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Abstract: Since its origins, the idea of sustainability has always been linked to forest management.
However, nowadays, sustainable forest management has usually been approached by defining a set
of criteria and indicators. This paper aims to address sustainability in forest management including a
set of criteria encompassing the most common decisions: whether the stands are even or uneven-aged,
and the optimal silviculture that should be applied in each stand. For this purpose, a lexicographic
goal programming model with two priority levels has been defined, into which six different criteria are
integrated. Each criterion corresponds to a particular pillar (economic, technical, or environmental).
Furthermore, also incorporated into the model are the preferences of diverse stakeholders, both for
the criteria considered in the analysis and for the most suitable silvicultural alternatives to be applied
in each stand. This methodology has been applied to a case study in Spain, and the results show much
more attractive solutions than the current forest management planning, allowing the obtainment of
multi-aged systems that could be favourable for other ecosystem services.
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1. Introduction

The concept of sustainability in a forestry perspective has a development history that dates over
300 years back in time [1], without the author himself having supplied any definition of this term [2]. In
some respects, this idea at that time was the first conservation principle ever formulated [3]. In recent
decades, it has spread in an exceptional manner to other areas [4]. To some authors, the sustainability
concept is currently belonging to the field of social ethics [5]. Nowadays, it continues to be a forceful
message with a wide representation in diverse disciplines [6]. In synthesis, von Carlowitz’s premise
promoted the concept of not exhausting resources in order to bequeath them to future generations,
safeguarding finite natural resources for future generations [7].

In order to integrate sustainability into forest management, it has been customary to define a
multidisciplinary ensemble of criteria and indicators in order to arrive at a consensus as to what
sustainable forest management should be like [8], although sometimes it is not easy to transfer this
idea to a strategic level [9]. It has been successfully applied on different spatial scales, using more or
less aggregated information. Thus, there are indicators for sustainable forest management focused at a
national or supranational level [10,11], or at a management unit level [12,13]. Further, in order to include
this concept of sustainability in forest management, tools like certification systems aimed at ensuring
sustainable management in forests have been developed. Thus, the systems most used nowadays simply
require compliance with a series of indicators [14]. However, although it is commonly believed that a
certification scheme implies a sustainability attribute, this direct relationship is not always clear [15].
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On the basis of the literature consulted, it has been verified that the definition of sustainable forest
management was usually of a static nature. That is to say, the studies in question contained only one
measurement of the indicators, without taking into account their temporal evolution, in spite of this
component being included in the definition of the word sustainability [16]. However, only in some
studies has it been proposed to measure a set of criteria over the entire planning horizon covering
forest management in a certain case study [17–19]. Given the extensive length of rotations in many
forest systems, it is necessary to have a set of indicators available whose values are known in each
period or, at least, are quantifiable at the end of the planning horizon.

Given the multidimensional nature intrinsic to the concept of sustainability, and as has been
mentioned previously, the need to apply multifunctional management requires the use of Multi-Criteria
Decision-Making (MCDM) techniques. These methodologies have been widely employed to solve
typical forest management problems [20–22]. Moreover, multicriteria methods have been applied
prolifically to tackle aspects related to sustainability [23–26], even dealing with aggregation problems
and dynamic sustainability indicators [27]. These methodologies are also recommendable for integrating
different ecosystem services into the decision-making process [28–30]. Finally, it is fitting to insist that
these methods permit the solution of the emergent problem of how to aggregate the indicators on
which the idea of sustainability is based [31].

Bearing in mind that sustainability is difficult to define in precise terms [32,33], the main objective
of this study is to present a flexible model, based on multicriteria techniques. These kinds of models
permit the redefinition of sustainability in a forest system, not at one specific moment, but through
the evolution of the indicators considered throughout the planning horizon. This new view of
sustainability should address the multifunctionality of forest systems, which implies defining a diverse
set of criteria and indicators, choosing the best silvicultural alternative for each stand, and enabling
the stakeholders involved to have their opinion integrated into it. It should be emphasized that some
authors have affirmed that the rigidity of the concept of a normal forest does not ensure the idea of
sustainability in force today [34], which would justify using the approach proposed here in order
to adapt this notion to the present-day context. Finally, in the following Sections, we will introduce
terms like “criterion”, “objective”, “indicator” and “index”. In order to avoid misinterpretations, and
following [35], under an MCDM umbrella, criteria are the objectives or goals to be considered relevant
for a certain decision-making situation. However, if applicable, we have considered a hierarchy
between criteria and indicators. Indicators are parameters or sub-criteria which can be measured, and
which correspond to a particular criterion. Besides, some sustainability measurements can be defined
as a synthetic, aggregate, or composite index, and the value achieved by this index is a proxy of the
respective sustainability goodness.

2. Theoretical Background

2.1. Framework

The stages of the model proposed are condensed in Figure 1A. The first step involves defining both
the sustainability indicators selected for the planning horizon chosen, and the different silvicultural
alternatives put forward. Applying both the indicators and the silvicultural alternatives to the case
study, precise information is made available for the formulation of a strategic forest planning model. If
each criterion considered is optimized separately, the pay-off matrix can be set up and the degree of
conflict between the different criteria verified [35]. If no solution is supplied by the pay-off matrix,
coming from the optimization of a single criterion is acceptable. The following step is to construct
an MCDM model, integrating the opinions of the stakeholders (DMs) on some aspects. In that way,
compromise solutions that could be accepted by the decision-maker will be obtained.

As previously mentioned, the methodology to be applied is based on MCDM techniques, because
the latter are highly appropriate when facing this type of problem. However, although, under the
MCDM umbrella, a large set of techniques co-exist [36], due to the nature of the problem, only those
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that can solve continuous-type problems will be apt. This circumstance implies that those techniques
that aim to choose the best solution out of a finite set of alternatives would not be valid for this case.
From the MCDM techniques that fulfil the above condition, goal programming has been selected. This
methodology adds flexibility to forest management models [37], and it has been used quite frequently
to tackle this type of problem [31]. The basics of goal programming can be seen in [38–40].

