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Abstract – This study uses a simulation-optimisation system, PINUSMIX, to optimise the structure and management of uneven-aged mixtures
of Pinus sylvestris L. and Pinus nigra Arn. in Catalonia (north-east Spain). The simulation sub-system consists of a method for drawing the
initial tree diameters from a Weibull distribution and a stand growth and yield simulator based on individual-tree growth, height, ingrowth and
survival models. The simulation sub-system was combined with the optimisation algorithm of Hooke and Jeeves. The system was used to
optimise the management of uneven-aged mixtures of P. sylvestris and P. nigra on medium site characteristics in the region. When the land
expectation value with a 20-year cutting cycle and a 2% discounting rate was maximized, the land expectation value was 1331 euro ha–1, and
the optimal prior-thinning stand volume was 86 m3 ha–1. In the optimal stand structure P. sylvestris dominated. The effects of discounting rate,
cutting cycle length, objective function, site, timber prices, type of diameter distribution and biodiversity considerations were logical. Increasing
discounting rate and shortening the cutting cycle decreased the optimal prior-thinning stand densities. Maximising wood production or net
income resulted in higher volumes of growing stock than did maximising profitability. Forcing the inclusion of large trees in the stand, for
biodiversity reasons, clearly decreased profitability but had no effect on wood production.
simulation / continuous cover forestry / investment efficiency / biodiversity
Résumé – Optimisation de l’aménagement des peuplements irréguliers et mélangés de Pinus sylvestris L. et Pinus nigra Arn. en
Catalogne (nord-est de l’Espagne). L’article décrit un système de simulation et optimisation, PINUSMIX, pour l’aménagement des
peuplements irréguliers et mélangés de Pinus sylvestris L. et Pinus nigra Arn. en Catalogne (nord-est de l’Espagne). La combinaison des
systèmes simulation-optimisation permet de trouver la structure et le scénario sylvicole optimal pour une fonction objective donnée. Le soussystème de simulation est basé sur un méthode pour dessiner les diamètres initiaux des arbres à partir d’une distribution de Weibull et un
simulateur de la croissance et de la production du peuplement basé sur des modèles de croissance en diamètre, hauteur, développement, et
survie. Le sous-système de simulation était combiné avec l’algorithme d’optimisation développé par Hooke et Jeeves. Le système était utilisé
pour optimiser l’aménagement des peuplements irréguliers et mélangés de P. sylvestris et P. nigra en conditions moyennes de site dans la
région. Quand la valeur espérée du fond, avec un cycle de coupe de vingt ans, pour un taux d’escompte de 2 %, était maximisée, la valeur espérée
du fond atteignait 1331 euro ha–1, et le volume optimal avant-coupe du peuplement était 86 m3 ha–1. Dans la structure optimale du peuplement
P. sylvestris était dominant. Les effets de taux d’escompte, durée du cycle de coupe, fonction objectif, site, prix du bois, type de distribution
des diamètres, et considérations de biodiversité, étaient logiques. Augmenter le taux d’escompte et écourter la durée du cycle de coupe
diminuaient les densités optimales d’avant-coupe. La maximalisation de la production de bois ou du revenu net se traduisait en niveaux de
volume sur pied plus élevés que ceux obtenus avec la maximalisation de la rentabilité. L’inclusion pour des raisons de biodiversité d’arbres de
grandes dimensions avait pour effet de diminuer clairement la rentabilité mais n’affectait pas la production de bois.
simulation / gestion de forêts irrégulières / efficacité d’investissement / biodiversité

