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ABSTRACT

Forest management is facing new challenges under climate change. By adjusting thinning
regimes, conventional forest management can be adapted to various objectives of utilization
of forest resources, such as wood quality, forest bioenergy, and carbon sequestration. This
thesis aims to develop and apply a simulation-optimization system as a tool for an
interdisciplinary understanding of the interactions between wood science, forest ecology,
and forest economics.

In this thesis, the OptiFor software was developed for forest resources management. The
OptiFor simulation-optimization system integrated the process-based growth model
PipeQual, wood quality models, biomass production and carbon emission models, as well
as energy wood and commercial logging models into a single optimization model.
Osyczka’s direct and random search algorithm was employed to identify optimal values for
a set of decision variables.

The numerical studies in this thesis broadened our current knowledge and understanding
of the relationships between wood science, forest ecology, and forest economics. The
results for timber production show that optimal thinning regimes depend on site quality and
initial stand characteristics. Taking wood properties into account, our results show that
increasing the intensity of thinning resulted in lower wood density and shorter fibers. The
addition of nutrients accelerated volume growth, but lowered wood quality for Norway
spruce.

Integrating energy wood harvesting into conventional forest management showed that
conventional forest management without energy wood harvesting was still superior in
sparse stands of Scots pine. Energy wood from precommercial thinning turned out to be
optimal for dense stands. When carbon balance is taken into account, our results show that
changing carbon assessment methods leads to very different optimal thinning regimes and
average carbon stocks. Raising the carbon price resulted in longer rotations and a higher
mean annual increment, as well as a significantly higher average carbon stock over the
rotation.

Keywords: carbon accounting, economic returns, fertilization, forest bioenergy, optimal
thinning, wood quality.
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1 INTRODUCTION

1.1 Decision problems in forest ecosystem management

Forests have traditionally been used for producing timber, fuel wood, and non-wood forest
products, as well as for hunting, preventing erosion, and providing amenities. Forest
resources play multiple roles in sustainable development. Consequently, forest managers
encounter a number of biological, economic, and social problems. The objectives of forest
management are changing under climate change. Timber production is no longer a single
objective in forest management. Questions about the relationship between wood quality,
forest bioenergy, carbon balance, and forest management have long been the research
interests of forest ecologists, wood scientists, and forest economists.

Forest management decisions vary depending on the objective. Conventional forest
management focuses on timber yield, whereas intensive forest management involves
silvicultural treatments and their effects on wood properties. Forest bioenergy production
includes energy wood harvesting in addition to conventional logging. Forest ecosystem
management and carbon balance take into consideration carbon sequestration and emissions.
Balancing these conflicting objectives is both difficult and challenging.

Decisions in forest management can be classified according to five main levels: the tree
level, the stand level, the forest level, the enterprise level, and the region/sector level
(Valsta 1993). Strategic forest-level planning answers, among others, the question of the
overall goal for the forest, whereas tactical stand-level planning answers the question of
what actions should be performed (Pukkala 2002). Stand level decisions require more detail
and data than do forest-level decisions, and thus enormous computing capability. On the
other hand, such detailed data improve the quality of the solution. If a decision is based
upon unknown data, the structure of the decision problem must shift to stochastic
optimization as opposed to deterministic optimization (Taha 1997).

A forest stand is a geographically contiguous parcel of land considered homogeneous in
terms of tree vegetation (Davis et al. 2001, p.65). As the smallest operational unit, the
stand-level is the appropriate level for studying the economics of stand management
activities. Stand-level decisions are traditionally classified into categories of even-aged
management and uneven-aged management (Davis et al. 2001). Even-aged stand
management can be formulated as the conventional Faustmann (1849) problem or modified
joint production models (Hartman 1976), which can be solved numerically with great
computational effort by using, for example, nonlinear programming (NLP) algorithms
(Bazaraa et al. 1993).

The Faustmann (1849) approach was introduced to forest management 160 years ago.
From an economic perspective, a standing forest is a particular form of growing capital
(Clark 1990). Nevertheless, the biological characteristics of forest ecosystems make the
prediction of the growing capital extremely complex. Forest management decisions involve
complex ecological, economic, and social systems (Davis et al. 2001). Integrated simulation
optimization systems provide a systematic means for adapting forest management to
various objectives for the utilization of forest resources.
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Forest management decisions require various ecological projection models depending
on the properties of the optimization problems. Both empirical and process/mechanistic
models have their advantages and disadvantages. Empirical models provide accurate
predictions, but no underlying causes of productivity (Monserud 2003, Pretzsch et al. 2008).
On the other hand, the predictions of empirical models may fail if the environment and
forest management practices change under the changing climate (Matala et al. 2003). In
contrast, process or mechanistic models offer ecological interpretations for the underlying
causes of the effects of chosen treatments, but demonstrate precise predictions with
difficulty (Monserud 2003, Pretzsch et al. 2008).

1.2 Silvicultural decisions

Silvicultural activities include regeneration, precommercial thinning, fertilization,
commercial thinning, and rotation. This dissertation will emphasize the incorporation of
silvicultural decisions other than regeneration into both empirical and process models.
Economic research on silvicultural decisions typically focuses on timing and density
control from regeneration to thinning and final harvesting in order to maximize long-term
financial returns. Specifically, this dissertation will focus on commercial thinning density
control, thinning type, rotation length, fertilization intensity, and precommercial thinning
density control.

Thinning plays an important role in managing boreal forests. Assmann (1970) defined
thinning as intervention in stands with a closed canopy. The purpose of thinning is to
improve the quality of the current production of the stand by removing undesirable
elements and favoring the best members of the stand. Davis et al. (2001) pointed out that
the main decisions in even-aged management concern regeneration method, rotation length
and thinnings. In the formulation of stand management optimization, final harvesting can
be formulated as extreme thinning (Brodie and Haight 1985). By adjusting thinning regimes,
forest management can accommodate various objectives for the utilization of forest
resources.

Depending on its purpose, thinning can be classified as cleaning, selective thinning, and
incremental thinning. The type of thinning is usually classified as thinning from below,
thinning from above, and mechanical thinning (Assmann 1970, Brodie and Haight 1985,
Kellomaki 2009). Assmann (1970) distinguished different types of thinnings for ordinary
low thinning (thinning from below) and crown thinning (thinning from above) according to
tree classes. Brodie and Haight (1985) specified the thinning type based on the ratio of the
average diameter of the trees removed and the average diameter before thinning. Below
thinning aims as much as possible to achieve a single-stage structure of the stand. In high or
crown thinning, the primary attack is made upon the dominating stand; the under-crop is
maintained as required for soil and stem protection. The objective of above thinning is to
create a multiple-storied structure of the stand (Assmann 1970).

Several forest growth and yield studies have recognized the importance of the effects of
thinning, especially early thinning and the frequency of thinning, on tree growth, crown
development, and wood quality (Assmann 1970). Besides heredity, site quality, climate and
silvicultural treatments, such as fertilization and thinning, influence the growth rate.
Increasing the growth rate of trees due to thinning or fertilization, however, may reduce
wood density, tracheid length, and cell wall thickness (Dinwoodie 1961, Petty et al. 1990,
Zhang et al. 1996, Herman et al. 1998, Mékinen et al. 2002). In Finnish forest practice,
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some forest owners favor heavy thinning and short rotation (Mielikdinen and Hynynen
2003, Mékinen et al. 2005). Such a harvesting regime accelerates the growth rate, which
may lead to changes in wood and tracheid properties (Jaakkola et al. 2005a,b).

Precommercial thinning is a silvicultural treatment frequently applied in conifer stands
(Piene 1978, Pothier 2002, Fahlvik et al. 2005, Huuskonen and Hynynen 2006).
Precommercial thinning, usually considered a costly silvicultural treatment, raises the
temperature of the surface soil layers and improves stand composition and structure,
thereby increasing future growth and yield. This especially benefits naturally regenerated
stands in the boreal forest zone (Piene 1978, Pothier 2002).

The Kyoto Protocol to the United Nations Framework Convention on Climate Change
has recognized the importance of forest ecosystem management in global warming
(UNFCCC 1997). This recognition creates new outputs for the economic value of forests in
addition to timber production, namely forest bioenergy and carbon sequestration. Questions
about timber production and potential forest carbon benefits have been investigated for
more than a decade (Richards and Stokes 2004). In multifunctional forest management, the
more frequent use of energy wood and forest bioenergy incentives has already generated
additional income to compensate for the cost of precommercial thinning (Hakkila 2006,
Ministry of Agriculture and Forestry 2006). Larger carbon stocks in forests can be achieved
by increasing rotation length, stand density, and other silvicultural treatments. Optimal
thinning plays a key role in formulating an adaptation strategy of forest management to
climate change.

1.3 Objectives of the dissertation

A number of new ecological models have been developed for predicting growth and yield,
wood quality, and carbon balance. However, most applications of these forest models
follow the scenario approach. But with simulations only, the applicability of these
ecological models is obviously insufficient. The integrated approach, which links
simulation and optimization models, provides a useful tool to improve scenario solutions.
The latest ecological models must therefore be integrated into forest management
optimization. Such model linkages are expected to deepen our knowledge of the adaptation
strategies of forest ecosystem management and wood products to climate change.

The general objectives of the dissertation were: (1) to develop a simulation-optimization
tool for decision-making in adaptive forest management, (2) to investigate facts affecting
the optimal thinning regime and the profitability of thinning and fertilization for timber
production and wood quality in Norway spruce stands, and (3) to evaluate forest bioenergy
policies and carbon assessment methods for energy wood production and carbon
sequestration in Scots pine stands. The specific objectives of the four studies of the
dissertation were:

The main aim of Study | was to investigate how initial stand structures affect the
optimal thinning regime and length of rotation period for even-aged Norway spruce stands.
The study also investigated the impacts of the interest rate and flexibility of the thinning
type on the optimal thinning regime and length of rotation period based on stand
management optimization.

The purpose of Study Il was to demonstrate, through two case studies, how to build a
bridge between forest ecology, wood quality, and forest economics in Norway spruce. Case
study 1 aimed to link the most recent ecological models for predicting the effects of
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thinning intensity and rotation length on the wood and tracheid properties of Norway spruce.
Case study 2 explored the potential impacts of fertilization on the wood and tracheid
properties of Norway spruce in the context of optimized nutrient addition that aims to
maximize the tree growth rate. The overall objective of these analyses is to provide new
knowledge of the economic returns of Norway spruce management strategies when taking
into account wood and tracheid properties.

The objectives of Study 111 were: (1) to develop the simulation-optimization system
OptiFor for optimizing timber and forest bioenergy production, (2) to integrate energy
wood production from precommercial thinning into forest management optimization, and (3)
to investigate the effects of various forest bioenergy policies on financial returns, growth
and yield, as well as wood quality.

The goals of Study IV were: (1) to link biomass expansion factors and carbon emission
models with the process-based growth model, (2) to develop the simulation-optimization
tool OptiFor Carbon for timber production and carbon sequestration, and (3) to investigate
the effects of carbon assessment methods on optimal stand management when taking into
account both timber production and carbon sequestration.
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2 REVIEW OF STAND MANAGEMENT OPTIMIZATION

2.1 Mathematical bioeconomics of the optimal management of forest resources

Faustmann (1849) introduced the discounting approach of infinite time for timber
production, which has wildly served as the theoretical basis of forest management decisions
(Clark 1976, 1990, Johansson and Léfgren 1985). The Faustmann (1849) formula can be
easily modified to formulate joint production problems in forestry when externality benefits
are the increasing function of the standing forest (Hartman 1976). The simultaneous
determination of optimal thinning and optimal rotation length, however, is more complex.
Clark (1976) presented an optimal control model and its analytical solution to include
optimal thinning in addition to the optimal rotation problem.

The theoretical models of the Faustmann (1849) formula focused on the optimal
rotation age T in timber production (Johansson and Léfgren 1985, Clark 1990). Clark (1990)
showed that the forest growth function f(V) is both positive and concave where V = V(t)
represents the volume at age t. The benefit of timber value B = B(t) depends on the age t of
the tree, ¢ denotes the cost of felling, B(t) - ¢ represents the net value of the stand, and r
denotes the interest rate. The single rotation problem is to maximize the present value (PV)
of the forest (Eg. 1)

PV =[B(t)-cl™. D
Then the optimality condition (Eq. 2) is

B(T) _
B)-c @

The perpetual period problem of timber production, the bare land value of the forest (Eq.
3), can be expressed as:

—rt B _
PViimper = % 3

To maximize the bare land value with respect to T requires the optimality condition (Eq. 4)

B(T) r
B(T)-c 1-e™’ @

Hartman (1976) modified the Faustmann (1849) formula to a joint production problem.
The Hartman (1976) model can be used to solve multifunctional forest management
problems if the external benefits of the forest can be treated as an addition to the timber
value. Assuming that the externality value is proportional to the timber value B(t), Hartman
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(1976) formulated the present value of externality value Q(T) for a single rotation as
follows (Eq. 5):

.
QM) = BJ e "B, ©)

where g is the proportion of the timber value. The discounted perpetual value of the
externality PV (EQ. 6) is then

]
-0 ©)

PV

ext
and the optimality condition of the maximization of externality value (Eq. 7) is

Q) _ re "
Q(T) 1-e ' ")

Combining Equations 3 and 6, the present value of the joint production problem (PViy) is

PV

tot

=PV

timber + I:)Vext ' (8)
Maximization of the joint production problem (Eq. 8) yields that the optimal rotation period
between the optimal rotation of timber production Tymer and the optimal rotation of
externality Tex Will be intermediate (Clark 1990).