Among the variants of this technique typically employed [39], we chose Lexicographic Goal
Programming (LGP), also known as Non-Archimedean or pre-emptive goal programming [41]. The
selection of this technique is justified because it allows the decision-making centre to show an order of
preference for each of the goals defined. In addition, the idea of defining sustainability by means of a
conceptual hierarchy [42] fits the LGP notion perfectly. This hierarchy manifests itself in the definition
of different levels of priority to which each goal is attached. This means that the preferences are initially
assigned to each goal following an established order, and that the achievement of a goal situated at a
certain level of priority is infinitely preferred to the fulfilment of one located at a lower priority level.
In short, this type of modelling implies accepting that there are no finite trade-offs among the goals
placed at one priority level with respect to goals placed at lower ones [35]. Consequently, the results
obtained for the goals situated at lower priority levels cannot worsen those of the goals at higher priority
levels [43]. The mathematical formulation can be seen in Appendix B. Once the goals are defined [44], the
variant of the weighted goal programmed is selected to solve the problem at each priority level [45], this
being the most common option when electing this goal programming variant [46].

With the methodology shown in Appendix B, a model is obtained which permits the evaluation of
the different criteria or indicators considered for defining sustainability over the defined time period,
in the context of strategic forest planning [9]. The preferences introduced into the model will only take
into account the opinion of the stakeholders and exclude intergenerational justice components from
the analysis [47]. In addition, only criteria for which values can be obtained throughout the entire
planning horizon are considered [31]. That is to say, if the evolution over time of a certain criterion
cannot be modelled, it is not included in the analysis. Further, it is assumed that the silvicultural
alternatives that can be applied in each of the stands are known with certainty. The model proposed is
totally deterministic, and the introduction of elements of risk and/or uncertainty is not considered [48–50].
Finally, although, in previous work, diverse climate change scenarios have been analyzed in the same case
study [51,52], the latter will not be included in this work, although the results for some ecosystem services
like carbon sequestration could be altered according to the different scenarios contemplated [53].

The next step is to design a strategic forest planning model (see Appendix B). In order to assess
the degree of conflict between the criteria considered, a pay-off matrix was developed starting from the
results of the strategic forest planning model. This is a usual step in the application of multicriteria
techniques in forest management problems [54,55]. The pay-off matrix is a square matrix, whose
dimension coincides with the number of objectives considered. This matrix is obtained by optimizing
the six objectives separately and computing the values of the criteria for each of the corresponding
optimal solutions, thus having a dimension equal to the number of objectives that exist [35]. The
main diagonal includes the optimum values that each objective can reach, known as the ideal point.
By definition, this vector in the objective space is infeasible, but plays a decisive role as a point of
reference [56]. Other cells of the matrix contain the anti-ideal (nadir) points, which would be the worst
results obtained for each of the objectives. Concerning the criteria considered, it is appropriate to
clarify that VOL, NPV, IM and C are criteria belonging to the type “the more, the better”, while NF and
G are criteria belonging to the type “the less, the better”, following the term used in [35].

2.2. Theory Review

The primordial concept of sustainability has marked the development of forest science both in
Europe and in the U.S.A. [57], and it has become a leading component of forest management over the
last 250 years [58]. Similarly, it has been considered to be an integral part of forest management [33]
and has been accepted almost unanimously by foresters [59]. Generally, in the past, sustainability was
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based on a few basic principles in accordance with the type of forest management practiced at the
time, which was centered on the “normal forest” or “normality” concept [60], established at the end
of the 18th century by German foresters [61]. In fact, it was characterized by being a mono-objective
management, focused only on timber production, usually in regular stands, in which one or a few
main species prevailed [62], and to which a silviculture with a fixed rotation was applied [63]. In
addition, a single decision-maker made the corresponding decisions with the aim of perpetuating the
idea of a fully-regulated forest [57,64]. Finally, as a result, and unlike what happens nowadays [65],
restrictions to final harvest were very lenient.

The concept of sustainability has been modified and updated due, among other reasons, to the
changes in the role played by forests in society [66,67]. Besides that, the demand for goods and
services coming from forest systems has been continuously increasing [68], meaning that, today, forest
management is much more polyhedral (or multi-faceted, according to [69]) than it was three centuries
ago, and includes other ecosystem services not contemplated in the original idea of sustainability, such
as in the case of biodiversity [70]. Indeed, some authors have recently gone beyond the theory of von
Carlowitz and defined forests as a “multifunctional bioeconomic system” [71]. Thus, numerous authors
maintain that the new paradigms associated with sustainability should promote multifunctionality in
forest management [72]. At the same time, the idea of sustainability in forest management has been
linked to that of resilience [73]. In this regard, although the expression “sustainable” has for many
years been on a par with forest management [74], nowadays it has been assumed that the latter should
achieve certain goals with respect to economic, social and environmental pillars and, also, balancing
present and future demands [75]. Some authors even propose the concept of “ecologically sustainable
forest management” to give prominence to a type of forest management that perpetuates ecosystem
integrity [76].

The way forest management has evolved has required the reformulation of the original
sustainability concept [1] into the idea of a “regulated forest” (the organization of a forest property to
provide a sustained yield of timber products forms [57]), by integrating the abovementioned pillars,
but taking into account that, on some occasions, the trade-offs between different criteria are not fully
known [77]. That is why sustainability should not be defined by only focusing on the conception
of its being concentrated on “sustained yield”, one of the objectives most sought after in forest
management [78], or on other similar concepts [47]. Namely, this idea should be generalized starting
from a case in which not all the forest should be associated with the idea of even-aged stands into which
different silvicultural alternatives are established [63]; other ecosystem services are integrated, as well
as timber production; and the preferences of the different stakeholders in the decision-making process
are included. In effect, a multi-aged structure in forest stands is associated with the idea of long-term
sustainability [79], incorporating multiple uses into different stands even with variable rotations [32].
Lastly, the inclusion of different silvicultural alternatives in the analysis is basically justified for two
reasons. First, because different forest management strategies promote biodiversity [80], and, second,
because silviculture as a science has to respond to the demands of society and not only concentrate on
timber production [81].

