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situation is the opposite of the current management.
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1 Introduction

The Mediterranean stone pine, Pinus pinea L. (Pinaceae), is one of the most characteristic tree
species of the Mediterranean forests and woodlands because of its singular umbrella shape, its abil-
ity to grow over dry, sandy soils, and the ancient use of its large, nutlike, edible seeds for human
consumption. It is widely distributed throughout the Mediterranean basin, where, as a dominant
species, it covers more than 700 000 ha (Mutke et al. 2012), mainly in Spain (450000 ha), Portugal
(90000 ha), Turkey (50000 ha) and Italy (40 000 ha). Although the autochthonous character of the
species in the north-western Mediterranean has been widely demonstrated by fossil, palynological
and archaeological evidence (Rubiales et al. 2010, 2011), the current natural area is difficult to
determine, since it has been widely expanded in the last centuries (Mutke et al. 2012).

Stone pine forests have been used since ancient times as a source of timber, edible pine nuts,
fuelwood, barks and resins. Besides, stone pine forests provide important ecological, landscape and
recreational services, and, due to their capacity for growing over continental and coastal dunes,
they have been widely used as protectors against soil erosion. Stone pine forests in Spain have
been managed under multifunctional principles since the end of the 19th century (Romero-Gilsanz
1886). Bark extraction, resin tapping and pruning for fuelwood are abandoned practices in stone
pine forests, and timber prices for the species have recently dropped so that cone production and
pine-nut extraction have become the most interesting and profitable outputs from these forests in
Spain (Ovando et al. 2010). Today, cone harvesting from the trees, subsequent industrial pine nut
extraction and market processes are economic activities supporting more than 5000 jobs only in the
inland regions of Spain. Extensive research and development have been conducted on the biology,
ecology and silviculture of the species and, in particular, its cone and nut yield (Montero et al. 2008).

Unlike the main part of the species of the genus Pinus, the fruiting process in Pinus pinea
covers a three-year period. Trees start to produce significant cone crops when they are over 20 years
old, and maintain their production up to 140 to 150 years of age. Tree-level cone production is
positively related to tree size (diameter and crown width), soil water holding capacity, social status
of the tree and site index, while higher stocking reduces cone production (Calama et al. 2008). In
short, Pinus pinea is a typical masting habit species, showing huge interannual variability in fruit
production mainly ruled by climate factors, especially rainfall events occurring at key moments
(bud induction and differentiation, and cone maturation) during the whole process, and secondary
control by resource depletion (Mutke et al. 2005). Despite large spatial and temporal variability in
cone production, the rate between the final end weight of pine nuts and weight of cones collected
remains almost constant (4%, Montero et al. 2008). Thus the maximisation of pine-nut production
is attained by means of maximising cone production, and throughout the text we will refer to the
optimisation of cone/pine-nut production.

In temperate and boreal forests, non-timber forest products (NTFPs) may also be of great
importance (Hallikainen et al. 2010). However, in the literature there are few examples of strategic
forest planning models which have integrated other tangible production derived from NTFPs with
timber production. Following Gautam and Devoe (2006) and Miina et al. (2010), the NTFPs ought
to be integrated into management planning, although few studies illustrate how timber production
could be affected by silviculture of NTFPs (Guariguata et al. 2010). Furthermore, another option
would be to spatially separate the two productions, as suggested by Klimas et al. (2012).

Inrecent years, research into non-timber products, like mushroom production, has been included
in forest planning through the use of optimisation tools. Thus, in Aldea et al. (2012) and De-Miguel
et al. (2014a), it was shown that mushroom production is essentially compatible with optimisation
of timber resources, contributing to the sustained yield of the forest. However, in these studies, the
silvicultural models have been oriented only towards timber production. Palahi et al. (2009) defined
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a simulation model of thinnings and regenerative cuttings in two inventory plots in order to optimise
the management of timber and mushrooms using the Hooke and Jeeves algorithm. The objective
function maximises the net present value of the two products. The same algorithm has been used in
other studies. Thus, Miina et al. (2010) analysed how the integration of bilberry production modified
the optimal management of three stands in Finland, while in De-Miguel et al. (2014b) pine honeydew
honey was optimised with timber production. Another NTFP that has been analysed with optimising
tools is cork production. Thus, in Borges et al. (1997) and Costa et al. (2010), a linear programming
(LP) problem formulated in order to optimise cork harvest scheduling can be found. These authors
have included only one silviculture, associated with cork production. In addition, in Hjortse and Straede
(2001), LP and discrete multi-criteria decision-making techniques (MCDMs) have been addressed to
integrate berry and mushroom production in a case study in Lithuania. Finally, MCDMs have been
used to determine potential harvesting sites for three edible ferns in Japan in Matsuura et al. (2014).