Clark (1976) included thinnings in a general model of forest growth. In Clark’s
formulation, the general model of the dynamic of forest growth is based on the growth
function (V) and the age factor g(t), which is a positive, decreasing function of t,

‘fj—\t’=g(t)f(V),V(to)=vo, ©

where t, denotes the initial age. Adding thinning removals h(t) as the control variable in the
general model, the dynamic of forest growth (Eg. 9) can be modified as (Eq. 10) follows:

Z—\::g(t)f(\/)—h(t),tzto, h(t) >0,V (t,) =V,. (10)

The objective function of a single rotation problem is
PV = ["e™[p—c(v)]n(t)dt, (11)

where p denotes price. The maximization of Equation 11 yields the optimality condition of
optimal thinning and optimal rotation (Eq. 12),
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_0
r=—lo® V)] (12)

The optimization problems solved in this dissertation are more sophisticated than the
theoretical models, because of the more complicated description of stand growth.
Nevertheless, the preceding theoretical models provide the basis for stand management
optimization.

2.2 Optimization methods applied to stand management

Numerous optimization studies on forest management have been published since the 1960s.
In general, optimization methods can be classified into gradient methods and derivative free
methods (Roise 1986, Eriksson 1994). The choice of a robust and accurate optimization
algorithm depends on the convexity of the objective function and the dimensionality of
variables. Previous studies concerning optimal stand management focus on applying new
optimization methods to timber production. Brodie and Haight (1985), Valsta (1993), and
Hyytidinen (2004) have supplied recent and current syntheses across optimization methods
and tree growth models.

Dynamic programming (DP) was the first optimization method to be applied to stand
management optimization (e.g., Amidon and Akin 1968, Risvand 1969, Kilkki and
Vaisanen 1969, Brodie et al. 1978, Arthaud and Klemperer 1988, Valsta 1990, Gong et al.
2005). The disadvantage of DP in stand management optimization is its dimensionality
problem. In other words, DP is efficient when the state space is defined by a small number
of variables (Valsta 1993). Roise (1986) compared DP with three nonlinear programming
(NLP) methods -- the method of Nelder and Mead (1965), Hooke and Jeeves’ (HJ) direct
search (Hooke and Jeeve 1961), and Powell’s method (Powell 1964) -- using a Douglas fir
whole-stand simulator. The efficiency of the algorithms was measured according to CPU
(central processing unit) processing time and the convergence of an objective function
value for soil expectation. The three NLP methods require multiple starting points in search
of maximum local optima if a non-convex objective function appears. Valsta (1990)
compared DP, random search, and HJ using a mixed pine-birch whole-stand growth model.
The forward recursion version of DP was applied with five-year time intervals and three
state variables: stand volume, birch percentage, and the number of trees. For random search
and HJ, the decision variables are time between cuts, the proportions of total volume and
birch volume removed, and the initial birch proportion. Stand age at breast height, stand
volume, and the birch percentage of volume are state variables. Valsta’s results show that
the CPU processing time for DP was about ten times that of the other two methods. Both of
their comparisons show that the HJ method is superior to other ones.

The HJ method has been widely applied in stand management optimization (e.g., Roise
1986, Haight and Monserud 1990, Valsta 1992a,b, Miina 1996, Thorsen and Helles 1998,
Pukkala et al. 1998, Zhou 1998, Vettenranta and Miina 1999, Moykkynen et al. 2000, Cao
2003, Hyytidinen et al. 2004, Pukkala and Miina 2005, Hyytidinen et al. 2006, Pukkala
2009). However, Wikstrém and Eriksson (2000) suggested the Tabu search method (Glover
1989) as an alternative to the HJ method. Their optimization problem was considered a
hierarchy of two problems. The first problem determines the time periods of cuts using a
DROP/ADD heuristic guided by the Tabu search method. The second problem determines
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the removals of trees during these time periods as a sub-problem of the first problem.
Wikstrém (2001) showed that the Tabu search method is also efficient at determining
harvest periods for the even-aged problems. Pukkala (2009) recently introduced a new type
of method referred to as a population-based or evolutionary computation method for stand
management optimization. He compared three population-based optimization methods —
differential evolution (Storn and Price 1997), particle swarm optimization (Kennedy and
Eberhart 1995), and evolution strategy (Bayer and Schwefel 2002) -- as well as the method
of Nelder and Mead (1965) to the HJ method. The results of Pukkla’s study agreed with
those of previous studies by Roise (1986) and Valsta (1990) in that the HJ method is
suitable for maximizing or minimizing functions that are non-smooth and non-
differentiable.

2.3 Timber production applications

The traditional optimization problems in forest management have been optimal thinning
and the length of rotation. Optimal frequency, timing and the intensity of thinnings were
first studied using a DP based on diameter-free whole-stand models with two or three state
variables (e.g., Amidon and Akin 1968, Kilkki and Vaisanen 1969, Brodie et al. 1978,
Brodie and Kao 1979). More than three state variables have been used with DP based on a
diameter-class whole-stand model (e.g., Riitters et al. 1982) and an individual-tree model
(e.g., Haight et al. 1985). Using diameter-class whole-stand or individual-tree models,
optimal thinning types have been determined for conifer cultures (e.g., Haight et al. 1985,
Haight 1987, Arthaud and Klemperer 1988, Haight and Monserud 1990, Solberg and
Haight 1991, Valsta 1992a,b, Eriksson 1994, Pelkki 1997, Pukkala et al. 1998, Pukkala and
Miina 1998, Vettenranta and Miina 1999) and broad-leaved species (e.g., Pelkki 1998, 1999,
Rautiainen et al. 2000). The decision variables for thinning type can be defined either by
grouping diameter classes (e.g., Haight and Monserud 1990) or by linearly interpolating
thinning parameters to other tree sizes with a small number of tree diameters (e.g., Valsta
1992h).

Other silvicultural activities, such as regeneration methods, planting density,
precommercial thinning, and fertilization, have also been investigated. Kao (1979)
optimized the intensity of precommerical thinning and fertilization for Douglas fir based on
a diameter-free whole-stand model. Kao’s model included two state variables (age and
number of trees) for the precommercial thinning decision. An additional variable (basal
area) was added for subsequent commercial thinning decisions. With the same state
descriptors used in Kao’s precommercial thinning study, Kao (1979) handled the
fertilization decision through the computations to three levels of fertilization (0, 200, and
400 Ibs/acre) with no expansion of state space. Solberg and Haight (1991) applied a stage-
structured model and added the determination of optimal planting density for Norway
spruce stands. Their thinning problem was formulated as a discrete-time optimal-control
problem. Thinning type, thinning intensity, and timing of thinning were determined
simultaneously with planting density and rotation length. Zhou (1998) studied the economic
optimization of natural regeneration for Scots pine based on a diameter-free whole-stand
model. His model simultaneously determined the optimal harvesting time of the initial
stand, the number of seed trees, the length of the seed tree period, the stand density after
precommercial thinning, the timing and intensities of commercial thinnings and rotation
length. Zhou (1998) set the dominant heights to 6 m and 11 m, the heights at which
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precommercial thinning and the first commercial thinning should be carried out. His
estimation of the timing of precommercial thinning and the first commercial thinning was
based on Vuokila (1982) and H&gglund (1974). Hyytidinen et al. (2006) analyzed the
economic returns of regeneration methods that use a process-based Scots pine model. They
investigated four alternative stand establishment methods (planting, sowing, and natural
regeneration with 25 and 100 seed trees ha™) and three soil preparation intensities
(unprepared, conventional harrowing, intensive harrowing). In contrast to Zhou (1998), the
time interval between regeneration harvest and removal of seed trees was set to ten years
after the regeneration harvest in Hyytidinen et al. (2006). At the same time, precommercial
thinning was assumed to have taken place with a target residual density of 2000 trees ha™.

The timber production of mixed-species stands has been investigated based on whole-
stand (e.g., Valsta 1986) and individual-tree models (e.g., Haight and Monserud 1990,
Pukkala et. al 1998, Vettenranta and Miina 1999). Valsta (1986) optimized species
composition in even-aged pine-birch stands by defining thinnings as changes in stand
volume and birch percentage. Haight and Monserud (1990) presented an any-aged
management formulation for mixed-conifer stands in the Northern Rocky Mountains. For
the purpose of improving convergence, they set planting and site preparation schedules, and
grouped diameter classes and species. Similar to the groupings of diameter in Haight and
Monserud (1990), Pukkala et al. (1998) and Vettenranta and Miina (1999) divided the
diameter distribution of each species into three classes (small, medium, and large) for Scots
pine and Norway spruce mixtures.

The effects of butt rot (Mdykkynen and Miina 2002, Cao 2003) and juvenile growth
(Hyytidinen et al. 2005) on timber quality have been taken into account in timber
production based on empirical models. Integrating a process-based growth model for Scots
pine into economic optimization, Hyytidinen et al. (2004) reported economic optimization
results for timber production using timber grade prices (top log, middle log, butt log, and
pulpwood). Their bucking system has also been applied to optimizing stand establishment
based on the same process model (Hyytidinent et al. 2006).

2.4 Non-timber production applications

Previous studies about non-timber production concentrate on theoretical analysis. Since the
1980s, interest in the use of multi-criteria decision models (MCDM) in forest management
applications has grown (Pukkala 2002, Kangas et al. 2008). MCDM methods have been
employed in non-timber production such as amenity, biodiversity, carbon sequestration, and
recreation (e.g., Chang and Buongiorno 1981, Mendoza et al. 1987, Buongiorno et al. 1994,
Wikstrém and Eriksson 2000). On the other hand, the Hartman (1976) model has been used
extensively to solve joint production problems such as timber production and amenity (e.g.,
Koskela and Ollikainen 2001, Uusivuori and Kuuluvainen 2008), timber production and
biodiversity (e.g., Koskela et al. 2007a,b), and timber production and carbon sequestration
(e.g., van Kooten et al. 1995, Gong and Kristrdm 1999, Pohjola and Valsta 2007).

The importance of carbon sinks in global warming creates potential outputs for the
economic value of forests in addition to timber production; these outputs include forest
bioenergy production and carbon sequestration. Previous studies have reported on the
relationship between rotation and decision-making criteria concerning timber production
and carbon sequestration based on relative simple tree growth models (e.g., van Kooten et
al. 1995, Romero et al. 1998, Huang and Kronrad 2001). That is, the optimal rotation that
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maximizes the joint timber and carbon sequestration is longer than the Faustmann rotation,
but shorter than the MSY (maximum sustainable yield) rotation. Carbon cost-effectiveness
studies concentrate on the effects of financial incentives (e.g., Hoen and Solberg 1994, van
Kooten et al. 1995, Huang and Kronrad 2001, Backéus et al. 2006, Pohjola and Valsta
2007). van Kooten et al. (1995) and Backéus et al. (2006) pointed out that a high carbon
price may cease harvesting. In addition, van Kooten et al. (1995) reported that a decrease in
the carbon emission rate shortened the optimal rotation. Most previous studies simplified
the optimal rotation problem as a non-thinned management regime, and assessed forest
carbon only for stem volume. Pohjola and Valsta (2007) applied biomass expansion factors
(BEFs), which convert stem volume to aboveground biomass for Scots pine and Norwary
spruce stands. In contrast to van Kooten et al. (1995), Pohjola and Valsta (2007) used a
100% carbon emission rate, which assumes forest carbon is emitted into the atmosphere
immediately after harvesting.

