors
used the AHP method to calculate the weights of the criteria with the aid of seven experts
in the field of wood industry, based on the methodology developed by Saaty [29] in order
to increase the credibility of the results.

Dry density (rg) represents the ratio of the dry mass of a given (dry) volume to that
volume (rg = My/Vj) and needs to be maximized as a criterion, since the resilience of
various products and constructions is strongly related to it. Density is the best indicator
of the mechanical strength of wood [44,56,57]. Furthermore, density is strongly related to
mechanical properties, which define the final uses of wood. Since wood shows differentia-
tion in the three dimensions, axially, radially, and tangentially, mechanical properties show
different values at each case. Modulus of rupture, modulus of elasticity, hardness, and
toughness are criteria taken into account when solid construction is needed. The stability of
timber constructions is strongly affected by bending strength, elasticity, and wood density.
Moreover, dimensional stability is closely related to wood density [44,56,58,59]. Thus, the
criteria of mechanical properties should be maximized.

Shrinkage and swelling of wood, due to its hygroscopicity, may lead to uneven
shape changes, since wood is an anisotropic material, as well as warping or cracking and
even collapse of the construction [56]. So, the ratio of tangential /radial shrinkage should
be minimized.

Natural durability is connected to the presence of extractives in wood, which are
chemical organic compounds located inside wood cells and empty intercellular spaces
of wood. A high concentration of extracts leads to greater natural endurance and less
shrinkage and swelling [56,59,60]. High physical durability as a criterion needs to be
maximized, since it contributes to the extension of the product’s life cycle.

Workability and permeability of wood are two factors affecting its production process
and are connected to the time and effort that need to be consumed in order to form a
product. Easy workable woods can reduce the time and damage to the tools and machines
used for their manufacturing. High permeability is important in timber species that show
low natural durability and must be impregnated with various solutions that protect them
from environmental conditions or insect and fungi attack [17,54]. Both criteria should also
be maximized.
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Table 1. The values of the selected wood criteria of the conifer species from examined databases [43,54,56].
Modulus of Toughness Shrinkage Splitting
Evaluations Dry Density Rupture Elasticity (Impact T/R Ratio (Resistance to Resistance/ Workability Permeability
(g/cm®) (I\}I)Pa) (GPa) Bending, (Coefficient of Cleavage) Durability (5-Point) (5-Point)
Nmm/mm?) Anisotropy) (N/mm Width)
Abies sp. 0.41 66.1 1789 38.8 2.2 11 2 5 3
Cupressis 0.55 44.6 3468 434 14 153 1 5 3
sempervirens
Picea abies 0.41 63 1426 28 2.1 9.2 2 5 2
Pinus brutia 0.57 104 3128 37 1.5 14 2 5 2
Pinus halepensis 0.71 119 3748 46.3 1.44 15.1 4 5 2
Pinus nigra 0.52 64.4 2210 40.3 1.8 12.9 5 4 2
Pinus pinea 0.52 56 3397 40.5 1.6 153 5 4 2
Pinus sylvestris 0.49 83.3 1717 31.4 1.6 10.6 5 4 2
Table 2. Preference parameters of the study.
Criteria Density Rupture Elasticity Toughness Shrinkage Permeability Workability Resistance Splitting
(g/cm?3) (MPa) (GPa) (Nmm/mm?) (T/R Ratio) 5-Point 5-Point 5-Point N/mm
Min/Max Max Max Max Max Min Max Max Max Max
Weight 0.16 0.11 0.11 0.09 0.10 0.08 0.11 0.16 0.08
Preference function Linear Linear Linear Linear Linear Usual Usual Usual Linear
Thresholds Absolute Absolute Absolute Absolute Absolute Absolute Absolute Absolute Absolute
q: Indifference 0.08 20.3 703 4.6 0.24 n/a n/a n/a 1.8
p: Preference 0.19 49.7 1.801 11.8 0.59 n/a n/a n/a 47
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Table 3. Uses and applications of the studied species [17,43,54,56].