Today, in Spain, those forests where Pinus pinea is the main species are managed in order
to achieve complete natural regeneration, in addition to certain restrictions associated with the
landscape and protection of wildlife. However, decision-makers hesitate between choosing timber
production or cone production silviculture. These silvicultures are integrated in rigid forest man-
agement planning, where the ideal of a normal forest still remains. Usually, the same orientation
(timber or cone/pine-nut production) is adopted for the whole forest or for large groups of stands.
In short, decision making related to choosing the best silvicultural alternative in order to obtain
natural regeneration is not an easy task for forest managers (Manso et al. 2014). As a result, some-
times current planning is not implemented, natural regeneration is not achieved, cone production
can be uncollected, and the decision-maker does not know how to integrate the two outputs using
traditional European forest management methods.

To the best of our knowledge, no timber harvest scheduling problem using different silvi-
cultural regimes for each output (timber and NTFP) has ever been addressed jointly. Thus, in some
papers previously cited, the silviculture regimes are mainly oriented towards jointly optimising
timber and NTFP on a stand scale. The main objective of this study was to obtain the best alterna-
tives for managing each Pinus pinea stand while simultaneously optimising silvicultural options
oriented towards timber or towards cone/pine-nut production on a forest scale. Thus, we have aimed
to identify the optimal silvicultural regime for each stand. Furthermore, the methodology described
can assess the opportunity cost of not taking an optimal management alternative associated with
the silviculture chosen in each stand.

2 Material
2.1 Case study

The forest analysed (“Pinar del Comun y Pinar de Propios y Valdeoliva™) is publicly owned. It covers
1396.5 ha and is located in the north of the province of Toledo (central Spain) on sandy, poor, acidic
soils. Its altitude ranges between 550 and 850 metres above sea level. Slopes of between 3% and
12% predominate and in some specific areas they range from 12 to 24%. Stone pine constitutes the
most abundant species in the forest, but there are also oak tree stands (Quercus ilex subsp. Ballota
(Desf.) Samp.) and, less frequently, junipers (Juniperus oxycedrus L.). These pine trees commonly
form grazing land stands, are of a low density, with trees with a large diameter and of a great age
(100 to 150 years, with some individuals around 200 years). In the study area, the average stand
density for Pinus pinea is 117 trees/ha, and the volume per hectare reaches 50.3 m3/ha (Prieto et
al. 2004). Also, among other reasons, it presents scant regeneration due to pressure from cattle.
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Its management began in 2004, applying classical European management methods (which
are not based upon optimisation approaches), seeking to obtain a normal forest, and with silvi-
culture oriented to timber production in the whole of the forest. However, in masting years when
the cone production is high, the cone crop (on the tree) has been sold. The forest plan has been
developed without using any optimisation techniques. The current structure of the forest can be
defined as uneven-aged with patches or small even-aged groups. This means that there is no intimate
mixture of trees of different age classes, but a mixture of even-aged groups occupying different
areas, from 0.1 ha up to over 5 ha. Thus, the forest was initially divided into 133 stands, where
even-aged groups of 3—4 different age classes can be found. We have defined a patch as being the
aggregation of the groups from the same stand sharing the same age class, so that at the end each
stand is subdivided into a number of different even-aged patches (more than 350 in the whole of
the forest). Forest inventory information available at patch level includes the distribution of the
frequencies of observed diameters, grouped by 5 cm diameter classes, as well as patch age and
dominant height. Thus, each patch is associated with a site index focusing on timber production,
defined by the dominant height at 100 years of age according to Calama et al.’s (2003) site index
model for the species.