Although the issues raised by forest bioenergy development have received attention in
recent years, optimization studies investigating forest bioenergy and stand management are
still lacking. Karkkainen et al. (2008) recently reported the recovery of energy wood in
different cutting and climate scenarios in Finland, but their results were based on a linear
programming approach (Lappi 1992) which selected the optimum combination of
management regimes from a predefined set of alternatives.
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3 MATERIAL AND METHODS

3.1 Forest models
3.1.1 Stand growth simulators

The even-aged stand projection models used in this dissertation include distance-
independent individual-tree empirical (1) and process (1) Norway spruce models, as well as
distance-independent individual-tree process (I11, 1V) Scots pine models. In Study I, we
updated the empirical growth models used in the MELA system (Siitonen et al. 1996) based
on Hynynen et al. (2002). Their individual-tree growth equations are based on data
collected from permanent sample plot data sets and statistics of the 7th and the 8th Finnish
National Forest Inventory. Tree growth was predicted using models for tree basal area
growth (measured at breast height), tree height growth, and crown ratio development. The
basal area growth of an individual tree (ips) Wwas predicted as a function of tree variables
(tree diameter at breast height, d, crown ratio, cr, and mean height of the dominant trees,
Haom), Site variables (site index, Sl, fertility class, and total annual temperature sum, TS),
and variables describing stand density (RDF) and the relative density of trees larger than
the subject tree (RDFL). The relative density factor, RDF, is the ratio between the actual
stand density and the density of a stand undergoing self-thinning (Hynynen et al. 2002,
p.30-31). Mortality resulting from competition was determined using the site-dependent
self-thinning model of Hynynen et al. (2002, p.53-54).

The process-based PipeQual simulator (Méakeld 1997, 2002, Makeld and Mékinen 2003,
Kantola et al. 2007) is based on the pipe model theory (Shinozaki et al. 1964) and the
theory of crown allometry (Mékeld and Sievanen 1992). In Study II, stand growth was
simulated based on the PipeQual Norway spruce version (Kantola et al. 2007), which was
modified and parameterized from the Scots pine version (Méakeld 1997, 2002, Mékeld and
Makinen 2003). Model parameters for Study 11 are based on a Finnish thinning experiment
located in Heinola and a Swedish nutrient addition experiment located in Flakaliden. In the
studies (111 and 1V) on Scots pine, we incorporated the PipeQual Scots pine version
(Mékeld 1997, 2002, Makeld and Mékinen 2003) with stand management optimization. The
PipeQual Scots pine version is parameterized for pure stands of Scots pine growing in
Fennoscandia.

The PipeQual model applies a hierarchical approach, which consists of STAND, TREE,
WHORL, and BRANCH modules. At the branch level, the branch module provides the
annual dynamics of individual branches and their properties in each whorl. At the whorl
level, the whorl module describes the vertical structure of stem and branches. At the tree
level, tree structure is composed of foliage, fine roots, stem, branches, and transport roots.
Annual tree growth is calculated from tree photosynthesis and respiration. The modules of
the process-based growth model are interconnected through parametric inputs and outputs
at a time resolution of one year (Kantola et al. 2007). A more explicit description of the
PipeQual model as a dynamic system for stand management optimization appears in
Hyytidinen et al. (2004).
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One advantage of the process model over empirical models is its detailed description of
crown morphology and stem taper in the prediction of wood quality. A benefit of using the
PipeQual simulator is that this system enables the detailed description of the 3D stem
structure of logs and biomass production in different tree compartments. Hyytidinen et al.
(2004) compared the empirical (Hynynen et al. 2002) and the process-based (Mékel& 1997,
2002, Mékelad and Méakinen 2003) models using the same initial stand data and definition of
thinning for a young Scots pine stand. Their results show that both models are logical, but
somewhat different in optimal thinning regimes and stand development. They explained
that these differences stemmed from distinct specifications of tree mortality.

3.1.2 Models for predicting wood quality

In Study 11, we applied empirical models developed by Makinen et al. (2007) for predicting
wood and tracheid properties based on variables such as annual ring width, number of rings,
and distance from the pith. Wood density, tracheid length, and tracheid width were also
related to site index H100 (dominant height at age 100). The dimensions and branch
properties of sawlogs are the most import factors affecting log grading. In Study Il, we
developed a log grading system for Norway spruce, which was modified from the Scots
pine log grading system of Hyytidinen et al. (2004). Butt logs, middle logs, and top logs
were graded according to branch size, crown base length, and top diameter of the sawlogs.
Because of various quality defects, a logistic regression model for log downgrading into
pulpwood based on tree age and diameter at breast height (Mehtétalo 2002) was included
for log grading calculations.

Study 111 employed multinomial logistic regression models for predicting yields of
lumber grades and by-products of individual Scots pine trees developed by Lyhykdinen et
al. (2009). Their sawn wood grading models use stem and crown dimensions as explanatory
variables. The proportion of sawn wood grades is a function of the height of the crown, the
height of the lowest dry branch, tree diameter at breast height, and stem volume. The end
products of Scots pine include center (grades A, B, C, and D) and side (grades A, B, C, and
D) sawn timber (Nordic timber-grading rules 1994), chips, bark, sawdust, and pulpwood.

Unit cost, €&m3

= s
Vitat, m3 & 100 B0 Average tree size, litres

Figure 1. Unit costs of energy wood harvesting from early thinnings.
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3.1.3 Timber and energy wood logging models

In Study 111, the productivity of mechanized cutting for energy wood production from early
thinnings (Figure 1) is based on a time consumption model for a thinning harvester
equipped with an accumulating felling head (Laitila et al. 2004). Laitila (2008) reported that
such a two-machine (harvester-forwarder) system is currently the most cost competitive
logging system in precommercial thinning in Finnish conditions.

Through all four studies (I, 11, 111, and 1V), we employed the logging cost model of
Kuitto et al. (1994), which is based on time consumption equations for mechanized cutting
and forest haulage specifications. Total logging costs consist of fixed costs, felling costs
and haulage costs. The logging cost is a function of harvested volume, productivity of
felling (time spent on shifting and handling), and productivity of on-site transport (time
spend on loading, delays, hauling loads, driving without a load, and unloading) for sawlogs
and pulpwood, respectively.

3.1.4 Carbon assessment models

In Study 1V, we compared three carbon assessment methods. Carbon assessment method |
(C1) calculates stem wood carbon only. A dry weight density of 0.39 t m™ and a carbon
fraction of 0.512 were used in Cl (Karjalainen et al. 1994). Carbon assessment method Il
(CII) employs biomass expansion factors (BEFs) developed by Lehtonen et al. (2004), who
applied volume and biomass equations to describe the allometry of single trees. The stand-
level, age-dependent BEFs convert stem volume directly to the dry weight of biomass
components for stem, foliage, branches, dry branches, bark, stump, coarse roots and fine
roots (Lehtonen et al. 2004). Carbon assessment method 111 (ClII) is based on the process-
based model (Makeld 1997, 2002, Mékeld and Makinen 2003), which predicts biomass
production for foliage, fine roots, stem sapwood, branch sapwood, coarse roots, stem
heartwood, branch heartwood, and dry branches. The biomass was dry mass, and the carbon
fraction was assumed to be 0.5 in both ClI and CIII.
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Figure 2. Carbon release as a function of time by timber assortments.
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Models for predicting the carbon emission rates of sawlogs and pulpwood (Karjalainen
et al. 1994) and the decomposition rate of logging residues (Liski et al. 2005) have been
developed and widely applied (e.g., Hynynen et al. 2005, Liski et al. 2006, Pohjola and
Valsta 2007, Palosuo et al. 2008). In Study IV, the carbon emission rates over time for
sawlogs and pulpwood were based on Karjalainen et al. (1994), and the decomposition rate
of logging residues over time was based on Liski et al. (2005) and Palosuo et al. (2008)
(Figure 2).

3.2 Nonlinear programming algorithms
3.2.1 The Hooke and Jeeves direct search method

Individual-tree stand growth simulators are complicated simulation systems consisting of
several sub-models such as diameter increment, height increment, mortality, and stem taper.
The complexity of individual-tree models leads to multidimensional nonlinear optimization
problems. Nonlinear programming is a class of optimization problems in which either the
objective function is nonlinear or the constraint set is specified by nonlinear equations and
inequalities. In contrast to discrete problems, nonlinear programming lies within the
continuous category (Bertsekas 1999). Nonlinear programming algorithms, such as
multidimensional search methods without the use of derivatives (Bazaraa et al. 1993,
Bertsekas 1999), are useful tools for solving non-smooth and non-differentiable
optimization problems for individual-tree stand growth models. The basic method in this
category is called the cyclic coordinate method. More efficient multidimensional search
methods include the Hooke and Jeeves direct search method (Hooke and Jeeves 1961), the
method of Rosenbrock (1960), and the method of Nelder and Mead (1965).

The method of Hooke and Jeeves (HJ) begins with an exploratory search. Given Xy, an
exploratory search along the coordinate directions produces point x,. A pattern search along
the direction x, — x; then leads to point y. Another exploratory search starting from y gives
point xs. The next pattern search takes place along the direction x3 — X,, yielding y'. The
process is then repeated (Bazaraa et al. 1993). There are two types of the HJ method: the HJ
method that uses line search and the HJ method with discrete steps. The algorithm of the HJ
method that uses line search begins with a scalar € > 0 chosen to serve in terminating the
algorithm. Choose a starting point x,, let y; = x;, let k = j = 1, and then go to step 1: Let 2;
be an optimal solution to the problem of minimizing f(y; + Ad;) subject to A in R*, and let y;
+1=y;+ Ndj. If j<n, replace j with j + 1, and repeat step 1. Otherwise, if j = n, let X+ 1 =
Yo+ 1. If X1 — x| < &, stop; otherwise, go to step 2: Let d = X1 — Xi, and let 1" be an
optimal solution to the problem of minimizing (X1 + Ad) s.t. A in RY. Let y; = Xy + A7,
let j = 1, replace k with k + 1, and repeat step 1 (Bazaraa et al. 1993).

The HJ method was originally proposed with discrete steps rather than line searches as
described above (Bazaraa et al. 1993). The algorithm of the HJ method with discrete steps
begins with the initialization step: Let d,...,d, be the coordinate directions. Then choose
three parameters: a scalar € > 0 to serve in terminating the algorithm, an initial step size, A
> ¢, and an acceleration factor, o > 0. Choose a starting point x;, let y; = x;, let k=j =1,
and then go to step 1: If f(y;+Ad;) < f(y)), let yj:1 = y;+ Ad;. Otherwise, if f(y;-Ad;) < f(y;), let
Yj+1 = Y- Ad;; if not, let yj.1 = y;. Then go to step 2: If j < n, replace j with j + 1, and repeat
step 1. Otherwise, if f(yn+1) < f(x), go to step 3; if not, go to step 4. Step 3 is a pattern
search: Let Xg+1 = Yn+1, and let y; = Xps + a(Xee1 - Xi). Replace k with k+1, let j = 1, and go
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to step 1. The step size is reduced in step 4: If A < g, stop. Otherwise, replace A with A/2.
Let y; = Xy, Xks1 = Xy, replace k with k + 1, let j = 1, and repeat step 1 (Pukkala 2009).

3.2.2 An optimization model in the stand management tool SMA

In Study I, we employed an optimization method similar to a deterministic version applied
by Valsta (1992b). The basic approach is after that of Kao and Brodie (1980) and Roise
(1986). The stand growth simulator reflects the fact that the optimization algorithm knows
of the simulator only by the objective function values it obtains in return for decision
variable vectors. The vector of decision variables consists of times between forest
operations and information on how the operation is executed (e.g., thinning percentages at
different tree diameters) or the number of trees per hectare.

The optimization algorithm is based on the HJ method, which has proved successful in
solving complex non-differentiable forestry problems (e.g., Haight and Monserud 1990,
Valsta 1992b). The modifications to the original algorithm (HJ with discrete steps) are
based on Osyczka (1984), and are explained in detail by Valsta (1992b). The number of
control variables nx in the problem of optimizing thinnings and rotation is given by nx =
n(m + 1) + 1, where n denotes the number of thinnings, and m denotes the number of
thinning-type variables (Valsta 1992b). The applied solution procedure does not explicitly
utilize the dynamic structure of the problem. This procedure appears to be potentially
inefficient (solving a dynamic problem without recognizing the dynamics involved), but
because of the complex nature of individual-tree based stand dynamics, it has proved to be
a more successful approach than dynamic programming (Valsta 1993).
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Figure 3. Flowchart of OptiFor.
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Figure 4. The input and output interface of the OptiFor computer program.

3.3 Development of the OptiFor simulation-optimization system
3.3.1 OptiFor structure

The OptiFor simulation-optimization system consists of ecological and optimization
models (Figure 3). In Study Il, we linked models for predicting wood and tracheid
properties (Makinen et al. 2007), and timber grading with the process-based growth model
PipeQual (Mékeld 1997, 2002, Mékela and Makinen 2003, Kantola et al. 2007) for Norway
spruce. In Study 111, models for financial return (Faustmann 1849), logging cost (Kuitto et
al. 1994, Laitila et al. 2004), and sawn wood grading (Lyhykdinen et al. 2009) were
combined with the PipeQual Scots pine simulator and optimization algorithms (Hooke and
Jeeves 1961, Osyczka 1984). In Study IV, we integrated carbon assessment models
(Karjalainen et al. 1994, Lehtonen et al. 2004, Palosuo et al. 2008) into the OptiFor
simulation-optimization system developed in Study I1l. As Figure 3 shows, the optimizer
serves as the controller, and the simulator as a process.