. . Cupressus
Pinus nigra sempervirens
Species Picea abies Abies sp. (Fir) (Austrian pine, Pinus sylvestris (Mediterranean Pinus brutia Pinus halepenisis Pinus pinea
(Norway Spruce) European Black (Scotch Pine) C Itali (Calabrian Pine) (Aleppo Pine) (Stone Pine)
Pine) ypress, Italian
Cypress
Paper (pulpwood) * * * *
Construction/mine . " . . " . " .
lumber
Veneer, plywood *
Christmas trees *
Musical instruments * *
Boxes/crates * * * * * *
Poles/ . . . "
posts
Flooring * *
Furniture * * *
Boat building * * * *

* refers to the production of the specific product for each species.
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Table 4. Estimated weight of each criterion, as determined by AHP.

Criteria Weight
1. Dry density 0.16323912
2. Modulus of rupture 0.11093987
3. Elasticity 0.10850402
4. Toughness 0.08668352
5. Shrinkage 0.09771894
6. Splitting 0.07778059
7. Resistance/durability 0.16325611
8. Workability 0.10903984
9. Permeability 0.08283799

3. Results

The estimated weights of each criterion, as determined through the AHP, are presented
in Table 4.

Table 5 presents the PROMETHEE flow table with the ranking of the softwood species
according to their net outranking flows (Phi).

Table 5. PROMETHEE flow table.

Ranking Conifers Phi Phi+ Phi—
1 Pinus halepensis 0.4351 0.5365 0.1014
2 Cupressus sempervirens 0.3024 0.4067 0.1042
3 Pinus brutia 0.2061 0.3316 0.1255
4 Pinus pinea 0.0051 0.2343 0.2293
5 Pinus nigra —0.0928 0.1230 0.2158
6 Pinus sylvestris —0.1819 0.1085 0.2904
7 Abies sp. —0.2859 0.1324 0.4183
8 Picea abies —0.3882 0.0700 0.4582

According to the PROMETHEE complete ranking, Aleppo pine (Pinus halepensis)
achieved the best performance under the selected criteria, with the highest net outranking
flow (Phi = 0.4351) among the examined softwood species. Cypress (Cupressus sempervirens)
also achieved a very high Phi (0.3024) and is ranked in second place. Pinus brutia takes
third place, presenting a high value of Phi (0.2061), while Pinus pinea achieves a marginally
positive Phi (0.0051) and is therefore considered as an acceptable alternative. On the other
hand, the remaining four softwood species achieved negative outranking flows and are
classified as non-acceptable alternatives. More specifically, Pinus nigra’s net outranking flow
was —0.0928 and was placed fifth. Pinus sylvestris and Abies sp. were placed in the sixth
and seventh position of the ranking, with net outranking flows of —0.1819 and —0.2859,
respectively. Finally, Picea abies achieved the lowest net outranking flow (Phi = —0.3882)
and took last place among the eight softwood species. We observe that Abies sp. has
achieved a higher positive outranking flow (Phi+ = 0.1324, column 4 of Table 5) compared
with Pinus nigra (0.1230) and Pinus sylvestris (0.1085). However, it is ranked after these
two species, because its negative outranking flow (Phi— = 0.4183) is much bigger, and
therefore its net outranking flow (Phi) is —0.2859 and takes the seventh place in the ranking.
Figure 3 presents the ranking of the conifer species. The vertical dimension (green-red
axis) corresponds to the Phi net flow. The acceptable alternatives with positive outranking
flow (Phi) are placed on the green bar, and the non-acceptable alternatives with negative
outranking flow are placed on the red bar.
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Figure 3. PROMETHEE II complete ranking (diamond). (Source: produced by Visual PROMETHEE).
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3.1. Sensitivity Analysis

A sensitivity analysis was conducted to assess the robustness of the results. The analy-
sis was performed using Visual Stability Intervals, a feature of the Visual PROMETHEE
software. Visual Stability Intervals show how the Phi multicriteria net flow scores and the
PROMETHEE II ranking vary as a function of a criterion’s weight and identify the stability
interval of the top-ranked actions. Big Weight Stability Intervals (WSI) indicate more robust
results. Table 6 shows the Weight Stability Intervals for the selected criteria of the study.