3. Materials and Methods

3.1. Case Study

The case study corresponds to Valsaín forest, which is in the Central Mountain Range of Spain.
The forest area covers about 7206 ha and mainly composed of pure Scots pine (Pinus sylvestris L.)
stands, although there are other species less represented in the area such as Quercus pyrenaica L. and
Ilex aquifolium L. The first management plan was developed in 1889, and the main objective was timber
production. Since 1940, in order to achieve this objective, a uniform shelterwood system with a rotation
of 120 years and a 20 years regeneration period has been proposed [52]. However, in recent years,
this management has become more multifunctional [25], and the silvicultural treatment was turned
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into a shelterwood group system [52]. Nowadays, other aspects such as biodiversity conservation are
of great importance. Thus, there are several endangered species in the area, like the black vulture
(Aegypius monachus (Linnaeus, 1766)). The number of nests of this species is around 131, and harvest
limitations have been introduced in order to protect them. In short, around each nest, a restricted area
without management of 3.14 ha has been established as a buffer protection. Finally, there are several
protection features in this forest, such as the declaration of the Sierra de Guadarrama National Park in
2013, where commercial cuttings have been forbidden, and which affects 3326 ha.

3.2. Silvicultural Alternatives

In order to deal with this complexity, seven silvicultural strategies have been proposed to maintain
the adaptability of forests to different conditions [81], and to provide different ecosystem services. The
set of possible treatments considers the nature of the stands forming the case study, and all of them
have been discussed and approved by the forest manager. A priori, the seven treatments (see Figure 1B
and Appendix A, Table A1) could be applied to every stand.
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The first alternative is based on a shelterwood group system. The treatment spans 40 years,
cutting every ten years, and it would be the “business as usual” alternative (BAU). After the final
cut, 2% of the stand volume remains as dispersed trees for at least one rotation. In order to model
this alternative, we have considered the schedule and cutting intensity traditionally used in Valsaín
forest [82]. BAU has been divided into two new alternatives: BAU1, embracing light thinning, and a
more intensive option with strong thinning (BAU2). The third alternative, called Group selection (GS),
consists of 2 cuttings with medium patch sizes of 1 hectare. After final cutting, 5% of the stand volume
remains as residual trees.

Another two silvicultural alternatives are based on the idea of Green Tree Retention (GTR). Two
GTR alternatives with different retention percentages are proposed, before applying BAU1 or BAU2.
In short, either 15% of the volume is maintained in an aggregated way as mature forest patches
(GTR1), or 30% of it (GTR2). These figures are similar to those proposed for this species in Spain [83].
These patches could simulate the protection buffers discussed above for the protection of the black
vulture species.

For the area now included in the National Park, we have proposed an alternative (TNP) similar to
BAU, but with a main difference: the final cut is excluded, due to prohibitions in all Spanish National
Parks. Moreover, in this case, the rotation has been increased (up to 140 years) in relation to the other
treatments, as a conservation measure [84]. Finally, a no management alternative (NOM) has been
incorporated in order to facilitate the possibility of creating mature forest stands in the future, given
that these stands are allowed to grow naturally, thus forming reserve areas.

3.3. Criteria Considered

As mentioned above, the criteria to be introduced should evaluate sustainability based on the
multifunctionality intrinsic to forest systems. First, two technical criteria have been defined. The first
of these corresponds to a synthetic index that encompasses the classic idea of a normal forest (NF).
In short, this criterion embraces tree indicators: one associated with the notion of even-flow policy,
another with the idea of regulation or regulated forest [57], and, finally, a third one related to a suitable
ending forest inventory, which ensures the perpetuation of the forest. In order to aggregate the above
indicators under the normal forest concept, the procedure used in [85] was followed. In addition, a
criterion called Ideal Management (IM) has been introduced. It can be quantified by the amount of
area (in hectares) to which the silviculture suitable for each stand, according to the criterion optimized
in each case, is applied. Therefore, calculating this criterion consists of minimizing the deviations of
the silviculture used, compared to that which would be preferred in terms of the characteristics of the
stands and in accordance with the preferences reflected by a decision-maker.

On another side, two environmental criteria have been defined. The first one refers to the
possibility that, at the end of the planning horizon, there is a multi-aged forest. To enable a comparison
of the degree of irregularity between different prescriptions, the Gini index (G) was employed. The
latter is frequently used to measure the degree of inequality in different variables, generally with
economic data, although applications in many fields have been described [86]. It supplies values in
the interval [0 1] and has been defined in such a way that values close to 0 imply the existence of
multi-aged stands, whereas values close to 1 ensure an even-aged structure. The second environmental
criterion considered was the carbon balance (C), defined as the difference between the estimated gains
and losses of carbon due to the growth of trees and their removal (default method, following [87])
throughout the planning horizon. This criterion will be computed in physical units (tons of carbon).

With respect to the production criteria, the Net Present Value (NPV) and the volume (VOL)
associated with the final cuttings (cubic meters) over the planning horizon have been considered.
Regarding NPV (€), the incomes provided referred only to timber sales. We have considered a fixed
maintenance cost (11.6 €/ha), and different harvesting costs in relation to the silvicultural treatment
applied. Following data provided from the current forest management plan, the timber price considered
was 28 €/m3. We have considered a real discount rate of 2%. Concerning the criteria considered, it
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is appropriate to clarify that VOL, NPV, IM and C are criteria belonging to the type “the more, the
better”, while NF and G are criteria belonging to the type “the less, the better”, following the terms
used in [35]. Figure 1B shows the six criteria considered with their acronyms, meanings, and the units
in which they are expressed.

3.4. Multi-Criteria Model

When analyzing the solutions shown in the Pay-off matrix, if no solution is preferable, it is necessary
to look for a satisficing compromise solution, making the harvest scheduling more sustainable. As we
have said before, the technique chosen was Lexicographic Goal Programming (LGP), the second most
used GP variant in forest management applications [88].