1. INTRODUCTION
Pinus sylvestris L. and Pinus nigra Arn. ssp. salmannii var.
pyrenaica mixtures form large forests in the Montane-Mediterranean vegetation zones of Catalonia (from 600 to 1600 m
a.s.l.), occupying an area of 267 000 ha [12, 13]. Both species
supply important products such as poles, saw logs and con-
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struction timber. Most of the stands in the region are rather
small private woodlots. Often the only management conducted
on this type of property is selection felling [5], which leads to
considerable within-stand variation in tree age. However, trees
for felling are frequently selected without much attention to the
future yields of the residual stand, due to good prices for poles
and saw logs. The thinnings often remove the most vigorous
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trees, which may decrease the potential of residual growing
stocks [10]. To improve the current management practices, efficient planning tools are required that help managers to analyse
the economic, ecological and social effects of alternative management options of these forests.
Traditionally, decisions about the optimum management
schedule for uneven-aged stands in Spain have been based on
“balanced” diameter distributions characterized by de Liocourt’s
[22] constant “q” [23]. A balanced diameter distribution – one
that can produce a sustained yield while maintaining an essentially constant structure and volume [21, 25] – is expected to
show a smooth geometric progression of the number of trees
in successive diameter classes, with the ratio of the number of
trees in a given diameter class to those in the next larger class
defined as “q” [2]. However, the “q” parameter alone does not
tell how the stand should be managed, since it does not show
the stand density and how harvests should be conducted. Selection of the best treatment is a complex task that involves the
optimal stand structure as well as the harvest proportions for
every species and diameter class in the stand. The optimum
combination of many variables is most easily sought using a
set of models and a simulator that is able to predict stand development under any set of management parameters. This search
can be automated by using optimisation [1, 16, 27, 28, 41].
In this study a system for stand management support,
PINUSMIX, was used to optimise the management of P. sylvestris and P. nigra mixtures on medium site characteristics in
Catalonia. The system consists of a method for drawing the initial tree diameters from a Weibull distribution, a stand growth
and yield simulator based on individual-tree growth, height,
ingrowth and survival models, and an optimisation algorithm,
which finds the optimum stand structure and management
schedule for a given objective function. The effects of discounting
rate, length of the cutting cycle, objective function, site, timber
prices, type of diameter distribution and biodiversity considerations were analysed.
2. MATERIALS AND METHODS
2.1. Decision variables
Optimising management means finding the optimal values for a set
of decision variables (DVs). In uneven-aged forests, management consists of finding a proper diameter distribution and selection thinning
method for the stand; the diameter distribution, stand density, and thinning intensity are selected so that a specified objective function, for
instance land expectation value, is maximised; and thinning is conducted so that the stand structure always reaches the same pre-thinning
state just prior to the next thinning.
In this study, the diameter distribution of the stand in the beginning
of a cutting cycle was described with the Weibull distribution function
[2, 11, 24, 27]. The probability density distribution of the three-parameter Weibull distribution for a random variable d (tree diameter) is:
f (d ) =

cd −a 


b b 

c -1

  d − a  c 
exp− 
 , ad ≤ ∞
  b  

(1)

where d is tree diameter at breast height (cm); and a, b and c are parameters which define the location (minimum), scale (range) and shape
(skewness) of the distribution, respectively. To avoid optimal diameter
distributions resembling even-aged stands, in optimisations the minimum value for the b parameter was 10. The minimum diameter

(parameter a) was fixed to 7.5 cm, which was the minimum tree size
in the inventory data used to develop the simulation system used in
this study.
When stand structure is described with the Weibull distribution and
its parameter a is fixed, the whole set of DVs in management of unevenaged stands is as follows:
1. Total number of trees per hectare for species s prior to selection thinning (Ns).
2. Parameter b of the Weibull distribution for species s prior to selection thinning (bs).
3. Parameter c of the Weibull distribution for species s prior to selection thinning (cs).
4. Percentage of trees harvested from different diameter classes for
species s (H1s , H2s, H3s , …, Hns).
The percentage of harvested trees was specified separately for the
following four diameter classes: < 20 cm, 20–29.99 cm, 30–39.99 cm
and ≥ 40 cm, leading to four DVs per species to describe the harvest.
The selected diameter classes corresponded to the different timberproduct and unit-price categories used in Catalonia. Because each variable was specified separately for every species, the total number of
DVs needed for specifying the management system was fourteen (Ns,
bs, cs, H1s , H2s , H3s, and H4s for two species).
The optimal combination of DVs, i.e. the optimal management, was
found with the combined use of an iterative optimisation algorithm
[19] and a simulation model. A given combination of DVs was fed into
the simulator, which simulated cuttings and the development of the
stand, and from these results the value of the objective function was
calculated. The objective function value was passed back to the optimisation algorithm, which made alterations in the values of DVs, based
on the feed-back from the simulation program. This process was
repeated many times, until a user-specified stopping criterion was met.
The best solution found was assumed to be the optimal one, or at least
close to it.

2.2. The simulation sub-system
The simulation proceeded as follows:
1. Generate an uneven-aged prior-thinning stand (initial stand).
2. Simulate a partial cutting.
3. Simulate tree growth, tree survival, and ingrowth to the end of the
cutting cycle.
The tree diameters of the initial stand were drawn from the Weibull
distribution specified by the scale and shape parameters (b and c in
Eq. (1)). A diameter range of 7.5–50 cm was divided into 50 classes
of equal width. Then the frequency of each dbh class was calculated
from equation (1) using the midpoint diameter of the class. The frequencies were scaled so that their sum equalled the total number of
trees per hectare, after which the height of the midpoint tree in the class
was calculated. These steps resulted in a set of representative trees
(also called a tree list), one for every diameter class. Once the tree list
was defined, the simulator used the growth and yield model for uneven-aged mixtures of P. sylvestris and P. nigra in Catalonia developed
by Trasobares et al. [37]. This model, prepared using data from the
Spanish National Forest Inventory, consists of an individual tree diameter growth model, a tree survival model, an ingrowth model, and a
static individual tree height model, for simulating stand development.
Separate models were used for P. sylvestris and P. nigra. The growth
and yield model provides unbiased estimates for different combinations of predictors, and for a 10-year period, permits explaining about
65% of variation in stand basal area change (see more details in [37]).
The simulation of a 10-year time step consisted of the following steps:
1. For each tree, add the 10-year diameter increment and the predicted
plot factor (a measure of site fertility) to the diameter, using the models
developed by Trasobares et al. [37].
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Table I. Stumpage prices of products and the percentage of product in different diameter classes.
Stumpage price,
euro m–3