Table 6. Walking Stability Intervals (WSIs) for the criteria of the study (ST).

WSI
1. Dry density 0.34% 62.43%
2. Modulus of rupture 0.00% 19.27%
3. Elasticity 0.00% 67.11%
4. Toughness 0.00% 21.43%
5. Shrinkage 0.00% 30.73%
6. Splitting 0.00% 55.23%
7. Resistance /durability 0.00% 28.75%
8. Workability 2.81% 18.02%
9. Permeability 0.00% 15.67%

The most considerable Weight Stability Intervals were observed in the criteria of
elasticity, density, splitting, shrinkage, and resistance. For these criteria, the ranking of all
alternatives remains unchanged for the specific WSI. For example, for the criterion elasticity,
the ranking of the alternatives remains the same if the weight is between 0.0 and 67.11
(Figure 4).

On the other hand, the least extensive Weight Stability Intervals are observed for the
criteria workability (WSI: 2.81%-18.02%) and permeability (WSI: 0.00%-15.67%).
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Figure 4. Weight Stability Interval (WSI) for the criterion elasticity.

3.2. Sensitivity Analysis for the Criterion Workability

For the criterion workability, the ranking of the alternatives remains unchanged within
a Weight Stability Interval (WSI) range of 2.81% to 18.02% (Table 6). This means that if the
criterion weight for the workability is modified from 0.11 to 0.19 in our study, the ranking
of the alternatives will change. In this scenario, the new weights for all criteria are adjusted
using the Walking Weights tool provided by Visual PROMETHEE.

Figure 5 presents the new ranking of the alternatives based on the weights that were
automatically calculated by the Walking Weights tool. We observe that in the new ranking,
only three alternatives have positive Phi and are acceptable solutions, instead of four in the
initial ranking (Table 5 and Figure 3). The only change in the ranking is that Pinus nigra
is now placed fourth (instead of fifth in the initial ranking), while Pinus pinea is placed
fifth (instead of fourth in the initial ranking). All other alternatives have maintained their
positions as in the ranking presented in Figure 3.

Pinus Pinus Pinus P Picea
h : . Abies sp :
| | nigra pinea sylvestris abies
0 T - T 0
Pinus Cupressus Pinus | |

halepensis sempervirens brutia

19%
15% 10% 10% 8% 9% 7% 15% -u 7%

Density  Rupture Elasticity Toughness Shrinkage Splitting Resistance Workability Permeability

Figure 5. The new ranking of the alternatives based on the weights calculated by the Walking Weights
tool of the Visual PROMETHEE Academic Edition (workability weight = 0.19).
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3.3. Sensitivity Analysis for the Criterion Permeability

For the criterion permeability, the ranking of the alternatives remains unchanged
within a Weight Stability Interval (WSI) range of 0.00% to 15.67% (Table 6). This means
that if the criterion weight for permeability is modified from 0.08 to 0.16 in our study, the
ranking of the alternatives will change. In this scenario, the new weights for all criteria are
adjusted using the Walking Weights tool provided by Visual PROMETHEE.

Figure 6 presents the new ranking of the alternatives based on the weights that were
automatically calculated by the Walking Weights tool. We observe that in the new ranking,
only three alternatives have positive Phi and are acceptable solutions, instead of four in the
initial ranking (Table 5 and Figure 3). The only change in the ranking is that Abies sp. is
now placed sixth (instead of seventh in the initial ranking), while Pinus sylvestris is placed
seventh (instead of sixth). All other alternatives have maintained their positions as in the
ranking presented in Figure 3.

Pinus pinea Pinus nigra Abies sp. Pinus sylvestris Picea alba

Finus Cupressus Pinus brutia l—]

halepensis

o o %
15% 10% 10% 8% 9% 7% 15% 10% 16%
Density Rupture Elasticity Toughness Shrinkage Splitting Resistance Workability Permeability

Figure 6. The new ranking of the alternatives based on the weights calculated by the Walking Weights
tool of the Visual PROMETHEE Academic Edition (permeability weight = 0.16).