2.2 Economic variables

Given that the profitability of each of the management alternatives for each management unit will
be calculated, it is necessary to compute, starting from the silvicultural plans (see Section 3.2.),
both the income and payments expected throughout the planning horizon (100 years). With regard
to the income, beginning with the pine nut, a price of 0.07 €/kg of cone (stumpage price) was taken,
corresponding to the latest sale recorded in the forest. As we are focusing on the forest owner/
forest manager point of view, we use the stumpage price of cones instead of the final price of pine
nuts traded in the industry after the extractive process. The prices considered for the timber arose
both from consulting timber merchants in areas near the forest, as well as information associated
with other stone pine timber use in public forests. Thus, these stumpage prices are 14 €/m? for
the final cuttings and 4 €/m? for timber from commercial thinnings. With regard to the payments,
together with the costs of the silvicultural operations introduced in Table 1, others, associated with
fencing pastures after the cutting (1216 €/ha), and the removal of fences in the 20th year after cut-
ting (112.6 €/ha) have been taken into account. Besides, a cost of 8.4 €/ha has been included due
to other operations to be carried out in the forest. These are all shown in Table 2. Finally, a real
discount rate of 2% was taken. This rate has been used for long rotation forest species in Spain
(Diaz-Balteiro and Romero 1998).

3 Methods
3.1 PINEA2 model and applicability to forest case study

The evolution of the different patches in the forest “Pinar del Comun y Pinar de Propios y Val-
deoliva” under each management schedule was simulated using the PINEA2 model and software.
PINEA2 (Calama et al. 2007) is an independent integrated single tree distance model simulating
the growth and yield (timber and cones) of a pure stand of Pinus pinea under different management
scenarios. Input variables for applying PINEA2 in the present work were breast height diameter of
all the trees within the patch, patch age and dominant height. PINEA?2 includes five modules (Fig. 1).
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Table 1. Silvicultural actions proposed for the two products.

TIMBER SCENARIO
Age Operation Intensity
10 years pre-commercial thinning 350 trees/ha, with a density of 500 trees/ha
after this treatment
20 years pruning mainly in the lowest branches
40 years commercial thinning low thinning, with a density of 225 trees/ha
after this treatment
Rotation age (80-150 years) clearcuts leaving 10 seed trees by ha
CONE/PINE NUT SCENARIO
Age Operation Intensity
10 years pre-commercial thinning 350 trees/ha, with a density of 500 trees/ha
after this treatment
15 years pruning lowest branches up to 40-60% of the height
45 years commercial thinning low thinning, with a final density of 100 trees/ha
after this treatment
Rotation age (80-150 years) clearcuts leaving 10 seed trees by ha
Table 2. Costs associated with each scenario.
TIMBER SCENARIO
Year Operation Cost
following final cutting fenced to restrict grazing 1126.16€/ha
10 years pre-commercial thinning 285 €/ha
20 years pruning and removal of fence 552.62 €/ha
40 years commercial thinning 598 €/ha
CONE/PINE NUT SCENARIO
Year Operation Cost
following final cutting fenced to restrict grazing 1126.16€/ha
10 years pre-commercial thinning 285 €/ha
15 years pruning 440 €/ha
20 years removal of fence 112.62€/ha
45 years commercial thinning 870 €/ha
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Fig. 1. Flow chart of PINEA2 model.
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The state module includes different equations to predict tree size attributes, tree volume
with end-size classification, tree biomass, and the average annual tree cone production (Calama
et al. 2008). The transition module defines the future state of the patch, based on the current, by
means of tree diameter and dominant height increment functions. Regarding natural regeneration,
based on field observation and simulations carried out using the model by Manso et al. (2014), we
assumed that complete regeneration was achieved within a 20-year period. In the case of mortality,
current stocking is so low that it prevents self-thinning mortality (Montero and Candela 1998),
thus only random mortality — assumed to occur at a rate of 1% every five years up to an age of
100 years, and at a rate of 3% over this age — has been considered. These percentages are based
on the continuous monitoring of the net of permanent plots of Pinus pinea within the region used
to construct the model. Finally, in the management module, PINEA2 allows one to propose dif-
ferent management schedules defined by thinning type, instant and intensity, and rotation length.
As outputs of PINEA2, for each five-year simulation period, we obtained (i) stand attributes (ii)
accumulated and standing volume, classified according to its end use, (iii) accumulated cone
production per hectare, and (iv) accumulated and standing biomass defined by fractions and fixed
CO,. The predicted weight of cones given by PINEA2 can be easily transformed into weight of
pine nuts by applying a rate of 4% (Montero et al. 2008).

3.2 Proposed silvicultural schedules

Based on previous knowledge of silviculture and management for the species (e.g. Montero et al.
2008), two main silvicultural schedules are proposed, defined by their main production objective:
timber or cones (and subsequently, pine nuts). Though Pinus pinea forests have been managed
under multifunctionality and sustainability principles since ancient times, forest managers habitually
must decide whether to orient their practices in order to promote one or another main production,
since optimisation techniques are currently not applied in Spain. Thus, two simple management
schedules have been proposed (see Table 1).

