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1 Introduction

1.1 The management problem

The problem of managing a forest stand belongs to the larger concept of natural resource
management. Natural resources may be renewable or non-renewable. Optimum utiliza-
tion of both types of resources can be analyzed but the questions and answers differ
(Fisher 1981, Johansson & Lofgren 1985). A characteristic of renewable resource man-
agement is that the resource is renewed or can be renewed after the harvest or other use
of the resource. A renewable resource typically exhibits growth which may in turn be af-
fected by the use of the resource. In most cases, forest management can be seen as re-
newable resource management, although virgin forests are practically non-renewable
from the multiple use point of view. Resource stocks that are interesting from the plan-
ning point of view have either commercial or societal value.

Forest management decisions can be made at five different levels depending on the
scope of the decisions and the level of available information (Fig. 1). The present study
concerns the stand level.

Consider the different levels of decision making starting from that of the single tree.
Treating the stand on the basis of a tree level analysis and disregarding the stand level is
an unusable approach. The biology and economy of treating a tree is strongly dependent
on the state and operations in the surrounding stand, which have to be taken into account.

The stand level offers the first meaningful level of decision making. Most forest
economics theory is based on stand level analyses. The advantages of such an approach
include its mathematical simplicity and the generality of results. Results obtained in this
fashion are equal to results based on fully regulated forests, given that scale does not af-
fect the returns or costs and that we may assume perfect markets for all things in ques-
tion (the "linear forest" in Johansson and Lofgren 1985). In this case, the approach devel-

oped by Faustmann (1849) can be used as the basis of
forest management decisions. It recognizes that both

REGION/SECTOR growing stock and forest land are investments to
which returns are generated.

ENTERPRISE Results from the stand level or the "linear forest"

analysis are useful for several purposes. They can

FOREST serve as guidelines for management practices if they

are biologically and economically parameterized to be
suitable for a large number of decision makers. Al-
though not exactly correct for any individual forest
owner, the stand level guidelines can form a basis
which can be modified to satisfy each decision
situation. Stand level results are also useful when
examining the effects of changes in determinants of
stand management, such as biological conditions,
Figure 1. Different decision  prices and costs, or the objective function. In a forest-

making levels in forest man-  Jeve] analysis, observed effects may be strongly
agement.




dependent on the prevailing forest composition and may be misleading.

The stand level analysis is, naturally, unsatisfactory for many planning situations.
The even-flow of harvests and stable investments in regeneration at the forest level may
override stand level economic aspects. In addition, spatial harvest scheduling poses re-
strictions on stand management (Brodie & Sessions 1991).

To truly maximize the utility of the forest owner or the owners of an enterprise man-
aging the forest, a complete financial analysis at the enterprise level should be carried
out. This leads to the so called 'combined models' (Himéldinen 1973). When forestry is
not integrated into the rest of the owner's economy, misleading preferences may stem
from, e.g., incorrect interest rate, or failure to incorporate changing economic circum-
stances over time.

Stand optimization studies have traditionally been divided into studies concerning
even-aged (Hann & Brodie 1980) or uneven-aged (Hann & Bare 1979) management
systems. Haight (1987) formulated and numerically solved a more general stand level
optimization problem, in which even-aged and uneven-aged management are special
cases. His approach allows for arbitrary planting and natural regeneration activities,
which pose great demands on the stand simulation models.

Stand treatment optimization has been performed in Finland employing two basic
approaches: stand level or forest level optimization. Kilkki and Viisidnen (1969) as well
as Siitonen (1972) solved the problem at stand level using dynamic programming. The
growth models available limited their approach and they used only one state variable,
stand volume. For example, the effect of thinnings on average tree size development
could not be taken into to account explicitly. Stand level optimization studies by Valsta
(1986 and thereon) are reviewed in the present publication. Recent applications of dy-
namic programming are by Ringbom (1992) and Salminen (1993).

Instead of developing stand level optimization for more evolved growth models,
Kilkki turned to forest level optimization and co-build a linear programming (LP) -based
planning system that initially utilized whole-stand growth models to generate the activi-
ties of the linear program (Kilkki and Pokild 1975, Kilkki and Siitonen 1975). Individ-
ual-tree growth models were introduced into the LP planning system in the early 1980s
(Siitonen 1983) and, lately, enhanced algorithmic capabilities (Lappi 1992). Other
Finnish LP-based planning approaches are by Haméldinen and Kuula (1993), Pukkala
(1988a) and Hyttinen (1992). They have less detailed stand prescription analyses than in
the system by Kilkki and others, but provide extensions for multiple use (Pukkala
1988a), decision theory (Kangas & Pukkala 1992), agriculture (Hyttinen 1992), and
financial analyses within an integrated farm-forest model (Hdméldinen and Kuula 1993).

The temporal scale of forest management analysis must be considered. Economic
comparisons have addressed time periods from, e.g., a single decade to perpetuity. Cus-
tomarily, rotations of plantation management have been regarded as separable, and this
can be done with little loss of biological realism in most situations. It is clear that the
same condition is not true for natural regeneration.

The spatial distribution of trees has not been addressed in stand optimization studies.
An exact solution requires solving a very large combinatorial problem (which trees of a
stand to harvest in each cut) whereas an approximate solution could be obtained by rely-
ing on some spatial patterns of trees. So far, no optimization studies including the spatial



distribution of individual trees are generally known to the international researcher com-
munity.

The purpose of using optimization is to improve decisions. A prerequisite for this is
that the optimization system functions satisfactorily. Both the stand simulation model and
the optimization algorithm play a role. In the present study, the question of the reliability
of the stand simulator is not examined.

The performance of an optimization algorithm in solving a management problem is
a result of the way the optimization problem is set and the properties of the algorithm it-
self. For example, the solution procedure may or may not take advantage of the fact that
stand management is a dynamic decision problem (see Ch. 5). Factors to be considered
when comparing optimization algorithms concern the reliability, or robustness of the al-
gorithm, the precision of the optimum solution, sensitivity to algorithm parameters and
the preparational and computational effort (Bazaraa & Shetty 1979). The computational
efficiency can be measured by the number of function evaluations needed to achieve a
given objective function value. In many situations, the computational efficiency and the
ability to ensure a global optimum solution are conflicting characteristics. This question,
for example, falls into the realm of the art of optimization.

1.2 Objectives of the studies

The general objective of the studies reviewed in the present paper is to develop and com-
pare optimization methods for different, commonly used stand simulators. Because
many of the models used in stand simulators are typical of the country in question,
methods originally developed in other countries must be examined with Finnish models.
The planned application of the optimization programs developed in the reviewed studies
would be stand management optimization made by an expert in a forestry organization or
company.

The two most widely used growth model types in Finland are whole-stand models
and individual-tree, distance-independent models. Two stand types, one for each of the
two growth model groups, are studied: even-aged mixtures of pine and birch (whole-
stand model), and pure spruce stand (individual-tree model).

The specific objectives of the four studies of the dissertation are:

Study I - develop an optimization approach for a two-species, even-aged pine-birch
stand based on a whole-stand growth model
- determine the optimum species composition, thinnings and rotation
- study the dynamics of pine and birch from both biological and economical
standpoints and examine the 'mixture effect'
- examine the conditions under which a mixed stand is superior to a pure
pine stand

Study II - compare three optimization methods in solving a two-species, even-aged
stand management problem based on a whole-stand growth model



Study III - study the management options of an even-aged spruce stand in southern
Finland including the number, intensity, type and timing of thinnings;
rotation; and initial density.

- compare the results to present guidelines in Finland

- contrast the results obtained using two different growth models

- examine the performance of the optimization algorithm and the properties
of the response surface

Study IV - develop a method for stochastic anticipatory optimization using individual-
tree growth models
- investigate the effects of yearly growth variations and catastrophic mortality
on optimum even-aged stand management

10



2 Models of stand development

2.1 Classification criteria

Stand management optimization requires a projection model to compute the effects of
chosen treatments. Such models are customarily called (stand) simulators. They can be
classified by the following properties: (1) the unit of prediction, (2) employment of tree
location data, i.e., distance-dependent vs. distance-independent, (3) deterministic vs.
stochastic, or (4) statistical-empirical vs. process based. The unit of prediction can be a
complete stand, all trees of a given species or crown class, an age or size class, or an in-
dividual tree. Some process models go into further detail, but a tree is almost always the
smallest unit of management. The unit of prediction is taken as the primary grouping
factor in the following review. The terminology followed is that used by Davis and John-
son (1987).

2.2 Whole-stand models

2.2.1 Density-free whole-stand models

Density-free models assume a predetermined stand density development over the rota-
tion. For a given species, site, and location, stand development is a function of time only,
and follows a predefined trajectory. These models are usually reported in tabular form
and they are termed growth and yield tables. For a given stand, the only decision that can
be optimized is rotation. Sometimes there are different tables for alternative treatment
policies or for unmanaged and managed stands. Graphical smoothing was an important
method of constructing the models of this type. Finnish examples are by Blomqvist
(1891), Ilvessalo (1920), Nyyssonen (1954), Vuokila (1956) and Koivisto (1959).

2.2.2 Variable-density whole-stand models

For a considerable period of time, these models were the prevailing basis of stand pro-
jection and they still are used in practice. The properties of a forest stand typically recog-
nized are age, competition, tree size, and site quality. The corresponding driving variables
of the model are stand age, basal are or volume, number of trees or average diameter, and
site index or site type. Finnish models have been derived, for example, by Kuusela and
Kilkki (1963), Gustavsen (1977), Nyyssonen and Mielikdinen (1978), Mielikdinen
(1980), and Vuokila and Viliaho (1980)

2.2.3 Diameter distribution models

Diameter distribution models predict the development of diameter distribution over time
based on stand level variables (Hyink & Moser 1983). Two types of models can be dis-
tinguished: (1) The stand level variables used are averaged characteristics, such as stand
age, basal area, average diameter or the number of trees. When a prediction is made, the
stand level variables are updated based on their own growth models. Then, a diameter
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distribution is predicted using regression models with the new stand characteristics as in-
dependent variables and distribution parameters as dependent variables (e.g., Cao et al.
1982). The diameter distribution can be seen as a template over the stand characteristics.
(2) Distribution function models directly use the parameters of diameter distributions and
the total number of trees as independent variables in the dynamic models. Additional
stand level variables may be utilized. Diameter distribution percentiles are sometimes
used in place of parameters (Bailey et al. 1981).

2.3 Age/stage-structured models

Age/stage-structured models of biological populations are widely used in fisheries, zool-
ogy, and wildlife management. These models are based on grouping individuals into co-
horts, characterized by the age, size, or developmental state of an individual. An early
application in forestry is by Usher (1966). Tree growth is described as a transition from
one stage to another. The proportion of trees moving from stage i to stage i+1 is given by
a transition rate (or a transition probability in a stochastic model). Stage-structured mod-
els are defined as linear or nonlinear depending on whether the transition
rates/probabilities are determined by a linear or nonlinear function. The models of this
group are also called matrix models because the transition probabilities between two
stages form a matrix. A thorough examination of this modelling approach and the re-
spective management applications can be found in Getz and Haight (1989).

In Finland, as well as other Nordic countries, stage-structured models have not been
widely applied, so far. However, uneven-aged management has recently received more
attention and studies have been published in Finland and Norway (Pukkala & Kolstrom
1988, Solberg & Haight 1991, Kolstrom 1992).

2.4 Individual-tree models

Whole-stand models are more applicable to stands with average tree size structure and
less applicable to stands with irregular structure. The first individual-tree growth models
were reported in the 1950s and 1960s (Petterson 1954, Buckman 1962, Lemmon &
Schumacher 1962) but their use was initially infrequent, compared with whole-stand
models. Individual-tree models are usually grouped into two classes: distance-dependent
and distance-independent, based on whether or not they utilize information about the lo-
cations of other trees close to the subject tree. Distance-dependent growth models were
presented in the mid 1960s by Newnham and Smith (1964) and Vuokila (1965).

As implied by their name, the unit of prediction of individual-tree growth models is
the single tree. In distance-independent models, the information used in prediction in-
cludes characteristics of the subject tree (diameter, height, a crown measure, age), site
(site index, latitude, altitude, topography), and other trees (stand basal area, dominant
height, crown competition). Finnish examples are by Nyyssonen and Mielikédinen 1978,
Mielikdinen 1980 and 1985, and Ojansuu et al. 1991. Distance-dependent models take
advantage of additional information concerning the location and characteristics of close-
by trees (Vuokila 1965, Pukkala 1988b).

12



2.5 Process based models

Process based models operate on a representation of the physiological processes of the
tree. The structure and resolution varies but typical processes included are photosynthe-
sis, respiration, allocation, and decomposition (Botkin et al. 1972, Hari et al. 1982,
Mikeld & Hari 1986). Many models include the environment of the tree and can be
called ecosystem models (Pastor & Post 1985, Kellomiki et al. 1988, 1992). Stand
structure may be described by just one average tree or a tree list. Gap models (Shugart
1984) predict succession (birth, growth and death of trees) on a given area, defined as the
crown projection of a mature tree or some larger area.

13



3 A review of prior research on stand level optimization

An exposition to previous research is given in Table 1 based on the management ques-
tion treated and the growth model type used. Because of the objectives of the present in-
vestigation, only studies that have produced numerical results have been included. This
does, of course, not imply that nonnumerical studies would be less important.

3.1 Deterministic methods

3.1.1 Dynamic programming

Dynamic programming was developed in the early 1950s (Bellmann 1954) as a method
for solving sequential decision problems. The first generally known application to
forestry problems is by Arimizu (1958a). The stand growth model of Arimizu (1958a)
resembles a stand table projection system but optimization is done based on uneven-aged
management. The variable optimized is the harvested volume of trees larger than 22
inches. Only a ten-year period is analyzed and it is not clear whether a long time horizon,
discounted returns problem could be solved. The stand level study is paired by an input-
output model (Arimizu 1958b) with the aim that regional activity analysis could be con-
nected to stand level decision making. Another early application is by Brun Madsen
(1964, ref. Kilkki & Viisidnen 1969)

Deterministic dynamic programming applications in stand management were con-
tinued by three studies solving the optimization of growing stock level and rotation, pub-
lished almost simultaneously at the end of the 1960s (Amidon & Akin 1968, Kilkki &
Viisdnen 1969, and Risvand 1969). The investigations by Risvand (1969) and Kilkki &
Viisdnen (1969) (with improvements and further analyses in Kilkki 1972 and Siitonen
1972) appear more oriented to solving practical problems. Arimizu (1958a) and Risvand
(1969) used forward recursion whereas Amidon & Akin (1968) and Kilkki & Viisdnen
(1969) used backward recursion. An application is also reported by Nesterov and
Avtukhovich (1974).

A new period of active research was started by Brodie and others in the USA
(Brodie et al. 1978, Brodie & Kao 1979, Kao 1979, Chen et al. 1980, Kluyver et al.
1980, Martin & Ek 1981, Riitters et al. 1982). This new wave of research was encour-
aged by the more usable formulation by Brodie et al. (1978) as well as by developments
in comping. In the 1980s, dynamic programming applications started to increasingly
emerge outside the USA and the Nordic countries (Manabe 1984, Meneses & Olivares
1986, Klocek 1988, Medina de Munoz & Gardich Briseno 1989, Torres-Rojo & Brodie
1990, Zadnik Stirn 1990, and Filius & Dul 1992).

Dynamic programming analyses may suffer from the "curse of dimensionality",
which increases the computational task beyond available resources. In stand management
optimization this often becomes a problem when the state space is defined by more than,
say, three variables. Dynamic programming has been made computationally more effi-
cient by employing LaGrangean relaxation (Paredes & Brodie 1987) and region limiting
strategies (Yoshimoto et al. 1990).

14



Table 1. Stand-level optimization studies classified according to the growth model type and the decision
to be optimized. Stochastic analyses are in italics. Studies which form part of the present dissertation are
in bold face. Uneven-aged management studies are in onc common decision group.

Haight 1985, 87, 1990, 1991
Haight et al. 1985a

Kaya & Buongiorno 1987
Gove & Fairweather 1992

Whole stand models Distribution template models | Age/stage-structured models | Individual-trce models
Rotation Chapelle & Nelson 1964 Valsta & Brodie 1987 Hool 1966 Martin & Ek 1981
Amidon & Akin 1968 Teeter & Caulfield 1991 Lembersky & Johnson 1975 | Haight et al. 1985b
Kilkki & Viisanen 1969 Teeter & Somers 1991 Riitters et al. 1982 Roise 1986b
Risvand 1969, 76 Bullard et al. 1985 Roise et al. 88a, 88b
Schreuder 1971 Haight 1991 Valsta 1987,91, 92, 8
Norstrem 1975 Solberg & Haight 1991 Arthaud & Klemperer 1988
Brodie et al. 1978 Carlsson 1990
Brodie & Kao 1979 Haight & Monscrud 1990a,b
Chen et al. 1980 Yoshimoto et al. 1990
Kao & Brodie 1980
Martell 1980
Routledge 1980, 1987
Kao 1979, 82, 84
Cawrse et al. 1984
Manabe 1984
Reed & Errico 1985
Roise 1986a
Valsta 1986, 88, 90
Lohmander 1987
Paredes & Brodie 1987
Brazee & Mendelsohn 1988
Caulfield 1988
Betters et al. 1991
Haight & Holmes 1991
Haight & Smith 1991
Reed & Apaloo 1991
Ringbom 1992
Growing Chapelle & Nelson 1964 Valsta & Brodie 1987 Hool 1966 Martin & Ek 1981
stock level Amidon & Akin 1968 Teeter & Caulfield 1991 Lembersky & Johnson 1975 | Haight et al. 1985b
Kilkki & Viisénen 1969 Teeter & Somers 1991 Riitters et al. 1982 Roise 1986b
Risvand 1969 Bullard et al. 1985 Roise et al. 88a, 88b
Schreuder 1971 Haight 1991 Valsta 1987, 91, 92, 93
Brodie et al. 1978 Solberg & Haight 1991 Arthaud & Klemperer 1988
Brodie & Kao 1979 Carlsson 1990
Chen et al. 1980 Haight & Monserud 1990a,b
Kao & Brodie 1980 Yoshimoto et al. 1990
Kao 1979, 82,84
Cawrse et al. 1984
Manabe 1984
Roise 1986a
Valsta 1986, 88, 90
Paredes & Brodie 1987
Betters et al. 1991
Haight & Smith 1991
Reed & Apaloo 1991
Ringbom 1992
Thinning Kilkki & Viisinen 1969 Bullard et al. 1985 Haight et al. 1985b
type Solberg & Haight 1991 Roise 1986b
Valsta 1987,91,92, 93
Arthaud & Klemperer 1988
Haight & Monserud 1990a,b
Yoshimoto et al. 1990
Planting Haight & Smith 1991 Teeter & Caulfield 1991 Lembersky & Johnson 1975 Valsta 1993
density Teeter & Somers 1991 Hann et al. 1983
Solberg & Haight 1991
Vegetation | Haight & Smith 1991 Valsta & Brodie 1987
ment
Multi - Valsta 1986, 88 Bullard et al. 1985 Haight & Monserud 1990a,b
species Carlsson 1990
Yoshimoto et al. 1990
Fertilization | Kao 1979
Uneven-aged | Arimizu 1958a Hool 1966 Buongiomo & Michie 1980
management Adams & Ek 1974 Bare & Opalach 1987
Buongiorno & Michie 1980
Rapera 1980
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Forestry questions other than stand management, treated with dynamic program-
ming, include deer management (Davis 1967), allocation of research funds (Bethune &
Clutter 1969), forest fire protection (Kourtz 1973 and 1989, O'Regan et al. 1975), tree
bucking (Strand 1967, Pnevmaticos & Mann 1972, Luo 1983, Busby & Ward 1989),
locating forest roads (Zhang & Xu 1987), and sampling design (Omule & Williams
1982).