The first issue to decide in this type of model is how to select the number of priority levels that
one wants to establish. Starting from the premise that it should be a limited number and that there
should not be as many priorities as the number of criteria [89], in this case, two priority levels have
been fixed. In the first one, three goals most directly related to silvicultural aspects have been included,
while in the second, NF, IM and G are considered. Namely, given that there are no finite trade-offs
among goals placed at the two priority levels [88], it is assumed to be a priority to achieve the goals at
the first level before optimizing the criteria situated at the second priority level [90]. The target for
each goal was established at 70% with respect to the ideal value obtained in the pay-off matrix. This
percentage has been employed in the literature [91], and its use avoids the drawback of not obtaining
optimal alternatives if the targets are closer to ideal values [92]. Finally, the complete model can be
found in Appendix B, and for its resolution the software LINGO 13.0 [93] has been used.

3.5. Interactive Process

In this study, we interacted with two decision-makers (DM1 and DM2). First, as mentioned above
(Equations (A2) and (A3)), it was considered appropriate to introduce preferential weights for each of
the six goals contemplated in the analysis. For this purpose, the interaction was with the forest manager
(DM1), and his opinion was asked on the six criteria using a survey based on pairwise comparisons,
with Saaty’s verbal scale [94] (see Appendix A, Table A3). This way of obtaining the decision-maker’s
preferences is recommended for integrating them into GP models [95]. These pairwise comparisons
are typically used in the forest context [96].

On another side, and with the aim of obtaining the IM criterion, the engineer in charge of carrying
out the last forest management planning (DM2) was contacted. Taking into account the silvicultural
alternatives considered (see Appendix A, Table A1) the objective was to establish the suitability of each
one for being applied to each stand. For this purpose, the 288 stands in the forest have been grouped
into seven categories generated as a combination of a series of factors: production, protection, National
Park, districts with nests or the presence of mixed stands. Once the categories were defined, in a first
contact with DM2, we selected a set of 2–3 preferred alternatives for each stand. Later, after a second
interaction with the same expert, some weights were obtained to weight the different silvicultural
alternatives for their suitability, attending to the characteristics and nature of the stand in which they
were found (see Appendix A, Table A2). To obtain the weights assigned to each silvicultural alternative
in each stand, the same procedure as that employed with DM1 was used (see Appendix A, Table A3).

4. Results

Beginning with the pay-off matrix, Table 1 shows the results of the optimization of the six criteria
separately. In Table 1, ideal values (principal diagonal of the matrix) are shown in bold type, while
anti-ideal (or least desired ones) are underlined. The main diagonal includes the maximum values that
each criterion can reach, known as the ideal point. Other parts of the matrix contain the anti-ideal
points, which would be the worst results obtained for each of the criteria. Finally, to increase the
informative character of this matrix, several additional rows were included by measuring the area
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occupied when each criterion is optimized by each of the silvicultural treatments described, as well as
the average rotation.

Table 1. Pay-off matrix (ideal values in bold; anti-ideal values underlined).

Criteria NF IM G C VOL NPV

NF 0.214 1.195 1.185 1.175 2.737 1.574
IM 240 5358 1101 973 524 567
G 0.850 0.766 0.360 0.907 0.748 0.762
C 5661 5973 5789 6697 5097 5276

VOL 2981 2283 2695 659 4245 3846
NPV 29,063 18,515 28,526 7921 35,098 61,384

area-BAU1 44 142 22 529 5126 5696
area-BAU2 937 0 0 131 18 936

area-GS 4841 62 192 365 1630 164
area-GTR1 30 2833 0 203 22 0
area-GTR2 0 1226 6391 0 0 0
area-TNP 82 1932 191 0 0 0

area-NOM 861 600 0 5.568 0 0
Average rotation 147 166 143 150 159 126

NF: Normal Forest structure, IM: Ideal management (ha), G: Gini index, C: Carbon balance (103 tC), VOL: Harvest
volume (103 m3), NPV : Net Present Value (103 €). area-BAU1: area under BAU1 treatment (ha), area-BAU2: Area
under BAU2 treatment (ha), area-GS: Area under GS treatment (ha), area-GTR1: Area under GTR1 treatment (ha),
area-GTR2: Area under GTR2 treatment (ha), area-TNP: Area under TNP treatment (ha), area-NOM: Area under
NOM treatment (ha). Average rotation (years).

The results given in this table show the ideal and anti-ideal values reached by the criteria, according
to the optimized criterion (per columns). First, it can be seen that some objectives do not reach ideal
values (NF, IM, G). Then, the level of conflict existing between the different criteria, mainly between
NF and IM, and between C and G, can be observed, as well as the fact that the results are fairly similar
in relation to carbon balance, because the percentage for this criterion varies the least compared to the
rest. In synthesis, it can be noted that there is no solution corresponding to the optimization of a single
criteria that appears to be sufficiently attractive. In short, the results of this pay-off matrix justify the
setting up of an MCDM model in order to achieve solutions that are more balanced from the point of
view of sustainability.

However, before revealing the results of those models, the result of the first interaction with DM1
to obtain the preferential weights associated with the criteria is shown (Table 2). Note that the sum of
the weights for each priority level is equal to 1. Finally, Appendix A (Table A2) contains the weights
obtained throughout the second interactive process with DM2 for the seven categories, in which the
stands and the silvicultural alternatives associated with them have been grouped.

Table 2. Preferential weights associated with the criteria after DM1 interaction.

Criteria Priority Level Preferential Weights

NF
1

0.078
IM 0.435
G 0.487

C
2

0.467
VOL 0.067
NPV 0.467

NF: Normal Forest structure, IM: Ideal management (ha), G: Gini index, C: Carbon balance (tC), VOL: Harvest
volume (m3), NPV : Net Present Value (€).