Initial stages are similar for both schedules. Patches under the regeneration phase are fenced
to prevent grazing, and cone collection is prohibited to ensure enough seed source. Precommercial
thinnings are oriented towards obtaining 500 stems/ha uniformly distributed throughout the area.
The main differences are related to thinning and pruning operations. Cone-oriented management
requires maintaining lower stocking from the earliest stages of stand development in order to pro-
mote and favour horizontal crown growth. Selective thinnings to favour the best 100 cone produc-
ers per hectare are thus applied, together with intensive stem pruning. On the other hand, timber
production management is based on maintaining high standing stocks, so thinning from below up
to 225 stems/ha is proposed and natural pruning favoured (Montero et al. 2008). From 20 years up
to the regeneration cutting, the cones are cropped annually by using mechanical harvesters (vibra-
tors). Natural regeneration is achieved by applying selective tree cutting by small patches, leaving
10 trees/ha to give initial protection to the seedlings. The rotation length can range between 80 and
150 years, and is the variable to be optimised on a stand scale. In order to avoid timber rot due to
Phellinus pini, low rotation lengths are typical of timber-oriented stands, while cone production
increases with age up to 140 to 150 years. Over this age, cone production is drastically reduced
and mortality is increased.

3.3 Model I

The first step was to establish a strategic harvest scheduling model (Model I, following Johnson
and Scheurman 1977). Three initial management scenarios were considered. Two of them implied
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the application of a silviculture oriented towards the same output (timber or cones/pine nuts),
following the two main silvicultural schedules proposed, whereas in the third scenario the best
silviculture choice (silviculture actions to promote either timber or cone/pine-nut production) in
each stand was selected.

The set of prescriptions was defined according to the management unit chosen. Each stand
was assigned an initial age, taken from the current forest management plan. The planning horizon
is 100 years, divided into ten year periods, and the rotation age varies between 80 and 150 years.
For each scenario, five different objective functions were selected: net present value (NPV7) asso-
ciated with timber, net present value (NPVN) associated with pine nuts, net present value (NPV)
associated with both outputs, volume of timber harvested (7H), and yield of pine nuts (YPN). All
these functions aim to maximise the objective function. The total number of prescriptions reached
2,164, and the start of this strategic forest management plan was 2011.

With regard to the constraints, in addition to the endogenous ones usually considered
(ensuring that the sum of the hectares attached to each prescription has to be less than or equal
to the area of its corresponding stand), first those habitually employed in replicating the idea of
a normal forest were introduced (Diaz-Balteiro and Romero 1998): equality of harvest volume
in each cutting period (i.e., an even flow policy); a regulation or area control criterion that seeks
an end-regulated or even-aged forest (i.e., the area covered by each age class must be the same at
the end period); the end inventory criterion that ensures a solution for which the timber volume
associated with the ending forest inventory is larger than or equal to the timber volume in the initial
inventory, depending on the site index. In our case, the stands were mainly uneven, but formed
by even-aged or regular groups or patches (see Section 2.1). Thus, the trees within the same patch
can be assigned to the same age class, showing the patch to be an even-aged structure, and that
it is possible to assign a patch age and site index. In this case, simulations were carried out on a
patch within the stand level. Also, a constraint stipulating that the yearly cone production should
exceed a mean minimum value in the whole forest (100 kg/ha) for its use to be profitable has been
incorporated. Besides, as the timber price is very low and the yield in each rotation is scarce, it is
important to note that NPV can easily be negative. However, this situation is not considered in
these models (this objective is not allowed to take any negative value). Last, another exogenous
constraint (using binary variables) was introduced, according to which the minimum cutting area
should be at least three hectares (all stands are bigger than this area), using the procedure suggested
by Williams (1993). The general mathematical depiction of the LP model as well as the defini-
tion of parameters, accounting variables, and decision variables are presented in the Appendix A,
available as a supplementary file at http://dx.doi.org/10.14214/sf.1226. For the resolution of these
models, the software LINGO 13 (Lindo Systems 2012) was applied.

3.4 Goal programming

The solutions obtained in the optimisation models used by the LP did not offer any feasible solution
for any of the objectives and scenarios considered. Furthermore, if the previously cited exogenous
constraints were not considered, the solutions obtained were far from fulfilling the conditions of a
normal forest, especially when the scenario studied only included a silviculture oriented towards
cone production.