In Study 111, we developed the OptiFor computer program interface (Figure 4). The
dialogue-based windows interface is friendly and suitable for the requirements of inputs
and outputs in simulation-optimization calculations. The OptiFor simulation-optimization
system was developed with FORTRAN programming.

The OptiFor simulation-optimization system employs Osyczka’s direct and random
search algorithm (Osyczka 1984), which is a combination of random search and Hooke and
Jeeves’ direct search (Hooke and Jeeves 1961). Osyczka’s algorithm improves direct search
solutions by inserting neighborhood search and shotgun search iterations between direct
search runs. The first step goes to Hooke and Jeeves’ direct search. The second step,
neighborhood search, attempts to find a better solution around the direct search result to
avoid premature convergence. The third step, shotgun search, provides a new starting point
for a new direct search phase. Figure 5 shows the default algorithm parameters of
Osycaka’s direct and random search. One may change the default values to improve the
accuracy of the optimization solutions, but the calculations will require more time.

The optimal thinning regime is formulated as a bound-constrained optimization problem
(Egs. 13-15):
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max f(u,H:x(t,)), (13)
s.t. u=(U,..., n+1) u, €[1, 25], (14)
H= (hij)nxm’hu € [0, 1]. (15)

We use control variables to solve the dynamic problem of stand management as static
optimization. In this formulation, no state variables x(t) (tree diameter, height, etc.) are used
in the optimization algorithm. Rather, the state variable values are computed inside the
stand simulator, given the initial state X(to). The bare land value (BLV) of a stand is
maximized by changing the set of control variables u (time between the i-1th and the ith
thinnings, yrs) and H (thinning rate h;; in the jth tree-size class at the ith thinning), where
f :R"xR™ — R is the objective function for the BLV of a thinning regime, R™
denotes m-dimensional (R" , n-dimensional) real Euclidean space. The BLV of a thinning
regime for timber production (I, 111, and 1) can be expressed as follows (Eq. 16):

n+l |

z izp ik rti_Co

BLY = Lt , (16)
1_e Mo

where n is the number of thinnings, n + 1 refers to the final felling, ¢, is the discounted
stand establishment cost, and | denotes timber categories. The thinning type can be defined
with one or more thinning variables. For example, one thinning variable indicates row
thinning; two thinning variables denotes the selection of thinning rates in the first and the
last tree size classes; three thinning variables reflects the selection of thinning rates in the
first, middle, and last tree-size classes. The decision variables of the thinning type are then
defined by linearly interpolating the thinning rate hj; in the jth tree-size class to other tree
sizes.
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Figure 5. Parameters of Osyczka’s direct and random search algorithm.
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Figure 6. The dialogue window of OptiFor Wood.

3.3.2 OptiFor Wood

Two grading systems are linked to the PipeQual simulator in OptiFor (Figure 6). The log
grading system developed in Study Il was first connected to the PipeQual Norway spruce
version. The effects of thinning and fertilization on log grading can be studied with a
scenario approach. The net present value (NPVs) of existing stock based on alternative
silvicultural treatments (11) can be computed as follows (Eq. 17):

NPV = ni{ii PeVie —C; }e”‘“f’) , (17)

=1 k=1

where to denotes initial stand age, | denotes timer categories by wood quality (butt log,
middle log, top log, pulpwood based on tracheid length, and wood density).

In addition, the sawn wood grading model (Lyhykéinen et al. 2009) was connected to
the PipeQual Scots pine version in Study I11. The effects of optimal thinning and energy
wood harvesting on sawn wood grading can be analyzed by optimizing the joint production
of timber and energy wood (I11).

3.3.3 OptiFor Bioenergy

The logging cost model for energy wood from young stands by Laitila et al. (2004) was
linked to the OptiFor simulation-optimization system in Study I11. The economic viability
of harvesting energy wood from young stands can be evaluated using three decision criteria:
profitable, compulsory, and flexible energy wood harvesting (Figure 7).
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Figure 7. The dialogue window of OptiFor Bioenergy.

If the first thinning is conducted as energy wood harvesting, conventional logging will
be applied from the second thinning. Rather, the energy wood logging cost (cg) and income
will be computed for the first thinning (Eq. 18). The objective function of BLV (Eg. 16)
will be modified (111) by adding the net present value of energy wood (NPVEg), where pe
denotes the energy wood price.

NPV = { PeVy; —Ce }e”l. (18)
=1

i
3.3.4 OptiFor Carbon

In Study 1V, we developed the simulation-optimization tool OptiFor Carbon for optimizing
timber production and carbon sequestration. Models for predicting biomass expansion
factors (Lehtonen et al. 2004) and the carbon emission rates of wood products (Karjalainen
et al. 1994) and logging residues (Palosuo et al. 2008) were integrated into the OptiFor
simulation-optimization system in Study IV. A selection of carbon assessment methods is
available for optimizing timber production and carbon sequestration (Figure 8).

The joint production model for timber production and carbon sequestration used in
OptiFor Carbon is based on Pohjola and Valsta (2007). The objective function of the joint
production problem (Hartman 1976) was modified from the Faustmann (1849) formula.
The total returns from forest management comprise the net present value of timber (NPV1)
and the net present value of carbon (NPV¢),

NPVc= D cs,-e™ =) et;-e™, (19)
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Figure 8. The dialogue window of OptiFor Carbon.

where the increment of carbon stock is subsidized annually (cs denotes carbon subsidy),
and carbon emissions are taxed when timber is harvested (et denotes carbon emission tax).
Embedding Equation 19 into Equation 16, the objective function of BLV then becomes the
joint production problem of timber production and carbon sequestration (1V).

3.4 Biological and economic data

The initial stand states of Norway spruce (Table 1) were described using inventory
information from well-stocked stands (1), a Finnish thinning experiment at ten years with
an initial density of 3000 trees ha™ (I1) located in Heinola, and a Swedish nutrient addition
experiment at seven years with an initial density of 2500 trees ha™ (11) located in Flakaliden.
The initial states of 15 example Scots pine stands (Table 2) and pure Scots pine stands (111
and 1V) were well established. The diameter distributions were derived artificially based on
site type, temperature sum, and initial stand density.

The interest rates, roadside prices, and costs throughout four studies are expressed in
real terms. A 3% interest rate was constantly used for all four studies. The roadside prices
of Norway spruce (I) came from Hyytidinen and Tahvonen (2002). The price ratios
between Norway spruce sawlog categories (1) were based on Kivinen (2004). The roadside
prices of Scots pine (111 and 1V) were the same as those in Hyytidinen et al. (2004). The
roadside price of Scots pine energy wood — including government subsidies — was assumed
to be €15 m™ (111), and the presumed carbon price was €40 t* (1V). Sensitivity analyses of
prices and interest rates were conducted in all studies but Study I11.

The unit silvicultural costs assumed for Norway spruce stands (1) were €160 ha™, €202
ha®, €350 ha®, and €160 ha™ for soil preparation, planting, seedling and tending,
respectively. The unit silvicultural costs assumed for Scots pine stands (I11 and 1V) were
€142 ha, €600 ha™, and €276 ha™ for soil preparation, sowing, and tending, respectively.
The fixed cost of logging was €100 ha-1 (I-1V), and hourly costs were 61.3 h™ (1 and I1)
and €75.67 h™ (111 and 1V) for the felling phase, and €47.1 h™ (1 and 1) and €53.35 h™ (111
and 1V) for the haulage phase.



29

Table 1. Initial stand states of 14 Norway spruce stands.

Stand Age #tree BA Hdom H100 ST  Study

1 37 1375 120 13.0 257 MT |
2 25 1400 20.5 11.7 292 MT |
3 45 1475 31.6 145 243 OMT |
4 38 1475 17.0 126 25.7 OMT |
5 34 1700 26.5 159 30.7 MT |
6 30 1700 26.3 109 246 OMT |
7 33 1825 26.6 13.8 275 OMT |
8 36 1825 29.3 145 26.7 OMT |
9 48 1875 233 139 223 MT |
10 36 2250 29.9 141 269 MT |
11 42 2300 31.0 159 280 MT |
12 36 2300 33.6 13.1 258 OMT |
13 10 3000 0.0 1.3 343 OMT Il
14 7 2500 0.0 1.0 180 - Il

Table 2. Initial stand states of 15 Scots pine stands.

Stand Age #tree BA Hdom H100 ST TS  Study

1 29 1500 6.4 79 173 CT 1300 I, IV
2 29 2000 7.3 77 176 CT 1300 1l
3 29 3000 9.1 74 175 CT 1300 11l
4 23 1500 7.6 79 221 MT 1100 I, IV
5 23 2000 8.8 78 219 MT 1100 1
6 23 3000 11.2 74 215 MT 1100 1l
7 20 1500 7.4 8.0 283 MT 1300 I, IV
8 20 2000 8.6 78 279 MT 1300 1
9 20 3000 10.8 75 273 MT 1300 1
10 27 1500 7.0 79 182 VT 1100 1
11 27 2000 8.2 7.7 184 VT 1100 11l
12 27 3000 10.0 74 184 VT 1100 1
13 23 1500 7.0 79 257 VT 1300 I, IV
14 23 2000 8.1 78 254 VT 1300 I, IV
15 23 3000 10.0 75 248 VT 1300 I, IV

Note: Age is initial age (yrs), #tree denotes the number of trees per hectare, BA denotes
basal area (m* ha™), Hdom denotes dominant height (m), H100 denotes dominant height (m)
at age 100, ST denotes site type, CT = Calluna site, MT = Myrtillus site, VT = Vaccinium site,
OMT = Oxalis-Myrtillus site, and TS denotes temperature sum (d.d.).



30

4 RESULTS

4.1 Effects of initial stand states on the optimal thinning and rotation of Picea abies
stands (1)

One of the most important issues in stand management is thinning. In Study I, we analyzed
the effects of young stand characteristics on optimal thinning regime and length of rotation
periods for even-aged Norway spruce (Picea abies (L.) Karst.) stands. Stand development
was based on distance-independent, individual-tree growth models (Hynynen et al. 2002).
The young stand data were from 12 well-stocked Norway spruce stands in southern Finland.
Owing to variations in management intensity and early stand development, the initial stand
structures do not follow the optimal path starting from bare land. Optimal stand
management is therefore determined separately for the first ongoing rotation and the later
rotation periods initiated from bare land.

The results showed that optimal thinning regimes and rotation period depend on site
quality and initial stand characteristics. The optimal number of thinnings during the rotation
period was sensitive to the interest rate for sparse and moderate density stands, but less
sensitive to that for denser stands. Raising the interest rate reduced rotation length and,
subsequently, the optimal number of thinnings. At a 3% interest rate, the optimal number of
thinnings was five or six for those stands that were initially at high density. Only two or
three thinnings was optimal for stands with lower initial density.

The first thinning was optimally conducted after the majority of removed trees had
reached commercial dimensions, but before the trees began to die from overcrowding. The
timing of the first thinning was sensitive to initial density. Higher initial stand density
typically led to earlier first thinning. Dense stands reached earlier the stage when self-
thinning due to overcrowding began.
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Figure 9. Basal area before (black) and after (white) thinnings as a function of dominant
height at 1%, 3% and 5% interest rates in relation to recommended before-thinning level
(broken line) and after-thinning range (solid lines) (Study I).
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Figure 10. Annual volume increment over the rotation in Heinola and Flakaliden (Study 11).

At the first thinning, the optimal thinning type depended on initial density. Thinning
from both ends of the diameter distribution turned out to be optimal for initially dense
stands. At the second and subsequent thinnings, thinning from above proved superior. At a
low interest rate, thinning from below was optimal for the first thinning regardless of
stocking level. For our data, optimal rotation periods varied from 61 to 92 years at a 3%
interest rate. High variation in length of rotation period was due to the sensitivity to site
quality, initial stand structure and stand density.

Our results show that the optimal stocking level was highly sensitive to the interest rate
(Figure 9). At lower interest rates, light thinnings were attractive. There was less variation
in basal areas before and after thinning (Figure 9), and the stocking level was higher than
silvicultural recommendations (Tapio 2001) throughout the rotation period. At higher
interest rates, the basal area after thinning varied more with their initial state.

4.2 Effects of silvicultural treatments on wood properties and economic returns for
Norway spruce (1)

Knowledge of wood and tracheid properties such as wood density, latewood proportion,
tracheid length and width, is crucial for the pulp and paper industries. In Study I, we
conducted two case studies: case | compared different thinning intensities in Heinola,
southeastern Finland, and case Il considered the effects of nutrient addition in Flakaliden
(before nutrition addition, H100 = 17-19 m), northern Sweden.