Next, Table 3 displays the solutions obtained for the two priority levels proposed. It can be noted
that the solutions at the second priority level (U2) are the same as the values found in the preceding
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solution (U1), whereas the values of the three criteria included in U2 improve in comparison with those
obtained in U1. Further, to facilitate comparisons, the same auxiliary rows have been included. In
general, it can also be seen that the areas assigned to each silvicultural alternative are notably modified
when moving from U1 to U2.

Table 3. Results obtained in the resolution of model LGP (in bold the results for the six goals considered).

Criteria U1 U2

NF 0.56 0.56
IM 3750 3750
G 0.67 0.67
C 5599 5605

VOL 2735 3120
NPV 27,294 42,969

area-BAU1 384 1667
area-BAU2 150 547

area-GS 1148 52
area-GTR1 1776 2332
area-GTR2 758 789
area-TNP 2100 924

area-NOM 480 484
Average rotation 150 136

NF: Normal Forest structure, IM: Ideal management (ha), G: Gini index, C: Carbon balance (103 tC), VOL: Harvest
volume (103 m3), NPV : Net Present Value (103 €). area-BAU1: area under BAU1 treatment (ha), area-BAU2: Area
under BAU2 treatment (ha), area-GS: Area under GS treatment (ha), area-GTR1: Area under GTR1 treatment (ha),
area-GTR2: Area under GTR2 treatment (ha), area-TNP: Area under TNP treatment (ha), area-NOM: Area under
NOM treatment (ha). Average rotation (years).

In the auxiliary rows in Table 3, the area selected by the model for each silvicultural alternative is
indicated. Also, this solution of the LGP model can be compared with the value proposed by the DM2
(the area pointed out as being the one preferred for applying each silviculture), information which is
available on Appendix A (Table A2). In Figure 2 the difference (in surface) between both areas (applied
or selected by the model and preferred) can be noted. However, it should be taken into account that
the area preferred exceeds the value of the total forest area, because, for each stand, a set of 2–3 possible
silvicultural treatments were proposed.
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alternative are notably modified when moving from U1 to U2. 

Table 3. Results obtained in the resolution of model LGP (in bold the results for the six goals 
considered). 

Criteria U1 U2 
NF 0.56 0.56 
IM 3750 3750 
G 0.67 0.67 
C 5599 5605 

VOL 2735 3120 
NPV 27,294 42,969 

area-BAU1 384 1667 
area-BAU2 150 547 

area-GS 1148 52 
area-GTR1 1776 2332 
area-GTR2 758 789 
area-TNP 2100 924 

area-NOM 480 484 
Average rotation 150 136 

NF: Normal Forest structure, IM: Ideal management (ha), G: Gini index, C: Carbon balance (103 tC), 
VOL: Harvest volume (103 m3), NPV: Net Present Value (103 €). area-BAU1: area under BAU1 
treatment (ha), area-BAU2: Area under BAU2 treatment (ha), area-GS: Area under GS treatment (ha), 
area-GTR1: Area under GTR1 treatment (ha), area-GTR2: Area under GTR2 treatment (ha), 
area-TNP: Area under TNP treatment (ha), area-NOM: Area under NOM treatment (ha). Average 
rotation (years). 

In the auxiliary rows in Table 3, the area selected by the model for each silvicultural alternative 
is indicated. Also, this solution of the LGP model can be compared with the value proposed by the 
DM2 (the area pointed out as being the one preferred for applying each silviculture), information 
which is available on Appendix A (Table A2). In Figure 2 the difference (in surface) between both 
areas (applied or selected by the model and preferred) can be noted. However, it should be taken 
into account that the area preferred exceeds the value of the total forest area, because, for each stand, 
a set of 2–3 possible silvicultural treatments were proposed. 

 
Figure 2. Relation between the silviculture applied in the forest and the deviation of when it would be
preferred, according to the categories defined.
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5. Discussion

The method here proposed for evaluating sustainability in forest management has the advantage of
following the evolution of the criteria over the planning horizon [19], but it could also be adapted when
including spatial constraints [97]. In that case, it could be suitable to design a model simultaneously
integrating strategic and tactical planning [98]. Furthermore, the methodology proposed could be
extended to incorporate the preferences of a group of stakeholders for addressing sustainability [99,100].
Some authors suggest compiling the forest managers’ preferences on silvicultural aspects in a goal
programming model [101], although the way these individual preferences would be aggregated is
still an open question [102]. Finally, although the inclusion of dynamic aspects could trigger highly
specific models, limiting their transference to others [103], we do not believe that this could happen in
the proposal presented in this study due to its potential adaptation to other works, with other criteria
and indicators.

The results presented in Table 3 allow us to observe the differences in relation to the values
achieved for the indicators situated at the first priority level, at forest level. Thus, Figure 3 shows how
the values of the criteria NF, IM and G obtained in the pay-off matrix are modified (Table 1), with
respect to those obtained in the solution of the LGP model (Table 3).
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As could be expected, in the comparison between models (Figure 3), the values of the criteria
obtained in the LGP model are lower than the ideal ones reached in the pay-off matrix. These reductions
indicate the opportunity cost associated with the simultaneous consideration of the six criteria defined
in this model, instead of the values proposed in the individual optimization of each criterion. Thus,
taking into account that the NF and G values (located at each end of the graphic) are adimensional
and that they represent indicators of the less-the-better type, in the LGP solution their values are 2.7
and 1.6 times worse, respectively, compared to that obtained in the pay-off matrix. Finally, the IM
criterion’s value of 5358 ha, which represents the area managed by the most suitable treatment in each
management unit (according to DM2), was reduced to 3750 ha in the LGP solution; i.e., about 30% of
the area under ideal management (IM) is taken advantage of in LGP, using a different silvicultural
treatment from the one that a priori was preferred for application in these areas.
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From a sustainability perspective, it has been implicitly assumed up to now that the criteria selected
functioned within weak sustainability parameters [31]. Namely, a certain degree of compensation
between the different indicators was presumed, although the LGP method implies that there is no
finite trade-off between the different indicators of the different criteria considered [89]. However,
in the literature, aggregated sustainability indexes based on multicriteria techniques including
premises associated with strong sustainability can be found; i.e., it is found that there cannot be
compensation between the criteria [104], nor can a certain degree of compensation between criteria
even be chosen [105,106].