Dynamic programming has proved to be very successful in optimizing whole-stand
growth models. The version of dynamic programming used has almost exclusively been
the discrete-time, discrete-state formulation. Dynamic programming is well suited for
computerized analysis. It guarantees the global optimum solution within a specified accu-
racy, the node interval. It allows the use of any form of model, including tabular and dis-
continuous relationships. The main shortcoming is that dynamic programming can be
used with individual-tree growth models only if these are seriously reduced to suffi-
ciently restrict the number of state variables . Ways exist to overcome this problem
(Brodie & Haight 1985, Paredes & Brodie 1987, Yoshimoto et al. 1990) but their poten-
tial remains to be seen.

3.1.2 Optimal control theory

Optimal control theory is used to control a dynamical system in a way that maximizes
the performance criterion and, at the same time, satisfies the state equations (Kirk 1970).
Stand management applications of optimal control theory can be divided into two groups
based on whether they obtain numerical results or not. The first theoretically oriented
study was by Nislund (1969), followed by Anderson (1976) and Clark (1976). Other
studies without numerical results include Hellman (1982, 1986), and Snyder and Bhat-
tacharyya (1990). Simple numerical models have been applied by Clark (1976), Cawrse
et al. (1984), Lohmander (1988), and Betters et al. (1991), whereas models aimed at
stand management decision making are given by Rapera (1980), Haight (1987), and
Solberg and Haight (1991). Successful formulations of optimal control theory for stand
management (Haight 1987, Solberg & Haight 1991) have been in the discrete-time form.
This is because of the difficulty of determining optimum solutions in continuous time for
stand management problems which are multi-dimensional. These studies have been
based on stage-structured growth models.

3.1.3 Nonlinear programming

Nonlinear programming is used for finding an optimum solution to a problem where the
objective function or constraints or both have nonlinear components. If only quadratic
and linear relations exist, quadratic programming can be used. For an account for nonlin-
ear programming, see, e.g., Himmelblau (1972), or Bazaraa and Shetty (1979).
Nonlinear programming has been used in stand management research for two prin-
cipal problems: selection harvests for uneven-aged management based on stage-struc-
tured growth models, and even-aged (or all-aged) management based on individual-tree
models. The first line of research was started by an innovative study of uneven-aged
management of hardwood stands in the U.S.A. (Adams & Ek 1974). Further elabora-
tions of the optimization problem are given in Adams and Ek (1975). The uneven-aged
management problem was not completely solved until Haight et al. (1985a). The strength
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Figure 2. The structure of the simulation optimization system for nonlinear program-
ming.

of the method was further demonstrated by its application to the central stand manage-
ment problem of comparing even-aged and uneven-aged management economically
(Haight 1987). These problems have the form of discrete-time optimal control but the
numerical solution method used is an application of nonlinear programming.

Nondifferentiable nonlinear programming algorithms have gained considerable
popularity in stand management optimization studies. Their advantage is that they do not
require the use of derivatives which are either tedious or impossible to derive for stand
simulators.

Two problem structures have been used. In the first one, treatments can occur at pre-
defined points of time, e.g., cuttings are made possible at 5 or 10-year intervals (first
used by Adams & Ek 1974). The variables to be optimized are the intensities of the op-
erations. If they are zero, the operation is postponed. The second formulation adds the
times between operations to the decision variables (first used by Kao & Brodie 1980).

The former approach has been used for optimizing uneven-aged management
(Adams & Ek 1974, Rapera 1980, Haight et al. 1985a, Bare & Opalach 1987, Haight &
Monserud 1990a and 1990b) and the latter for optimizing even-aged management (Kao
& Brodie 1980, Roise 1986a and 1986b, Valsta 1987, 1988, II, III, IV, Roise et al.
1988a, Yoshimoto et al. 1990). The reason for this distinction is the number of cuttings,
in particular, that need to be optimized within a meaningful planning horizon. This num-
ber is smaller for even-aged management where the timing of thinnings and final harvest
is also more important than in the case of uneven-aged management.

Nonlinear programming was linked with individual-tree growth models first by
Roise (1986b). The structure of the simulation-optimization system was the same as in
Roise (1986a) and it has gained popularity thereafter (Valsta 1987, 1988, II, III, IV,
Roise et al. 1988a and b, Haight & Monserud 1990a and 1990b, Monserud & Haight
1990, Yoshimoto et al. 1990). Figure 2 shows the overall structure of the simulation-op-
timization system. This optimization formulation completely ignores the dynamic struc-
ture of stand management. This appears potentially inefficient (solving a dynamical
problem without recognizing dynamics) but because of the complex nature of individual-
tree based stand dynamics it has been a successful approach, compared to dynamic op-
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timization. It also allows complete flexibility of the structure of the stand simulator which
is inside a "black box" (Roise 1986a). The optimization problem appears to the algorithm
as a standard nonlinear programming problem.

Nonlinear programming has been used for solving problems that are set as discrete-
time optimal control problems (Haight et al. 1985a, Haight 1987, Solberg & Haight
1991). The discrete-time formulation permits numerical solutions to large-dimensional
nonlinear control problems that would not be solvable in continuous-time form (Dreyfus
& Law 1977, pp 102-106).

3.1.4 Random search

Random search is an alternative to optimization algorithms when assumptions of conti-
nuity, differentiability or unimodality of the objective function cannot be met. Random
search also serves as a baseline method: to be considered viable, any optimization algo-
rithm should perform better than random search.

Pure random search is seldom used in optimization. Rather, modifications are made
which increase the efficiency of the search. For example, Bullard et al. (1985) used mul-
tistage random search where search regions are reduced after each stage based on accrued
information about objective function values. Valsta (II) compared random search to dy-
namic programming and nonlinear programming in optimizing stand management based
on a whole-stand growth model.

3.2 Stochastic methods

3.2.1 Adaptation and anticipation

Stochastic optimization methods can be characterized basically by the same arguments as
for deterministic optimization. Additional attributes are the structure of the stochastic pro-
cess involved (where there are obviously numerous alternatives) and the role of informa-
tion obtained in the course of the planning period. Based on the latter characteristic, two
basic forms of stochastic optimization are distinguished. Depending on the discipline,
this pair has been termed in at least three different ways: adaptive vs. anticipatory
(nonadaptive) optimization; closed-loop vs. open-loop control; optimization with re-
course vs. without recourse. The essential difference is whether the system is observed
and the decision adjusted during the planning period (hence the term 'adaptive') or the
decisions are made before hand for the whole planning period (‘anticipative'). Stochastic
optimization studies in stand management have employed both forms and they seem to
be justifiable by the various decision problems encountered.

Apart from optimization approaches, stochastic investment analyses have been used
forest economics, including Monte Carlo simulation (Anderson et al. 1987, Taylor &
Fortson 1991), Decision Tree method (Martell & Fullerton 1988), and Capital Asset
Pricing Model (Cathcart & Klemperer 1988, Wagner & Rideout 1991).
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3.2.2 Stochastic dynamic programming and optimal stopping

Two large groups of probabilistic analyses of stand management are: the problems of
optimum rotation based on simple yield models utilizing the optimum stopping ap-
proach; and the more complex problems of rotation and/or thinnings applying stochastic
dynamic programming, some of which are in the form of a Markovian decision model.

The usefulness of stochastic dynamic programming has been demonstrated by the
large amount of research relying on it (see Table 1). In stochastic dynamic programming
applications, one faces the same limitations as with the deterministic version, namely the
restrictions on state space size. With the advent of individual-tree growth models,
stochastic analysis has mostly been restricted to wood prices, as the state space for stand
development far surpasses the computational possibilities. On the other hand, whole-
stand growth models or whole-stand state space defined over an individual-tree simulator
may be sufficient for short term (say, 10-20 years) planning periods. Therefore, decision
support systems based on stochastic dynamic programming may also have practical im-
portance in the future.

Stochastic optimal control applications to stand management are not known to the
author, other than those that customarily are classified under stochastic dynamic pro-
gramming or optimal stopping (Williams 1982). This is to be expected, as continuous-
time stochastic control problems are not likely to have practical importance in stand man-
agement and the discrete-time problems are best solved by stochastic dynamic program-
ming. However, Haight (1990, 1991) used gridded Monte Carlo simulation to solve for
the parameters of a feedback function which was time-constant. Although not stated by
the author, the studies can be seen as applications of stochastic optimal control. The stand
simulator was a stage-structured model and both uneven-aged (Haight 1990) and any-
aged stand structures (Haight 1991) were analyzed.

3.2.3 Stochastic nonlinear programming

Judged by deterministic nonlinear programming applications to stand management,
stochastic nonlinear programming has great potential as a tool for stand optimization.
While capable of solving large problems and offering a range of solution methods (e.g.,
Ermoliev & Wets 1988), stochastic nonlinear programming can also be used with indi-
vidual-tree growth models.

Stochastic nonlinear programming has anticipatory and adaptive variants. Adaptation
in stochastic programming is usually called recourse. It may take place one or several
times, giving rise to the terms 'two-stage' or ‘'multi-stage' recourse problem, respectively.

The multi-stage recourse problem appears to be fairly similar to stochastic dynamic
programming (or discrete-time stochastic optimal control). The solution to a multi-stage
recourse problem includes decision variables for each decision time, whereas the solution
to the optimal control problem is a feedback law which may or may not be a function of
time (Varaiya & Wets 1988). The tradeoff is between finding the time paths of a smaller
number of control variables of stochastic optimal control and finding point values for a
greater number of decision variables of stochastic nonlinear programming. Decomposi-
tion can be used in the latter case to improve solution possibilities (Ermoliev & Wets
1988).
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Valsta (IV) uses an individual-tree simulator and solves an anticipatory stochastic
nonlinear programming problem as a scenario formulation utilizing a deterministic op-
timization algorithm (Wets 1989). A corresponding adaptive problem is stated in section
56 (Eqn 5.6.1).
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4 Determination of a decision maker's utility

4.1 Deterministic models

The decision maker is assumed to possess some basic properties: he or she behaves ra-
tionally, maximizes utility, and has a quantitative utility function. There exists a wide se-
lection of literature on utility theory and decision making. References regarding forest
management on the topic include Duerr et al. (1982), Kilkki (1985), Davis and Johnson
(1987), and Kangas (1992).

As is customary forest management decision making, the objective of stand man-
agement is assumed to be a maximum utility. It is computed via a utility function which
maps the time paths of the inputs to the stand, the outputs from the stand, and the state of
the stand to a quantitative measure of utility. The utility is computed over a given period
of time, most commonly from the present to perpetuity.

Because forest management deals with intertemporal decisions, a time preference
must be established in the utility function. Stand management is seen as an investment
because forest land and standing trees are realizable capital and both costs and revenues
are associated with decisions. The present value criterion (Fisher 1930) is used as the de-
terministic measure of the decision maker's utility. When computing present values of
management regimes, it is assumed that rotations with equal treatments are repeated to
perpetuity. In other words, the decision criterion is the Faustmannian soil expectation
value (Faustmann 1849). The land occupied by the stand is assumed to be continuously
used for timber management.

It is presumed that stand development can be predicted with certainty and that the
prices and costs, and the interest rate are known and constant. Other well-known as-
sumptions inherent in the present value criterion imply that lending and borrowing inter-
est rates are the same and that the same rate of interest applies to any amount of money
produced or required by stand management.

4.2 Stochastic models

Introducing stochasticity into stand management brings two new aspects: the return from
stand management actions is uncertain and the decision maker's attitude towards risk
may affect the decisions. Given the various sources and forms of stochasticity, there exist
many alternative formulations for utility functions in a probabilistic setting.

A basic observation is that E[¢(x)] # ¢(E[x]), i.e., the stochastic optimization prob-
lem gives a different answer than what is obtained when replacing the stochastic variables
with their expected values and performing a deterministic optimization. This substitution
is made when a stochastic system is modelled as a deterministic system, which is com-
mon practise in forest research.

Modelling approaches used in forest economics literature (with sample references)
have been based on

- risk-adjusted discount rates (Reed 1984, Cathcart & Klemperer 1988)
- expected present value (Brazee & Mendelsohn 1988, Haight 1990, IV)
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- expected present value with an attitude to risk
- decreasing marginal utility of revenues (Koskela 1989)
- mean-variance analysis (Taylor & Fortson 1991, IV)
stochastic dominance analysis (Caulfield 1988)
capital asset pricing (Binkley & Washburn 1990, Wagner & Rideout 1991)

The use of risk-adjusted discount rates has been shown to be theoretically correct in,
e.g., a fire risk case with a simplified forest production function (Reed 1984). In many
other situations, adjusting the discount rate may be an improper solution to account for
risk (Cathcart & Klemperer 1988).

A widely accepted goal of utility maximization in the stochastic world is the maxi-
mization of expected utility (von Neumann & Morgenstern 1947). Let ¢(x,t) be a func-
tion for net present value based on deterministic variables x and stochastic variables &. Let
U be the utility function which translates the (stochastic) net present values ¢(x,£) into the
utility of the decision maker. When the decision maker is not risk neutral, the solution for
maximizing expected utility does not equal the solution for maximizing expected returns,
ie.

E[u(o(x,£))] # UE[H(x,5)]) (4.1)

A well known reason for risk aversion is the decreasing marginal utility of money
(or net returns) (e.g., Arrow 1971). An increment in wealth by a given amount of money
increases utility less than a decrement by the same amount of money decreases utility.
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S Mathematical formulations of stand management optimization

5.1 The resource model

Suppose the changes in the state variables, x(f) € R™, of the biological system due to
growth, renewal and mortality are given by the function f(x(¢)):R™ —R™. Define the
changes in the state variables by human actions u(f) € R" as h(u(z)):R"—R™. The fre-

quently used form (e.g., Clark 1976, Johansson & Lofgren 1985) of the differential state
equation is

d
~’§(t—’)~ = f(x(1)) - h(u(r)) (5.1.1)

Note that the "harvest" function, h, can be continuous over time or, typical of
forestry, of impulse type. To facilitate numerical analysis, discrete time formulations are
usually employed in stand management studies. Defining f :R™—R™ the periodic growth
equation we obtain a corresponding difference state equation

x(t+1) - x(£) = T(x(8) - h(u(®)) (5.12)

Note that the growth function f is evaluated after the stand has been harvested.

Both the continuous-time and the discrete-time formulation above share one impor-
tant property: future development depends only on the present state of the system. We do
not need to know what has taken place before time 7. The model is said to be memory-
less. This property is required by dynamic optimization methods.

The formulations of stand level optimization problems used in the forest manage-
ment literature can be grouped depending on whether state or control variables are actu-
ally observed and manipulated by the optimization algorithm. Three approaches for de-
terministic and two for stochastic optimization are presented in the remainder of this
chapter. The following ideas underlie the formulations that are given: (i) the decision
maker wishes to maximize the utility of managing a forest stand; (ii) it is assumed that
the utility is maximized when an objective function of stand level optimization problem is
maximized; and (iii) it is supposed that the objective is to maximize the present net value
of future revenues and costs.

5.2 Deterministic optimization using state variables x(z) and control variables u(z)

The stand management problem for a rotation can be formulated in discrete time using
state variables x(#) and control variables u(#). Let ¢ take take values 0, 1, 2, ..., T. The op-
timization problem becomes:
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T T-t
max ¥ g(x(0), u(9) So—

ey 1+r)7-1 (5.2.1)
subject to:
x(t+1) - x(¢) = f(x(5),u()), t=0,1, ..., T-1 (5.2.2)
x(0) = x, (5.2.3)
u()el, t=0,1, .., T (5.2.4)
where:
g(x(#), u(z)) = return function (revenue or cost when performing control u(z) on
state x(1), g:R™xR">R)
r = (decimal) interest rate
f(x(r), u(z)) = state equation
X, = the given state of the stand at the beginning of the rotation
U, = the feasible controls for time ¢
T = rotation
Other symbols are as before.

This formulation is known as the discrete-time optimal control problem. The numer-
ical solution uses gradient techniques and the partial derivatives dg/ox, dg/du, df/dx, and
df/du. Because many of the partial derivatives are difficult or impossible to determine
analytically for many stand growth simulators, the approach has had limited use (for
examples, see Haight 1985, 1987, Haight and Getz 1987, Getz and Haight 1989, Solberg
& Haight 1991).

5.3 Deterministic optimization using state variables x(¢)

The stand management optimization problem can also be solved without explicit control
variables. Nonlinear programming or dynamic programming can be used for this pur-
pose. Redefine function g so that it uses the stand state before (x(¢)) and after (X(z)) har-
vest, g:R™xR™ —R. As the growth dynamics are defined by the state equations, the se-
quence of values of X(#) complete defines the management regime. In discrete time, the
optimization problem for even-aged stand management can be stated as
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= . (1T 1
max ,=zo §O(O,X(0) (T + 8D X T (5.3.1)
subject to:
x(t+1) - x(1) = f(x(1), t=0,1, ..., T-1 (5.3.2)
x(0) = x, (5.3.3)
1 €T £ Thax (5.3.4)
where:
x(1) = state vector after a treatment at time ¢

g(x(#), x(r)) = return function (revenue or cost when performing state transition
from stand x(¢) to stand X(¢), g:R"xR™—R)
f(x())

T max = maximum rotation

state equation

Other symbols are as before.

The first part of equation (5.3.1) refers to the period of thinnings and other silvicul-
tural operations in the stand. x, is the initial stand condition which is also established after

the final harvest. The return function g and the "growth" function f do not have time ¢ as
an argument. Tree or stand age can be defined a state variable if the functions are time/age
dependent.