4. Discussion

Numerous studies have documented a strong and positive correlation between wood
density and various mechanical properties such as modulus of elasticity, modulus of
rupture, and compressive strength [17,56,61,62]. Based on these studies, wood density is
the most important characteristic affecting wood toughness and strength, and it is strongly
and positively correlated with most mechanical properties [61,62]. This documentation
is in line with the results of the present study where the ranking of the studied species is
primarily according to density, since density was the criterion with the most considerable
weight (Table 2), according to the experts’ opinions and Analytic Hierarchy Process (AHP)
results. However, it should be noted that there are some limitations to this research, since it
depends on secondary data and the experts’ opinions might be subjective, even though
they are prominent scientists with wood specialization. Another possible limitation of the
study is the number of species and the number of the selected criteria. Future studies could
include more species, such as conifers imported from other countries in the timber industry
of Greece, and more criteria, such as pricing.

Unfortunately, no other studies implementing MCDA methods on the evaluation of
wood quality are available, especially on softwoods, so the comparison of our results with
other researchers is not possible.
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The high ranking of Pinus halepensis is attributed to its high density, as well as to
its good properties and behavior during processing. Pinus halepensis is a species well
adapted to dry environmental conditions, since it is resistant to drought, but continuous
drought stress negatively affects its wood formation, especially of earlywood. A reduction
in tracheid formation has been observed as well. However, Pinus halepensis wood is widely
used for various purposes due to its large availability, mainly in the Mediterranean region,
and good wood quality. Moreover, other non-wood products, such as resin and seeds, are
obtained from Aleppo pine [17,47,48].

The quality of wood from Pinus halepensis and Pinus brutia is generally considered
to be similar to that of other pines. Nevertheless, some researchers consider Pinus brutia
wood to be of higher quality than Pinus halepensis, due to its superior stem and branching
formation. In addition, its quality is strongly influenced by site conditions [48].

Extractive content, particularly in the heartwood, is correlated to wood’s resistance
to fungal attack. In the case of cypress, a significant correlation was observed in some
cases between extractive content and natural durability. Cupressus sempervirens has a high
concentration of extractives, compared to other conifers [63,64], a fact that contributes
to its high ranking. Moreover, a relation between density and strength has been found,
giving cypress high hardness and durability as well as an extensive range of uses and
applications [45].

Physical properties of P. pinea, like high adsorption and water permeability, are con-
sidered limiting factors to its potential uses. Extractive content, such as lipophilic and
phenolic compounds, gives higher durability to the heartwood, which is ranked as class 5,
whereas sapwood durability is very low (class 2). Furthermore, the lowest concentration of
extractives in sapwood results in greater water adsorption and leads to higher swelling of
wood, factors contributing to its comparatively lower quality than the previous ones [50].

Pinus nigra is commonly used in reforestation plantations, as seen in Portugal, where it
demonstrated properties similar to Pinus pinaster. In general, Pinus nigra appeared to have
average values of lignin and extractive content, and its modulus of rupture and elasticity
was average as well. Due to the lack of wood in the Mediterranean region because of
repeated forest fires, Pinus nigra is chosen for reforestation, since it is well adapted to the
local climatic conditions and its wood can be used by the forest industries, as reported in
Portugal [49].

Pinus sylvestris is studied for the same reasons mentioned above, even though it shows
a significant intra-population anatomical variation when grown in areas with different
environmental conditions, in an effort to adjust to each case [65]. Although Pinus sylvestris
demonstrated high toughness in some cases, the rest of its properties show average values,
showing an impact of altitude on its wood quality. However, it is a softwood with a wide
range of applications, especially nowadays, given the constraints of the wood supply [51].