For those reasons it was decided to construct a multi-criteria model in order to integrate,
in each scenario, the different objectives contained in the analysis. In this way, it was possible to
verify the influence of an optimal silviculture in the objectives considered in the management of
this forest. Since we were faced with a problem of a continuous nature, the multi-criteria model
selected was goal programming (GP), widely applied in forest management (Diaz-Balteiro and
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Romero 2008). In short, we chose an extended GP (EGP) model (Romero 2004). This model
merges two GP models: a weighted GP variant and the model called Minmax (Chebyshev) GP.
In Diaz-Balteiro et al. (2013), the use of GP in forest management has been explained in detail.

The first step in a goal programming model consists of defining the criteria to be taken into
account in the analysis. Besides the five objectives previously defined for the LP model, and in order
to replicate the current management proposed in the forest, the three exogenous constraints aiming
to ensure the idea of a normal forest (equality of harvest volume in each cutting period, regulation
and the ending inventory criterion) have been also considered as criteria. In order to assess the
degree of conflict between the criteria considered, a pay-off matrix was constructed. The pay-off
matrix is a square matrix obtained by optimising each criterion individually over the constraint set
and then the value for each criterion at each optimal solution is computed. In this way, a square
matrix with five rows and five columns is obtained. The main diagonal includes the maximum
values that each criterion can reach, known as the ideal points. Furthermore, the matrix contains
the anti-ideal (nadir) points, which would be the worst results obtained for each of the criteria.

An initial step consists of normalising the six criteria. Following Diaz-Balteiro and Romero
(1998), this normalisation is necessary because the criteria are measured in different units (mon-
etary units, cubic metres, tonnes). Also, the preferential weights assigned to each criterion have
to be defined. In this case, initially the option was to assign the same weight to each of them.
Finally, and to facilitate understanding the model, we decided to remove two of the criteria
shown in the pay-off matrix: net present value associated with timber (NPVT), and net present
value associated with pine nuts (NPVPN), The remaining six criteria are included as goals in our
multi-criteria models.

Next, we defined the target corresponding to each goal. To be specific, for the first three the
target is obtained by maximising each objective without any exogenous constraints (normal forest
constraints). For the other three goals, the targets are fixed by the condition of volume equality in
each period, by the area associated with each age class in the case of regulation or by the initial
inventory when the criterion analysed is the end inventory. Then, suitable decision variables for
each goal which conform to the objective function are selected. Indeed, minimising the sum of
the undesired decision variables included in the GP models is sought. The structure proposed (see
Appendix A), which incorporates the same exogenous constraints as in the LP model, permits one
to obtain a set of solutions which go from the greatest aggregated effectiveness, up to another GP
model in order to obtain the most balanced solution associated with the achievement of the differ-
ent goals (Tamiz et al. 1998). With the EGP structure (Romero 2004), for values of parameter A
equal to 1, the most efficient solution was obtained, while for values of parameter A equal to 0 the
most balanced solution was elicited. For values of the control parameter A belonging to the open
interval (0.1), compromises between the above two will be obtained. Last, the Appendix A shows
the mathematical structure of this model.

4 Results

Regarding the results of the multi-criteria model, the first step is the calculation of the pay-off
matrix. This is shown in Table 3, where the ideal points have been shown in bold and the anti-ideal
points in italics for the three scenarios considered.

It can be seen, first, how the results vary according to the management scenario selected.
At a glance, the manager can evaluate, for example, the effect that would be obtained from being
obliged to apply only silviculture oriented towards the production of timber or of pine nuts. In
relation to these results, it is interesting to highlight how the areas devoted to each silviculture



Silva Fennica vol. 49 no. 3 article id 1226 - Pereira et al. - Optimal management in Pinus pinea L. stands. ..

Table 3. Pay-off matrix.