Product

Diameter class, cm
< 20

20–30

P. sylvestris

30–40

> 40

20

20

Percentage

Particle board wood

7.51

75

30

Poles
Sawlog

36.06

5

20

5

0

20.43

20

50

75

70

High quality sawlog

27.05

0

0

0

10

Particle board wood

7.51

75

30

20

20

Poles

36.06

5

20

5

–

Sawlog

20.43

20

50

75

80

–

–

–

–

–

P. nigra

High quality sawlog

Table II. Mean stumpage prices (euro m–3) per diameter class and species.
Diameter class, cm
Species
< 20

20–30

30–40

> 40

P. sylvestris

11.52

19.68

18.63

18.51

P. nigra

11.52

19.68

18.63

17.85

2. Multiply the frequency of each tree (number of trees per hectare represented by a given tree) by the density-independent mortality rate of
0.962 [37] and a density-dependent 10-year probability of survival.
3. Calculate the number of trees per hectare that enter the first dbhclass via ingrowth and the mean dbh of ingrowth at the end of a
10-year growth period [37].
4. Calculate tree heights using static height models [37].
5. Calculate tree volumes using the following formulas provided by
the Spanish National Forest Inventory [20]:

v syl = 30.83 + 0.0003210 × dbh 2 × h
v nig = 14.46 + 0.0003435 × dbh 2 × h

(2)

using the following formula [1, 18]:

LEVt =

VGt
((1 + i ) t − 1)

where vsyl and vnig are P. sylvestris and P. nigra tree volumes (dm3),
respectively, for the province of Lleida; dbh is diameter at breast height
(dm); h is tree height (m). These volume functions are based partly on
the same permanent plots that were used to develop the stand simulator
[37].

2.3. Economic data
The study used stumpage prices specified separately by four diameter classes [10]. These values were modified slightly according to tree
species and recent surveys by forest industries, forest owners, and forest managers in the region. The official prices at industry park, provided by the Consorci Forestal de Catalunya [8], were also taken into
account when the final stumpage prices for P. sylvestris and P. nigra
were determined (Tabs. I and II).

2.4. Objective functions
The management schedule for a stand was optimised using the land
expectation value (LEV) as the objective function. LEV was calculated

(4)

where LEVt is the land expectation value for the t-year cutting cycle
(euro ha–1); VGt is value growth harvested every t years (euro ha–1);
VGSt is the value of the residual growing stock for the t-year cutting
cycle (euro ha–1); i is the rate of interest (percentage divided by 100);
t is length of the cutting cycle.
The valuation formulae utilized in the above equation are:
2

(3)

− VGSt

50

VGS t = ∑ ∑ mis Pis vis
s =1 i =1

2

(5)

50

VGt = ∑ ∑ nis Pis vis − VGS t
s =1 i =1

(6)

where mis is post-cutting frequency of the ith diameter class of species
s; nis is prior-cutting frequency of the ith diameter class of species s;
Pis is stumpage price (euro m–3) of the ith diameter class of species s;
and vis is tree volume (m3) of the ith diameter class of species s.
The LEV is an appropriate criterion for determining sustainable
equilibrium diameter distributions if economic efficiency is the objective of management [1, 4, 7, 11, 14, 16, 18]. Optimal management with
the LEV goal was calculated for medium site characteristics – mean
values for elevation, slope, latitude, and continentality in the modelling data [37] – using a discounting rate of 2%. Díaz Balteiro and Prieto
Rodríguez [9] proposed this discounting rate based on the fact that 2%
is very close to the rate of return of the public debt in Spain [28]. Discounting rates of 1%, 3%, and 4% were also used to study the effect
of this parameter on the optimal management.
Because the idea of uneven-aged forestry is to keep the stand structure unchanged, a penalty function was added to the objective function
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[3], the value of which increased as a function of the difference
between the initial and final stand characteristics. The penalty function
was as follows:

Penalty = p1 V( end ) − V(ini )

p2

2

4

+ p3 ∑ ∑ N ( end )is − N (ini )is
s =1 i =1

p2

(7)

where V(end) and V(ini) are stand volumes at the end and beginning of
the cutting cycle, respectively; N(end)is and N(ini)is are the number of
trees per hectare of species s and the ith diameter class at the end and
beginning of the cutting cycle. The diameter classes used in the penalty
function were: < 20 cm, 20–29.99 cm, 30–39.99 cm, and > 40 cm. The
objective function (OF), which was maximised when the management
of an uneven-aged P. sylvestris and P. nigra mixed stand was optimised, was
OF = LEV – Penalty.