The methodology proposed here is open to incorporating other silvicultural alternatives. In
our case study, GS has been proposed in order to favor the development of multi-aged stands [79],
and GTR has been suggested in order to maintain multiple forest values [76], including biodiversity
conservation [107], and, especially, to promote silvicultural treatments compatible with the protection
of wildlife species [108]. The percentages of mature forest chosen here are those most frequently used
in the literature [109,110]. Another silvicultural alternative (TNP) embraces the prohibition of final
cuts (this forbiddance is mandatory in all Spanish National Parks). Maintaining this type of protected
area is highly beneficial for certain species, and this justifies not employing a conventional silvicultural
alternative [111].

On another side, and as mentioned above, other criteria could be integrated into the model, if
considered to be appropriate. For example, we are aware that, unlike other studies [112,113], no
criterion expressly linked to the social pillar of sustainability has been proposed. Although one study
made in the same case study [114] did suggest two recreation indicators, it has not been possible to
transfer this idea to our analysis. Along these lines, some studies point to an underrepresentation of
social type indicators as being common [103].

Again, and aside from the significance of the Gini coefficient proposed here, which has been
applied as an indicator of forest structural heterogeneity [115,116], we have attempted to define our
own biodiversity criterion [117] that could be integrated into the LGP model. In fact, one of the
objectives in the case study [118] is focussed on the conservation of the black vulture, an umbrella
species [119], which is catalogued as “near threatened” at the global level [120]. For this reason, we
pursue the possibility that, at the end of the planning horizon, there is a multi-aged forest. The inclusion
of this criterion (Gini coefficient) under an environmental pillar is justified when the forest managers
aim to promote the existence of uneven-aged stands as a biodiversity conservation measure [63,79].

However, it has not been possible to model the evolution of this species over 100 years, due to the
lack of information available for predicting these values, so it has not been included in the analysis.
Furthermore, it would have been necessary to determine the impact of the different silvicultural
alternatives on the vulture populations, because it has been demonstrated that they have an influence
on some requirements of the nesting of this species [121]. The lack of consideration of this criterion
illustrates the difficulty in finding criteria compatible with the information assembly over the planning
horizon, in spite of the availability of suitable methodologies for their possible integration into the
model proposed. However, some studies have been developed under the goal programming technique
successfully integrating aspects related to biodiversity [122,123]. Lastly, the methodology proposed
here can also be extended, incorporating other silvicultural alternatives centred on other ecosystem
services different from timber production [124].

Furthermore, the results of the LGP model permit one to obtain an overall value of sustainability
derived from the resolution of that model, making it act as an aggregated index of the sustainability of
forest management, assimilating the procedure reported in [125]. Indeed, if the objective is to compare
sustainability between similar forests, or between parts of the same one, the solution of the LGP model
could allow them to be ranked in terms of greater or lesser aggregate achievement. In [12,13], some
examples of this extension are shown. Finally, the opportunity cost in terms of sustainability (gains or
losses of sustainability) could also be calculated, by obligating a single silvicultural alternative to be
used in some part of the case study. This circumstance can be of interest when, as can be seen in this



Sustainability 2019, 11, 3645 12 of 24

case, the solutions notably vary with respect to the area that each silvicultural treatment has to cover,
and this also happens in other studies [126].

In addition to incorporating new sustainability criteria, one aspect of the methodology proposed
here that should be highlighted lies in the combination of flexibility and complexity that can be
incorporated, for example, in terms of the silvicultural alternatives considered. The advantage of this
flexibility is indispensable for tackling typical contemporary challenges in forest management [127,128].
Since there is no single specific definition of the idea of complexity in silviculture [129], some authors
affirm that the impact of certain forest practices on forest system dynamics can compromise their
sustainability [81]. Thus, the consideration of diverse silvicultural alternatives for approaching different
criteria would lead to what some authors already call “complex adaptive systems” [130]. Lastly, this
methodology can be applied at different levels (spatial or temporal) at which it is desired to carry out
the planning and silviculture [128], contributing to the flexibility of the proposed methodology.

6. Conclusions

In this study, a flexible methodology was proposed to address sustainability in forest management.
It includes the possibility of incorporating different criteria, or even synthetic indicators, multiple
silvicultural alternatives for each stand and the preferential weights of different stakeholders. The
solutions of these multi-criteria models allow the decision-maker to select, in terms of sustainability,
the optimal silvicultural alternative for each stand along the planning horizon, the degree of multi-aged
forest proposed and the fulfilment of the normal forest ideal.

The results obtained in the case study show different solutions from the ideal values shown in
the pay-off matrix, with those supplied by the LGP model being much more attractive. Moreover, it
can be seen how the areas devoted to each silvicultural alternative are notably modified in each of the
solutions obtained. Finally, the flexibility of the model leads us to believe that this methodology could
easily be extended to other case studies and planning levels, both temporal and spatial.

Author Contributions: M.E. carried out all the research, wrote the manuscript and performed the modelling
issues. M.P. wrote the manuscript, focusing on silvicultural alternatives. L.D.-B. coordinated the study and wrote
the manuscript, focusing on sustainability topics.

Funding: This work was funded by the Ministry of Economy and Competitiveness of Spain under project
AGL2015-68657-R. Additionally, this research was partially financed by the European Union’s H2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement No. 691149–SuFoRun.

Acknowledgments: The authors thank Javier Donés, Marisol Redondo and Marta Piñuela (Valsaín forest staff) for
their continuous support. The authors deeply appreciate the comments and suggestions raised by Carlos Romero.
Thanks are also given to Patricia Riquelme (Sierra de Guadarrama National Park) and Miguel Cabrera, and to
Diana Badder for editing the English. Additionally, this manuscript has been proofread by PRS and MDPI. Thanks
are given to the Editor and the reviewers for their helpful comments and criticisms, which have greatly improved
the presentation and accuracy of the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2019, 11, 3645 13 of 24

Appendix A

Table A1. Set of possible silvicultural alternatives to be applied in the case study.