The many deterministic dynamic programming applications in stand management
belong to this class of formulations. The corresponding discrete-time forward recursion
equation becomes (used in I and II):

R(xi41) = max [g(xp+1,x) + R(x,)] (5.3.5)
{x}
t=1,....,T

where g is the discounted return associated with state transition from stand x; to
stand X.41, {X,} is the set of stands that can lead to stand x,4.1 after growth and a

possible thinning, and R:R"™ —R.
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A method related to dynamic programming is the calculus of variations. It solves the
so called variational problem where a time path is determined for x(¢) such that the objec-
tive functional

T
Jx) = [3x@), %)) dt (5.3.6)
fo

is maximized (discounting and growth function are embedded in g and x denotes the
time derivative of x). Calculus of variations uses a continuous-time formulation that is
not well-suited for stand management problems. The linear control problem (Cawrse et
al. 1984, Betters et al. 1991) can be solved using the calculus of variations.

5.4 Deterministic optimization using control variables u

In this formulation, the state variable values are not used by the optimization algorithm.
They are computed inside the stand simulator, based on a given initial state x, and the
control variables u (Fig. 2). It is important to note that u is no longer a function of ¢, i.e.,
the dynamical structure of the system is not seen by the optimization algorithm. The
stand simulator is denoted by the redefined function g:R"XR™—R and U is the set of
feasible controls.

max  g(ulx,) (5.4.1)
u
subject to:
ueU (5.4.2)
X, given 54.3)

This problem can be solved using nonlinear programming. The method was intro-
duced by Kao and Brodie (1980) for whole-stand models and, after being applied to in-
dividual-tree models by Roise (1986b), it has gained wider use (e.g., IT and III).

The stochastic versions of problems (5.4.1-3) and (5.3.1-4) create two additional
formulations.

5.5 Stochastic optimization using control variables u

The starting point is a general stochastic programming problem without recourse, i.€., an
anticipatory optimization problem (Ermoliev and Wets 1988). Define x a vector of vari-
ables with a feasible region X, Z the set of possible realizations, § € Z the vector of
stochastic variables, and ¢: R"XZ —R the stochastic objective function. Assume we wish
to maximize the expected value of ¢:

max  E[¢(x,8)] (5.5.1)
{xeX<R™}

Because of the complexity of forest growth models, this maximization is difficult to

solve (for methods, see Ermoliev and Wets 1988). An alternative formulation is based
on scenario analysis.
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A set of scenarios, S = {s!, ..., st}, can be substituted for the vector & (Wets 1989,
IV). The scenarios are generated prior to optimization and are treated as exogenous to
optimization. They are independent of the variables x. Let p,, s € S, be the probability
weights given for each scenario and redefine ¢ as $:R"XS—R. The scenarios can be seen
as discrete random variables. Because of the properties of the expected value of a func-
tion of discrete random variables, the maximization in (5.5.1) may be approximated by

max 3 py $(X,s%) (5.5.2)
{xeX<R™}  se§

Substitute u for x and redefine ¢ as :R"*SXR™ —R Note the dependency of the re-
turn function on the initial state, x,, as well as the feasible set C for u, and we get the
formulation in (IV):

max Y, p, ¢(u,s51x,) (5.5.3)
{ueCcR"} ses§

The important property of (5.5.3) is that it is a deterministic nonlinear programming
problem, easier to solve numerically than the original stochastic programming problem
(5.5.1).

5.6 Stochastic optimization using state variables x

The use of state variables x permits feedback rules for decisions - this form is termed
adaptive optimization. The solution to an adaptive optimization problem is not directly an
optimum management regime. Rather, it is a rule for making optimum decisions based
on the observed state at any point in time.

Define the feedback rule as a function of system state, k(x):R™ —R* where k is the
dimension of treatment description. Modify the function g so that its argument is the de-
cision rule instead of the decisions themselves (as in 5.4.1). Denote a stochastic version
of the return function g by . Add the stochastic variables & to the formulation and obtain
y(K(x),&):RkXE —R. Let K be the class of admissible feedback functions. The problem
can be set as:

max E[y(x(x),&)] (5.6.1)
{xeK}

In stand optimization studies so far, the decision rule (function x(x)) has been sim-
ple: either an age dependent price, called the reservation price, in the case of even-aged
management with stochastic price (Lohmander 1987, Brazee & Mendelsohn 1988), or a
harvest intensity function based on observed stand value in the case of uneven-aged and
all-aged management (Haight 1990, 1991). The scenario technique can be used for adap-
tive optimization, as well, and a formulation parallel to (5.5.3) can be derived for (5.6.1).
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6 Optimization based on whole-stand models (I and II)

6.1 Background

The primary motivation for study I was the development of a growth model for mixed,
even-aged pine-birch stands in southern Finland (Mielikdinen 1980). Managing a two-
species stand is a complicated task, for which optimization can provide valuable insights.
Simultaneously controlling the growing stock level and species composition, and taking
the different stumpage prices into account would require a considerable amount of work
when using plain simulation.

Compared to single-species management, multi-species stand management poses
additional questions: first, the stability of the ecosystem against environmental factors
and pests; secondly, the economic viability when facing uncertain stumpage value, by
species; thirdly, the multiple-use benefits of increasing ecosystem variability; and finally,
the increased usage of information and management effort. Accounting for each of these
as well as timber yields, requires a vast amount of knowledge and data, much of which is
unavailable at present. To keep the study manageable, attention in study I was restricted
to the yields, stumpage values, and discounted returns of a two-species, even-aged mix-
ture.

The basic research task was to determine the optimal thinnings, rotation, and species
composition through time. The yield model base was restricted to established stands that
are at the stage of commercial thinnings. As important as regeneration and development
of seedlings are from management point of view, it was not possible to include these
stages into the optimization. Therefore, the results can be used to evaluate management
options during the period of commercial thinnings and help the forest manager to decide
how to treat already existing young mixtures.

Single-species management based on whole-stand growth models and dynamic pro-
gramming was a well established method at the early 1980s when study I was initiated.
Optimum species mix had not been dealt with, but Hann & Brodie (1980, p. 14) stated
that it could be optimized using dynamic programming and that "an additional state de-
scriptor would be required for each species in the problem". A two-species dynamic pro-
gramming approach was adopted as the tool for economic analysis.

Although it has dominated the literature, dynamic programming is not the only
method that can be used for deterministic stand-level optimization with whole-stand
growth models. Nonlinear programming has also been successfully applied (Kao &
Brodie 1980, Roise 1986a) and it has been competent with the more demanding individ-
ual-tree models. As we are dealing with nondifferentiable models, random search is an-
other basic alternative (Bullard et al. 1985). Study I reports on a comparison of dynamic
programming, nonlinear programming and simple random search in terms of accuracy
of results, computing times, and stability of solutions. The growth and yield model is the
same in both studies I and II.
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6.2 Growth and yield model
100 +
The whole-stand growth model
by Mielikdinen (1980) operates
on three stand characteristics:
stand age at breast height, stand
volume, and birch percentage of
volume. These variables are used
for computing the total periodic
(5-year) volume increment of a
mixed stand. The proportional in-
crement of each tree species is

Birch percentage of volume, %

=t tabulated based on stand age and

80 birch percentage. The relation of

Stand age, a the periodic total volume incre-

ment to the birch percentage is

Fig. 3. The birch percentage with maximum vol- such that, in young stands,
ume growth as a function of stand age (Mielikdi- maximum growth is obtained at
nen 1980). about 50 % birch, 50 % pine, and

at later ages, at successively lower
birch percentages (Fig. 3). The dynamic programming algorithm poses no restrictions on
the models' function forms.

The number of trees is not used by the growth model but was required for determin-
ing the average stem volume of trees which, in turn, was the independent variable of
models for computing sawtimber and pulpwood proportions. Equations, by species, for
sawtimber and wastewood percentages were estimated from the data in Mielikdinen
(1980) using nonlinear regression and maximum likelihood estimation. The following
equation form was used:

P = (6.1)

1
v\b2
b+b(—)
l+e0 S

6.3 Economic considerations

Managing the stand is viewed as an investment, where the capital invested consists of the
management costs, the merchantable growing stock, and the value of the land occupied.
The returns are comprised of stumpage received from pine and birch pulpwood and
sawtimber. The soil expectation value of an infinite series of equal rotations was used to
compare management alternatives. The analysis was subject to the usual assumptions of
deterministic growth models, costs and prices, and a perfect capital market with known
and time invariant interest rates.

The ratio of stumpage prices of the two tree species is an important determinant of
optimum species mix. This ratio has both temporal and geographical variation. The sen-
sitivity of results to price ratio was tested by applying a recent price ratio and a deviation
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in both directions. Because stumpage prices have been subject to considerable variation
due to economic cycles, recent prices were taken as trend values for the cutting year
1983/84, based on series of 16 years.

6.4 The dynamic programming algorithm

The optimization problem was set as a discrete-time, discrete-state, deterministic dy-
namic programming problem. The three-descriptor model of Brodie and Kao (1979) was
expanded to account for two species. The state variables are stand volume, birch percent-
age (of volume), and number of trees. Stand age is obtained from the time steps of op-
timization. The 'principle of optimality' of dynamic programming (Bellman 1957) re-
quires that stand development is can be uniquely determined based on the information
contained in the values of the state variables and time.

The forward recursion version of dynamic programming was used in conjunction
with the neighborhood concept of Brodie and Kao (1979), in which stands with state
variable values within a given tolerance are regarded as occupying the same network
node. Thus, it was not necessary to define the exact network nodes prior to optimization.
Growth model changes were simple to implement and the network interval, the accuracy,
(and computing load) could be made a parameter of the optimization.

Stand treatments included in the optimization are thinnings and final cut. Thinnings
are defined as changes in stand volume and birch percentage, subject to the availability of
each species. The number of trees after thinning is computed assuming systematic thin-
nings, i.e., the proportional change in the number of trees is the same as in stand volume.

Cuttings can be made at five year intervals or their multiples. Thinnings are specified
to discrete steps, being multiples of 10 m3/ha for stand volume, and 10 % for birch per-
centage. The same intervals were used to discretize the state space with the addition of the
number of trees at an interval of 75 trees/ha. These state variable step sizes also indicate
the accuracy of the optimization.

6.5 Optimum species composition in even-aged pine-birch stands (I)

The optimum species composition is determined as part of an optimum two-species
thinning regime. Moreover, there is a unique optimum solution for each initial stand
condition.

Assuming that we can arrive at different young stand species compositions by the
same regeneration effort, we may optimize the initial species composition, as well. The
optimum solution for a 25-year-old initial stand begins with 20 % birch (Figs. 4 and 5).
The first thinning at age 40 does not change species composition. At ages 50 and 60, the
birch percentage is strongly reduced leading to a practically pure pine stand at the end of
the rotation. The increase of the birch percentage between ages 25 and 50 (Fig. 5) is due
to the more rapid growth of birch in the early stages of stand development.

The results of Figs. 4 and 5 are subject to assumptions on stumpage prices and inter-
est rate, among other things. Increasing or reducing birch stumpage prices shifted the op-
timum birch percentage up and down but a pure pine stand at the end of the rotation was
always the aim (I). The optimum species composition was not sensitive to changes in
discount rate, although the thinning program and rotation were strongly affected (I).

30



Stand volume, m3/ha

350 +

300 4+ " |
u / E
250 + /I » / / ?
/ T3
()]
200 4 AN A Ve 8
150 + / g
. g
100 + / ‘?_)
=
50 +
& t t t f . [ } } t i |
20 30 40 50 60 70 20 30 40 50 60 70
Stand age, a Stand age, a
= Total —0O——Birch
Fig. 4. The optimum thinning schedule by Fig. 5. The optimum birch percent-
species, final harvest at age 70. age of volume.

One of the primary questions of mixtures management is the existence of the so
called 'mixture effect’. Mielikédinen (1985, p. 48) reports that the periodic volume growth
of mixtures of Scots pine and silver birch, as well as Norway spruce and silver birch, ex-
hibit a mixture effect, i.e., the growth of a mixture is greater than a weighted average of
pure stands. From a managerial point of view, we may define that a mixture effect exists
when, say, the total growth during rotation or the discounted net revenues are greater for
a mixed stand than for a weighted average of pure stands. This may also take place when
the tree species have differing growth rhythms, even though at no point in time does the
biologically defined mixture effect (based on periodic growth) exist. In a two species
case, we would utilize the periods of fastest growth of both of the species by accordingly
allocating growing space for them during the rotation.

The 'managerial mixture effect’ can be tested by comparing optimum objective func-
tion values stemming from different species compositions. Because species composition
of the optimum regimes changes through time, one has to decide upon the measure of
species composition. The ones used here are the birch percentage of the initial stand and
the birch percentage of total volume production over the rotation.

Let us first consider even-aged pine-birch stands (Fig. 6 A). When the objective is to
maximize net present value, the largest managerial mixture effect is about 17 %, obtained
with 40-60 % birch in the initial stand and by using optimum thinning regimes (I). The
results are given in Fig. 6 in terms of birch percentage of volume production. Based on
somewhat different thinning programs, the mixture effect (measured as mean annual in-
crement, M.A.L) reported by Mielikdinen (1980) was about 13 %. Naturally, these re-
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Figure 6. The managerial mixture effect. A: pine-birch stand with economic objective; B:
spruce-birch stand with M.A.I objective.

sults are subject to the biological conditions behind the growth models and are not uni-
versally applicable.

The mixture effect is unique for each set of species and biological conditions. As a
second example (Fig. 6 B), the even-aged mixture of Norway spruce and silver birch is a
case where the productivities of the two species are closer to each other than in the case of
Scots pine and silver birch. The maximum mixture effect on M.A.L is 8 % and on soil
expectation value 17 % (Valsta 1988).

Carlsson (1990) derives optimum treatment regimes for mixed Norway spruce - sil-
ver birch stands using dynamic programming. The state space consisted of two variables,
the numbers of spruce and birch trees per hectare. A predefined network of alternative
states was generated by using growth functions by Tham (1988) and Eriksson (1976) for
Swedish forests. The network for each time step was only 4 times 5 (=20) nodes, repre-
senting discrete values for spruce and birch number of trees, respectively. Birches had to
be removed at age 50 whereafter only a pure spruce stand was possible. Because of the
sparse state space, the results obtained are merely approximations. With 4 % discount
rate, an admixture of 300 to 600 birches per hectare (about 20 to 30 % of total growing
stock) maximized present values. Compared to pure spruce stand, all of the birch admix-
ture amounts (300 ... 1200) increased present values. Although limited, the results are in
accordance with those of Valsta (1988) which also deals with Norway spruce-silver birch
mixtures.

Higg (1988) calculated the economic effects of a birch admixture to Scots pine and
Norway spruce using a set of simulations based on growth functions by Agestam
(1985), also for Sweden. The simulations contained admixtures of up to 1400 trees per
hectare. Admixtures were profitable at all levels examined, but a slightly superior result
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was obtained with increased amounts of conifers. No optimization was used when select-
ing the alternatives simulated and their treatment regimes.

6.6 A comparison of numerical methods for stand optimization based on whole-
stand growth models (II)

The methods used for deterministic stand level optimization based on whole-stand
growth models can be grouped into dynamic programming, nonlinear programming, and
random search. The relative merits of the three methods have rarely been discussed. Kao
and Brodie (1980) compared discrete dynamic programming and nonlinear program-
ming (flexible polyhedron method, a variant of the simplex method by Nelder and Mead
(1965)). They report a 1 to 3 % loss in the objective function value of dynamic pro-
gramming when compared to a continuous variable solution. Roise (1986a) studied three
different algorithms of derivative-free nonlinear programming, and dynamic program-
ming. Objective function values based on dynamic programming were less than 80 % of
those by nonlinear programming, somewhat contradicting results by Kao and Brodie
(1980).

The performance of optimization algorithms is dependent on both the algorithm pa-
rameters used and the type of problem being solved. The optimization results given by
Roise (1986a) show considerable variation between runs starting from different initial
points, whereas Kao and Brodie (1980) only mention that convergence times of repeated
runs varied but the solutions were apparently the same. This suggests that the set of
models used by Roise (1986a) forms a more difficult optimization problem.

In the two studies compared above, there is a substantial difference in the perfor-
mance of dynamic programming with respect to nonlinear programming. The dynamic
programming network used in the two studies differs considerably in terms of the time
interval: Kao and Brodie (1980) - 1 year; Roise (1986a) - 10 years. It seems possible that
the large time intervals used by Roise (1986a) worsened the dynamic programming per-
formance.

Study II compares dynamic programming, nonlinear programming with Hooke and
Jeeves' direct search algorithm (Hooke & Jeeves 1961), and simple random search. The
decision problem, the growth and yield models, and the dynamic programming al-
gorithm are the same as in I. The nonlinear programming formulation is similar to
(5.4.1-3), augmented by constraints imposed by species composition, which ensure that
neither tree species is cut in excess of that which exists in the stand. Random search is
performed by generating uniformly distributed pseudorandom variates subject to the
same bounds and constraints as in the case of nonlinear programming.

The decision variables optimized by nonlinear programming and random search are
the times between cuts, thinned proportions of volume and of birch, and the birch pro-
portion in the initial stand. Hence, the number of variables to be optimized is 3m + 2,
where m is the number of thinnings. The state space of dynamic programming is the
same as in I.
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Two problems were analyzed: maximization of soil expectation value with a 3 %
discount rate and maximizing forest rent (average annual net return). The optimum solu-
tions to these two problems differ in the number of thinnings, which is 2 or 3, or about 8
to 10, respectively, for the 3 % or forest rent cases.

The 3 % problem can be considered a small one and the forest rent problem a rea-
sonably large one in the context of whole-stand models. When the number of thinnings
is small, dynamic programming comes last in objective function values (Fig. 7). Its re-
striction to 5-year intervals reduces available solutions. In the forest rent case, the rotation
is longer and thinnings can be scheduled at 5-year increments without a great deal of loss
in objective function.

The computational efficiency of the optimization methods can be evaluated by com-
paring the execution times of computer runs. Dynamic programming consumed about
10 times more time than the other two methods. More efficient forms of dynamic pro-
gramming have been developed with tens of times smaller computing load (Paredes &
Brodie 1987, Yoshimoto et al. 1988, 1990).

A B

(3]

§ 15900 + & 1540 =

T 15800 4 p4 < 1520+ @ %

$ 15700 + 'Y 2 1500.