(8)

After preliminary analyses, p2 was set to 2. For p1 and p3, suitable
initial values were found using trial and error; and these values were
gradually increased during optimisation using a sequential unconstrained minimization technique [3], as described in Haight and Getz
[15], Haight et al. [17], and Wikström and Eriksson [41]. This technique was used to avoid too high penalties, since very large penalty
parameters may lead to solutions that are far from optimal, as the
search procedure becomes too constrained.
In addition to the LEV, the profit (PRF) (Eq. (9)), the mean annual
harvested volume (WP) (Eq. (10)), the mean annual net income (NET)
(Eq. (11)) and the managed forest value (MFV) [1, 14, 31] (Eq. (12))
– the value of land and trees – were used as objective functions to study
the effect of type of objective function on the optimal management.

PRFt = NETt − i × (VGSt + VBLt )

(9)

linear optimisation algorithm, because the model is not convex and differentiable in the DVs, and the model has constraints requiring a nonlinear penalty function. Therefore the simulator was linked with the
direct search method of Hooke and Jeeves [19], an algorithm previously used for optimising the management of both even-aged [26, 28,
30, 32, 38] and uneven-aged stands [16, 27]. As the name implies, the
direct search method uses only objective function values, retaining a
certain number of combinations of DVs, which are improved iteratively. The direct search starts from an initial point. A better solution
is sought both along the DVs, to discover the pattern of the objective
function, and along the direction of the discovered pattern [3]. If the
search does not provide a better solution, the search step is reduced.
Because the Hooke and Jeeves method is sensitive and is inconsistent with respect to the number of DVs, the starting points, the feasible range of DVs, etc., it is common to solve the problem for several
starting points and compare these solutions. In this study, each optimisation problem was first solved for 11 different initial vectors of
DVs, each run starting from the best of 5000 random search trials,
except the first one, which started from a user-defined starting point.
To find an approximate optimum, rather low penalty parameters (p1
and p3 in Eq. (7)) were used initially. The set of 11 direct runs was
repeated 2 more times with five (2nd round) and 25 (3rd round) times
larger penalty parameters. In the second and third rounds, the first
direct search was started from the best solution of the previous round.
The other 10 direct searches began from the best of 5000 random combinations of decision variables.
The step of changing the values of DVs was initially 10% of a userspecified range, and the step was gradually decreased during the direct
search. The search was terminated when the step size of every DV was
less than 0.01 times the initial step size. The user-specified ranges of
DVs were: N, 990 (10–1000); b, 15 (10–25); c, 2.5 ( 0.5–3.0); H1, …,
H4, 100 (0–100). The 5000 random values of DVs that were generated
in the beginning of a direct search were limited to these ranges, but
the direct search was free to move outside the range (except that the
minimum value of b was set to 10).

WPt =

HVt
t

(10)

NETt =

VGt
t

(11)

3. RESULTS

(12)

3.1. Optimal management with LEV goal

MFVt = VGt +

VGt
((1 + i ) t − 1)

where PRFt is mean annual profit for a t-year cutting cycle (euro ha–1 a–1);
NETt is the mean annual net income for a t-year cutting cycle
(euro ha–1 a–1), VBLt is the value of bare land for a t-year cutting cycle
(euro ha–1), WPt is the mean annual harvested volume for a t-year
cutting cycle (m3 ha–1 a–1), HVt is total harvested volume for a t-year cutting cycle (m3), and MFVt is the managed forest value for a t-year cutting cycle (euro ha–1). The bare land values used to calculate PRF were
obtained using a simulation-optimisation system for management of
even-aged P. sylvestris L. stands in Spain [28]. The site index used
was such that the mean annual timber production of the even-aged
stand nearby equalled the average growth rate of an uneven-aged stand
in Catalonia (about 2.5 m3 ha–1 a–1). The bare land values for different
discounting rates differed as follows: 1% = 4169 euro ha–1, 2% =
627 euro ha–1, 3% = 0 euro ha–1 and 4% = 0 euro ha–1.
Of the five objective functions, LEV and PRF describe profitability
because the opportunity cost is taken into account. The other objective
functions maximise production or income without paying attention to
the amount of capital tied to production.

The highest LEVs and yield values were achieved with a 10year cutting cycle (Tab. III). However, the optimal diameter
distributions with a 10-year cutting cycle corresponded to
rather young even-aged stands (the “b” parameter was equal or
close to 10). Cutting cycles of 20 and 30 years provided lower
economic and production results, but the related optimal diameter
distributions were wider and the stands resembled an unevenaged stand more than with the 10-year cycle. The LEV values
were fairly similar for 20- and 30-year cutting cycles. The
longer the cutting cycle was and the higher the discounting rate
was, the higher were the harvest percentages in the four diameter classes. The optimal number of trees per hectare prior to
selection thinning in the stand was clearly dominated by P. sylvestris. The higher the discounting rate was, the higher was the
opportunity cost of holding trees in the stand; and therefore the
initial stand volumes were lower (Tab. III and Fig. 1).
3.2. Effect of the objective function