Abies species in the Mediterranean region have a limited distribution, mainly in the
eastern area and the Black Sea. Their wood is considered to have lower technical value
compared to pines, which explains Abies’s lower ranking in our study. However, it is
used in carpentry due to its softness and good workability. Moreover, fir wood is utilized
in various applications, such as paper production, veneer, composite, and glued wood
products, panels, and poles. Furthermore, extractives of fir contain turpentine oil, which
possesses pharmaceutical properties and is used in medicinal and aromatic applications.
Due to their good form, odor, and color, they are grown in plantations as ornamental and
Christmas trees as well [53,66].

Picea abies takes the last position in the species ranking, probably because of its low
density and physical-mechanical properties. Nevertheless, owing to its broad geographic
distribution, it is widely used in the European wood industry for a wide range of products,
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including construction materials, furniture, paper, and other composite products [62].
It is widely cultivated in plantations for wood production; however, when the primary
management objective is to maximize growth and timber volume, this often negatively
affects its density and other wood traits and properties [46,67].

According to the latest national forest inventory data and the merchantable volume
in industrial forests per conifer species, Abies species and Picea abies together account for
approximately 32% of total conifer production. Pinus nigra and Pinus brutia contribute
24% to the latter production. The remaining production, approximately 44%, is covered
by hardwood species, mainly beech (Fagus sp.), oak (Quercus sp.), and chestnut (Castanea
sp.) [68].

Considering that pines and cypress are strongly recommended by our analysis, forest
managers should prioritize species with high wood density and favorable mechanical
properties, given their great availability and distribution in Greece and in the Mediter-
ranean region.

For example, to our knowledge, there is currently no emphasis on the cultivation and
production of cypress at the national level. This particular species could be prioritized
in mixed stands which generally offer more options than monoculture without losing
productivity. Moreover, recent studies suggest that diverse stands have great potential to
mitigate future increases in production risks [69,70].

In contrast, although Picea abies and Abies sp. ranked lower due to their limited suit-
ability for high-demand applications requiring strong wood characteristics, they currently
represent the largest share of wood production in Greece. Therefore, where feasible, pri-
orities in species selection and forest management should be reconsidered and adjusted
accordingly. Choosing between different forest management practices or different species
is always an option. With attention to biogeographically determined site limitations, this
could be a crucial step in short-, medium-, and long-term decision making in forestry and
when setting up measures to support a regional or national forest policy [71]. Supporting
initiatives that improve the market competitiveness of Greece’s forestry sector by promot-
ing the superior qualities of preferred species for both domestic and international markets
seems to be crucial.

5. Conclusions

The present study aimed to evaluate the wood quality of eight softwood species
utilized in Greek industries and having a great distribution in Greece. The evaluation took
place using quality criteria rated with the AHP method, which assessed the knowledge of
seven experts from the academic sector of Greece, and the species ranking was implemented
with the PROMETHEE method. According to the results, Pinus halepensis was the most
optimal species compared to the rest, with the highest net outranking flow (Phi = 0.4351),
followed by Cupressus sempervirens, which also achieved a very high Phi (0.3024) and is
ranked in second place. The lowest quality was demonstrated by Picea abies (Phi = —0.3882),
followed by Abies sp. with a net outranking flow of —0.2859. However, it should be noted
that due to the lack of wood supply in Greece, all selected species are widely used, since
they can have various applications, are easily adapted to the Mediterranean environment,
and demonstrate good growth even in plantations and deforestation.

Our findings could be highly beneficial to the wood industry, promoting the recovery
and advancement of the forest sector in general, considering that sustainable wood supply
is lower than the total biomass available in Europe. A potential limitation of this study is
the fact that all of the experts came from the academic sector, so their opinions are from a
scientific perspective. In the future, an extended expert sample including representatives
from wood industries might amplify the robustness of the research results. Moreover, no
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other studies implementing MCDA methods on the evaluation of wood quality, especially
of softwoods, are available, so the comparison of our results with other researchers is
not possible.

Policymakers should prioritize the selection of conifer tree species that can strengthen
Greece’s forestry sector, promote sustainable management practices, and increase the
economic value derived from the country’s diverse forest resources.

To conclude, it is essential to consider each species’ quality characteristics to more
effectively use raw materials. Thus, for future studies, it is suggested that each species’
wood quality be investigated to better exploit wood.
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