In Heinola, seven thinning alternatives (Nss, N7z, Ngs, U77, lgs Hss, Hzo; subscript
numbers denote rotation length, N normal thinning, U unthinned after the 1st commercial
thinning, | slightly intensive, H heavy thinning) were simulated to study the effects of
thinning intensity and frequency, as well as rotation length. Our results show that the
regimes with longer rotation lengths resulted in higher values of the annual volume
increment (Figure 10). Increasing the thinning intensity resulted in a lower mean wood
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density, tracheid length, and latewood proportion in harvested wood. Wood density and
tracheid length of harvested pulpwood decreased slightly in later thinnings and final cuts at
a higher thinning rate. Thinning regimes with high early growing stock and decreasing later
growing stock were economically the most profitable.

In Flakaliden, annual forest nutrient addition was applied from the age of 23 years
onwards. The growth and yield of two unthinned treatments, with (F) and without (S)
nutrient addition, were compared to rotation lengths of 55 (Fss) and 80 (Sgo) Years,
respectively. Nutrient addition significantly accelerated the tree growth rate and,
consequently, decreased simulated wood density, latewood proportion, and tracheid length,
but increased tracheid width. On the other hand, nutrient addition significantly increased
volume growth in Flakliden (Figure 10). Nutrient addition increased silvicultural costs, and
lowered economic returns. According to our results, the increase in volume growth due to
nutrient addition more than offset the economic cost due to loss in wood density and
tracheid length. Taking log grading into account, however, the Fss regime resulted in higher
net present values than those of the Sgq regime at 0%, 3% and 5% interest rates.

4.3 Integrating bioenergy production into forest management optimization: energy
wood from young Scots pine stands (111)

Forest bioenergy has become an increasingly important aspect of stand management. Study
111 integrates forest bioenergy production with conventional stand management in an
optimization framework. The optimizations were applied to 15 Scots pine (Pinus sylvestris
L.) stands in Finland. Stand development was based on the PipeQual stand simulator. The
simulation-optimization system OptiFor was developed for assessing the effects of forest
bioenergy policies on energy wood from young stands.

Conventional forest management (Policy 0) served as a benchmark (the optimal policy
for timber production only) for comparison to alternative policies for energy wood
production. Policy | was designed for profitable energy wood harvesting, which means that
the first thinning will be treated as a precommercial thinning for energy wood production
(small size trees from precommercial thinning) if the net income from the energy wood
harvest is positive. Policy Il assumed that the first thinning for energy wood production is
compulsory. In other words, no matter how unprofitable energy wood harvesting is, the first
thinning is always conducted as a precommercial thinning.

The optimal solutions maximizing bare land value indicate that in sparse stands (stands
1-2, 4-5, 7-8, 10-11, 13-14), conventional forest management regimes (Policy 0) were still
optimal. In dense stands (stands 3, 6, 9, 12, 15), a forest bioenergy policy that included
compulsory energy wood harvesting (Policy 1) turned out to be optimal (Tables 2 and 3).
Policy I, which was designed to result in profitable energy wood harvest operations as such,
led to lower financial returns (Table 3).

In addition, our results show that precommercial thinning somewhat reduced the
proportion of sawn wood grades for stands in fertile sites. For less fertile sites, the changes
were insignificant. According to our results, precommercial thinning increased branch
diameter growth. Policy Il resulted in thicker branches, a higher crown base and a lower
crown ratio at the second thinning than did Policy 0. The most significant changes in
branch thickness and crown base appeared at the most fertile site. The thickest dry branch
increased by 7% (0.13 cm), and the height of the crown base increased by 9% (0.6 m).
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Table 3. Bare land value (€ ha™®) based on different energy wood policies for 15 Scots pine
stands at a 3% interest rate (Study Il1).

Stand PO Pl Pl

1 876 853 839
2 801 779 783
3 717 714 730
4 1548 1519 1471
5 1440 1416 1412
6 1274 1297 1338
7 3714 3623 3606
8 3638 3546 3553
9 3336 3336 3495
10 481 473 443
11 413 403 407
12 302 343 350

13 2400 2373 2341
14 2288 2241 2279
15 2088 2062 2188

Note: PO denotes conventional forest management, Pl is Policy I, and Pll is Policy II. Bold
font highlights the highest bare land values of the three policies.

4.4 A comparison of carbon assessment methods for optimizing timber production
and carbon sequestration in Scots pine stands (1V)

Estimating changes in forest carbon stocks and carbon balance differs for different forest
carbon pools or various estimation methods. Study IV compared three carbon assessment
methods for optimizing timber production and carbon sequestration. The six example
stands were selected from Study Ill. Forest carbon stock was assessed based on stem
carbon (C 1), biomass expansion factors (C Il), and a process-based model (C IlI),
respectively. In this study, the average carbon stock was calculated as the sum of the annual
carbon stock divided by the length of rotation (Richards and Stokes 2004). In addition, we
computed the mean biomass production based on biomass removals from harvests and the
length of rotation.

Comparison of carbon assessment methods and economic sensitivity analyses indicate
that changing carbon assessment methods leads to very different optimal thinning regimes
and average carbon stock. Given a carbon price of €40 t™ (equivalent to €10.9 t* CO,) and
a 3% discount rate, the highest average carbon stock was obtained with CII. In general, the
average biomass production for the optimum solutions with CII was higher than that for the
optimum solutions with CIII (Figure 11). The differences in average biomass production
between CII and CIII were more significant than those in average carbon stock. CllI led to
less frequent thinnings and shorter rotation in the optimum solutions than did CII.
Increasing the carbon price from 0 to €200 t* resulted in longer rotations and significantly
increased average carbon stock, especially when carbon was assessed with CII.
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Figure 11. Mean biomass production by tree compartment based on BEF (biomass
expansion factor) and process-based methods for six Scots pine stands with a carbon price

of €40 t* at a 3% interest rate (Study IV).
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5 DISCUSSION

5.1 Rotation length

The traditional question of stand management concerning the length of rotation was
investigated for timber production (1, 11) and non-timber production (I11, 1V). Our results
in Scots pine (1) and Norway spruce (1V) stands confirm the negative relationship between
rotation and interest rate (Johansson and Lofgren 1985, Montgomery and Adams 1995).
The richer the site or the lower the initial density of the stand, typically the shorter the
optimal rotation (I). The results of Study I also support the Scots pine study by Hyytidinen
et al. (2005) in that site quality and initial density characteristics strongly affect the optimal
rotation. High within-stand competition at early ages decreases the diameter growth of
individual trees and thus tends to increase rotation length for initially dense stands (1).
Clear-cutting Norway spruce stands after the majority of stock trees have reached sawlogs
dimensions is optimal due to the wide difference between sawlogs and pulpwood prices.
Optimal rotation age seemed to be more sensitive to initial density than to site fertility. In
addition, our results in Study Il indicate that the thinning regimes with longer rotation
lengths resulted in higher values of annual volume increment and higher values of wood
properties.

Many forest managers expect a smaller sawlog volume increment and shorter rotation if
the stand has been precommercially thinned (Pothier 2002). The positive effects of
precommercial thinning on diameter and volume growth at the first commercial thinning
were reported for balsam fir by Pothier (2002), and for lodgepole pine by Johnstone (2005).
They pointed out, however, that no significant differences occurred in merchantable volume
at maturity (Pothier 2002), or even after 20 years (Johnstone 2005). Meanwhile, Pothier
(2002) found that the effect of precommercial thinning on rotation length depends on the
management goals; these results are in line with those of Study I11. With compulsory
energy wood harvesting, the rotation length was somewhat shorter for dense stands.

Several previous studies (e.g., van Kooten et al. 1995, Romero et al. 1998, Huang and
Kronrad 2001) have reported on the relationship between rotation and decision-making
criteria concerning timber production and carbon sequestration. That is, the optimal rotation
that maximizes joint timber and carbon sequestration is longer than the Faustmann rotation,
but shorter than the MSY (maximum sustainable yield) rotation. Their studies simplified
the optimal rotation problem as a non-thinned management regime and assessed forest
carbon only for the stem. Our results in Study (V) confirmed the findings of van Kooten et
al. (1995) in that a decrease in the carbon emission rate shortened the optimal rotation. In
addition, we also agree with the findings of van Kooten et al. (1995) and Backeéus et al.
(2006) that a high carbon price may restrict harvesting. In contrast to their studies, however,
our results in Study IV show that the optimal joint production rotation could be shorter than
the Faustmann rotation due to the different number of thinnings when carbon was assessed
with a process-based model for Scots pine stands. Moreover, the optimal rotation was
longer than the MSY rotation at a lower discount rate (e.g., 2%) or a higher carbon price
(e.g., €200 t7).
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5.2 Thinning and fertilization

In Study | we present new results for Norway spruce in that the optimal number of
thinnings is sensitive to changes in the interest rate for sparse and moderately dense stands,
but less sensitive for dense stands. This is a consequence of the difference between roadside
prices of sawlogs and pulpwood, along with fixed costs, and of the effects of thinning
response and mortality. Our results in Study | also support previous studies that at a 3%
interest rate, two or three thinnings are typically optimal for Norway spruce (Risvand 1969,
Solberg and Haight 1991, Valsta 1992b, Hyytidinen and Tahvonen 2002) as well as for
Norway spruce and Scots pine mixtures (Pukkala et al. 1998, Vettenranta and Miina 1999).
Typically, the lower the initial density or the higher the interest rate, the lower the number
of thinnings (Kilkki and Vaisanen 1969, Solberg and Haight 1991, Valsta 1992b,
Hyytidinen et al. 2005). The number of thinnings decreases as the interest rate rises for
Norway spruce (Solberg and Haight 1991, Valsta 1992b). For Scots pine, the optimal
number of thinnings increases with juvenile density, but is less sensitive to changes in the
interest rate (Hyytidinen et al. 2005). When energy wood from precommercial thinning was
taken into account, our results in Study Il indicate that the total number of thinnings
decreased if the first thinning was an energy wood harvest. According to Study 1V, the
optimal number of thinnings was about the same with CI (stem carbon) and CIlI (BEF
method) as with the joint timber and carbon objective. However, less frequent thinning
turned out to be optimal with CIlI (a process-based method).

Many earlier studies in Finland have reported that late first thinnings, rather than
conventional stand management, are optimal for Norway spruce (Valsta 1992b, Hyytidinen
and Tahvonen 2002) as well as for Norway spruce and Scots pine mixtures (Pukkala et al.
1998, Vettenranta and Miina 1999). Our results in Study | indicate that the timing of the
first thinning is sensitive to site quality and stand characteristics. In contrast to earlier
studies, the first thinning tends to come early for dense stands. In addition, our results in
Study 111 show that that the requirement of a profitable energy wood harvest is irrational
and may lead to a very early and extremely low intensity first thinning.

The results in Study I are in line with those of Thorsen and Helles (1998) in that the
optimal thinning intensity decreased as the optimal number of thinnings increased. In
Valsta (1992b), the first thinning was sensitive to initial density in terms of the thinning rate
and timing, but the later thinnings and growing stock level were insensitive to initial density.
As an extension of previous studies, we found that the optimal thinning intensity is
insensitive to the interest rate for initially dense stands in the first thinnings (1). In addition,
our results (I) agree with those of earlier studies (Valsta 1992b, Pukkala et al. 1998,
Vettenranta and Miina 1999, Hyytidinen and Tahvonen 2002) in that basal areas before
thinnings were larger than those in Finnish silvicultural recommendations (Tapio 2001).

Some reports suggest that when wood properties are taken into account, less frequent
and intensive thinnings are favorable (Pape 1999a,b). Our results (Il) indicate that,
compared with other management regimes, heavy thinning and a short rotation may
significantly decrease the average wood density, tracheid length and latewood proportion of
harvested trees. In addition, the less desirable heavy thinning regimes also imply that
thinnings which are too heavy and too early may decrease wood density and tracheid length
as well as reduce economic returns. This result is in line with that of Jaakkola et al. (2005b)
in that intensive management appears to reduce tracheid length and mean ring density.
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According to Study 111, the intensity of energy wood harvesting was in the range of
40% to 51%. The density after energy wood harvesting was close to the target density
recommended by Varmola and Salminen (2004). Pohjola and Valsta (2007) reported that
lighter, frequent thinnings and longer rotation was optimal for timber production and
carbon sequestration based on the empirical growth model MOTTI (Hynynen et al. 2002).
However, when we assessed carbon with the process-based model PipeQual (Mékeld 1997,
2002, Mékeld and Makinen 2003), our results (1V) disagreed with the optimization results
reported by Pohjola and Valsta (2007) due to the different initial stands, growth model and
carbon assessment method used.

Some studies have reported that for conifer species, thinning from above or from both
ends of the diameter distribution is typically superior to conventional thinning from below
(Haight 1987, Haight and Monserud 1990, Solberg and Haight 1991, Valsta 1992a,b,
Eriksson 1994, Pukkala et al. 1998, Pukkala and Miina 1998, Vettenranta and Miina 1999,
Hyytidinen et al. 2004, 2005). Our results (1) support the findings of the above studies in
that this thinning type is more advantageous than thinning from below when the interest
rate is above 1%. In addition, our results indicate that thinning from below is advantageous
at first thinning only for low interest rates (e.g., 1%). Carbon assessment methods may also
influence the type of thinning (1V): thinning from below was optimal for the dense stand
with CI (stem carbon) and CIl (BEF method), but the type of thinning was later changed to
thinning from above with CIII (process-based method).