2.5. Optimisation method
Optimising the management of a P. sylvestris and P. nigra mixture,
when the simulation sub-system described here is used, requires a non-

The optimal management and the maximized LEV, PRF,
WP, NET and MFV values for medium site characteristics, 20year cutting cycle and 2% discounting rate were compared in
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Figure 1. Harvested (black) and residual (white) number of trees per hectare in the four diameter classes used in the study for optimal management with the LEV objective function, different cutting cycles in years (columns) and discounting rates as percentage (rows).

order to investigate the effect of objective function on the optimal stand structure and management (Tab. IV and Fig. 2). The
maximization of LEV and PRF resulted in similar optimal values for decision values and initial stand volume. Maximization
of WP, NET or MFV resulted in rather similar stand structure
and management, differing only in the number of young trees.

The WP, NET and MFV goals resulted in higher stand densities
than were obtained with the profitability goals. The presence
of large trees in the stand was smaller when profitability was
included in the objective function. With all objective functions,
the optimal number of trees per hectare prior to selection thinning in the stand was dominated by P. sylvestris.
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Table III. Optimal combination of DVs, land expectation value (LEV, euro ha–1), mean annual harvest (WP, m3 ha–1 a–1) and stand volume
with LEV goal, for medium site characteristics, different cutting cycles and discounting rates.
Cutting cycle (years)
Variablea

10

20

30

discounting rate (%)

discounting rate (%)

discounting rate (%)

1

2

3

4

1

2

3

4

1

2

3

4

Ns

681

595

540

436

606

439

438

416

626

613

537

421

Nn

22

28

66

19

63

98

43

0

70

45

58

113

bs

10.00

10.67

10.00

10.00

13.59

12.95

13.21

12.96

13.48

13.38

12.94

11.24

bn

10.00

10.00

15.23

10.00

10.00

10.00

10.00

–

10.00

10.00

10.00

10.00

cs

1.68

1.91

1.98

1.97

1.94

2.32

3.30

3.00

2.40

2.87

2.11

1.60

cn

0.01

0.55

1.45

0.01

0.08

1.38

0

–

1.06

2.18

3.41

0.01

LEV

4327.8

1550.5

747.9

576.1

3401.5

1331.2

731.6

380.2

3756.5

1301.3

554.9

251.2

WP

2.82

2.67

2.64

2.36

2.52

2.31

2.26

2.12

2.56

2.44

2.31

1.96

Vini

92.7

85.2

82.5

57.0

118.1

86.8

77.1

70.2

120.5

112.7

100.1

77.0

Vend

91.7

84.4

81.7

55.3

117.2

86.1

75.4

69.3

118.8

111.5

99.2

76.6

a N: number of trees per hectare; b and c: parameters b and c of Weibull distribution; V and V : stand volumes (m3 ha–1) at beginning and end of cutini
end

ting cycle, respectively; subscripts “s” and “n” refer to P. sylvestris and P. nigra, respectively.

Table IV. Land expectation value (LEV, euro ha–1), profit (PRF, euro ha–1 a–1), mean annual harvest (WP, m3 ha–1 a–1), mean annual net
income (NET, euro ha–1 a–1), and managed forest value (MFV, euro ha–1) in the optimal management when LEV, PRF, WP, NET, or MFV was
used as the objective function, for medium site characteristics, 20-year cutting cycle, and 2% discounting rate.
Objective
variable

LEV

PRF

WP

NET

MFV

LEV

1331.2

25.0

2.31

45.1

2758.8

PRF

1318.2

25.1

2.28

43.9

2683.3

WP

861.5

15.8

2.56

49.6

3036.7

NET

–63.42

–2.68

2.59

49.2

3005.4

MFV

445.9

8.3

2.61

50.1

3068.6

3.3. Effect of site
3.3.1. Elevation
The effect of stand elevation was analyzed with the LEV
goal, using low, medium and high elevation levels, while
medium values were kept for other site characteristics. LEV was
maximized for a 20-year cutting cycle and 2% discounting rate.
The economic and yield values, as well as the initial stand volumes, were highest for an elevation of 400 m (Tab. V). The
results for 900 and 1400 m elevations were similar. The proportion of P. nigra in the optimal number of trees per hectare
prior to selection thinning increased when elevation decreased.
The results were logical, bearing in mind the site requirements
of the species [37].
3.3.2. Plot factor (site fertility)
The effect of site fertility was analysed when LEV was maximized with a 2% discounting rate and 20-year cutting cycle,