© ® = i

z 19600 & 1480 *

£ 15500 4 i Z 60 3 .
’§ 15400 + o % T

& 15300 4 g 1440 1 ® '
S 15200 + L 1420 4

® 15100 ' : i 1400 : } i
® DP NLP RS DP NLP RS

Fig. 7. The performance of dynamic programming (DP), nonlinear programming
(NLP), and random search (RS) when maximizing (A) 3 % soil expectation value and
(B) forest rent, in various optimization runs. The ranges of the number of decision vari-
ables for NLP and RS are 8 or 11 in A, and 11 to 29 in B. Ten repeated runs for NLP
and RS.
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7 Optimization based on individual-tree models

7.1 Background

Compared to whole-stand models, individual-tree models offer a much wider selection
of silvicultural questions for analysis, such as thinning type, stand structure, and initial
density. Costs and revenues can be computed in more detail, as well.

The richer description of stand processes or decisions signifies that the optimization
problem is more complex - more state or decision variables will be used. This causes se-
vere problems for applying dynamic programming, as the number of state variables in-
creases. Dynamic programming can be used with individual-tree growth models, but
only for restricted problems (Brodie & Haight 1985, Arthaud & Klemperer 1988).

Optimization based on control variables only was selected as the problem structure.
In this approach, the stand simulator is connected to the optimization algorithm just by a
subroutine or function call passing a control variable vector and obtaining an objective
function value (the "black box" system of chapter 3.1.3). Hence, the elements of the
stand simulator can be freely changed as long as the interface to optimization remains un-
changed. This improves the efficiency of maintaining computer programs.

The optimization algorithm is a combination of the Hooke and Jeeves direct search
method and random search, adopted from Osyczka (1984). Random search is used in
two stages; first, when selecting an initial solution to repetitions of optimization; and sec-
ond, when inspecting the search space around a local maximum reported by the algo-
rithm. Both phases are used to reduce the problems caused by response surfaces that,
viewed by the algorithm, are nonconcave or not strictly concave. The same optimization
algorithm is used in both III and IV.

7.2 Growth and yield models

Stand management optimization under various economic conditions is a challenging task
for growth models. Although existing models are not perfect, they are satisfactory for the
purpose of illustration of the optimization methods developed. Two different growth
models were used in IIT (Mielikdinen 1985, Ojansuu et al. 1991) and a third one in IV
(Mielikdinen 1985). In the latter case, stand growth was transformed stochastic by mul-
tiplying predicted growth by lognormally distributed pseudorandom variates. Study IV
also included randomly occurring catastrophes as an option. They destroy a random pro-
portion of trees which are immediately harvested with increased logging costs and de-
creased stumpage values. A pure Norway spruce stand was the subject of analysis.

The set of models used in III consist of diameter and height growth models as well
as mortality models. In addition, I'V uses a live crown ratio model. Tree-wise informa-
tion consists of diameter, height, breast-height age, and the number of trees represented
per hectare. Simulation begins from an initial tree list, typically one representative tree for
each one-centimeter diameter class.

Wood yields by assortment are computed using models by Laasasenaho and Snell-
man (1983). They use tree species, diameter, and height as independent variables. Log-
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ging cost models are based on the average tree size, the total volume removed, and type
of cut (thinning/final cut).

7.3 An optimization approach for Norway spruce management based on individ-
ual-tree growth models (III)

Interest rate is one of the most important variables affecting the optimum stand manage-
ment regimes. As is well known, interest rate changes alter the growing stock level and
the optimum rotation. An example of this is seen in Fig. 8 (from III) where the number,
timing and intensity of cuttings depends on discount rate. The initial stand was the same
in all cases. In theory, the mean annual increment (M.A.I.) is maximized by infinitely
many thinnings. For computing resources reason, a maximum of four thinnings was
considered.

Given the growth and yield, and economic models of III, the time of the first thin-
ning is little influenced by the number of thinnings (Fig. 9). The result reflects the prin-
ciple of using the alternative rate of return as the control criterion: the stand is left un-
thinned as long as the marginal value growth is high enough. The optimization approach
used takes into account the whole rotation a consequence of which is that the marginal
rate of return criterion is not strictly followed due to long term intertemporal effects. Be-
cause the thinnings are from above, Fig. 9 shows that dominant height is slightly reduced
by thinning.
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Another example of analyses available by the present optimization approach con-
cerns thinning type (thinning from below, thinning from above) and its dependence on
the discount rate, for instance. A flexible and efficient way of defining thinning types was
developed for III and IV. A commonly used definition of thinning type is the ratio aver-
age diameter of trees thinned divided by average diameter before thinning, known as the
'd/D-ratio’. The objective of stand management clearly affects the thinning type (Fig. 10).
In the growth models used, removing the largest trees of the stand improves the growth
of the remaining trees. Thinning from above was optimal in most of the cases examined.
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7.4 A scenario approach to stochastic anticipatory optimization in stand manage-
ment (IV)

Tree growth predictions differ from actual growth because of inaccurate input data, errors
in models, and unpredicted environmental conditions as well as unaccounted competition
from other trees. How do these factors affect the optimum management regimes?
Stochastic optimization can be used to provide answers to these questions.

Anticipative optimization was chosen as the methodology for I'V. It produces opti-
mal once-and-for-all decisions that take into account the uncertainty during the planning
period, the rotation in this case. Decisions are not adjusted based on observations, which
is the case in adaptive optimization.

The study of this kind requires a stochastic stand simulator. Stochasticity was added
into a deterministic simulator built on growth models by Mielikdinen (1985) and mortal-
ity models by Ojansuu et al. (1991). Items in the computer program that were made
stochastic were yearly diameter and height growth and their long-term trend, catastrophes
that destroy part of standing trees, and the initial growing stock level. Lognormal distri-
bution was used instead of normal distribution to compute growth level variation, be-
cause growth level can never be a negative number.

The present model formulation offers great flexibility for defining the objective
function of stochastic optimization. For the purpose of illustration, three variants were
used: maximization of expected discounted net revenues (risk-neutral preferences), the
maximization of the probability of attaining a specified soil expectation value, and risk-
adjusted expected return.

38



The random growth level was thought to represent climatic growth variation, for ex-
ample. The effects of this form of stochasticity on optimum solutions were mixed and
minor. Variations seemed largely to cancel out in the risk neutral case. Risk aversion
brought up some nonsymmetric relations: increasing risk aversion shortened the opti-
mum rotation if thinnings were disabled. However, thinnings enabled, the effect van-
ished.

The model for growth level variation was derived for demonstration and it has only a
partial empirical basis. The effect of growth variation on the expected soil expectation
value showed interesting behavior. In a no-thinning case, increasing growth variation
slightly reduced the optimum expected soil expectation value (Fig. 3 in IV). With a thin-
ning included, the effect was the opposite (Table 1 in I'V). Presumably, a thinning made
it possible to take greater advantage of growth variation. When comparing a deterministic
and a stochastic version of the Stand Prognosis model, stochasticity of height, crown ra-
tio, and basal area increment resulted in a 6.8 % increase of volume yield at age 100,
without thinning (Hamilton 1991). It should be noted that in the latter analysis rotation
length was not optimized and was constant, regardless of whether stochasticity was in-
cluded or not.

The effects of catastrophic effects on optimum forest rotation have been studied ex-
tensively with theoretical models concerning fire risk, e.g. (Martell 1980, Routledge
1980, Reed & Errico 1985). The results show that the optimum rotation decreases with
increasing risk of catastrophe. The same result was obtained by Caulfield (1988) for a
risk averse case and an empirical yield relationship. An optimization approach is devel-
oped in IV in connection with an individual-tree growth model allowing detailed biologi-
cal and economic models of catastrophes.

In study IV, the decrease of optimum rotation due to increasing risk of a catastrophe
was clear and applied to both unthinned and thinned stands. This result serves as one test
of the conclusions drawn from theoretical analyses, and it supports them. Because of the
simplicity of the biological and economic models relating to catastrophes, the results ob-
tained do not have much relevance to practical forestry. The optimization methodology is,
however, suitable for more refined simulators which provide more useful results.
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8 Conclusions

8.1 Compatibility of growth models and optimization methods

An important question when building an optimization system for stand management is
the cooperation between the stand simulation model and the optimization algorithm. The
compatibility of the three most widely used deterministic stand optimization methods,
namely, dynamic programming (DP), discrete-time optimal control (DTOC), and non-
linear programming (NLP, using a direct search method), with some model and solution
characteristics may be summarized as in Table 2 (Valsta 1988). The different characteris-
tics are:

Non-differentiable model -- This refers to the partial derivatives of the return func-
tion (objective function) with respect to the state or control variables of the opti-
mization problem. Non-differentiability or non-continuous first order derivatives
may arise, e.g., from detailed stem value models taking into account dimensions
required by different wood assortments, or from 5-year time steps used in stand
projection models.

Many state variables -- In approximate characterization, whole-stand models have
few state variables whereas individual-tree models have many.

Global optimum found -- Some optimization algorithms have the property of guar-
anteeing a global optimum of the search space while others only find a local opti-
mum (which may also be a global optimum).

Accurate optimum defined -- This is a subjective definition and arises from the
practical performance of an optimization algorithm under present computing pos-
sibilities. Methods relying on discretized state space cannot achieve great accuracy.

It can be seen that none of the optimization methods fulfills all of the requirements

stated. The art of optimization is to determine a combination that best meets the require-
ments for the optimization system.

Table 2. A comparison of model characteristics and optimization methods.

Compatilibility of optimization method

DP DTOC NLP (DS)
Model characteristic:
non-differentiable yes no yes
many state variables no yes yes
Solution characteristic:
global optimum found yes no no
accurate optimum determined no yes/no yes
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8.2 Areas of further development in stand level optimization

The development of simulators for stand management will challenge optimization algo-
rithms and computers - more complicated problems should be solved without loss of
speed and reliability. As environmental change analyses are undertaken, considerably
more complicated models will be used (process models, ecosystem models). The new
growth models may provide a speed problem (optimization takes too long) or a structure
problem (algorithms do not find correct solutions). In principle, however, the nonlinear
programming approach based on control variables (Eqns. 5.4.1-5.4.3) is suitable for any
stand simulator.

The derivative-free nonlinear programming algorithms used in connection with
nondifferentiable models are inherently less efficient optimization algorithms than those
using derivatives. Derivative information might be available in some cases because some
stand projection systems are differentiable, or they can be made so without considerable
loss of accuracy. It might be worthwhile to modify simulation models in extensive use to
comply with differentiability.

The problem of local optima has been reported in several stand optimization studies
(Martin & Ek 1981, Roise 1986a, Valsta 1988 and II, Haight & Monserud 1990a).
Global optimization algorithms (e.g., Torn & Zilinskas 1989) are specifically developed
for multimodal functions (having several maxima or minima). These algorithms tend to
be slow compared with direct search algorithms and have not been used in forest man-
agement. The problem of multiple extrema has been handled by multistart optimizations
(Haight & Monserud 1990a) and augmentation by random search (II). Finding both
more reliable and efficient methods merits additional research.

A natural development of the stochastic method of IV is the adaptive optimization
approach. The long time horizon of stand management makes adaptation beneficial. For
example, making the management decision conditional on the regeneration result offers
valuable flexibility. A problem that has been repeatedly studied concerns unknown future
wood prices (Norstrgm 1975, Lohmander 1987, Haight & Smith 1991), but in a 50 year
time horizon almost every aspect of stand management is uncertain and could justify
stochastic modelling.

When the rotation of an even-aged stand is optimized in an adaptive setting, the op-
timal reservation price is determined and it is compared against the observed current
price. If the current price is higher than the reservation price, the stand is cut. In uneven-
aged management, stand value can be used as the basis of the decision: if the observed
stand volume times the observed price is higher than the reference value, the stand is cut
to an optimal level. In even-aged management, the decision on intermediate cuttings is
more difficult: stand value per se is an unacceptable criterion, contrary to uneven-aged
management. When only prices are stochastic and a whole-stand growth model is used,
the problem has been solved using stochastic dynamic programming (Haight & Smith
1991, Ringbom 1992). Useful decision rules for individual-tree growth models are more
difficult to establish and applicable studies can only be looked forward to.

The stands considered in III and IV have been of single species. Multi-species, in-
dividual-tree optimization problems have been solved using similar methodology (Haight
& Monserud 1990a and b). Additional control variables need to be assigned to new
species, which increases the optimization problem. Experience from single-species op-
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timization suggests that at least a two-species case should be manageable with the algo-
rithms of Il and IV.

8.3 Applicability of optimization systems

The four publications reviewed in this paper concern optimization methods and solutions
to several frequent stand management problems. The purpose of using an optimization
system is to improve decisions. Improvement requires, first, that the decision making
procedure is flawless and, secondly, that the optimization results are correct. To choose
the correct tool (the optimization system) for a given decision problem is seen as the de-
cision maker's responsibility. However, stand optimization researchers may have impor-
tant insights into the properties of the tools that best serve the decision maker.

The correctness of optimization results relates to the stand simulator, the util-
ity/objective function, and the optimization algorithm. Naturally, each of the elements is
essential for the usefulness of results. The present study deals mainly with selecting and
implementing an appropriate optimization algorithm to be used with a given utility func-
tion and stand simulator. Questions relating to the developing and testing of stand simu-
lators and the decision making process fall outside the scope of the present study.

When developing stand optimization systems, the optimization algorithms were
tested in several ways. Because deterministic dynamic programming determines a global
optimum solution (subject to the accuracy due to discretization of the state space), only
formulation and programming errors had to be eliminated. Different from dynamic pro-
gramming, the Hooke and Jeeves algorithm for nonlinear programming has parameter
values to be decided upon and it only determines a local optimum solution. The algo-
rithm was examined by running test problems found in textbooks (Himmelblau 1972)
and by repeating optimization runs with different parameter values. The response surface
generated by a stand simulator was analyzed by multiple optimization runs (II), as well
as two and three dimensional graphs (III and IV). Also important were observations on
the behavior of optimum solutions when changing the economic or biological parameters
of the system.

When thinking of the applicability of present, state of the art stand optimization
systems, one must differentiate between deterministic and probabilistic systems. Con-
cerning deterministic systems, and judging on the basis of the current literature, the op-
timization part is well developed and does not limit the usefulness of optimization results
(only the case of optimization based on distance-dependent growth models is not ade-
quately advanced). The stand simulators, on the other hand, still seem to have serious
limitations, and their predictive ability is further challenged by environmental change.
Regarding probabilistic systems, there is yet substantial room for optimization method
development. Successful ways of defining decision rules for adaptive optimization have
remained largely unexplored, especially in the case of individual-tree growth models.
Further more, probabilistic stand simulators need much development. Modelling the
stochastic processes that predict the economic conditions of stand management is also
deficiently developed.
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Dynaamista ohjelmointia kédyttden on laadittu opti-
mointimalli rinnankorkeudelta tasaikiisen, hoidetun
minty-rauduskoivusekametsikon harvennuksille ja kier-
toajan pituudelle. Malli mairittda harvennusten opti-
maaliset ajankohdat, voimakkuudet ja puulajisuhteet.
Optimoinnin kriteerind on hakkuuohjelman antama
nykyarvo.

Mallin syottotietoina tarvitaan optimoitavan metsi-
kon ikd, runkotilavuus ja runkoluku sekd puutavara-
lajeittaiset yksikkohinnat, metsikon perustamiskustan-
nukset ja laskentakorkokanta. Koivun osuus puuston
tilavuudesta voidaan antaa syoGttGtietona tai vaihtoeh-
toisesti malli etsii optimaalisen koivuosuuden mydos al-
kupuustolle. Harvennusvoimakkuudelle voidaan lisaksi
asettaa yldraja ja koivun osuudelle vahimmaisvaatimus.
Malli soveltuu 30—80 -vuotiaille tuoreen ja lehtomaisen
kankaan metsikoille maan keski- ja itdosissa. Metsin-
omistajan oletetaan myyvin puut pystykaupoin.

Tyypillisten hintasuhteiden vallitessa edullisin rau-
duskoivun osuus on kiertoajan alkupuolella 20—40
prosenttia. Kiertoajan loppua kohden on optimaalista
poistaa koivut kokonaan. Hoidetuissa sekametsikdissi
laskelmia vastaavissa olosuhteissa on mahdollista ylla-
pitda 50 prosentin rauduskoivuosuus lapi kiertoajan
vain vihdiisin taloudellisin tappioin puhtaaseen mannik-
koon verrattuna.

Discrete-time, discrete-state dynamic programming is
used to optimize thinnings and rotation for mixed,
even-aged stands of Scots pine (Pinus sylvestris L.) and
birch (Betula pendula Roth). The optimal timing,
intensity and species composition of thinnings is also
determined. The optimality criterion is soil expectation
value, based on an infinite series of equal rotations. The
state variables of the model are stand volume, birch
percentage of volume and the total number of trees.

Pulpwood and sawtimber are priced individually for
each tree species. Stumpage prices are dependent on the
average stem size and the volume removed in any one
cut. Thinning intensity may be constrained and a lower
bound may be imposed for the birch percentage of the
growing stock.

The results are applicable to properly managed
stands with neither tree species overtopping in the
canopy. Typical optimal management regimes include
20—40 percent birch in the growing stock during the
first half of the rotation. Later, the birches are removed
and a pure pine stand is final harvested at stand age
60—80, depending on the interest rate.
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1. JOHDANTO

11. Sekametsikon kasvatus liiketaloudellisena
ongelmana

Havumetsikdiden koivusekoitus vaikuttaa
sekd puuston kasvuun ettd raakapuumarkki-
noiden kautta syntyneeseen metsikon puus-
ton arvoon puulajien hintasuhteiden valityk-
selld. Jos puulajisuhteet vaikuttavat metsien
moninaiskdytolliseen arvoon, metsidnomista-
jan saama hyOty tai metsdn arvo kiinteisto-
markkinoilla riippuu koivusekoituksen maa-
rastd puuston rahallisen arvon ohella. Ylei-
sesti oletetaan koivusekoituksen vaikuttavan
my0Os metsikon tuhon- ja saasteidenkestdvyy-
teen, joilla on luonnollisesti taloudellisia seu-
rannaisvaikutuksia. Edelld mainittujen epi-
suorien tai ei-rahallisten tekijoiden sisdllyt-
taminen liiketaloudellisiin laskelmiin ei ole
mahdollista toistaiseksi kaytettdvissid olevan
tiedon pohjalta. Pddtoksentekija voinee silti
hyodyntdd kvalitatiivisten kriteerien ohella
laskelmia, jotka ilmaisevat eriasteisen koivu-
sekoituksen vaikutuksen hakkuutulojen pe-
rusteella madritettyyn metsikon kisittelyoh-
jelman arvoon.