Earlier studies have shown that although fertilization accelerates growth, the impact of
this acceleration on wood density (Jaakkola et al. 2006) and tracheid properties (Jaakkola et
al. 2007) is insignificant. This raises the question of whether intensive management with
nutrient addition would be profitable as a management alternative. The Flakaliden example
in Study Il indicates, as do other results from the same site (Mé&kinen et al. 2002), that
wood properties may indeed change considerably if extreme nutrient addition is applied. On
the other hand, Study Il suggests that an increase in volume growth may compensate for
impaired wood properties; in this example, the volume size more than doubled for the
rotation periods observed. Because of the parameterization method used, however, these
results (11) apply to analyses of the development of wood properties only in the experiment
at hand.

5.3 Forest bioenergy and the carbon balance

Our optimization results (111) indicate that carrying out the first thinning as an early energy
wood harvest for initially dense stands is optimal. Requiring positive harvest revenue from
the first thinning is common in practical stand management. Ahtikoski et al. (2008) also
focused on determining the criteria for profitable energy wood thinning. Our results in
Study 11, however, reveal that an energy wood harvest plays a more important role as an
investment in early thinnings.

The effects of precommercial thinning on growth and yield have been investigated
based on thinning experiments for conifer cultures, such as Scots pine (Ruha and Varmola
1997, Varmola and Salminen 2004, Huuskonen and Hynynen 2006), balsam fir (Pothier
2002), and lodgepole pine (Jonestone 2005). In general, our results (111) on the effects of
early thinnings on growth and yield were in line with those of earlier empirical studies for
Scots pine (Mékinen and Isoméki 2004, Varmola and Salminen 2004, Huuskonen and
Hynynen 2006). We contribute to this literature by extending the analysis over the whole
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rotation period and by optimizing the timing and intensity of the thinnings with the option
of an energy wood harvest for the first thinning. Some studies have reported that the
strategy of precommercial thinning depends on the aims of stand management, such as even
spacing, high yield, or both quality and yield (Vuokila 1972, Ruha and Varmola 1997,
Varmola and Salminen 2004). Ruha and Varmola (1997) stated that the intensity of
precommercial thinning depends on the aim of the first commercial thinning. Our results in
Study 111 agreed with those of previous studies in that optimal thinning regimes vary with
different forest bioenergy policies.

Huuskonen and Hynynen (2006) reported that early and light precommercial thinning
(Hdom 3m, to a density of 3000 trees ha™) significantly increased the first commercial
thinning removal by 40%. Postponing the first commercial thinning by ten years increased
the present value of the stumpage revenues by 65% at a 4% interest rate (Huuskonen and
Ahtikoski 2005, Huuskonen 2008). According to Varmola and Salminen (2004),
precommercial thinning to 1600 and 2200 trees ha™ was moderate. Because of the lack of
dense stand data, we found no significant result in Study 111 similar to that in Huuskonen
and Ahtikoski (2005). The current recommendation for energy wood production states that
energy wood harvesting increases financial returns by 10% (Koistinen and Aijala 2005).
However, our results (I11) indicated that the increase in financial returns by conducting
precommercial thinning varies according to site conditions.

Precommercial thinning positively affects growth and yield, but may also negatively
affect wood quality. Precommercial thinnings accelerate tree growth and, consequently,
branch growth, which lowers timber grades for timber production from commercial
thinnings and final felling. Economic analyses of thinning regimes and timber quality has
been conducted for Scots pine (Hyytidinen et al. 2004) and Norway spruce (I1).
Precommercial thinning was excluded in their studies. Other reports have described the
positive effects of precommercial thinning on diameter growth and branch development for
jack pine (Tong and Zhang 2005) and Scots pine (Varmola and Salminen 2004, Fahlvik et
al. 2005), but lack financial information. Compared to earlier studies, our optimization
results (I111) show that the differences in the effects of precommercial thinning on the
distribution of the end products were insignificant. Nevertheless, sawn wood grades were
applied only in the simulations; in Study 111, sawn wood prices were excluded and replaced
with an average sawlog price.

Study IV expands the current understanding by analyzing how optimal thinning and
rotation for timber production and carbon sequestration depend on carbon assessment
methods in addition to financial incentives. Our results (IV) indicate that the choice of
carbon assessment methods may dramatically change both optimal thinning regimes and net
carbon cost. Therefore, an accurate and reliable carbon assessment method is crucial for
optimizing timber production and carbon sequestration, as well as for planning efficient
policy measures.

According to Harmon and Marks (2002), differences in including carbon pools led to
conflicting results for stand level analyses. Our results in Study IV indicate that the
estimation of mean biomass production also differs when using CIl and CIII. The BEFs of
stem and foliage (CII) are age-dependent, while roots and branches vary less in Scots pine
(Lehtonen et al. 2004). The BEF method disagrees with the process-based method (ClII),
especially in branch biomass estimation, where branch biomass is a function of crown
length and foliage biomass (Makel& 1997).

Different types of tree growth models may also yield conflicting results. Using the
empirical stand simulator MOTTI (Hynynen et al. 2002), Pohjola and Valsta (2007) found



39

that lighter postponed thinnings and lengthened rotation became optimal. Based on a gap-
type model, Liski et al. (2001) stated that longer rotation length would be favorable to
carbon sequestration for Scot pine. Our results (1V), however, show that including optimal
thinning and employing different carbon assessment methods did not lengthen the optimal
rotation. Using another process-based ecosystem model (Kelloméki and Véaisanen 1997),
Bricefio-Elizondo et al. (2006) found that a proper thinning regime can increase forest
carbon stock without lengthening the rotation. Our more comprehensive optimization-based
results (1V) confirmed their findings that optimal thinning plays a very important role in
optimizing timber production and carbon sequestration.

Pohjola and Valsta (2007) included thinnings for timber and carbon optimization at the
stand level. Their study used a constant biomass expansion factor of 0.7051 Mg m™ for
Scots pine and assumed a carbon emission rate of 100% (according to the Kyoto Protocol).
However, biomass production by tree components varies considerably during rotation
(Lehtonen et al. 2004). The use of a constant biomass expansion factor could overestimate
biomass production in old age classes. The 100% carbon emission rate used in their study
clearly increased carbon taxes so that earlier and heavier thinnings become unprofitable. By
contrast, the time-dependent carbon emission rates used in Study IV lowered discounted
carbon taxes. Thus, earlier and heavier thinnings turned out to be optimal.

5.4 Applicability of OptiFor and future developments

In practical forestry, the remaining trees should be reasonably evenly distributed
irrespective of the thinning type. Increased attention to tree selection, such as with thinning
from above, may require the marking of trees for removal and thus raise costs. On the other
hand, thinning from above may, for some stands, result in additional logging damage.
However, our computations (I, 111, 1) did not take into account the higher costs or greater
risk of damage due to thinning from above. Accounting for these effects may result in
lighter thinnings. In Study 11, the thinning regimes were simulated rather than optimized.
An economic optimization model was excluded from Study Il because of the need for
further development at the time of the current PipeQual model. Taking economic
optimization into account offers promise in analyzing the effects of thinning and rotation on
wood properties with optimized management regimes.

According to Karjalainen et al. (1994), one third of carbon is released immediately
during the wood production process. This was employed in Liski et al. (2001), but was not
taken into account in Study IV. Obviously, taking into account carbon emission in the
production process will increase the discounted carbon tax. Such an increase in discounted
carbon tax may postpone thinnings and reduce the intensity of thinnings. In addition, Study
1V excluded soil carbon and energy wood production, which could also affect the optimal
thinning regimes and net carbon cost.

Finnish forestry statistics (Finnish Statistical Yearbook of Forestry 2008) show that the
potential of energy wood from logging residues and clear-cuts is greater than from
precommercial thinning. Logging cost models for forest bioenergy wood production have
been developed for logging residues (Nurmi 2007). In the future, it would be interesting to
investigate optimal thinning regimes for energy wood from logging residues in addition to
early thinnings (111). Energy wood production may lead to changes in carbon sequestration.
In addition, the energy wood price is rising with the continued consumption of energy wood.
Study 11 took none of these effects into account, so future studies that include forest
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bioenergy production and carbon benefits, as well as a sensitivity analysis of energy wood
prices could prove interesting as well. The comparison of carbon assessment methods (1V)
indicates that changing carbon assessment methods led to very different optimal thinning
regimes and average carbon stock. Including all forest carbon pools for optimizing timber
production and carbon sequestration, as well as energy wood production and carbon
balance in future studies could prove interesting.

The numerical studies in this thesis extended our current knowledge and understanding
of the relationships between wood science, forest ecology, and forest economics. The
OptiFor simulation optimization system was tested by comparing random search (RS),
which uses the PPLMC random number generator (Law and Kelton 1982) and Osyczka’s
direct and random search (DRS) algorithms (Figure 12). The validation shows that the DRS
algorithm used in OptiFor is clearly more efficient. The result of the comparison is well in
line with those of Valsta (1990).

The development and applications of OptiFor in this dissertation show that the
ecological-economic modeling approach we applied may improve research by using a
scenario approach, and consequently improve the applicability of ecological models.
Meanwhile, complex ecological models offer detailed ecological reasons to interpret
economic optimization solutions. Such an integrated simulation-optimization approach
provides greater understanding and knowledge of forestry practice. Future developments of
OptiFor will focus on applications in forest and natural resources management, such as
regeneration, fertilization, biodiversity, bioenergy, and soil carbon. Future developments
will also take into consideration applications of alternative optimization methods, such as
population-based methods, as well as adaptive optimization methods.
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Figure 12. Comparison of Osyczka’'s direct and random search (DRS) and random search
(RS) algorithms for maximizing bare land value (€ ha™) at a 3% interest rate.



41

REFERENCES

Ahtikoski, A., Heikkild, J., Alenius, V. & Siren, M. 2008. Economic viability of utilizing
biomass energy from young stands — the case of Finland. Biomass and Bioenergy 32:
988-996.

Amidon, E. L. & Akin, G. S. 1968. Dynamic programming to determine optimal levels of
growing stock. Forest Science 14: 287-291.

Arthaud, G. J. & Klemperer, W. D. 1988. Optimizing high and low thinnings in loblolly
pine with dynamic programming. Canadian Journal of Forest Research 18: 1118-1122.

Assmann, E. 1970. The principles of forest yield study. Pergamon Press Ltd. 506 p.

Backéus, S., Wikstrom, P. & Lamas, T. 2006. Modelling carbon sequestration and timber
production in a regional case study. Silva Fennica 40(4): 615-629.

Bayer, H.-G. & Schwefel, H.-P. 2002. Evolution strategies. A comprehensive introduction.
Natural Computing 1: 3-52.

Bazaraa, M.S., Sherali, H.D. & Shetty, C.M. 1993. Nonlinear programming: theory and
algorithms (second edition). John Wiley & Sons, Inc. 638 p.

Bertsekas, D. 1999. Nonlinear programming (second edition). Athena Scientific, Belmont,
Massachusetts. 791 p.

Bricefio-Elizondo, E., Garcia-Gonzalo, J., Peltola, H. & Kelloméki, S. 2006. Carbon stocks
and timber yield in two boreal forest ecosystems under current and changing climatic
conditions subjected to varying management regimes. Environmental Science and
Policy 9: 237-252.

Brodie, J. D., Adams, D. M. & Kao, C. 1978. Analysis of economic impacts of thinning and
rotation for douglas-fir using dynamic programming. Forest Science 24: 513-522.

— & Kao. C. 1979. Optimizing thinning in douglas-fir with three descriptor dynamic
programming to account for accelerated diameter growth. Forest Science 25: 665-672.

— & Haight, R.G. 1985. Optimization of silvicultural investment for several types of stand
projection system. Canadian Journal of Forest Research 15: 188-191.

Buongiorno, J., Dahir, S., Lu, H.C. & Lin. C.R. 1994. Tree size diversity and economic
returns in uneven-aged forest stands. Forest Science. 40(1): 83-103.

Cao, T. 2003. Optimal harvesting for even-aged Norway spruce stands using an individual-
tree growth model. The Finnish Forest Research Institute. Research Papers 897. 44 p.
Chang, S.J. & Buongiorno, J. 1981. A programming model for multiple use forestry.

Journal of Environmental Management. 13: 45-58.

Clark, C.W. 1976. Mathematical bioeconomics: the optimal management of renewable
resources. First Edition. Wiley. New York. 392 p.

— 1990. Mathematical bioeconomics: the optimal management of renewable resources.
Second Edition. Wiley. New York. 400 p.

Davis, L.S., Johnson, K.N., Bettinger, P.S. & Howard, T.E. 2001. Forest management: to
sustain ecological, economic, and social Values. Fourth Edition. McGraw-Hill. 804 p.
Dinwoodie, J.M. 1961. Tracheid and fibre length in timber. A review of literature. Forestry

34:125-144.