using low, medium and high levels of plot factor (PF) in diameter growth models. High and low site fertility levels were
defined using the standard deviation (SD) of the plot factor in
the diameter growth modelling data (see [37]). A plot factor
equal to SD represented high fertility, while PF = 0 was
medium fertility and PF = – SD was low fertility. Medium site
characteristics were used in models other than diameter growth.
The economic return and the yield values, as well as harvest
percentages, increased with site fertility (Fig. 3). The land
expectation value and mean annual harvest (in parenthesis) for
low, medium and high fertility levels were 858.9 euro ha–1
(2.01 m3 ha–1 a–1), 1450.8 euro ha–1 (2.28 m3 ha–1 a–1), and
2164.8 euro ha–1 (3.11 m3 ha–1 a–1), respectively. The optimal
management was similar for medium and high site levels, the
initial stand volume being slightly higher for high fertility levels. The optimal stand structure for low site fertility clearly
included more small trees (dbh < 20 cm) than for the more fertile
sites. The optimal number of trees per hectare prior to selection
thinning was clearly higher for P. sylvestris than for P. nigra.
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Figure 2. Harvested (black) and residual (white) number of trees per hectare in the four diameter classes used in the present study for optimal
management when LEV, PRF, WP, NET or MFV was used as the objective function, medium site characteristics, 20-year cutting cycle, and
2% discounting rate.

3.4. Effect of timber price
The stumpage price per cubic meter was similar for all dbh
classes (Tab. II), due to the importance of small-size poles in
the region. To make the results comparable with the more common relationships between tree size and timber price, the effect
of timber price was analysed by comparing the results obtained
with the original dbh-price function with those obtained with
a modified function (Fig. 4), as defined by Palahí and Pukkala
[28]. The LEV was maximized using both of the price functions,
for 20-year cutting cycle, medium site characteristics and different discounting rates. Use of the modified dbh-price function
resulted in a more classical uneven-aged stand structure
(inverse “J” shape) with more large trees (dbh > 30 cm) than
was obtained with the original price function (Fig. 5).

tive exponential diameter distribution (i.e., when the shape
parameter c of the Weibull distribution is fixed to 1) was analysed. LEV, PRF, WP, NET and MFV were maximized using
both an exponential (c = 1, no limits for b) and a uni-modal (free
value for the shape parameter in the Weibull) diameter distribution (Fig. 6) for medium site characteristics, 20-year cutting
cycle and 2% discounting rate. The use of an exponential diameter distribution led to lower maximal LEV and PRF than was
obtained with uni-modal distribution; but the maximal WP,
NET, and MFV were about the same for both diameter distribution shapes (Fig. 7). When the exponential distribution was
used, the number of very small (dbh < 13 cm) and large trees
(dbh > 30 cm) was greater, while with the uni-modal distribution, the number of small and medium trees (about 13–30 cm
of dbh) was greater (Fig. 6).

3.5. Effect of exponential diameter distribution
As decisions on the optimum management schedule for uneven-aged stands in Spain have traditionally been based on balanced diameter distributions characterized by de Liocourt’s “q”
constant, the effect of drawing the initial tree list from a nega-

3.6. Effect of biodiversity considerations
Non-timber outputs, such as the number of large trees, deadwood
volume or presence of hardwoods in stands, have been proposed
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Figure 3. Harvested (black) and residual (white) number of trees per hectare in the four diameter classes used in the present study, for optimal
management when LEV was used as the objective function, different plot factor (PF) standard deviation (SD) levels in diameter growth models
(Eqs. (2) and (4)), medium site characteristics in models other than diameter growth, 20-year cutting cycle and 2% discounting rate.

Table V. Optimal combination of DVs, land expectation value (LEV,
euro ha–1), mean annual harvest (WP, m3 ha–1 a–1) and stand volume
with LEV goal, for different levels of elevation, medium slope, latitude and continentality, 20-year cutting cycle, and 2% discounting rate.
Elevation (m a.s.l.)

Variablea
400

900

1400

Ns
Nn

462
230

439
98

463
0

bs

13.37

12.95

13.29

bn

10.00

10.00

–

cs

2.1

2.32

2.61

cn

2.1

1.38

–

1746.7

1331.2

1360.7

WP

3.29

2.31

2.19

Vini

121.8

86.8

76.6

Vend

120.0

86.1

76.0

LEV

a N:

number of trees per hectare; b and c: parameters b and c of Weibull
distribution; Vini and Vend: stand volumes (m3 ha–1) at the beginning and
end of the cutting cycle, respectively; subscripts “s” and “n” refer to
P. sylvestris and P. nigra, respectively.

to be important for biodiversity in the forests of Catalonia [6].
With the available growth and yield model it was not possible
to represent all those components of biodiversity. However, as
an example of how this criterion could be included in the optimisation problem, the effect of retaining a minimum number
of very large trees in the stand was evaluated. Camprodon [6]

Figure 4. Original and modified dbh-price functions.