Vaikka minty ja koivu ovat molemmat ns.
pioneeripuulajeja ja siten nuorena nopeakas-
vuisia, on koivun kasvu kuitenkin selvisti
nopeampaa ensimmdisind vuosikymmenini
(Mielikdinen 1980, s. 26). Kahden kasvuryt-
miltddn jossain méadrin poikkeavan puulajin
kasvatus sekametsikkond tarjoaa mahdolli-
suuden hyddyntdd molempien puulajien par-
haan kasvun ajanjaksoja. Ongelmaksi muo-
dostuu tdlloin, kuinka hyvin puulajien rin-
nakkaiselo voidaan toteuttaa. Maénty-rau-
duskoivusekametsikon tapauksessa tirked ky-
symys on, voidaanko koivun nopeaa kasvua
hyodyntéi siten, ettd nuorella idlld metsikon
tilavuudesta on merkittivi osa koivua, ilman
ettd mintyjen kehitys hidastuu liiaksi. Metsi-
kon myohemmalld idlld kasvutilaa voitaisiin
jarjestelld vastaavasti mantyjen eduksi.

Mielikdisen (1980) tutkimuksen yksi pdi-
tulos on, ettd sopivan suuruinen rauduskoi-
vusekoitus lisdd metsikon kiertoajan koko-
naiskasvua puhtaaseen minnikk6on verrat-
tuna. Sekametsikon parempi kasvu koituu
talloin sekd mannyn ettd koivun hyviksi.
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Suurin kasvu saadaan nuorella idlld n. 50
prosentin  koivusekoituksella ja metsikon
varttuessa vihenevilld koivusekoituksella.
Sekametsikoiden kasvu- ja tuotoskysymyksia
on kaésitelty laajasti Mielikdisen (1980, 1985)
tutkimuksissa.

Sekametsikon kehitys perustamisvaiheesta
nuoreksi harvennusmetséksi on edelleen puut-
teellisesti tunnettu. Metsdnuudistamisen ja
taimikonhoidon yhteydessd tehtyd puulaji-
suhteiden jérjestelyd on vaikea ottaa huo-
mioon metsikon kehitysennusteissa ja met-
sanhoidon kustannuksia tarkasteltaessa.

Metsikon litketaloudellisesti edullisimpaan
puulajisuhteeseen vaikuttaa puuméirien ohel-
la puulajien kantohintojen suhde. Minnyn ja
koivun kantohintojen suhde vaihtelee huo-
mattavasti maamme eri osien valilld. Talou-
delliselta kannalta keskeinen on tukkipuun
kantohintojen suhde, johon puolestaan vai-
kuttaa etenkin koivun kysynti, ja siis koivua
kayttavan teollisuuden sijainti. Pelkdstddn
hintasuhdetta tarkastelemalla voisi arvioida,
ettd runsas koivusekoitus mannikdssa on ta-
loudellisesti mielekds ldhinnad Jdrvi-Suomen
piirimetsdlautakuntien alueella (Iti-Hameen,
Etelda-Savon, Eteld-Karjalan, Itd-Savon, Poh-
jois-Savon ja Pohjois-Karjalan piirimetsilau-
takunnat). Mannyn ja koivun kantohintojen
ajallista ja alueellista vaihtelua tarkastellaan
luvussa 22.

Metsikon kasvatus on ajan mukana etene-
vdad pitkdaikaista tuotannon ohjausta, jossa
prosessia koskevia paitoksid tehdddn tuotan-
non eri vaiheissa. Metsikon kasvatuksen opti-
mointi on siten luonteeltaan dynaamista op-
timointia (vrt. Jadskeldinen ja Kuusi 1974, s.
202—209).

Sekametsikon kasvatuksen optimointi on
likketaloudellisena ongelmana paapiirteissdin
samanlainen kuin puhtaan metsikon kohdal-
la. Jalkimmadistd ovat kisitelleet esim. Einola
(1964, s. 45—53), Gregory (1972) ja Himai-
ldinen (1973a). Yhteinen tdrked ongelma on,
kuinka paljon puustoa sidotaan metsikdn
kasvun ylldpitdmiseen ja kuinka paljon sitd
realisoidaan kulutusta tai sijoituskohteita
varten. Sekametsikon tapauksessa on lisdksi
tarkasteltava puulajien osuuksia kiertoajan
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eri vaiheissa ottaen huomioon puulajien kas-
vunopeudet ja keskindiset vaikutukset sekd
toisaalta erilaiset arvot.

12. Aiemmat tutkimukset

Ensimmadinen yleisesti tiedossa oleva dy-
naamisen optimoinnin sovellutus harvennus-
ten optimointiin on Arimizun (1958, viitt.
Hool 1966) tutkimus. Siind kaytettiin dy-
naamista ohjelmointia, jonka Richard Bell-
man kehitti 1950-luvulla (Bellman 1954,
1957). Chappelle ja Nelson (1964) maarittivit
marginaalianalyysin avulla  optimaalisen
puustopadomatason ja kiertoajan loblolly-
mannylle (Pinus taeda L.). Tutkimuksessa ei
sen sijaan selvitetty, mikd on optimaalinen
hakkuuohjelma metsikolle, jonka puusto ldh-
totilanteessa ei ole optimaalisella tasolla.
Hool (1966) yhdisti dynaamisen ohjelmoin-
nin Markovin ketjuja kdyttdvaan kasvumal-
liin. Metsikon mahdolliset tilat médritettiin
joukkona erillisid tiloja ja kasvun sekd hak-
kuiden vaikutus metsikon kehitykseen ilmais-
tiin todennidkoisyyksind transiitiomatriiseis-
sa. Myohemmin Lembersky ja Johnson
(1975) laajensivat analyysid kattamaan ikui-
suuteen ulottuvan aikahorisontin, todelli-
suutta paremmin vastaavat hinta- ja kustan-
nustekijat sekd stokastisen kantohintatason.

Joukko dynaamista ohjelmointia harven-
nusten optimointiin soveltavia tutkimuksia
ilmestyi 1960-luvun lopussa (Amidon ja Akin
1968, Kilkki ja Viisdnen 1969, Risvand
1969). Kahdessa ensin mainitussa metsikkoa
kuvattiin pelkdstdan puuston hehtaarikohtai-
sella tilavuudella, kun taas Risvandin (1969)
tutkimuksessa tilamuuttujat olivat puuston
tilavuus ja keskilapimitta. Suomessa julkais-
tiin 1970-luvun alussa Kilkin (1972) ja Siito-
sen (1972) tutkimukset, joissa tilamuuttuji-
na olivat metsikon ik, puuston tilavuus ja
keskirungon koko.

Uusi aalto dynaamista ohjelmointia kayt-
tavid tutkimuksia alkoi 1970-luvun lopulta
lahtien Brodien ym. (1978) aloittamana. Dy-
naamisen ohjelmoinnin kiyttod erilaisissa
metsikon kisittelyn optimointitehtdvissd on
esitelty Brodien ja Haightin (1985) tutkimuk-
sessa. Dynaamista ohjelmointia on sovellettu
tasaikdisiin metsikGihin kdyttiden erityyppisid
kasvumalleja: metsikon kasvumalli ilman la-
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pimittajakaumaa (esim. Brodie ja Kao 1979),
metsikon kasvumalli lapimittajakauman kans-
sa (Riitters ym. 1982), puun kasvumalli
(esim. Haight ym. 1985b) ja puun kasvumal-
li, jossa puun sijainti vaikuttaa kasvuun
(Reich ja Dippon 1986). Kiertoajan ja puus-
topddoman ohella on optimoitu metsikon is-
tutustiheyttd ja taimikon harvennusta (esim.
Hann ym. 1983), kasvua haittaavan lehti-
puuston kasittelya (Valsta ja Brodie 1986),
harvennustapaa (Haight ym. 1985b), lannoi-
tusta (Kao 1979), sienitautien torjuntaa
(Reich ja Dippon 1986) sekd yhdistettyd
puuntuotantoa ja karjan laiduntamista (Riit-
ters ym. 1982).

Taloustieteessd on sovellettu optimioh-
jausteoriaa laajasti dynaamisen optimoinnin
ongelmiin. Naslund (1969) esitti ohjausteo-
reettisen formuloinnin tasaikdisen metsikon
kiertoajan ja harvennusten samanaikaiseksi
optimoimiseksi. Probleema on laadittu jat-
kuvan ajan muotoon eikd menetelman sovel-
tamisesta tai numeerisista tuloksista anneta
esimerkkejd. Schreuder (1971) on todennut,
ettd Naslundin kdyttimd hakkuumuuttujan
jako harvennusmuuttujaan ja paiatehakkuu-
muuttujaan oli tarpeeton, silla kummassakin
hakkuussa oli kysymys puustopddoman maa-
rdn sdatelysta.

Sittemmin on esitetty my6s numeerisia tu-
loksia jatkuva-aikaisille optimiohjaustehtavil-
le tasaikdisissa metsikoissa (Clark 1976,
Cawrse ym. 1984). Metsikk6d on talloin ku-
vattu vain tilavuuden ja idn avulla, koska
tehtdavan ratkaisu analyyttisesti on vaikeaa.

Epdjatkuvan ajan tehtéville soveltuva dis-
kreetti maksimiperiaate nayttdisi tarjoavan
mahdollisuuden laajempien ongelmien rat-
kaisuun. Haight ym. (1985a) ovat optimoi-
neet harsintarakenteisen metsikon hakkuita
ja Haight (1986) on verrannut tasaikdisen ja
harsintarakenteisen metsikon edullisuutta
useita kymmenid tilamuuttujia kasittavalla
mallilla.

Epilineaarista ohjelmointia voidaan kayt-
tda samantapaisissa tehtdvissd kuin optimi-
ohjausteoriaakin. Niinpd samaa kasvumallia
on optimoitu epilineaarisella ohjelmoinnilla
(Adams ja Ek 1974) ja optimiohjausteorialla
(Rapera 1980, Haight ym. 1985a). Epili-
neaarisen ohjelmoinnin kayttokelpoisuus on
kuitenkin ollut vaihteleva. Tehtdvdd numee-
risesti ratkaistaessa on toisinaan jouduttu
turvautumaan heuristisiin menetelmiin melko
suppeidenkin optimointitehtivien kohdalla
(Bullard ym. 1985), kun taas laajahkojakin
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ongelmia on ratkaistu (Roise 1986).

Sekametsikoitd koskevia taloudellisia tut-
kimuksia on timin kirjoittajan tietoon tullut
viahdn. Esimerkkeja méntysekametsikdiden
perustamisen kustannuksista Saksassa on
julkaissut Liebeneiner (1958). Esitetyistd ir-
rallisista laskelmista ei kuitenkaan saa ainek-
sia puhtaiden ja sekametsien vertailuun. Dar-
rah ja Dodds (1967) havainnoivat erityyppi-
sia sekametsikoitd Englannissa. Aineisto vaih-
teli laajasti puulajien ja metsikkorakenteen
suhteen eikd yksittdisten metsikkotyyppien
kasvusuhteista tai edullisimmista maardsuh-
teista saatu tuloksia.

Bullard ym. (1985) ovat esittineet mene-
telmédn kahden puulajin sekametsikén opti-
maalisen  harvennusohjelman  etsimiseksi
(heuristic random search). Menetelmissi si-
muloidaan vaiheittain suuri joukko kasva-
tusvaihtoehtoja siten, ettd uutta simuloinnin
vaihetta aloitettaessa kdytetadn hyviksi ai-
kaisemmista simuloinneista saatu tieto eri
kasvatusohjelmicen edullisuuksista. Simuloin-
tien antamien nykyarvojen jakaumaa seura-
taan samalla ja arvioidaan, kuinka kaukana
paras l0ydetty ratkaisu on todellisesta opti-
mista.

13. Tutkimusongelma

Tamdn tutkimuksen tarkoituksena on
madrittdd ménty-rauduskoivusekametsikdn
optimaalinen hakkuuohjelma. Metsdanomista-
jan taloudellisena tavoitteena pidetddn met-
sikon kasittelyohjelman antaman nykyarvon
maksimointia.

Metsikon kasvatusta tarkastellaan tavalli-
seen tapaan investointina, jossa investointiin
sidottu padoma koostuu uudistamiskustan-
nuksista, markkinakelpoisen puuston arvosta
ja metsdn kasvuun kidytetyn maan arvosta
seuraajametsikoiden tuottoarvona. Analyy-
sissd optimoidaan metsikon kiertoajan ohella
myods puustopddomaa ja puulajisuhteita kai-
killa idnkohdilla. Kasvava puusto joutuu
harvennettavaksi, mikéli puuston jokin osa
tuottaa enemmdn markkinahinnan mukaan
realisoituna ja laskentakorkokannalla sijoi-
tettuna kuin kasvamaan jitettynd. Harven-
nuksen edullisuutta médritettidessd otetaan
huomioon harvennuksen vaikutukset sen
hetkisiin ja my6hempiin korjuukustannuksiin
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sekd metsikon kehitykseen kiertoajan lop-
puun saakka.

Tuotot muodostuvat pystymyyntien an-
tamista tuloista. Pidomamarkkinoiden olete-
taan olevan tdydelliset siten, ettd rahaa voi-
daan ottaa ja antaa lainaksi rajattomasti sa-
malla, sekd ajan ettd miardn suhteen kiintedl-
14 korkokannalla. Korkokanta on reaalinen,
inflaatiosta vapaa. Puun markkinahinnat
ovat kiinteitd ajan ja midrdn suhteen sekd
tunnettuja. Korjuukustannukset ovat ajan
suhteen kiinteitd ja tunnettuja.

Tutkimusongelmaa rajattaessa on keskei-
nen kysymys, kuinka suuri osa metsdnomista-
jan paitoksentekoon vaikuttavista tekijoistd
otetaan huomioon. Jo aluksi rajataan tarkas-
telu koskemaan vain taloudellisia nikokohtia
ja niistdkin vain metsdomaisuuteen liittyvia.
Puunkorjuun sisdllyttdminen optimointimal-
liin metsdnomistajan tekemdnd edellyttda
mallin laajentamista metsdtalouden ulkopuo-
lelle, silla metsdnomistajan oman tyOpanok-
sen ja koneiden kidyton arvottaminen vaatii
metsdnomistajan muun talouden tarkastelua.
Tulokset ovat lisaksi tdlloin sidottuja kulloi-
seenkin metsdlon kokoon ja rakenteeseen se-
kd metsdnomistajan taloustilanteeseen (ks.
esim. Hamaéldinen 1973a ja 1973b). Samasta
syystd tutkimuksessa tarkastellaan metsikkoa
metsdlokokonaisuudesta erotettuna.

Metsdnomistajan oletetaan myyvdn puu-
tavaran pystykaupoin ja korjuukustannukset
sisdllytetdadn tarkasteluun vain siltd osin, kuin
ne heijastuvat pystymyyntien hinnoittelussa.
Laskelmissa ldhdetddan harvennusvaiheeseen
kehittyneestd metsikOstd, joten nykymetsikon
perustaminen ja taimikonhoito jadvit opti-
moinnin ulkopuolelle tekijoind, jotka on
madrdtty ennalta. Jotta tulevien puusuku-
polvien vaikutus optimaaliseen kiertoaikaan
olisi oikeata suuruusluokkaa, uudistamiskus-
tannukset siséltyvidt laskelmiin kiintedna,
metsikon kasittelystd riippumattomana erd-
na.

Minnyn ja rauduskoivun sekametsikon
voidaan ajatella edellyttdvdan intensiivisem-
pii hoitoa kuin puhtaiden minnikoiden tai
koivikoiden, miké johtaisi lisakustannuksiin.
Ilmion tapauskohtaisuuden ja tutkimustulos-
ten puutteen vuoksi tdtd tekijdd ei otettu
huomioon taloudellisessa tarkastelussa. Las-
kelmien ulkopuolella ovat myds muut kuin
edelld mainitut metsidnkasvatuksen kustan-
nukset ja verot. Niiden vaikutusta metsikon
optimaalisecen puulajisuhteeseen pidettiin va-
hiisena.



Tassa julkaisussa tarkastellaan aluksi kdy-
tettavaa kasvumallia ja esitellddn laaditut
metsikon tukki- ja hukkapuuosuusyhtdlot.
Sen jilkeen kuvaillaan minnyn ja rauduskoi-
vun kantohintasuhteen ajallista ja alueellista
vaihtelua ja esitetddn laskelmissa kéytetyt
hinnat ja kustannukset sekd optimointimalli.
Tuloksia raportoidaan peruslaskelmien lisdk-
si kantohintasuhdetta ja erditd muita analyy-
sin oletuksia vaihdellen. Padtulokset koske-
vat olemassa olevan 40-vuotiaan sekametsi-
kon kasittelyd. Lisaksi tarkastellaan puulaji-
suhteen valintaa koko kiertoajalle.

Metsiantutkimuslaitoksen sckametsikkdprojekti on
uscan tutkimusosaston ja -suunnan yhteistutkimus,
jonka tarkoituksena on selvittia koivusekoituksen mer-
kitystd havupuumetsissid biologiselta, puuntuotannolli-
selta ja taloudelliselta kannalta. Nyt julkaistava projek-
tin ensimmiinen litketaloudellinen tutkimus koskettelee
méinnyn ja rauduskoivun sckametsikoitii.

Lausun kiitokseni professori Jouko Hamaliiselle,
KTT Pckka Ollongvistille ja KTM Markku Kuulalle
sckd muille tyotovereilleni litketaloudellisen metsicko-
nomian tutkimussuunnalla arvokkaista huomautuksista
ja parannusesityksistd tyoni kuluessa. Professori Yrjo
Vuokila ja MML Yrjo Sevola ovat myds lukeneet kisi-
kirjoituksen ja tehneet hyodyllisida huomautuksia. MMT
Kari Mielikdinen on tukenut ty6tini opastamalla kas-
vumallien soveltamisessa ja antamalla kdytté6ni tutki-
musaineistoaan. Kiitan hdnta samoin kuin MMK Risto
Ojansuuta myos kasikirjoitusta koskeneista kommen-
teista. Lisaksi kiitdn fil. yo. Pekka Ripattia osallistumi-
sesta ohjelmointityohon seka professori Pekka Kilkkia
dynaamista ohjelmointia koskeneista keskusteluista.

2. OPTIMOINTIMALLI

21. Metsikon kehitysmalli

Sekametsikon kasvatuksen optimointia
varten tarvitaan kyseisten metsikoiden kehi-
tystd kuvaava malli. Lappi-Seppilan (1930)
tutkimus koski kisittelemadttomia maénty-
koivusekametsid ja siind esitettiin tuloksia
vain kolmelle kiinteélle puulajisuhteelle. Se ei
siten tarjoa riittdvad aineistoa talousmetsien
késittelyn optimointiin. Mielikdinen (1980)
laati tutkimuksessaan manty-koivusekamet-
sikoiden tilavuuskasvuyhtalot talousmetsistd
kerdtylla aineistolla. Yhtidloilla voidaan en-
nustaa suhteellista tilavuuskasvua metsikon
idn, puuston tilavuuden ja koivuosuuden
funktiona. Yhtiloitd voidaan kidyttaa jousta-
vasti vaihtoehtoisten késittelyohjelmien muo-
dostamiseen. Tutkimuksen aineisto kattaa
40—80-vuotiaat metsikot.