TIMBER SCENARIO
NPVT NPVPN NPV TH YPN Volume control  Regulation ~ Ending forest
inventory
NPVT 272006.6 196299.9 265338.4 32468.6 51930.6 20736.1 85196.6 22279.1
NPVPN 543159.5 580389.6 556502.9 471953.7 556547.7 476798.3 477393.8 501136.2
NPV 982049.5 943572.9 988724.8 671533.5 775361.7 664417.8 729473.8 690298.8
TH 250781.2 240479.7 244931.0 278572.8 231041.5 2180574 222287.9 229502.9
YPN 16710110.0 17899,110.0 17097550.0 15350050.0 18190080.0 15259160.0 15175400.0 15960530.0
Volume 274530.3 207310.3 247049.2 341079.2 123715.5 0.0 34887.1 155661.6
control
Regulation 746.6 588.3 572.0 582.8 464.3 164.0 0.0 251.5
Ending 37342.0 40438.9 36177.9 30667.0 17308.9 5803.7 12290.2 0.0
forest
inventory
CONE/PINE NUT SCENARIO
NPVT NPVPN NPV TH YPN Volume control ~ Regulation ~ Ending forest
inventory
NPVT 181286.1 114482.1 171220.1 1291894 112557.2 66401.3 85995.6 49798.0
NPVPN 818790.7 857357.5 842067.9 7013384 857357.5 657038.5 668 784.6 648237.6
NPV 1166960.0 1138723.0 1180171.0 8682219 1136798.0 823921.9 835668.0 815121.1
TH 270025.4 224573.5 262713.0 311808.2 223410.6 232251.8 241568.7 2349374
YPN 24820280.0 26769920.0 25854330.0 22607980.0 26769920.0 22076570.0 22150610.0 21407110.0
Volume 280892.9 86833.4 216691.1 280685.3 86833.4 2293.6 90393.7 241615.8
control
Regulation 1353.4 1031.4 1018.2 1660.2 1031.4 141.9 0.0 1082.4
Ending 63966.9 65936.0 70163.2 83965.7 65605.0 46982.2 52441.0 22520.1
forest
inventory
MIXED SCENARIO
NPVT NPVPN NPV TH YPN Volume control  Regulation  Ending forest
inventory
NpPVT 340547.4 107409.0 272946.8 279946.2 114482.1 1466.1 18143.4 3689.5
NPVPN 653010.2 857357.5 772923.1 579704.5 857357.5 476830.3 522281.7 523023.1
NPV 1160441.0 1131650.0 1212753.0 7465879 1138723.0 645179.8 707308.5 693596.0
TH 276762.0 220296.1 276967.2 340256.9 224573.5 246068.4 210472.8 246707.3
YPN 20242000.0 26769920.0 23811190.0 19041020.0 26769920.0 /5847200.0 16590950.0 17271830.0
Volume 227198.3 868334 237135.1 264382.0 86833.4 0.0 137026.4 78417.1
control
Regulation 847.3 1031.4 1060.6 1284.2 1031.4 292.6 0.0 522.1
Ending 65057.8 64728.8 69702.6 81100.9 65936.0 31810.2 12290.2 0.0
forest
inventory

NPVT: net present value of timber harvests

NPVPN : net present value of pine nuts havested

NPV: total net present value of timber harvests and pine nuts yield

TH: timber harvests

YPN: yield of pine nuts

Volume control: sum of deviations of the volume control criteria in all the periods

Regulation: sum of deviations of the regulation criteria in all the periods

Ending forest inventory: sum of deviations of the ending forest inventory criteria in all the periods

in bold: ideal values

in italics: anti-ideal values
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Table 4. Forest area oriented towards each silviculture in the mixed scenario.

NPVT NPVFPN NPV TH YPN Volume  Regulation Ending forest
control inventory
Area orientated to 918.9 0.0 366.0 579.5 0.0 965.9 1093.6 7717.3
timber silviculture
Area orientated to 477.6 1396.5 1030.5 817.1 1396.5 430.6 302.9 619.2

pine nut silviculture

change in the mixed scenario — specifically, the percentage of the forest area presenting timber
production silviculture and that presenting cone/pine-nut production. Table 4 shows how the forest
area varies when each criterion in this scenario is optimised.

However, in general, the results adopt different values for each of the criteria depending on the
three scenarios. Thus, the differences in the development of the objective associated with physical
production (timber, cones/pine nuts) and the closer objective of an economic type (NPVT, NPVFN)
between timber and cones/pine nuts can be observed. Although the results obtained for cones/pine
nuts are not very different if their physical and economic productions are compared, this is not so
for timber. Finally, as is obvious from the results shown in Table 4, it should be emphasised that,
for the cones/pine nuts, practically the same results are reached in the scenarios incorporating pine
nut or mixed silviculture when maximising NPV*N or YPN.

It should also be pointed out that this matrix has been constructed without introducing the
exogenous constraints associated with the idea of a normal forest in the analysis. However, it can
already be seen that when silviculture oriented towards the production of cones is applied, the
volume control and ending forest inventory constraints are not completely reached. In this case
study this reflects the conflict between the application of a cone-production-oriented silviculture
and the achievement of the ideal of a normal forest. It can also be seen how, very frequently in
the three scenarios and for the different criteria, the anti-ideal value is found when optimising any
of the three criteria associated with the idea of a normal forest. Finally, it is always observed that
when the NPV of the forest (timber and cones/pine nuts) is maximised, higher values than the sum
of the partial optimisations of these two criteria are obtained.