Silvicultural
Alternative Age Operation Intensity (%) Standing Volume

(%)

BAU1 40–60–80 Light thinnings From below
120–180 Seeding cutting 50

Secondary cutting 1 12
Secondary cutting 2 12

Final cutting 24 2

BAU2 40–60–80 Strong thinnings From below
120–180 Seeding cutting 50

Secondary cutting 1 12
Secondary cutting 2 12

Final cutting 24 2

GS 40–60–80 Light thinnings From below
120–180 Seeding cutting 60

Final cutting 35 5

GTR1 40–60–80 Light thinnings From below
80–120 Retention 15 15
120–180 Seeding cutting 45

Secondary cutting 1 10
Secondary cutting 2 10

Final cutting 18 2

GTR2 40–60–80 Strong thinnings From below
80–120 Retention 30 30
120–180 Seeding cutting 35

Secondary cutting 1 10
Secondary cutting 2 10

Final cutting 13 2

TNP 40–60–80 Light thinnings From below
140–180 Seeding cutting 40

Secondary cutting 1 10
Secondary cutting 2 10
No Final cuttings 40

NOM NO Management

BAU1: Business As Usual 1, BAU2: Business As Usual 2, GS: Group Selection, GTR1: Green-Tree Retention1, GTR2:
Green-Tree Retention2, TNP: Treatment for the National Park, NOM: NO Management.
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Table A2. Weights for the set of possible silvicultural treatments (7) in each category (7).

Categories Definition Set of
Alternatives Weights

1 Productive stands
BAU1 0.188
BAU2 0.081
GTR1 0.731

2 Under protection stands NOM 0.9
TNP 0.1

3 Mixed stands
GS 0.875

NOM 0.125

4 Mixed stands with nests
GS 0.055

GTR1 0.173
GTR2 0.772

5 Mixed stands in the National Park (NP)
GS 0.149

TNP 0.785
NOM 0.066

6 Stands with nests
GTR1 0.25
GTR2 0.75

7 Stands with nests in the National Park (NP)
GTR2 0.149
TNP 0.785

NOM 0.066

BAU1: Business As Usual 1, BAU2: Business As Usual 2, GS: Group Selection, GTR1: Green-Tree Retention1, GTR2:
Green-Tree Retention2, TNP: Treatment for the National Park, NOM: NO Management.

Table A3. Scale of relative importance [94].

Intensity of Importance Definition

1 Equal importance
3 Moderate importance
5 Strong importance
7 Demonstrated importance
9 Extreme importance
2, 4, 6, 8 Intermediate values

Appendix B

Appendix B.1. Lexicographic Goal Programming Formulation

LexMin = [U1, U2, . . . , UV] (A1)

being

U1 =


Q∑

q=1

(αq · nq + βq · pq)

 (A2)

[ . . . ]

Uv =


Q∑
q

(αq · nq + βq · pq)

 (A3)

subject to:
fq(x) + nq − pq = tq (A4)

Starting from v priority levels (Equation (A1)), for each of the priority levels cited, some functions
are defined (Equations (A2) and (A3)), composed of the unwanted deviation variables corresponding
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to the goals (Equation (A4)) situated at those priority levels. tq is the target level for the qth goal, nq and
pq are the negative and positive deviations from the target value of the qth goal. αq =

wq
Rq

is used if nq is

unwanted, otherwise is used αq = 0, βq =
wq
Rq

if it is unwanted, otherwise βq = 0. The parameters wq

and Rq are the weights reflecting preferential and normalising purposes attached to the achievement of
the qth goal.

Appendix B.2. Strategic Planning

Following Figure 1A, a strategic forest planning model was designed with a planning horizon of
100 years, divided into 10-year periods, which is a typical timeframe in models with slow-growing
species, especially with Scots pine [118]. In short, a timber harvest scheduling model following Model
I methodology [121] was built. Initially, Model I requires the definition of the decision variables or
prescriptions, which need to encompass all possible management regimes to be considered, taking
into account the rotation length and the silvicultural alternatives put into the model, which will
remain unaltered throughout the planning horizon [33]. This strategic planning model was fed with
the information available in the last forest management plan [82]. In addition, the abovementioned
silvicultural alternatives were included in this general model, and we fixed an interval for rotations of
between 120 and 180 years. The lowest limit corresponds to the current rotation length for Scots pine in
the Sierra de Guadarrama [52], while the upper limit was established at 180 years in order to provide
mature forest habitats, which are essential for the survival of several endangered species [84,131].
On the other hand, it is convenient to clarify that, in addition to the endogenous restrictions two
exogenous restrictions have been introduced: a minimum harvest area for each silvicultural treatment,
and a minimum commercial volume from final cuttings (TNP not included) per period. Finally,
considering the rotation length and the 288 stands defined in Valsaín Forest, a set of 11,148 prescriptions
was generated.

Appendix B.3. Definition of Model Inputs

Constants
T is the length of the planning horizon.
t is the time period.
L = T/t is the number of periods into which the planning horizon is divided.
ts is the time span that defines the final age class.
S = T/ts is the number of final age classes, taking into account the range of years in which

regeneration can occur.
B is the total forest area.
Bi is the area in stand i.
bBAU1 is the minimum harvest area when xBAU1 prescriptions are selected.
bBAU2 is the minimum harvest area when xBAU2 prescriptions are selected.
bGS is the minimum harvest area when xGS prescriptions are selected.
bGTR1 is the minimum harvest area when xGTR1 prescriptions are selected.
bGTR2 is the minimum harvest area when xGTR2 prescriptions are selected.
Hmin is the minimum volume harvested per period.
mAge and MAge are the minimum and maximum harvest ages during the planning

horizon, respectively.
Vi jl is the volume harvested per hectare in stand i, prescription j at period l.
Fi

z is the initial forest inventory on z site index.
BVN is the Black Vulture Nest protection area.
CF0 is the initial investment and CFt is the cash-flow per year.
r is the discount rate.
γ is the parameter that expresses the density of wood in tons per m3 (0.5) and the percentage of

carbon content (50%) existing in dry biomass, whose value is obtained through γ = 0.5· 0.5 = 0.25 tC/m3.
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Index Sets
i is the number of stands.
j is the number of prescriptions, defining a complete treatment schedule for each stand, following

the Model I structure (Johnson and Scheurman, 1977).
k is the number of initial age classes.
l is the index of periods.
z is the site index.
v is the number of priority levels.