Mielikédisen (mt.) kasvumallia sovellettaes-
sa on oletettava, ettd taimikonhoito ja ensi-
harvennus on tarvittaessa tehty, ja ettd met-
sikén runkoluku on 40 vuoden ialla 700—
1500 kpl hehtaarilla. Méntyjen ja rauduskoi-
vujen keskipituuksien edellytetddn lisdksi
olevan likimain samat siten, ettd kumpikaan
puulaji ei ole etukasvuinen. Kasvupaikan
méntyjen valtapituusbonitetti (H,,,) on noin
28, miki vastaa rehevdhko64 tuoreen kankaan
kasvupaikkaa. Nimi rajaukset on johdettu
kasvumallin pohjana olevasta aineistosta.

6

Minty-koivusekametsien kehitysta taimik-
kovaiheesta nuoreksi harvennusmetsiksi ei
ole maassamme varsinaisesti tutkittu. Mieli-
kdinen (mt.) analysoi tutkimuksessaan luon-
taisesti syntyneiden mintyjen ja koivujen pi-
tuuskehitystd ja totesi varttuneiden mintyjen
olevan keskimddrin 5—6 vuotta vanhempia
kuin samanpituisten rauduskoivujen. Harin
ym. (1982) simulointien mukaan 6 vuoden
ikdero olisi riittdvd turvaamaan maintyjen
eloonjaamisen ja 8 vuoden ikdero johtaisi
mantyjen valta-asemaan metsikdssd. Simu-
lointien pohjana oleva kasvupaikka, lehto-
mainen kangas, oli reheviampi kuin Mielikai-
sen (mt.) aineiston boniteetti, mikd heikensi
mannyn kilpailukykyé. Sekametsikdiksi kas-
vatettavien minty-koivu-taimikoiden perus-
taminen ja kisittely on edelleen puutteellises-
ti tunnettu.

Mielikdisen (mt.) laatima tilavuuskasvu-
kasvuyhtdlé  minty-rauduskoivusekametsi-
koille on seuraava:

In(P,) = 7.050 — 0.8732 In(T, ;) — 0.4187 In(V)
s
~0.5154+-107° B~ T, — 1.403 (S—OT,——&L
jossa ‘ 13
P, =tulevan S-vuotiskauden tilavuuskasvu, pro-
senttia nykytilavuudesta,
Tl.J = puuston rinnankorkeusiki, a,
V= puuston tilavuus, m”/ha ja
B = koivun osuus puuston tilavuudesta, %.
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Yhtdlon kaksi viimeistd termid osoittavat
koivuosuuden vaikutuksen tilavuuskasvupro-
senttiin. Niiden yhteisvaikutus on, ettd suurin
tilavuuskasvu saadaan nuorella idlla hieman
alle 50 %:n koivuosuudella ja idn lisddntyessd
jatkuvasti alenevalla koivuosuudella (ks. Mie-
likdinen mt., kuva 20 ja taulukko 9).

Jotta puulajeittaiset tilavuudet kasvujak-
son lopussa voidaan laskea, on tunnettava
kasvun jakaantuminen puulajien kesken. Ta-
td varten Mielikdinen (mt.) on esittdnyt tau-
lukon, josta osuudet saadaan metsikon rin-
nankorkeusidn ja minnyn tilavuusosuuden
perusteella. Taulukko on my6s timén tutki-
muksen liitteend.

Kasvuyhtdlén muoto ja parametrien arvot
ovat lahtGaineistosta johtuen sellaiset, ettd
samalla idnkohdalla kasvu on aina sitd suu-
rempaa, mitd suurempi on metsikén puusto-
pddoma. Siten esimerkiksi tdysin harventa-
mattoman, runsaspuustoisen metsikon kasvu
muodostuu epérealistisen suureksi eikd luon-
nonpoistumaa esiinny. Tdmén vuoksi metsi-
kon kehitysmalliin liitettiin tdssd tutkimuk-
sessa osamalli, joka rajoittaa kasvua hyvin
suurilla puustopddomilla.

Aluksi kokeiltiin Ilvessalon (1920) luon-
nonnormaalien metsien tilavuuksia erdinlai-
sina biologisina maksimipuustoina puulajeit-
tain. Osoittautui kuitenkin, ettd sekd Mieli-
kdisen (mt.) ettd Lappi-Seppéldan (1930) ai-
neistoissa oli runsaasti metsikoitd, joiden
puuston tilavuus oli suurempi kuin luonnon-
normaaleissa puhtaissa metsikGissd vastaavil-
la kasvupaikoilla ja valtapituuden arvoilla.

Tassd tutkimuksessa pédddyttiin  ratkai-
suun, jossa puuston liikatiheyden rajoina pi-
detddn Mielikdisen (mt.) tutkimuksen aineis-
ton suurimpia tilavuuksia kullakin idnkohdal-
la. Kyseiset tilavuudet eivit olleet vield joh-
taneet itseharvenemiseen koemetsikoissa. Ti-
lavuusraja ilmaistaan metsikon biologisen
ian (T) funktiona seuraavalla yhtdlolla:

V. = 273,42+ 09308 T.

Tukkipuun maédrdan selvittimiseksi Mieli-
kdinen (mt.) laati yhtdlot, jotka antavat se-
kametsikon tukkipuuosuudet puulajeittain
metsikon idn funktiona. Lihinn4 puutavaran
hinnoitteluperusteiden vuoksi timin tutki-
muksen kannalta olivat tarkoituksenmukai-
sempia tukkiosuusyhtilot, jotka perustuivat
puuston keskirungon kokoon. Kdyttden Mie-
likdisen (mt.) tutkimuksen metsikkoaineistoa
laadittiin epilineaarisella regressioanalyysilld
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maximum likelihood -estimointia kidyttden
yhtdlot puulajeittain  tukkipuun ja hukka-
puun osuuksille metsikossd. Kuitupuun
osuus saatiin edellisten perusteella.

Metsikkoaineistosta (215 havaintoa) kar-
sittiin harkinnan jilkeen ne metsikot, joissa
jommankumman puulajin tilavuus oli alle 50
m3/ha. Metsikolle madritetyissi tukki- ja
kuitupuun médrissd havaittiin tuntuvaa sa-
tunnaisvaihtelua silloin, kun puulajin tila-
vuus oli pieni. Kéytetty aineisto oli sama
kaikille yhtdloille ja sen kooksi muodostui
133 metsikkod. Rungon keskikoon ohella se-
littdjana kokeiltiin myos metsikon ikdd, mut-
ta silld ei ollut riittdvaa selitysvoimaa, jotta
se olisi voitu siséllyttaa malleihin.

Tukki- ja hukkapuuosuuksien yhtéloille
valittiln seuraava muoto, jotta ne voisivat
saada arvoja vain nollan ja yhden valilta:

1

Osuus = v, 5l
1+t ‘rTl’
jossa
V, = puulajin tilavuus idlld t,
N, = puulajin runkoluku iélld t ja
b,, b, by = yhtdlon parametreja.

Mallin perusmuoto on perinteinen logisti-
nen yhtéld. Parametri b, lisdttiin, jotta malli
saisi enemman joustavuutta. Mallit estimoi-
tiin suoraan esitetyssi muodossa linearisoi-
matta niitd. Epélineaarista regressioanalyysid
kdytettiin sen vuoksi, ettd em. yhtidlomuotoa
ei voida saattaa kokonaan lineaariseksi
muunnoksilla. Samalla valtettiin linearisoin-
tiin liittyvastd logaritmimuunnoksesta aiheu-
tuvat ongelmat vakiotermin korjauksen maa-
rittimisessa.

Kiytetyn mallin ominaisuus on, etti va-
rianssi el ole homogeeninen selitettdvan muut-
tujan suhteen. Varianssin homogenoimiseksi
laskettiin havaintokohtaiset painot (w;) itera-
tilvisesti selitettdvdn muuttujan ennustetun
arvon (y;) perusteella (w; = 1/(y;(1 —y;))) (ks.
esim. Draper ja Smith 1981, s. 238). Yhtiloi-
den kertointen ja keskivirheiden estimaattien
arvot ilmenevat taulukosta 1. Yhtéloitd vas-
taavat kuvaajat on esitetty kuvissa 1 ja 2.

22. Hinta- ja kustannustiedot

Tamédn tutkimuksen pdéddtavoitteena on
madrittda ménty-rauduskoivusekametsikon
optimaalinen puulajisuhde. Tutkimus ei pyri

7



Taulukko 1. Tukki- ja hukkaosuusyhtaldiden kertointen (b,) ja keskivirheiden

(MSE) estimaatit.

Table 1. Estimates of the coefficients (b)) and mean squared errors (MSE) for the

sawtimber and wastewood equations.

Puulaji — species

b, b, MSE

Tukkiosuus manty 26,5087 —29,0039  0,050616 0,01453
Sawtimber portion  pine
koivu —2,76338 1,34138 —0,573641 0,06009
birch
Hukkaosuus manty —15,6872 21,3952  0,062216 0,000156
Wastewood portion  pine
koivu —17,8019 23,4687 0,061549 0,000304
birch
Tukkiosuus - Hukkaosuus -
Sawtimber portion Wastewood portion
1.0 1 06T
09+
0.8 0.5 1
0.71 0.41
0.6 {
05 = Manty - Pine 034 " Manty - Pine
-== Koivu - Birch = Koivu - Birch
0.4 1
034 0.2
0.2 1 014
0.1 1
0.0 0.0 ¥ »

0.0 0.1 02 0304 05 06 07 08 09 1.0
Rungon koko, m3 - Stem size

Kuva 1. Minty-rauduskoivusekametsikén tukkipuun
osuudet puulajeittain puulajin rungon keskikoon
funktiona.

Fig. 1. Sawtimber portion as a function of average stem
size for mixed pine birch stands, by tree species.

selvittamédan ko. metsikon kasvatuksen kan-
nattavuuden tasoa absoluuttisesti. Kéytetyt
hinta- ja kustannustiedot eivit siten ole kai-
kin osin riittdvia laajempaa kannattavuus-
tarkastelua ajatellen. Puulajien vilinen kan-
tohintojen suhde on keskeisin hintatekija.
Analyyseja varten laskettiin lineaariset
trendiyhtdlot médnnyn ja koivun kantohinto-
jen suhteelle, tukki- ja kuitupuulle erikseen.
Vuotuishavaintoina kaytettiin Jarvi-Suomen
piirimetsdlautakuntien alueiden kantohinto-
jen aritmeettisten keskiarvojen suhteita. Jar-
vi-Suomen piirimetsdlautakunnilla tarkoite-
taan tdssa Itd-Hdmeen, Eteld-Savon, Etela-
Karjalan, Itd-Savon, Pohjois-Savon ja Poh-
jois-Karjalan piirimetsdlautakuntia. Aineisto

8
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Kuva 2. Mainty-rauduskoivusekametsikon hukkapuun
osuudet puulajeittain puulajin rungon keskikoon
funktiona.

Fig. 2. Wastewood portion as a function of average stem
size for mixed pine birch stands, by tree species.

kasitti hakkuuvuosittaiset havainnot vuosilta
1968/69—1983/84 (Uusitalo 1985). Aineiston
alkuvuoden myohéisyys johtui siité, ettd koi-
vutukkipuulle ei ollut kaytettdvissd aiempia
havaintoja.

Maintytukkipuun hinnat tilastoitiin hak-
kuuvuoteen 1977/78 saakka yhdessd kuusi-
tukkipuun kanssa havutukkipuuna. Mainty-
tukkipuun ja koivutukkipuun hintasuhteen
kehittymistd varten aineiston ensimmadisten
10 hakkuuvuoden kohdalla oli méiritettava
mantytukkipuun kantohinnan suhde havu-
tukkipuun kantohintaan. Tdmé suhde oli
edella mainittujen piirimetsilautakuntien
alueella keskimddrin 1,1 hakkuuvuosien
1978/79—1983/84 aikana. Tatd keskimédi-
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Kuva 3. Mintytukkipuun ja koivutukkipuun kantohin-
tojen suhtecen kehitys hakkuuvuosina 1968/69—
1983/84 Jarvi-Suomen piirimetsdlautakuntien alueen
keskiarvoina. Lisiksi on esitetty hakkuuvuosittaisista
havainnoista laskettu lineaarinen trendiyhtilo.

Fig. 3. The stumpage price ratio between pine and birch
sawtimber in cutting years 1968/69-1983/84 in
Eastern Finland. A linear trend equation, based on
yearly observations, is included.

rdislukua kdytettiin muunnettaessa piirimet-
sdlautakunnittaiset havutukin kantohinnat
mantytukin kantohinnoiksi hakkuuvuosille
1968/69—1977/78. Puulajien kantohintasuh-
teiden kehitys on esitetty kuvissa 3 ja 4. Li-
saksi laskettiin samalle alueelle ja vastaavalle
ajanjaksolle méntytukkipuun ja -kuitupuun
lineaariset trendiyhtdlot kayttaen tukkuhin-
tojen kokonaisindeksin avulla reaalisiksi
muunnettuja kantohintoja. Trendiyhtédloiden
antamista arvoista hakkuuvuodelle 1983/84
laskettiin kantohinnat koivun puutavarala-
jeille puulajien hintasuhteiden trendiarvoja
kdyttden.

Tukkipuun hintasuhde muuttui kuvatun
periodin kahtena ensimmaisend vuotena voi-
makkaasti koivun eduksi. Kyseisind vuosina
méntytukkipuunkin reaalihinta nousi mutta
koivutukkipuun reaalihinnan nousu oli poik-
keuksellisen nopeaa. Hakkuuvuodesta 1970/
71 lahtien ajanjakson loppuun asti hintasuh-
de on muuttunut vdhitellen mannyn eduksi.
Suurin muutos tapahtui hakkuuvuodesta
1972/73 hakkuuvuoteen 1973/74. Téssé kor-
keasuhdanteessa mantytukkipuun hinta nou-
si selvisti voimakkaammin kuin koivutukki-
puun hinta.

Suhdannehuipun jilkeen méantytukkipuun
reaalihinta laski puoleen entisestd arvostaan
hakkuuvuoteen 1977/78 mennessd. Samana
jaksona koivutukkipuun reaalihinta laski
suhteellisesti viela enemmaéan. Hakkuuvuodes-
ta 1977/78 aina kuvatun jakson loppuun hin-
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Kuva 4. Mintykuitupuun ja koivukuitupuun kantohin-
tojen suhteen kechitys hakkuuvuosina 1968/69—
1983/84 Jarvi-Suomen piirimetsilautakuntien alueen
keskiarvoina. Lisdksi on esitetty hakkuuvuosittaisista
havainnoista laskettu lineaarinen trendiyhtilé.

Fig. 4. The stumpage price ratio between pine and birch
pulpwood in cutting years 1968/69-1983/84 in Eastern
Finland. A linear trend equation, based on yearly
observations, is included.

tasuhde on muuttunut hitaasti edelleen méin-
nyn eduksi. Koivukuitupuun hinta nousi ku-
vatun jakson alusta hakkuuvuoteen 1974/75
asti keskimdidrin nopeammin kuin mainty-
kuitupuun hinta. Koivukuitupuun kysyntd
vahvistui selluloosateollisuuden prosessien
muuttumisen myota.

Piirimetsdlautakunnittaisten keskihintojen
mukaan koivutukkipuun hinta on tarkastel-
lulla alueella ollut korkeampi kuin ménty-
tukkipuun hinta viimeksi hakkuuvuonna
1976/77, tuolloin Etela- ja Itd-Savon piiri-
metsdlautakunnissa. Viime vuosien kehityk-
sen mukaan on todennidkdistd, ettd mannyn
kantohinnat sdilyvdat koivun kantohintoja
korkeampina ainakin ldhivuosina.

Puulajien hintasuhteiden (manty/koivu)
trendiarvot hakkuuvuodelle 1983/84 olivat
tukkipuulle 1,072 ja kuitupuulle 1,203. Puu-
tavaralajeittaisiksi kantohinnoiksi hakkuu-
vuodelle 1983/84 saatiin siten seuraavat:

3

Puutavaralaji mk/m %

mintytukkipuu 203,59 100
koivutukkipuu 189,92 93
méantykuitupuu 91,71 45
koivukuitupuu 76,23 37

Edelld olevia puulajien hintoja ja hinta-
suhteita nimitetdan normaaliarvoiksi (”’No”).
Tuloksia esitetddn myos kahdelle muulle hin-
tasuhteelle, joilla yksikkohinnat ovat seuraa-
vat:



Hintasuhde "Ta™ Hintasyhde "Ma™

Puutavaralaji mk/m" %o mk/m %

méntytukkipuu 196,76 100 215,54 100
koivutukkipuu 196,76 100 179,62 83
méntykuitupuu 83,97 43 95,74 44
koivukuitupuu 83,97 43 73,65 34

Kantohintasuhteen alueellisessa tarkaste-
lussa (kuva 5) kdytetddn esimerkkina hak-
kuuvuoden 1983/84 tilastoituja arvoja (Uusi-
talo 1985). Kyseisenda hakkuuvuotena Keski-
ja Itd-Suomessa oli yhtendinen alue, jossa
koivutukkipuun kantohinta oli ldhelld min-
tytukkipuun kantohintaa (hintasuhde oli 1,06
tai pienempi). Vain maan ldnsirannikolla ja
pohjoisosissa hintasuhde oli suurempi kuin
1,2. Trendiyhtdlon antama tukkipuun hinta-
suhteen arvo (1,07) hakkuuvuodelle 1983/84
vastaa keskimddrdista tilannetta valtaosassa
Eteld- ja Keski-Suomea tuona hakkuuvuote-
na. Miannyn kannalta edullisempi hintavaih-
toehto, ’M4a” (hintasuhde 1,2), tarjoaa puo-
lestaan esimerkin maan muissa osissa tavalli-
sesta tilanteesta.

Kaytetty hakkuupoistumien hinnoittelu
perustuu raakapuun hintasuositussopimuk-
seen hakkuuvuodelle 1983/84 (maan eteli-
puolisko). Kyseisissd hintasuosituksissa oli
runkojen jdreyteen perustuva yksikkohinnan
korjaus vain tukkipuulla. Korjaukset olivat
samanlaiset mannylle ja koivulle ja ne ilme-
nevit taulukosta 2.