4.1 Goal programming models

The results in Table 3 show how no solution generated by the single optimisation of any criterion
seems acceptable in practice and, consequently, a single optimisation policy is not viable. Namely,
a priori none of the previous solutions provided in the three scenarios considered seems to be an
optimal one if the eight criteria are integrated jointly, since the fulfilment of the normal forest
conditions through the constraints proposed is very weak. Hence, it would be necessary to look
for compromise solutions between the criteria considered.

Next, Table 5 shows the results obtained when applying the different EGP models. It should
be noted that the models presented a certain degree of complexity. To be specific, they encom-
passed over 161 000 variables, 2164 of which were integers and 4639 constraints. To simplify the
presentation the table shows the results only for A=1 and A=0. How the solutions are different for
each management scenario can be seen, with great variability being produced in the performance
of the constraints associated with the normal forest. However, for some efficient solutions (A=1)
some of those constraints are 100% realised. Concretely, the solution which is closest to satisfying
the normal forest condition corresponding to the management scenario oriented towards timber
production is for A=1.

10



Silva Fennica vol. 49 no. 3 article id 1226 - Pereira et al. - Optimal management in Pinus pinea L. stands. ..

Table 5. Solutions obtained using the goal programming method.

TIMBER SCENARIO CONE/PINE NUT SCENARIO MIXED SCENARIO

A=1 A=0 A=1 r=0 A=1 r=0
NPV 782070.8 701682.8 823957.6 823896.9 8727323 841638.9
TH 225767.7 216817.7 232353.5 232304.2 230030.1 255831.4
YPN 15364450.0 16167820.0 22078710.0 22076390.0 21934640.0 19512580.0
Volume control 0.0 1225.1 2293.3 2293.1 0.0 838.8
Regulation 123.6 318.8 141.8 141.8 164.7 198.8
Ending forest inventory 4629.9 13079.5 47022.9 46999.3 35780.8 48135.1

NPV: total net present value of timber harvests and pine nuts yield

TH: timber harvests

YPN: yield of pine nuts

Volume control: sum of deviations of the volume control criteria in all the periods
Regulation: sum of deviations of the regulation criteria in all the periods

Ending forest inventory: sum of deviations of the ending forest inventory criteria in all the periods

Unlike the other two scenarios, in scenario 3 the areas assigned to timber-production-
oriented or cone/pine-nut silviculture vary, as shown in Table 6. As the solutions tend to become
more balanced (A=0), it can be seen how the area with silviculture devoted to timber production
is increased. However, for the solutions obtained for this scenario, always more than 75% of the
area of the forest is managed with silviculture oriented to cone production.

5 Discussion

Beginning with the results obtained using LP when the five objectives are considered under the
three scenarios, there is no feasible solution which simultaneously includes the fulfilment of the
exogenous constraints. That is to say, the idea of a normal forest is incompatible over the planning
horizon considered with the current structure of the trees and the silvicultures proposed.

The results in the previous section show the advantages associated with dealing with
a management scenario which allows the integration of silviculture oriented towards timber
production with another oriented towards cone/pine-nut yield in each stand of the forest in a
strategic forest planning model. These advantages manifest themselves in the greater flexibility
for the manager of this scenario when justifying the best silviculture choice for each stand as
a function of the objective aimed for the forest, as has been shown in Table 4. Additionally, on
a whole forest level, it is possible to easily compute the opportunity cost of adopting a single
silviculture (timber or cones/pine nuts) depending on the objectives and constraints proposed in
its management.

Table 6. Area associated with each silviculture varying the parameter A.