as a starting point for considering this aspect in Iberian forests,
although he stressed retaining as many very large trees as possible while keeping the loss of profitability reasonable. We subjectively defined 30 large trees (dbh > 40 cm) per hectare as a
good number for enhancing biodiversity in stands. Thus, a penalty function forcing the presence of a given number of large
trees was added to the optimisation problem, and the management for a minimum of 10 and 30 large trees per hectare in a
stand was optimised, (Fig. 8). The large-tree constraint significantly decreased profitability: the LEV without the biodiversity
constraint was 1331 euro ha–1, with 10 large trees ha–1 it was
758 euro ha–1, and with 30 large trees ha–1 it was 194 euro ha–1.
Wood production was the same as without the biodiversity
constraints. The optimal standing volume increased from 86 to
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Figure 7. Comparison of efficiency between use of an exponential
and a uni-modal diameter distribution to draw the initial stand when
LEV, PRF, WP, NET, and MFV are maximized, for medium site characteristics, 20-year cutting cycle and 2% discounting rate.

optimal stand structures resembled the classical inverse exponential shape for uneven-aged stands more than the optimal structures without the biodiversity constraint did. When 10 large
trees ha–1 were required, the dominance of P. sylvestris in the
optimal stand structure continued; but with a minimum of
30 large trees per hectare, the stand was dominated by P. nigra.

4. DISCUSSION

Figure 5. Harvested (black) and residual (white) number of trees per
hectare in the four diameter classes used in the present study for optimal management with LEV objective function, the original and
modified dbh-price functions and 2% discounting rate percentage.

Figure 6. Exponential and uni-modal P. sylvestris diameter distributions of the initial stand when LEV was maximized, for medium site
characteristics, 20-year cutting cycle and 2% discounting rate.

90 m3 ha–1 when 10 large trees ha–1 were required and to
120 m3 ha–1 with 30 large trees ha–1. Furthermore, the resulting

The results obtained in this study were based on the growth
and yield model of Trasobares et al. [37]. This model, developed by using data from systematically placed permanent sample
plots of the Spanish National Forest Inventory in Catalonia,
enables simulations of stand development for average site conditions, but accounts for only a small part of the site-specific variation in fertility among stands. The model may under-predict
the growth of young fast-growing, rather even-aged stands [37].
However, it allows us to vary site fertility by modifying the
value of the random plot factor in the diameter growth models
(i.e., site-specific variation in growth not accounted for by the
covariates in the fixed part of the model).
Different aspects had to be considered when the optimisation
algorithm was chosen and used: (i) the single-tree simulator
produced a discontinuous and non-convex response surface;
(ii) the Hooke and Jeeves method is sensitive and inconsistent
with respect to the number of DVs, starting points and feasible
range of DVs [16, 17, 41]; (iii) the objective function values
around the solution set tended to be flat, partly because the dbhprice function used was also very flat; (iv) to avoid a premature
termination of the solution algorithm (i.e. a solution far from
optimal), penalty functions had to be used, but without too large
penalty parameters. To solve the above-mentioned problems,
and reach solutions close to the global optimum, the response
surface was carefully inspected. Furthermore, suitable values
were found for the penalty parameters, first using trial and error
and later using a sequential unconstrained minimization technique. The penalty parameters as well as the other optimisation

756

A. Trasobares, T. Pukkala

Figure 8. Harvested (black) and residual (white) number of trees per
hectare in the four diameter classes used in the present study, for
optimal management when LEV was used as the objective function,
medium site characteristics, 20-year cutting cycle, and 2% discounting rate: without using biodiversity penalty function (A), using biodiversity penalty function of 10 large trees per hectare (B), using biodiversity penalty function of 30 large trees per hectare (C).

parameters were set in such a way that the 33 (direct) solutions
obtained for each problem did not vary too much. As many as
5 000 random combinations of DVs were used to find the initial
point of 30 out of the 33 direct search runs for each problem.
The effect of discounting rate and length of the cutting cycle
on the optimal management of mixed stands of P. sylvestris and
P. nigra mixed stands was clear. With a 10-year cutting cycle
the optimal structures resembled young and rather even-aged
stands. This means that the best way to reach sustainable equilibrium diameter distributions was with tree sizes close to the