Hehtaaria kohden poistettava puuméiri
vaikuttaa yksikkohintaan kahdella tavalla:
leimikon tiheyden ja koon vilitykselld. Kos-
ka jalkimmaiselld tekijdlldi on huomattava
vaikutus yksikkohintaan, se haluttiin ottaa
huomioon, vaikka siitd johtuva korjauksen
suuruus ei ole valittomasti johdettavissa heh-
taarikohtaisesta poistuman méirastd. Olet-
tamalla leimikon kooksi nelja hehtaaria ja
yhdistdmalla mainitut kaksi tekijad saatiin
taulukossa 3 esitetyt, laskelmissa kiytetyt
leimikon tiheydestd riippuvat yksikkéhinnan
korjaukset.

1.27

1.20

<@,

L
e

Kuva 5. Mintytukkipuun ja koivutukkipuun kantohin-
tojen suhde piirimetsilautakunnittain hakkuuvuonna
1983/84 (Uusitalo 1985). —

Fig. 5. The stumpage price ratio between pine and birch
sawtimber in cutting year 1983/84 by forestry board
districts (Uusitalo 1985).

Taulukko 3. Leimikon tiheyteen perustuva yksikko-
hinnan korjaus.

Table 3. Stumpage price adjustment caused by the
volume removed.

Leimikon tiheys, m3/ha 3

- Volume removed

Korjaus, mk/m
- Adjustment

Taulukko 2. Jireyteen perustuva yksikkohinnan kor- 12 5: g‘s :?g
jaus. ’ _
Table 2. Stumpage price adjustment caused by average §(5) — gg _I;

stem size. 50 — 60 -5
60 — 75 -2
Runkolajin kdyttosan 12)3 :}(2)(5) + (2)
keskijareys, m” — <0,3 <0,4 <0,5 <0,6 >0,6 125 —150 + 3
Average stem size 150 —175 +5
Korjaus, mk/m® — -6 -3 0 4 8 175 —250 +6
Adjustment 250 — + 8
10 Lauri Valsta



Kun tulevat puusukupolvet otetaan huo-
mioon, optimaalisen kiertoajan méérittimi-
nen nykyarvomenetelmélld edellyttda, ettd
uudistamisvaiheen kustannukset tunnetaan.
Koska ei ollut kidytettdvissd tietoja uudista-
miskustannusten ja syntyvin minty-raudus-
koivusekametsikon puulajisuhteiden vilisista
riippuvuuksista, kdytettiin samoja uudista-
miskustannuksia  kaikille puulajisuhteille.
Yksikkokustannuksina kidytettiin Metsitilas-
tollisen vuosikirjan (Uusitalo 1985) vuoden
1983 arvoja yksityiset ym. metsinomistaja-
ryhmaille. Kalenterivuoden 1983 arvot muun-
nettiin hakkuuvuoden 1983/84 arvoiksi kiyt-
tden tukkuhintojen kokonaisindeksin kuu-
kausiarvojen aritmeettista keskiarvoa kalen-
terivuodelle ja hakkuuvuodelle. Eri tyélajien
yksikkokustannuksiksi (mk/ha) saatiin seu-
raavat:

Hakkuualan raivaus 282
Maanmuokkaus 606
Istutus ja taimet 2240
Taimikonhoito 686

Koska analyysi perustui rehevihkon kas-
vupaikan metsikoihin, taimikonhoito oletet-
tiin jouduttavan suorittamaan kahdesti, 2 ja
5 vuoden kuluttua paidtehakkuusta. Istutuk-
sen oletettiin tapahtuvan vuoden kuluttua
pdatehakkuusta. Kokonaiskustannukset met-
sanhoitotdistd olivat siten 4500 mk hehtaaria
kohden kiertoajan kuluessa.

23. Optimointimenetelmin valinta

Hann ja Brodie (1980) ovat esittaneet ver-
tailevan katsauksen metsikon ja metsdlon
paatoksenteko-ongelmista ja niihin soveltu-
vista optimointimenetelmistd. Katsaus antaa
myos ldpileikkauksen Pohjois-Amerikassa
aiheesta tehdyistd tutkimuksista. Dykstran
(1984) oppikirjassa esitelladn matemaattisen
ohjelmoinnin menetelmid ja niiden kdyttod
luonnonvarojen hoidon suunnittelussa, erityi-
sesti metsdtaloudessa.

Erdissd aiemmissa optimointitutkimuksis-
sa on havaittu, ettd metsikOstd saatavien net-
totulojen nykyarvo ei ole kovin herkka puus-
topddoman tai kiertoajan vaihteluille (Kilkki
ja Viisanen 1969, Hann ym. 1983). Toisin
sanoen optimit ovat olleet laakeita. Edelli-
seen perustuen simulointi saattaisi olla kdyt-
tokelpoinen menetelma sellaisten kisittelyoh-
jelmien 16ytdmiseen, jotka antavat lihes sa-
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man taloudellisen tuloksen kuin optimikisit-
tely. Epdvarmuus optimihakkuuohjelman
luonteesta on kuitenkin tavanomaista suu-
rempi késilld olevassa tutkimustehtdvissi,
jossa tarkastellaan kahta toisiinsa vaikutta-
vaa puulajia. Simuloinnilla katettavien vaih-
tochtojen joukko on my6s monin verroin
suurempi kuin yhden puulajin tapauksessa.
Simulointia pidettiin niistd syistd riittimat-
tomdnd asetetun tehtivin ratkaisuun.
Optimointimenetelmin valinnassa huo-
mioon otettavia tekijoitd ovat mm.
— ajan ja optimointimallin tilamuuttujien jatku-
vuus,
— kasvumallien seki hinta- ja kustannusriippuvuuk-
sien muoto ja
— tulosten muunnettavuus toimenpideohjeiksi.

Metsd ekosysteemind muuttuu ja kehittyy
jatkuvasti. Taloudellisen toiminnan kannalta
on kuitenkin tarkoituksenmukaista pitda
metsdn kehitystd meiddn ilmasto-olosuhteis-
samme epdjatkuvana puiden kasvun vuotui-
sen rytmin mukaan. Koska yksittdisten vuo-
sien kasvut vaihtelevat sdideroista johtuen
huomattavasti ja lisiksi yhden vuoden kas-
vun mittaaminen on epitarkkaa, metsikon
kehityksen mallit laaditaan yleensd 5 vuoden
jaksoille. Nima mallit ovat siten luonteeltaan
epdjatkuvia. Myos kasvatusprosessin ohjaus
eli hakkuut tapahtuvat epdjatkuvasti tiettyi-
nd ajankohtina.

Kun kidytetddn jatkuva-aikaista optimoin-
tia, harventaminen méiritelldan yleensi jat-
kuvana ajan funktiona. On vaikea soveltaa
kdytdntoon tuloksia, jotka perustuvat metsi-
kon jatkuvaan harventamiseen. Jatkuvassa
ajassa on myds mahdollista tehdd pulssimai-
sia harvennuksia, jolloin puumddrd vihenee
yhtédkkisesti (kalastukseen liittyvistd sovellu-
tuksista ks. Clark 1976).

Optimiohjausteoria ja epdlineaarinen oh-
jelmointi edellyttavit, etta kohdefunktio ja ti-
layhtdlét ovat jatkuvasti derivoituvia tila-
muuttujien suhteen. Tétd rajoitusta ei ole dy-
naamista ohjelmointia kaytettdessd, vaan
muuttujien viliset riippuvuudet voivat olla
esim. taulukkomuodossa. Joissain tapauksis-
sa epdjatkuvuuden ongelma voidaan tosin
kiertdd approksimoimalla epidjatkuvia riip-
puvuuksia jatkuvilla funktioilla.

Kaytettdvand olevan kasvumallin keskei-
nen ominaisuus optimointimenetelmin va-
linnan kannalta on, ettd puulajien osuudet
kasvusta médritetddn annetun taulukon pe-
rusteella. Kasvumalli ei siten tdytd edelld
mainittua derivoituvuuden vaatimusta. Kayt-
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tokelpoiseksi optimointimenetelméksi jii esil-
14 olleiden menetelmien joukosta ainoastaan
dynaaminen ohjelmointi (ks. esim. Valsta
1986). Tassd tutkimuksessa kasvumalli voi-
daan lisaksi madritelld vain muutamien
muuttujien avulla ja siten vilttda dynaami-
sessa ohjelmoinnissa toisinaan ongelmana
oleva laskentatehtdvdn kasvu mahdollisuuk-
sien ulkopuolelle.

24. Dynaaminen ohjelmointi

Dykstra (1984) esittdd nelji ominaisuutta
tehtdville, joka voidaan ratkaista dynaami-
sella ohjelmoinnilla:

1. Tehtdvd voidaan jakaa vaiheisiin, joista jokaisen
kohdalla tehdaan valinta vaihtoehtojen vililla.

2. Jokaisessa vaiheessa on joukko vaihtoehtoisia tutkit-
tavan systeemin tiloja.

3. Jokainen valinta kulloisessakin vaiheessa siirtid sys-
teemin uuteen tilaan seuraavassa vaiheessa.

4. Tehtidva noudattaa optimaalisuuden periaatetta.

Kisilla olevassa ongelmassa metsikon kas-
vatuksen 5-vuotisjaksot muodostavat edelld
maddritellyt vaiheet ja jokaisessa vaiheessa
tehddidn hakkuuta koskeva paitos. Hakkui-
den poisto- ja koivuprosentit maadrittavit
vertailtavat vaihtoehdot. Kunkin valinnan
jdlkeen metsikk6a kasvatetaan S vuotta,
miké siirtdd metsikon uuteen tilaan seuraa-
vassa vaiheessa.

Dynaamisen ohjelmoinnin perustana on
optimaalisuuden periaate, jonka on esittinyt
Bellman (ks. esim. Bellman ja Dreyfus 1962,
s. 15). Sen merkitys on seuraavanlainen: Kun
optimaalinen reitti (metsikon kasvatusohjel-
ma) alkutilasta tiettyyn tilaan on maééritetty,
jéljella olevan matkan optimaalinen reitti
voidaan madrittdd erillisend tehtdvdni ja
riippumattomana jo kuljetun matkan reitista.
Toisin sanoen optimiratkaisu jiljelld olevalle
metsikon késittelyohjelman osalle on sama,
olipa kasilla olevaan metsikon tilaan saavut-
tu minké tahansa toimenpideketjun seurauk-
sena. Tarvittavien laskelmien méiréd vahenee
ratkaisevasti optimaalisuuden periaatteen an-
siosta.

Jotta dynaamista ohjelmointia voidaan
soveltaa, optimaalisuuden periaatteen tulee
péted tutkittavassa ilmiossd tai sitd kuvaa-
vassa mallissa. Kaytettavissd kasvuyhtdlossi
metsikon kehitys riippuu metsikon idstd, ti-
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lavuudesta ja koivuosuudesta. Kasvu riippuu
vain ndiden muuttujien hetkellisistd arvoista,
joiden oletetaan sisiltivdn myos kaiken tar-
vittavan informaation metsikon historiasta.
Kun ndmé muuttujat sisillytetdan optimoin-
timalliin, se on optimaalisuuden periaatteen
mukainen.

Hakkuupoistumien hinnoittelua varten
otettiin metsikon runkoluku neljinneksi
muuttujaksi. Jakamalla metsikén kokonaisti-
lavuus runkoluvulla saadaan keskirungon ti-
lavuus, jota kiytetddn puutavaralajiosuuk-
sien laskentaan seki leimikkokohtaisten hin-
takorjausten tekoon. On huomattava, ettd
runkolukua pienennetddn harvennuksissa sa-
massa suhteessa kuin tilavuus vihenee, toisin
sanoen systemaattisen harvennuksen periaat-
teen mukaan. Metsikkoa kuvaavat muuttujat
ilmaistaan vektorimuodossa seuraavasti:

X =V B, N)

x, = metsikon tilavektori hetkelld t,

= metsikon runkotilavuus hetkelld t,
B, = koivun osuus edellisesta hetkelld t ja
N, = metsikon runkoluku hetkelld t.

Kaytettavissa ollut tieto ei antanut mah-
dollisuutta sisdllyttda malliin uudistamistoi-
menpiteiden vaikutuksia syntyneen metsikon
ominaisuuksiin. Analyysi joudutaan siten pe-
rustamaan yhteen metsikon alkutilaan, jossa
tosin koivun osuuden voidaan antaa vaihdel-
la. Samalla joudutaan olettamaan, ettd uudis-
tamiskustannus on sama riippumatta tulok-
sena olleesta koivun osuudesta. Edelliseen
perustuen uudistuskustannukset eivit vaiku-
ta eri késittelyvaihtoehtojen edullisuuksiin
yhden kiertoajan tarkastelussa, vaan opti-
mointi voi aluksi perustua pelkistddn hak-
kuutulojen nykyarvoon. Metsikén kisittely-
ohjelman optimointiin kdytetian dynaami-
sessa ohjelmoinnissa ns. rekursioyhtdloa,
jonka avulla karsitaan epdoptimaaliset vaih-
toehdot. Koska paitehakkuutulot lasketaan
samoin perustein kuin harvennustulot, p4i-
tehakkuu voidaan ajatella 100 prosentin har-
vennukseksi. Rekursioyhtdlo saa siten seu-
raavan muodon:

R(x) = max [H(x,x _,)*+ R(x _ )]
X _
CE LT
jossa

Lauri Valsta



R(x) = tavoitefunktion arvo jakson t alussa metsi-
kolle x,

{x,_;} = niiden metsikoiden joukko jakson t — I alus-
sa, joista voi kehittyd metsikké x_kasvun
ja mahdollisen hakkuun seurauksena,

H(") = mahdollinen diskontattu hakkuutulo, kun
siirrytddn metsikdstd x _ | optimaalisesti
metsikkoon x,,

R(x, _ ) = tavoitefunktion arvo jakson t — 1 alussa
metsikélle x _ | ja

T = optimoinnin viimeinen periodi, suurin
mahdollinen kiertoaika.

Kun kdydddn lapi jaksot l:std T:hen, ta-
voitefunktion arvoksi muodostuu diskontat-
tujen hakkuutulojen summa kiertoajan ku-
luessa. Rekursioyhtdlostd ndhddan, ettd se on
optimaalisuuden periaatteen mukainen. Jak-
son t — 1 kdsittely maaraytyy riippumatta sii-
td, miten metsikon tilaan x, _ | on tultu.

Optimoinnin kuluessa tallennetaan opti-
maaliset hakkuuohjelmat kaikille kiertoaika-
vaihtoehdoille. Kun oletetaan samaa hakkuu-
ohjelmaa noudatettavan perattiisind kierto-
aikoina, ikuisuuteen ulottuvan tulo-menosar-
jan nykyarvo (L) eri kiertoajoille saadaan
yhden kiertoajan hakkuutulojen nykyarvon
(NA) ja uudistuskustannusten (UK) perus-
teella seuraavalla kaavalla kiertoajalle (u) ja
korkoprosentille (i):

L= (NA — UK)(1 +1i)"
(1+ir—1
Kaikki optimointimallin tilamuuttujat dis-

kretoitiin analyysid varten. Muuttujien luok-
kavilit olivat seuraavat:

Metsikon ikd (aika) 5 vuotta
Puuston tilavuus 10 m’/ha
Metsikon runkoluku 75 kpl/ha
Koivun osuus tilavuudesta 10 %

Kullakin idnkohdalla metsiko6lld oli 7 200
mahdollista tilaa, ts. tilavuuden, runkoluvun
ja koivun osuuden yhdistelmdd. Muuttujien
luokkavilit ilmaisevat myds optimointitark-
kuuden. Malli antaa globaalin optimiratkai-
sun niiden hakkuuohjelmien joukosta, jotka
poikkeavat toisistaan vihintdin luokkavilin
verran.

Tyypillisessa analyysissd tehtiin 350 000
kasvuennustetta ja harvennusta. Mikaili ei
olisi kdytetty dynaamista ohjelmointia, vaan
optimiratkaisu olisi etsitty kdymalld syste-
maattisesti ldpi kaikki mahdolliset harven-
nusvaihtoehdot, olisi simuloinneilla taytynyt
kattaa suuruusluokkaa 10'6 kiertoajan mit-
taista harvennusohjelmaa.

3. TULOKSET

31. Yleistd

Optimoitaessa metsikon hakkuuohjelmaa
on médriteltdva laskennan ldhtétilanne, tissi
tapauksessa puuston ikd, tilavuus, koivu-
osuus ja runkoluku. Ennustaessaan kierto-
ajan tuotoksia Mielikdinen (1980) lahti liik-
keelle rinnankorkeudelta 30-vuotiaista met-
sikoistd, mikd vastasi mintyjen 40 vuoden
biologista ikdd. Verraten mydhdinen 14htoti-
lanne oli seurausta kasvumallin laadinta-ai-
neiston ikdjakaumasta, jossa nuorimmatkin
metsikot olivat rinnankorkeudelta yli 25-vuo-
tiaita. Arvioitaessa koivusekoituksen vaiku-
tusta koko kiertoajan tuotokseen joudutaan
tekemddn oletuksia metsikoiden kehittymi-
sestd laskelmien ldahtotilanteeseen. Mielikdi-
sen (mt.) laskelmissa oletettiin, ettd puhdas
mannikko ja sekametsikk6 olivat kasvaneet
kiertoajan 40 ensimmadisen vuoden kuluessa
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yhtéd paljon. Lahtokohta on sekametsikoiden
tuotoskyvyn suhteen varovainen, silli myos
mainitussa tutkimuksessa rauduskoivujen to-
dettiin kasvaneen nuorella idlld méntyjd no-
peammin.

Edelld mainitut nikdkohdat huomioon ot-
taen paadyttiin kahteen eri nikokulmaan ta-
loudellisessa tarkastelussa: Ensimmaisessa
pddtoksenteko koskee 40-vuotiaita metsikoi-
td (rinnankorkeusidltdan 30-vuotiaita). Lah-
tien eri koivuosuuksista médaritettiin kullekin
niistd optimaaliset hakkuuohjelmat kierto-
ajan loppuosalle. Tarkastelu antaa perusteita
olemassa olevien harvennusikdisten sekamet-
sikoiden kasittelylle.

Toiseksi pyrittiin ennustamaan koko kier-
toajan kehitystd ottaen mahdollisuuksien
mukaan huomioon myos ennen 40 vuoden
ikad syntyneet tuotoserot. Tatd tarkastelua
on pidettivd olennaisesti epdvarmempana
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kuin ensimmdistd ja sen tulokset ovat vain
suuntaa antavia. Lihtokohdaksi otettiin 25-
vuotias (rinnankorkeusidltian 15-vuotias)
metsikko. Samalla oletettiin, ettd puulajisuh-
teiltaan erilaiset metsik6t olivat kehittyneet
tihan ikdan mennessd samoin. Ennustetta-
vana oli 15 vuoden jakso, 40 vuoden ikddn
asti, joka oli kasvumallin varsinaisen sovel-
tamisalueen ulkopuolella. Kiytetylle kasvu-
mallille on ominaista, ettd nuoren sekametsi-
kon kasvuetu puhtaaseen mannikkoon ver-
rattuna on sitd suurempi mitd nuorempi met-
sikk6 on. Varovaisuussyistd rajoitettiin mai-
nittu kasvuetu alle 40-vuotiailla metsikoilla
sille tasolle, jolla se on 40 vuoden idlla.