A=1 r=0,8 A=0,6 A=0,4 1=0,2 A=0

Area orientated to timber silviculture 157.1 157.0 171.9 202.7 291.5 341.0
Area orientated to cone/pine nut silviculture 1239.5 1239.6 1224.7 1193.8 1105.0 1055.5
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In short, we have defined, two types of silviculture for the same stand, duplicating the number
of prescriptions initially established in order to obtain optimal solutions in a Paretian sense, and
which permit adequate integration of the constraints which may be imposed on the management
of this type of forest. The results show that the solutions obtained (Table 5) are more attractive for
the decision centre than those derived only from the maximisation of a criterion (Table 3), due to
their better performance in fulfilling normal forest conditions. In short, the GP models presented
provided solutions inside each scenario which mitigated the discrepancies between the criteria
considered for the case study, and allowed the manager to apply more flexible harvest schedules.
This advantage has been shown in other studies (Gémez at al. 2006; Bertomeu et al. 2009; Diaz-
Balteiro et al. 2009). In the cases where NTFP management problems are involved, this type of
approach has shown its usefulness, although it is often difficult to develop a production function
which permits one to ascertain the production of an NTFP throughout the planning horizon pro-
posed in the analysis (Palahi et al. 2009).

The solutions obtained do not lead us to the conclusion that one scenario dominates the
other two, i.e., that at least for one criterion, one scenario is better than the other two. However,
currently, forest management is carried out by prioritising timber production over that of pine
cones (Prieto et al. 2004). Besides, the current forest management plans in the case study do not
include optimisation tools in their analysis. This work could help quantify the cost of orienting
forest management to timber or cone/pine-nut production. However, the initial hypothesis proposed
that the same weight should be given to the two productions. In the case of the decision making
opting to give more weight to one of them, the results would be modified.

At the same time, it should be pointed out that in the pay-off matrix (Table 3) timber pro-
duction is significantly less when the whole area of the forest is managed with silviculture for this
objective than if it were devoted to cone production. This circumstance is due to the introduction of
an initial constraint, according to which yearly cone production should be over 100 kg/ha to prevent
this product from not being utilised. If this condition were to be dropped, the pay-off matrix for the
scenario with timber-oriented silviculture would be notably modified, as can be seen in Table 7.

The results provided by the EGP models applied in this research show a moderate conflict
between timber and pine-nut production, but the intensity of this conflict could be modulated when
exogenous constraints are integrated into the management. The consideration of “joint production”
when timber and a NTFP are integrated in the analysis could be the subject of a deeper analysis.
Some papers involving NTFP have dealt with these situations (Aldea et al. 2012). Finally, the models
proposed could include other goals and constraints as required by the owners or the manager. Thus,
as wildfires could be an important problem in this kind of forest, the risk of fire could be introduced
into the analysis. This circumstance could change the management scenarios proposed initially.

6 Conclusions

The GP methodology proposed in this work allows forest management to be improved when
two different productions (timber and cones/pine nuts in this case) evidence a moderate conflict
between each them, and the traditional forest management does not provide suitable solutions.
This strategic forest planning methodology allows the integration of two different silvicultures
(timber production or pine-nut yield) and the choice of the best in each stand. Our results show
that the results obtained with the GP models are more attractive than in the case where only one
production is maximised. Finally, another advantage of this method is its flexibility to incorporate
other silvicultural regimes or the refinement of the methodology in integrating the preferences of
different stakeholders and varying the weight given to each production.

12
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Table 7. Pay-off matrix in timber scenario when the initial constraint of minimum yield of pine nuts has been removed.

TIMBER SCENARIO
NPVT NPVPN NPV TH YPN Volume Regulation Ending forest
control inventory

NPVT 372176.1 270160.9 368232.5 43766.7 259339.5 0.0 0.0 0.0
NPVPN 587090.0 610566.7 596211.2 450942.6 608569.1 4455413 465148.5 427908.1
NPV 1126150.0 1047611.0 1131327.0 661592.7 1034792.0 556635.0 577892.9 536788.3
TH 303905.5 246994.1 305045.6 3717773 246332.5 237103.2 231701.3 257329.3
YPN 17907090.0 18903870.0 18233480.0 15744780.0 18912900.0 14166100.0 15076640.0 13551290.0
Volume 178541.9 107678.9 140621.0 237608.1 109034.2 0.0 138543.3 115690.0
control
Regulation 1450.6 1031.4 1409.2 2180.2 1013.0 218.9 0.0 676.0
Ending forest 0.0 58384.8 0.0 101275.6 55639.3 9994.4 4613.3 0.0
inventory

NPVT: net present value of timber harvests

NPVPN: net present value of pine nuts harvested

NPV: total net present value of timber harvests and pine nuts yield

TH: timber harvests

YPN: yield of pine nuts

Volume control: sum of deviations of the volume control criteria in all the periods

Regulation: sum of deviations of the regulation criteria in all the periods

Ending forest inventory: sum of deviations of the ending forest inventory criteria in all the periods
in bold: ideal values

in italics: anti-ideal values
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