Variables
xi j is the area harvested at prescription j in stand i.
xBAU1 is the area harvested by BAU1 at prescription j in stand i.
xBAU2 is the area harvested by BAU2 at prescription j in stand i.
xGS is the area harvested by GS at prescription j in stand i.
xGTR1 is the area harvested by GTR1 at prescription j in stand i.
xGTR2 is the area harvested by GTR2 at prescription j in stand i.
xTNP is the area harvested by TNP at prescription j in stand i.
xNOM is the area selected for NOM at prescription j in stand i.
uxi is a binary variable to force decision variable xi to take either a zero value or a value greater

than, or equal to, the minimum harvest area designated by parameters bBAU1 , bBAU2 , bGS, bGTR1 and
bGTR2 .

As is the area belonging to s final age class s at the ending period.
F f

z is the ending forest inventory from site index z.
SVi j is the total standing volume at prescription j in stand i.
P is the cumulative percentage of the number of trees per hectare for each stand i.
Q is the cumulative percentage of volume.
CCi j is the carbon capture at prescription j in stand i.
ECi j are the carbon emissions produced by cuttings at prescription j in stand i.
Rq is the normalized vector (as the difference between ideal and anti-ideal values) for each

criterion q.

Appendix B.4. Definition of LGP Model

Criteria
NF is the normal forest as an aggregated normalized function of the even flow harvest volume

per period (Hl), the forest ending inventory for each site class (Fz) and the area control for each age
class (As).

IM is the ideal management to be applied in each stand i.
G is the gini index as an inequaluty measure.
VOL is the volume harvested at the end of the planning horizon.
NPV is the Net Present Value at the end of the planning horizon.
C is the carbon balance at the end of the planning horizon.

Achievement function

LexMIN = [U1, U2,−U3]

U1 =
{

wNF ·

(
(pNF)
RNF

)
+ wIM ·

(
(pIM)
RIM

)
+ wG ·

(
(pG)
RG

)}
U2 =

{
wVOL ·

( nVOL
RVOL

)
+ wNPV ·

( nNPV
RNPV

)
+ wC ·

( nC
RC

) }
U3 =

{
wNF ·

(
(nNF)
RNF

)
+ wIM ·

(
(nIM)
RIM

)
+ wG ·

(
(nG)
RG

)
+ wVOL ·

( pVOL
RVOL

)
+ wNPV ·

( pNPV
RNPV

)
+ wC ·

( pC
RC

)}
Goals
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(1) Normal Forest (NF)
NF + nNF − pNF = NF∗

(2) Ideal Management (IM)
IM + nIM − pIM = IM∗

(3) Gini index (G)
G + nG − pG = G∗

(4) Carbon balance (C)
C + nC − pC = C∗

(5) Harvest volume (VOL)
VOL + nVOL − pVOL = VOL∗

(6) Net Present Value (NPV)

NPV + nNPV − pNPV = NPV∗

The following constraints were introduced into the LGP model. First, endogenous ones were
introduced to ensure that the area chosen by the model cannot exceed the available area in each stand.
Second, a minimum harvest area was proposed for each treatment, since, as the treatments propose
cutting sequences at several periods (2–4), a minimum area necessary for the intervention (5 ha for
BAU1 and BAU2, and 10 ha for GTR1 and GTR2) for each of them, was considered. In the case of GS,
this minimum area refers to the size of the gaps in which the thinnings are applied. Finally, for TPN
and NOM, no amount of minimum area was imposed for their application. The last constraint ensures
a minimum harvested volume per period, according to the current forest management plan and the
timber harvested in past years.

Subject to:
(7) Area accounting

J∑
j=1

xi j = Bi ∀i, j

xi j =
J∑

j=1
xBAU1 + xBAU2 + xGS + xGTR1 + xGTR2 + xTNP + xNOM ∀i, j∑

∀i
Bi = B

(8) Auxiliary variables domain
uxi ∈ {0, 1}

(9) Minimum harvest area per treatment

xBAU1 − bBAU1 · uxi ≥ 0 ∀i, j

xBAU1 = 0 ∀i, j; xBAU1 < bBAU1

xBAU2 − bBAU2 · uxi ≥ 0 ∀i, j

xBAU2 = 0 ∀i, j; xBAU2 < bBAU2

xGS − bGS · uxi ≥ 0 ∀i, j

xGS = 0 ∀i, j; xGS < bGS

xGTR1 − bGTR1 · uxi ≥ 0 ∀i, j

xGTR1 = 0 ∀i, j; xGTR1 < bGTR1
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xGTR2 − bGTR2 · uxi ≥ 0 ∀i, j

xGTR2 = 0 ∀i, j; xGTR2 < bGTR2

(10) Minimum and maximum harvest age

xi j = 0 ∀i, j; k < mAge

xi j = 0 ∀i, j; k > MAge

(11) Minimum harvested volume per period

Hl ≥ Hmin, l = 1, . . . , L− 1

(12) Non-negativity constraints
xi j ≥ 0,∀i, j

xBAU2 ≥ 0, xBAU2 ≥ 0, xGS ≥ 0, xGTR1 ≥ 0, xGTR2 ≥ 0, xTNP ≥ 0, xNOM ≥ 0

nVOL, nNPV, nNF, nIM, nC, nG ≥ 0

pVOL, pNPV, pNF, pIM, pC, pG ≥ 0
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