Eriksson, L. O. 1994. Two methods for solving stand management problems based on a

single tree model. Forest Science 40: 732-758.



42

Fahlvik, N., Ekd, P.-M. & Pettersson, N. 2005. Influence of precommercial thinning grade
on branch diameter and crown ratio in pinus sylvestris in southern Sweden.
Scandinavian Journal of Forest Research 20: 243-251.

Faustmann, M. 1849. Berechnung des wertes welchen Waldboden sowie noch nicht
haubare Holzbestdnde fir die Waldwirtschaft besitzen. Allgemeine Forst- und Jagd-
Zeitung, 15: 441-455.

Finnish Statistical Yearbook of Forestry 2008. Finnish Forest Research Institute. 458 p. (In
Finnish with English summary).

Glover, F. 1989. Tabu Search. Part I. ORSA J. on Comput. 1: 190-206.

Gong, P. & Kristrém, B. 1999. Regulating forest rotation to increase CO, sequestration.
Swedish University of Agricultural Sciences. Department of Forest Economics.
Working paper 272.

—, Boman, M. & Mattsson, L. 2005. Non-timber benefits, price uncertainty and optimal
harvest of an enen-aged stand. Forest Policy and Economics 7: 283-295.

Haight, R. G., Brodie, J. D. & Dahms, W. G. 1985. A dynamic programming algorithm for
optimization of lodgepole pine management. Forest Science 31: 321-330.

— 1987. Evaluating the efficiency of even-aged and uneven-aged stand management,
Forest Science 33: 116-134.

— & Monserud, R. A. 1990. Optimizing any-aged management of mixed-species stands: I1.
Effects of decision criteria. Forest Science 36: 125-144.

Hakkila, P. 2006. Factors driving the development of forest energy in Finland. Biomass and
Bioenergy 30: 281-288.

Harmon, M.E. & Marks, B. 2002. Effects of silvicultural practices on carbon stores in
Douglas-fir - western hemlock forests in the Pacific Northwest, U.S.A.: results from a
simulation model. Canadian Journal of Forest Research 32: 863-877.

Hartman, R. 1976. The harvesting decision when a standing forest has value. Economic
Inquiry 16: 52-58.

Herman, M., Dutilleul, P. & Awvella-Shaw, T. 1998. Growth rate effects on temporal
trajectories of ring width, wood density, and mean tracheid length in Norway spruce
(Picea abies (L.) Karst.). Wood and Fiber Science 30(1): 6-17.

Hoen, H. F. & Solberg, B. 1994. Potential and economic efficiency of carbon sequestration
in forest biomass through silvicultural management. Forest Science, 40, 429-451.

Hooke, R. & Jeeves, T.A. 1961. "Direct search™ solution of numerical and statistical
problems. Journal of the Association for Computing Machinery 8: 212-229.

Huang, C. & Kronrad, G. 2001. The cost of sequestering carbon on private forest lands.
Forest Policy and Economics, 2, 133-142.

Huuskonen, S. & Ahtikoski, A. 2005. Ensiharvennuksen ajoituksen ja voimakkuuden
vaikutus kuivahkon kankaan ménnikdiden tuotokseen ja tuottoon. (The effect of the
timing and intensity of the first thinning on the wood yield and economic yield of a pine
stand on a fairly dry forest site type) Metsétieteen aikakauskirja 2/2005: 99-115.

— & Hynynen, J. 2006. Timing and intensity of precommercial thinning and their effects
on the first commercial thinning in Scots pine stands. Silva Fennica 40(4): 645-662.

— 2008. The development of young Scots pine stands - precommercial and first
commercial thinning. Dissertations Forestales 62. 61 p.

Hynynen, J., Ojansuu, R., Hokkd, H., Siipilehto, J., Salminen, H. & Haapala, P. 2002.
Models for predicting stand development in MELA system (Research Papers 835).
Vantaa: Finnish Forest Research Institute, Vantaa Research Center.



43

—, Ahtikoski, A., Siitonen, J., Sievdnen, R. & Liski, J. 2005. Applying the MOTTI
simulator to analyse the effects of alternative management schedules on timber and non-
timber production. Forest Ecology and Management 207: 5-18.

Hyytidinen, K. & Tahvonen, O. 2002. Economics of forest thinnings and rotation periods
for Finnish conifer cultures. Scandinavian Journal of Forest Research 17: 274-288.

—, Hari, P., Kokkila, T., Méakeld, A., Tahvonen, O. & Taipale, J. 2004. Connecting a
precess-based forest growth model to stand-level economic optimization. Canadian
Journal of Forest Research 34, 2060-2073.

— 2004. Integrating economics and ecology in stand-level timber production. Finnish
Forest Research Institute, Research Papers 908. 42 P.

—, Tahvonen, O. & Valsta, L. 2005. Optimum juvenile density, harvesting and stand
structure in even-aged Scots pine stands. Forest Science 51(2): 120-133.

—, llomaki, S., Mékeld, A. & Kinnunen, K. 2006. Economic analysis of stand
establishment for Scots pine. Canadian Journal of Forest Research 36: 1179-1189.

Hagglund, B. 1974. Site index curves for Scots pine in Sweden. Royal College of Forestry,
Department of Forest Yield Research, Stockholm, Research Notes 31, 54 p.

Jaakkola, T., M&kinen, H. & Saranp&d, P. 2005a. Wood density in Norway spruce: changes
with thinning intensity and tree age. Canadian Journal of Forest Research 35, 1767-
1778.

—, Mékinen, H., Sarén, M.-P. & Saranpdd, P. 2005b. Does thinning intensity affect the
tracheid dimensions of Norway spruce? Canadian Journal of Forest Research 35, 2685-
2696.

—, Maékinen, H. & Saranpéd, P. 2006. Wood density of Norway spruce: Responses to
timing and intensity of first commercial thinning and fertilisation. Forest Ecology and
Management 237, 513-521.

—, Maékinen, H. & Saranpéd, P. 2007. Effects of thinning and fertilisation on tracheid
dimensions and lignin content of Norway spruce. Holzforschung 61, 301-310.

Johansson, P.-O. & Loéfgren, K.-G. 1985. The economics of forestry and natural resources.
Oxford: Basil Blackwell. 292 p.

Johnstone, W.D. 2005. The effects of juvenile spacing on 7-year-old lodgepole pine in
central British Columbia. Western Journal of Applied Forestry 20(3): 160-166.

Kangas, A., Kangas, J. & Kurttila, M. 2008. Decision support for forest management.
Springer. 224 p.

Kantola, A., Makinen, H. & Makeld, A., 2007. Stem form and branchiness of Norway
spruce as a sawn timber — predicted by a process-based model. Forest Ecology and
Management 241, 209-222.

Kao, C. 1979. A study of optimal timing and intensity of silvicultural practices -
commercial and precommercial thinning, fertilization and regeneration effort. Ph.D.
thesis, Oregon State University, Corvallis, OR.

— & Brodie, J. D. 1980. Simultaneous optimization of thinnings and rotation with
continuous stocking and entry intervals. Forest Science 26: 338-346.

Karjalainen, T., Kellomé&ki, S. & Pussinen, A. 1994. Role of wood-based products in
absorbing atmospheric carbon. Silva Fennica 28(2): 67-80.

Kelloméki, S. & Vdisdnen, H., 1997. Modelling the dynamics of forest ecosystem for
climate changes studies in the boreal conditions. Ecological Modelling 97: 121-140.

— (ed.) 2009. Forest Resources and Sustainable Management. Papermaking Science and
Technology, Second Edition. Paper Engineers' Association/Paperi ja Puu Oy. 572 p.



44

Kennedy, J. & Eberhart, R.C. 1995. Particle swarm optimization. Proceedings of the 1995
IEEE International Conference on Neural Networks (Perth, Australia), IEEE Service
Center, Piscataway, NJ. IV. p. 1942-1948.

Kilkki, P. & Vdisinen, U. 1969. Determination of the optimum cutting policy for the forest
stand by means of dynamic programming. Acta Forestalia Fennica 102: 1-23.

Kivinen, V.-P. 2004. A genetic algorithm approach to tree bucking optimization. Forest
Science 50(5): 696-710.

Kuitto, J.-P., Keskinen, S., Lindroos, J., Ojala, T., Rajamaki, J., R&sénen, T. & Terdvdinen,
J. 1994. Mechanized cutting and forest haulage. Metsateho Report 410. Painovalmiste
KY, Helsinki. (In Finnish).

van Kooten, G. C., Binkley, C. S. & Delcourt, G. 1995. Effect of carbon taxes and subsidies
on optimal forest rotation age and supply of carbon services. American Journal of
Agricultural Economics, 77: 365-374.

Koistinen, A. & Aijala, O. 2005. Energiapuun korjuu. Mestatalouden kehittamiskeskus
Tapio. Vammalan Kirjapaino Oy. 35 p. (In Finnish).

Koskela, E. & Ollikainen, M., 2001. Forest taxation and rotation age under private amenity
valuation: new results. Journal of Environmental Economies and Management 42, 374-
384.

—, Ollikainen, M. & Pukkala, T. 2007a. Biodiversity policies in commercial boreal forests:
optimal design of subsidy and tax combinations. Forest Policy and Economics 9: 982-
995.

—, Ollikainen, M. & Pukkala, T. 2007b. Biodiversity conservation in commercial boreal
forestry: the optimal rotation age and retention tree volume. Forest Science 53(3): 443-
452.

Karkkainen, L., Matala, J., Harkénen, K., Kelloméki, S. & Nuutinen, T. 2008. Potential
recovery of industrial wood and energy wood raw material in different cutting and
climate scenarios for Finland. Biomass and Bioenergy 32: 934-943.

Laitila, J., Asikainen, A., Korhonen, K.T. & Nuutienn, Y. 2004. Cost factors of the
production of small-sized wood chips and supply logistics. (Pienpuuhakkeen tuotannon
kustannustekijat ja toimituslogistiikka). Finnish Forest Research Institute, Working
Papers, 3. 57 p.

— 2008. Harvesting technology and the cost of fuel chips from early thinnings. Silva
Fennica 42(2): 267-283.

Lappi, J. 1992. A linear programming package for management planning. Research Papers
414. The Finnish Forest Research Institute. 134 p.

Law, A.M. & Kelton, W.D. 1982. Simulation Modeling and Analysis. McGraw-Hill Book
Company. 400 p.

Lehtonen, A., Makipdd, R., Heikkinen, J., Sievdnen, R. & Liski, J. 2004. Biomass
expansion factors (BEFs) for Scots pine, Norway spruce and birch according to stand
age for boreal forests. Forest Ecology and Management 188: 211-224.

Liski, J., Pussinen, A., Pingoud, K., M&kip44, R. & Karjalainen, T. 2001. Which rotation
length is favourable to carbon sequestration? Canadian Journal of Forest Research 31:
2004-2013.

—, Palosuo, T., Peltoniemi, M. & Sievénen, R. 2005. Carbon and decomposition model
Yasso for forest soils. Ecological Modelling 189: 168-182.

—, Lehtonen, A. Palosuo, T., Peltoniemi, M., Eggers, T., Muukkonen, P. & Makipéa, R.
2006. Carbon accumulation in Finland's forests 1922-2004 - an estimate obtained by



45

combination of forest inventory data with modelling of biomass, litter and soil. Ann.
Forest Science 63: 687-697.

Lyhykéinen, H., Makinen, H., Makeld, A. & Usenius, A. 2009. Predicting lumber grade and
by-product yields for Scots pine. Forest Ecology and Management 258: 146-158.

Matala, J., Hynynen, J., Miina, J. Ojansuu, R., Peltola, H., Sievdnen, R., Véisénen, H. &
Kellomé&ki, S. 2003. Comparison of a physiological model and a statistical model for
prediction of growth and yield in boreal forests. Ecological Modelling 161: 95-116.

Mendoza, G., Bare, B. & Campbell, G. 1987. Multiobjective programming for generating
alternatives: a multiple-use planning example. Forest Science. 33(2): 458-468.

Mehtatalo, L. 2002. Valtakunnalliset puukohtaiset tukkivdhennysmallit mannylle, kuuselle,
koivuille ja haavalle. Metsatieteen aikakauskirja 4/2002, 575-591. (in Finnish).

Mielikéinen, K. & Hynynen, J. 2003. Silvicultural management in maintaining biodiversity
and resistance of forests in Europe—boreal zone: case Finland. Journal of
Environmental Management 67, 47-54.

Miina, J. 1996. Optimizing thinning and rotation in a stand of Pinus sylvestris on a drained
peatland site. Scandinavian Journal of Forest Research 11: 182-192.

Ministry of Agriculture and Forestry 2006. Future review for the forest sector — outline of
the forest council concerning focuses and aims for the forest sector. 11b/2006. ISBN
978-952-453-309-6. ISSN 1238-2531. 36 p.