maximum dbh-growth rate (up to 20 cm dbh). With stumpage
prices independent of harvested volume and tree size, the 10year cutting cycle was more profitable than the longer cycles
because the opportunity cost of holding trees in the stand was
lower. However, it should be remembered that the accuracy of
the used growth and yield model [37] is lower for young fastgrowing stands, given that this type of stand structure was not
highly represented in the modelling data.
The use of profitability (LEV, PRF) as the objective function
assigned interest charges depending on the growing stock.
Maximisation of wood production, net income or managed forest value – equivalent to the classical interest-free forest rent
criterion – permitted larger trees to occur in the residual distribution [1]. Nevertheless, the effect of the objective function,
when these variables were all of the same type (with or without
opportunity cost) was not significant, partly because of the flat
price function. For example, the result of maximising WP or
NET was practically the same.
An interesting result was that P. sylvestris dominated most
of the calculated optimal diameter distributions. This was
mainly due to the inherent characteristics (diameter growth,
survival and ingrowth) of the growth and yield model used,
because there are only slight differences in the stumpage prices
of the two pine species (only the price of the largest diameter
class was slightly higher for P. sylvestris). For the medium site
characteristics used in the present study, P. sylvestris was growing faster than P. nigra at low and medium stand densities,
while P. nigra was growing faster at high stand densities (e.g.
when there many very large trees in the stand).
When there were no biodiversity constraints, P. nigra was
never dominating in optimal stand structures. When P. nigra
was forced to be the dominant species, the optimal management
of the stands was very similar to stands dominated by P. sylvestris. Volume growth was slightly smaller, but stand densities
and harvest percentages were practically the same; the stand
volume was about 10 m3 less for a P. nigra stand. Thus, the
optimal management results presented in this study could also
be used as a reference for managing P. nigra stands in Catalonia.
Since the flat dbh-price function used may be rather uncommon, the effect of using a more classical function with the unit
price increasing with dbh was evaluated. The optimisations
showed a clear relationship between optimal stand structures
and stumpage prices. This is important because stumpage
prices might vary considerably in practical situations, for example, depending on the region or on accessibility to the forest.
In the present study, the constraint of using a “balanced”
(negative exponential) diameter distribution to draw the initial
stand structures, instead of a more flexible uni-modal distribution, resulted in lower efficiency when profitability objectives
were maximized [2] and similar efficiency when profitability
was not considered in the objective function. There were two
main reasons for this: the lack of flexibility of the shape-constrained Weibull distribution to produce high frequencies for
medium dbh-classes (13–25 cm of dbh), which have the highest
growth rates, and the greater number of large trees (dbh >
30 cm) in exponential diameter distributions, leading to higher
opportunity costs. The results showed that if the aim is to define
investment-efficient stand structures for uneven-aged stands in
the region, a non-constrained diameter distribution should be
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used to define the initial stand structures instead of the exponential diameter distribution approach.
We were aware of the possible limitations that the Weibull
distribution may have in representing uneven-aged stands [2,
40]. The Weibull function used to generate the initial diameter
distributions has an infinite tail and consequently always populates the larger diameter classes, which could have affected
the determination of optimal initial stand structures. Other distributions such as the Johnson SB may provide more accurate
descriptions of diameter distributions [33–35]. However, we
decided to use the Weibull distribution because it requires only
two parameters to be estimated (Johnson SB requires three
parameters) and has proved to describe diameter distributions
with similar accuracy as the Johnson SB [34]. Despite this,
future studies should consider the use of other distributions to
describe uneven-aged stand structures.
As an example of the use of biodiversity considerations in
the optimisation problem, the effect of retaining a minimum
number of very large tress in the stand was analysed. The lower
profitability obtained when the large tree constraint was used
was reasonable; keeping a certain number of very large trees
in the stand led to higher standing volumes, and therefore the
opportunity cost was higher. It was also logical that the stand
was dominated by P. nigra when a minimum of 30 large trees
per hectare was required, as P. sylvestris is more sensitive to
stand density than P. nigra is (see [37]). The methods presented
can be an important tool for quantifying the cost of favouring
biodiversity in the P. sylvestris and P. nigra stands of the region.
Nevertheless, further research should be conducted to assess
the amount of a certain stand feature required to provide a suitable habitat for certain species. Furthermore, to predict the
dynamics of other relevant non-timber attributes in stands, new
models should be developed. It should also be remembered that
for some species with large territories, biodiversity matters
must be considered at the forest level rather than the stand level.
Other non-timber forest values such as amenity or mushroom
production could be also included in the optimization problem
[29], but models expressing the relationships between these
values and stand structures in the region should be developed
first. Such applications would be an important contribution for
helping managers analyse the ecological and social effects of
the alternative management options of these forests, in addition
to the classical economic effects.
Optimal management was sensitive to changes in site conditions. Changes in elevation affected optimal stand structures
according to the requirements of the two pine species, while
changes in site fertility affected harvest percentages and profitability. The simulation-optimisation system developed here
was applied to different site fertility conditions by modifying
the plot factor. In practical applications, however, a plot factor
value describing site fertility will be difficult to calculate.
Hence, if the aim is to assess site-specific growth potential carefully, a version of the growth and yield model that includes an
easily measurable site descriptor corresponding to the site
index of an even-aged stand would be better [36].
The simulation-optimisation system described in this article
can be used to derive silvicultural instructions for reaching the
optimal management regime for a given stand. These instructions can be used directly by forest managers. Nevertheless, in
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practical forestry existing stands may differ considerably from
optimal sustained diameter distributions. Due to this, given the
existing and the optimal stand structure non-linear programming should be used in future studies to solve for the optimal
conversion strategy [39].
The majority of forests cannot be managed by relying only
on the stand-level approach because this often produces large
fluctuations in annual harvests and revenues. In forest-wide
applications, where the aim is to find an optimal schedule of
treatments for all stands to best meet forest wide objectives and
constraints, the system can help generate alternative treatment
schedules for stands. These schedules can subsequently be analysed by a forest-level optimisation model (solved using linear
programming or other procedures) to find an optimum forestwide management regime.
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