Monserud, R.A. 2003. Evaluating forest models ina sustainable forest management context.
FBMIS Volume 1: 35-47.

Montgomery, C.A. & Adams, D.M. 1995. Optimal timber management policies. In
Bromely, E.W. (ed.), Handbook of Environmental Economics (pp.379-404). Oxford:
Blackwell Economics Handbooks. Blackwell.

Makeld, A. & Sievdnen, R. 1992. Height growth in open-grown trees. Journal of
Theoretical Biology 159: 443-467.

— 1997. A carbon balance model of growth and self-pruning in trees based on structural
relationships. Forest Science 43(1), 7-23.

— 2002. Derivation of stem taper from the pipe theory in a carbon balance framework.
Tree Physiology. 22, 891-905.

— & Mékinen, H. 2003. Generating 3D sawlog with a process-based growth model. Forest
Ecology and Management 184, 337-354.

Makinen, H., Saranpa4, P. & Linder, S. 2002. Wood-density variation of Norway spruce in
relation to nutrient optimization and fibre dimensions. Canadian Journal of Forest
Research 32, 185-194.

— & Isoméki, A. 2004. Thinning intensity and growth of Scots pine stands in Finland.
Forest Ecology and Management 201: 311-325.

—, Hynynen, J. & Isomdki, A. 2005. Intensive management of Scots pine stands in
southern Finland: First empirical results and simulated further development. Forest
Ecology and Management 215, 37-50.

—, Jaakkola, T., Piispanen, R. & Saranpdd, P. 2007. Predicting wood and tracheid
properties of Norway spruce. Forest Ecology and Management 241, 175-188.

Mdoykkynen, T., Miina, J. & Pukkala, T. 2000. Optimizing the management of a Picea
abies stand under risk of butt rot. Forest Pathology 30: 65-76.

— & Miina, J. 2002. Optimizing the management of a butt-rotted Picea abies stand
infected by Heterobasidion annosum from the previous rotation. Scandinavian Journal
of Forest Research 17: 47-52.



46

Nelder, J.A. & Mead, R. 1965. A simplex method for function minimization. The Computer
Journal 7: 308-313.

Nordic timber-grading rules 1994. Grading rules for pine (Pinus sylvestris) and spruce
(Picea abies) sawn timber. Commercial Grading Based on Evaluation of the Four Sides
of Sawn  Timber. Foreningen  Svenska  Sagverksman  (FSS)/Suomen
Sahateollisuusmiesten ~ Yhdistys  (STMY)/Treindustriens  Tekniske  Forening
(TTF)/Markaryds Grafiska, Sweden/Finland/Norway/Markaryd), 80 p.

Nurmi, J. 2007. Recovery of logging residues for energy from spruce (Pices abies)
dominated stands. Biomass and Bioenergy 31: 375-380.

Osyczka, A. 1984. Multicriterion Optimization in Engineering with FORTRAN Programs.
Ellis Horwood, Chichester. 178 p.

Palosuo, T., Peltoniemi, M., Mikhailov, A., Komarov, A., Faubert, P., Thirig, E. & Lindner,
M. 2008. Projecting effects of intensified biomass extraction with alternative modelling
approaches. Forest Ecology and Management 255: 1423-1433.

Pape, R. 1999a. Influence of thinning and tree diameter class on the development of basic
density and annual ring width in Picea abies. Scandinavian Journal of Forest Research
14, 27-37.

— 1999b. Effects of thinning regime on the wood properties and stem quality of Picea
abies. Scandinavian Journal of Forest Research 14, 38-50.

Pelkki, M. H. 1997. Optimal management of shortleaf pine plantations in the central Unite
States. Northern Journal of Applied Forestry 14(2):67-71.

— 1998. Evaluating changes in yellow-poplar management in response to new low-end
markets. Northern Journal of Applied Forestry 15(1):37-42.

— 1999. Impacts of thinning strategies on financial returns from yellow-poplar stands.
Southern Journal of Applied Forestry 23(2): 69-77.

Petty, J.A., Macmillan, D.C. & Steward, C.M. 1990. Variation of density and growth ring
width in stems of Sitka and Norway spruce. Forestry 63(1): 39-49.

Piene, H., 1978. Effects of increased spacing on carbon mineralization rates and
temperature in a stand of young balsam fir. Canadian Journal of Forest Research 8, 398-
406.

Pohjola, J. & Valsta, L. 2007. Carbon credits and management of Scots pine and Norway
spruce stands in Finland. Forest Policy and Economics 9: 789-798.

Pothier, D. 2002. Twenty-year results of precommercial thinning in a balsam fir stand.
Forest Ecology and Management 168: 177-186.

Powell, M. J. D. 1964. An efficient method for finding the minimum of a function of
several variables without calculating derivatives. The Computer Journal 7: 308-313.

Pretzsch, H., Grote, R., Beineking, B., Rotzer, TH. & Seifert, ST. 2008. Models for forest
ecosystem management: a European perspective. Annals of Botany 101: 1065-1087.

Pukkala, T. & Miina, J. 1998. Tree-selection algorithms for optimizing thinning using a
distance-dependent growth model. Canadian Journal of Forest Research 28: 693-702.

—, Miina, J., Kurttila, M. & Lolstrom, T. 1998. A spatial model for optimizing the thinning
regime for mixed stands of Pinus sylvestris and Picea abies. Scandinavian Journal of
Forest Research 13: 31-42.

— (ed.) 2002. Multi-objective forest planning. Kluwer Academic Publishers. 207 p.

— & Miina, J. 2005. Optimising the management of a heterogeneous stand. Silva Fennica
39(4): 525-538.

— 2009. Population-based methods in the optimization of stand management. Silva
Fennica 43(2): 261-274.



47

Rautiainen, O., Pukkala, T. & Miina, J. 2000. Optimizing the management of even-aged
Shorea robusta stands in southern Nepal using individual tree growth models. Forest
Ecology and Management 126: 417-429.

Richards, K.R. & Stokes, C. 2004. A review of forest carbon sequestration cost studies: a
dozen years of research. Climatic Change 63: 1-48.

Riitters, K., Brodie, J.D. & Hann, D.W. 1982. Dynamic programming for optimiztion of
timber roduction and grazing in ponderosa pine. Forest Science 28: 517-526.

Risvand, J. 1969. Economic analysis of cutting programs applying dynamic programming.
In Svensrud, A. (Ed.), Readings in Forest Economics. Oslo: Universitetsforlaget.

Roise, J.P. 1986. A nonlinear programming approach to stand optimization. Forest Science
32(3): 735-748.

Rosenbrock. H.H. 1960. An automatic method for finding the greatest or lease value of a
function. The Computer Journal 3: 175-184.

Romero, C. Ros, V. & Daz-Balteiro, L. 1998. Optimal forest rotation age when carbon
captured is considered: theory and applications. Journal of the Operational Research
Society 49: 121-131.

Ruha, T. & Varmola, M. 1997. Precommercial thinning in naturally regenerated Scots pine
stands in northern Finland. Silva Fennica 31(4): 401-415.

Shinozaki, K., Yoda, K., Hozumi,, K. & Kira, T. 1964. A quantitative analysis of plant
form: the pipe model theory. I. Basic analyses. Japanese Journal of Ecology 14: 97-105.

Siitonen, M., Harkonen, K., Hirveld, H., Jdms4, J., Kilpeldinen, H., Salminen, O. & Teuri,
M. 1996. MELA handbook 1996 edition (Research Papers 622). Helsinki: Finnish
Forest Research Institute.

Solberg, B. & Haight, R. G. 1991. Analysis of optimal economic management regimes for
picea abies stands using a stage-structured optimal-control model. Scandinavian Journal
of Forest Research 6: 559-572.

Storn, R. & Price, K. 1997. Differential evolution - a simple and efficient heuristic for
global optimization over continuous spaces. Journal of Global Optimization 11: 341-
359.

Taha, H. 1997. Operations research: an introduction (sixth edition). Prentice-Hall
International, Inc. 916 p.

Tapio. 2001. Hyvdn metsdnhoidon suositukset [Recommendations for good forest
management]. Mesétalouden Kehittdmiskeskus Tapio, Libris Oy, Helsinki. (In Finnish).

Thorsen, B.J. & Helles, F. 1998. Optimal stand management with endogenous risk of
sudden destruction. Forest Ecology and Management 108: 287-299.

Tong, Q.J. & Zhang, S.Y. 2005. Impact of initial spacing and precommercial thinning on
jack pine tree growth and stem quality. The Forestry Chronicle 81(3): 418-428.

UNFCCC 1997. The Kyoto Protocol to the convention on climate change. United Nations
Framework Convention on Climate Change. 34 p.

Uusivuori, J. & Kuuluvainen, J. 2008. Forest taxation in multiple-stand forestry with
amenity preferences. Canadian Journal of Forest Research 38: 806-820.

Valsta, L. 1986. Manty-rauduskoivusekametsikdn hakkuuohjelman optimointi. Summary:
Optimizing thinnings and rotation for mixed, even-aged pine-birch stands. Folia
Forestalia 666. 23 p.

— 1990. A comparison of numerical methods for optimizing even aged stand mangement.
Canadian Journal of Forest Research 20: 961-969.

— 1992a. A scenario approach to stochastic anticipatory optimization in stand management.
Forest Science 38: 430-447.



48

— 1992b. An optimization model for Norway spruce management based on individual-tree
growth models. Acta Forestalia Fennica 232. 20 p.

— 1993. Stand management optimization based on growth simulators. Finnish Forest
Research Institute, Research Papers 453. 51 p.

Varmola, M. & Salminen, H. 2004. Timing and intensity of precommercial thinning in
pinus sylvestris stands. Scandinavian Journal of Forest Research 19: 142-151.

Vettenranta, J. & Miina, J. 1999. Optimizing thinnings and rotation of Scots pine and
Norway spruce mixtures. Silva Fennica 33(1): 73-84.

Vuokila, Y. 1972. Treatment of seedling stands from the viewpoint of production. Folia For.
141, 36 p. (In Finnish with English summary.)

— 1982. The improvement of technical quality of forests. Folia Forestalia 523, 1-55.

— 1985. The effect of growing stock level on the development, growth and yield of spruce
plantations in Finland. Folia Forestalia 636: 1-18. (In Finnish, with English summary.)

Wikstrém, P. & Eriksson, L.O. 2000. Solving the stand management problem under
biodiversity-related considerations. Forest Ecology and Management 126: 361-376.

— 2001. Effect of decision variable definition and data aggregation on a search process
applied to a single-tree simulator. Canadian Journal of Forest Research. 31: 1057-1066.

Zhang, S.Y., Simpson, D. & Morgenstern, E.K. 1996. Variation in the relationship of wood
density with growth in 40 black spruce (Picea mariana) families grown in New
Brunswick. Wood and Fiber Science 28(1): 91-99.

Zhou, W. 1998. Optimal natural regeneration of Scots pine with seed trees. Journal of
Environmental Management 53: 263-271.



	Silvicultural decisions based on simulation-optimizationsystems
	ABSTRACT
	ACKNOWLEDGEMENTS
	LIST OF ORIGINAL ARTICLES
	TABLE OF CONTENTS
	1 INTRODUCTION
	1.1 Decision problems in forest ecosystem management
	1.2 Silvicultural decisions
	1.3 Objectives of the dissertation

	2 REVIEW OF STAND MANAGEMENT OPTIMIZATION
	2.1 Mathematical bioeconomics of the optimal management of forest resources
	2.2 Optimization methods applied to stand management
	2.3 Timber production applications
	2.4 Non-timber production applications

	3 MATERIAL AND METHODS
	3.1 Forest models
	3.1.1 Stand growth simulators
	3.1.2 Models for predicting wood quality
	3.1.3 Timber and energy wood logging models
	3.1.4 Carbon assessment models

	3.2 Nonlinear programming algorithms
	3.2.1 The Hooke and Jeeves direct search method
	3.2.2 An optimization model in the stand management tool SMA

	3.3 Development of the OptiFor simulation-optimization system
	3.3.1 OptiFor structure
	3.3.2 OptiFor Wood
	3.3.3 OptiFor Bioenergy
	3.3.4 OptiFor Carbon

	3.4 Biological and economic data

	4 RESULTS
	4.1 Effects of initial stand states on the optimal thinning and rotation of Picea abies stands (I)
	4.2 Effects of silvicultural treatments on wood properties and economic returns for Norway spruce (II)
	4.3 Integrating bioenergy production into forest management optimization: energy wood from young Scots pine stands (III)
	4.4 A comparison of carbon assessment methods for optimizing timber production and carbon sequestration in Scots pine stands (IV)

	5 DISCUSSION
	5.1 Rotation length
	5.2 Thinning and fertilization
	5.3 Forest bioenergy and the carbon balance
	5.4 Applicability of OptiFor and future developments

	REFERENCES