Eri tarkasteluissa seuraavat peruspiirteet
ovat yhtenevid: Metsikot ovat yksijaksoisia
manty-rauduskoivusekametsikoitd, joissa
puulajien keskipituudet ovat suunnilleen sa-
mat, joten kumpikaan puulaji ei ole etukas-
vuinen. Tuloksissa esiintyvd metsikon ikd on
uudistamisesta kulunut aika. Vaikka Mieli-
kdisen (1980) tutkimus koskee luonnonmet-
sikoitd, tdssa tutkimuksessa oletetaan, ettd
tasapuustoiset sekametsikot joudutaan perus-
tamaan osittain viljelemélld ja ettd kokonais-
uudistamiskustannukset vastaavat keskimaa-
rin tdyttd metsianviljelyd. Puuston runkoluku
40 vuoden iilld on 1200 kpl/ha. Laskennan
taloudelliset parametrit vaihtelevat analyysin
mukaan, mutta perusvaihtoehtona on 3 pro-
sentin korkokanta ja hintasuhde ”No”.

-~ 25%

70 L’__‘
-~ 50 %

Koivun
osuus, % -
Birch
percentage

10 —

b—e———o—0

35 40 45 S0 S5 60 65 70

Ika, a - Age

Kuva 6. Optimaalisen koivuosuuden kehitys ldahto-
arvoista 25, 50 ja 75 %. Hintasuhde "No”, korko-
kanta 3 %.

Fig. 6. Optimal birch percentages, given initial values 25,
50 and 75 %. Price set "No", interest rate 3 %.
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32. Optimaaliset hakkuuohjelmat 40-vuotiaille
metsikaille

Optimaalisen koivuosuuden kehitys 40
ikdvuodesta eteenpdin esimerkkinid oleville
kolmelle metsikdille on esitetty kuvassa 6.
Alkupuuston koivuosuus on 25, 50 tai 75
prosenttia. Yleispiirre on koivuosuuden pie-
neneminen kiertoajan loppua kohden. Tar-
kastelujakson alkuvuosina edullisin koivu-
osuus on 30—50 %, minka jilkeen koivut tu-
lee muutoinkin tehtdvissd harvennuksissa
poistaa. Kun koivua on runsaasti (75 %), sitéd
kannattaa poistaa vain sen verran kuin puus-
topddoman sddtelyn kannalta on tarpeen.
Puuston midrdn vdahentidminen taloudellisen
optimitason alapuolelle ei ole tulosten mu-
kaan perusteltua, vaikka se parantaisikin
maintyjen kasvua.

Harvennusohjelman vaikutus puuston ti-
lavuuteen ilmenee esimerkinomaisesti kuvas-
ta 7, jossa on esitetty kokonaistilavuuden ja
koivun tilavuuden kehitys metsikdssé, jossa
oli 50 % koivua 40 vuoden ialld. Talloin
puuston tilavuus oli 275 m3/ha ja runkoluku
1200 kpl/ha. Kiertoajan kuluessa tehtiin 3
harvennusta, joista ensimmdisen yhteydessd
koivun osuutta metsikossa ei vield vahennet-
ty. Jaljelld olleet koivut poistettiin 55 vuoden
1alla kolmannessa harvennuksessa kdytannol-
lisesti katsoen kokonaan. Kiertoajan koko-
naiskasvu oli 580 m3/ha (8,3 m3/ha/v), josta
koivun osuus oli 39 %.

350
300
250
Tilavuus
* 200
m3/ha - - —
Stand volume Yhteensa

150 / Total
= Koivu -

100 / Birch
S0

b——o——o—C
+0
35 40 45 SO SS 60 65 70

lka, a - Age

Kuva 7. Optimaalinen harvennusohjelma metsikolle,
jossa on 50 %:n koivuosuus 40 vuoden 1illd. Kierto-
aika 70 vuotta, korkokanta 3 %.

Fig. 7. An optimal thinning schedule for a stand with
50 % birch at age 40. Rotation age 70, interest rate
3 %.
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Kuva 8. Optimaaliset koivuosuudet metsinkorkoa mak-
simoitaessa, kiertoaika 80 vuotta. Alkuarvot ovat 25,
50 ja 75 % 40 vuoden idlla.

Fig. 8. Birch percentage in optimal forest rent thinning
regimes, rotation is 80 years. Initial values are 25, 50
and 75 %, at age 40.

Laskentakorkokannan alentaminen nol-
laan prosenttiin johti kuvassa 8 esitettyyn ti-
lanteeseen. Laskelma vastaa metsdnkoron
maksimointia, joskin optimaalinen kiertoai-
ka olisi tdlloin ollut noin 90 vuotta. Metsik-
koa harvennettiin 5 vuoden vilein, mika joh-
ti koivuosuuksien tasaiseen laskuun idn li-
sddntyessd. Harvennustuloja laskettaessa kan-
tohintaan vaikutti kerrallaan poistettavan
puumddrdn suuruus. Vaikka lievdt harven-
nukset johtivat alhaisempaan kantohintaan,
niiden avulla oli kuitenkin mahdollista ylla-
pitdd suurempaa kasvua metsikOssd, mikd
teki ne voimakkaampia harvennuksia edulli-
semmiksi. Kun kantohinnan riippuvuutta
harvennuskertyméstd koemielessd vahvistet-
tiin, harvennusten vilinen aika piteni ja ker-
tapoistumat suurenivat.

Kun hintasuhdetta muutettiin ménnyn
eduksi, hintasuhteesta ”No” hintasuhteeseen
”Ma” (kuva 9), koivun médaraa vdhennettiin
50 prosentin alkupuuston kohdalla hieman
aiemmin. Muutoin kisittelyohjelmat sailyivat
samanlaisina. Hintasuhteen muutos koivun
eduksi siten, ettd molempien puulajien hinnat
tulivat yhteneviksi (hintasuhteesta ’No” hin-
tasuhteeseen ’Ta”), ei aiheuttanut muutoksia
hakkuuohjelmiin.

Kun korkokanta oli 3 %, optimaaliset
kiertoajat olivat yhden kiertoajan nykyarvon
mukaan noin 90 vuotta. Ottaen huomioon
tulevat, samanlaisiksi oletetut puusukupolvet
optimaalinen kiertoaika lyheni 65 vuoteen.
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Kuva 9. Optimaalisen koivuosuuden kehitys lidhto-
arvoista 25, 50 ja 75 %. Hintasuhde "Mi”, korko-
kanta 3 %.

Fig. 9. Optimal birch percentages, given initial values 25,
50 and 75 %. Price set ’Ma”, interest rate 3 %.
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Kuva 10. Optimaalinen harvennusohjelma metsikélle,
jossa on 50 %:n koivuosuus 40 vuoden iilld. Alku-
tilavuus 175 m”/ha, kiertoaika 70 vuotta, korkokanta
3 %.

Fig. 10. An ontimal thinning schedule for a stand with
50 % birch at age 40. Initial volume 175 n’/ha,
rotation age 70, interest rate 3 %.

Kiertoajan keskimaériinen tilavuuskasvu saa-
vutti suurimman arvonsa niinikdidn 65 vuo-
den kohdalla. Liitteessd 2 on esitetty yksi-
tyiskohtaisemmin eri koivuosuuksien anta-
mia tuloksia 40 vuoden iiltd paditehakkuu-
seen.

Kun alkupuuston tilavuutta alennettiin ta-
solle 175 m3/ha (kuva 10), harvennus 40
vuoden iélld jdi pois. Koivun osuutta vdhen-
nettiin tuntuvasti kummankin harvennuksen
yhteydessd niin, ettd pditehakkuussa hakat-
tiin puhdas mannikko.
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Taulukko 4. Puuston kokonaistilavuuskasvu koivu-
osuuden eri alkuarvoille. Alkutilavuus 25 vuoden
illd on 69,17 m*/ha.

Table 4. Cumulative growth for various initial birch
percentages. Initial stand volume is 69,17 mj/ha, at
age 25.

Koivuosuus, % — Metsikon iki, a — Stand age

Birch percentage 30 40
Puuston tilavuus — Stand volume
m-~/ha m>/ha %

0 125 250 100

10 127 260 104

30 130 271 108

50 130 274 110

70 129 266 106

90 125 251 100

100 123 240 96

80 i
Suhteellinen
nykyarvo, % - 60
Relative 50
present value :
40
30 :
20
10
0

33. Koko kiertoaikaa koskevat
hakkuuohjelmat

Kuten jo edelld korostettiin, koko kierto-
aikaa koskeviin tuloksiin tulee suhtautua va-
rauksella, koska ne perustuvat kasvumallin
kdyttoon osittain sen laadinta-aineiston iki-
alueen ulkopuolella. Lahtien koivuosuuden
eri arvoista 25 vuoden iilld ennustettiin met-
sikdiden kehitys kohdassa 31. kuvatuilla pe-
rusteilla. Puuston tilavuudeksi 25 vuoden iil-
14 valittiin esimerkinomaisesti sellainen arvo,
ettd puhtaan mannikon tilavuus 40 vuoden
idlla tulisi olemaan noin 250 m3/ha. Sopi-
vaksi arvoksi osoittautui 69,17 m3/ha. Puus-
ton kokonaistilavuuskasvut eri koivuosuuk-
silla muodostuivat taulukon 4 mukaisiksi.

Ensimmadisten 15 vuoden aikana 50 pro-
sentin koivuosuuden metsikko oli saavutta-
nut 10 prosentin tilavuusedun puhtaaseen
ménnikkoon verrattuna. Esimerkiksi 80 vuo-
den kiertoajalla kokonaiskasvujen ero nyky-
arvoa maksimoivissa harvennusohjelmissa
supistui 8 prosenttiin sekametsikon tilavuus-
kasvun heikennyttyd metsikon ikddntyessa.

Kun kullekin 1dht6puuston koivuosuudelle
(25 vuoden idlld) médritettiin optimaalinen
hakkuuohjelma, saatiin kuvassa 11 esitetyt
tulokset. Suurimpaan nykyarvoon pdadyttiin
lahtopuuston 20—30 prosentin koivuosuu-
della. Paras sekametsikkovaihtoehto johti
puhtaaseen ménnikk66n verrattuna 5 pro-
sentin etuun nykyarvoilla mitaten (kuva 11).
Puhdas koivikko sen sijaan merkitsi vastaa-
vasti 32 prosentin tappiota. Merkille panta-
vaa on my®ds, ettd vield lahtopuuston 50 pro-
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Kuva I1l. Lihtdpuuston koivuosuuden vaikutus opti-
maalisiin nykyarvoihin, korkokanta 3 %.

Fig. 11. The effect of initial birch percentage on optimal
present values, interest rate 3 %.
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Kuva 12. Optimaalinen hakkuuohjelma 3 prosentin
korkokannalla.

Fig. 12. The optimal harvest schedule for 3 percent
interest rate.

sentin koivuosuudella saatiin nykyarvolla mi-
taten yhtd hyvéd tulos kuin puhtaassa ménni-
kossda. Tulosten yleispiirre oli, ettd sekamet-
sikkovaihtoehto oli puhdasta minnikkod
edullisempi silloin, kun méntyji oli metsik6s-
sa vahintdin niin paljon, ettd harvennusten
avulla pdéstiin likimain puhtaaseen minnik-
koon ennen pddtehakkuuikdd, ilman ettd
jouduttiin alentamaan puustopifomaa alle
optimaalisen tason.

Optimaalinen hakkuuohjelma 25 vuoden
idltd 70 vuoden kiertoajan loppuun on esitet-
ty kuvassa 12. Kyseessd on myds alkupuus-
ton koivuosuuden suhteen optimaalinen hak-
kuuohjelma. Kiertoajan kuluessa oli opti-
maalista harventaa kolmesti — harvennus-
voimakkuudet olivat 30, 35 ja 37 prosenttia
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Kuva 13. Optimaaliset nykyarvot koko kiertoajan
vallitseville vihimmaiiskoivuosuuksille tilavuudesta,
korkokanta 3 %. Vaakaviiva osoittaa puhtaan min-
nikon antaman nykyarvon.

Fig. 13. Optimal present values for various levels of
minimum birch percentage over the rotation, interest
rate 3 percent. The horizontal line indicates the present
value of a pure pine stand.

tilavuudesta laskettuna. Koivuosuuden an-
nettiin lisddntyd rauduskoivun nopean kas-
vun myotd alkuarvostaan (20 %) 50 vuoden
idlle asti, jolloin osuutta alennettiin 34 pro-
sentista 14 prosenttiin ja 60 vuoden iilld edel-
leen 15 prosentista 5 prosenttiin. Puuston
hehtaarikohtainen runkoluku aleni lahto-
puuston 1200 rungosta paatehakkuupuuston
345 runkoon.

Sekametsikon kasittelyd saatettaisiin mo-
ninaiskaytollisistd tai ekologisista syistd ra-
joittaa siten, ettd tietty vahimmaisosuus
puustosta tulee olla koivua ldpi kiertoajan.
Téllaisen rajoituksen vaikutus sekametsikon
antamaan nykyarvoon ilmenee kuvasta 13.
Rauduskoivun osuutta ldpi kiertoajan voitiin
nostaa 30 prosenttiin tappion ylittimatta yh-

45
40
35 1
= Hinnat NO -
% Price set NO
Koivun osuus, 25 - -
A
percentage 20
~ Hinnat MA -
15 1] Price set MA
10
5 —
[
20 25 30 35 40 45 S0 SS 60 65 70
lka, a - Age
Kuva 14. Optimaalinen rauduskoivuosuus eri hinta-

vaihtoehdoilla, korkokanta 3 %.
Fig. 14. Optimal birch percentages under
stumpage price sets, interest rate 3 %.

various

td prosenttia nykyarvosta. Kun koivuosuus
nostettiin puoleen, tappio kasvoi 5,5 prosent-
titn. Néissd luvuissa vertailukohtana on par-
haan sekametsikon antama nykyarvo. Puh-
taaseen mannikkoon verrattaessa koivuosuus
oli nostettava 50 prosenttiin, ennen kuin me-
netyksid alkoi syntya.

Puulajien kantohintasuhteen vaihtelun vai-
kutus optimaaliseen koivuosuuteen ilmenee
kuvasta 14. Kantohintojen saattaminen puu-
lajeittain samalle tasolle (Hinnat ”Ta”) nosti
odotetusti optimaalista koivuosuutta. Koivut
oli kuitenkin edullista poistaa 55 vuoden iilld
mantyjen myShemmilld ialla voimakkaam-
man kasvun ja korkeamman tukkipuupro-
sentin vuoksi.

Kun tukkipuun hintasuhde nostettiin
1,2:een ja kuitupuun hintasuhde 1,3:een
(hinnat ’Ma”"), optimaalinen koivuosuus sii-
lyi pddosin muuttumattomana perusarvoihin
verrattuna. Koivut poistettiin kokonaan 50
vuoden idlld, mutta muuten hakkuuohjelma
vastasi hintasuhteella ’No”” saatua tulosta.

4. TARKASTELU

Saatujen tuloksien tarkastelua vaikeuttaa
aiempien vertailukelpoisten tutkimusten va-
hyys. Tarkastelu painottuu sen vuoksi opti-
mointimallin taustatekijéiden muutosten ana-
lysointiin. Siten saadaan viitteitd optimirat-
kaisun herkkyydestd eri ldhtokohtaoletta-
musten muutoksille sekd sovellettavuudesta
toisiin olosuhteisiin.
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Tissa tutkimuksessa on kiytetty Mielikdi-
sen (1980) laatimaa kasvumallia. Tilavuus-
kasvua maksimoivan kasvatusohjelman koi-
vuosuudet approksimoivat hyvin niitd Mieli-
kdisen (mt.) esittdmid koivuosuuden arvoja,
jotka antoivat suurimman tilavuuskasvun
kullakin idnkohdalla (kuva 15). Koska koi-
vuosuutta voitiin muuttaa harvennuksissa
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Kuva 15. Suurimman tilavuuskasvun antavat koivu-
osuudet tilavuuskasvun suhteen optimaalisen hak-
kuuohjelman ja kasvuyhtidlon mukaan.

Fig. 15. The birch percentage yielding maximum volume
growth, by the optimal M.A.l. thinning schedule, and
based on the growth equation.

vain 10 prosenttiyksikén vilein, hakkuuoh-
jelma ei pysty tarkasti seuraamaan suurim-
man kasvun koivuosuuksia.

Olettaen tilavuuskasvuksi 40 vuoden ikdédn
mennessi 275 m3/ha saatiin kuvassa 16 esite-
tyt kiertoajan keskimddrdisen kasvun arvot
eri alkupuuston koivuosuuksille. Vertailuna
kuvaan on sijoitettu myos Mielikdisen (1980)
esittimit keskikasvun arvot puhtaalle min-
nikolle ja yhdelle sekametsikon kasvatusoh-
jelmalle. Tutkimuksessa saadut keskimdarai-
sen kasvun arvot vastaavat hyvin Mielikdisen
(mt.) esittdmid tuloksia. Suurimmat arvot 80
vuoden kiertoajalla (7,82 m3/ha/v) saatiin
30—40 prosentin koivuosuudella alkupuus-
tosta. Suotuisin sekametsikkdvaihtoehto an-
toi 3,6 prosenttia suuremman keskimaardisen
kasvun kuin puhdas mannikko 40 ja 80 ika-
vuoden vilisend aikana. Jos vertailun lahto-
kohtana on 25 vuoden ikdinen metsikko,
puhtaan minnik6n ja sekametsikon vilille
syntyy suurempi ero pidemmasta kasvujak-
sosta johtuen. Saatuja kasvuennusteita alle
40-vuotiaille sekametsikoille ei voida kuiten-
kaan pitdd yhtd luotettavina kuin sitd van-
hempien metsikdiden kohdalla.

Ruotsalaiset tilavuuskasvua koskeneet tut-
kimukset tukevat osittain Mielikdisen (1980)
saamia tuloksia. Agestamin (1985) esimerk-
kisimuloinnissa ~ mainty-koivusekametsikko
antoi 3 prosentin tuotoslisin puhtaaseen
minnikkdon verrattuna 73 vuoden kierto-
ajalla. Kiertoaikaa pidennettdessd tuotosetu
pieneni ja kdantyi tuotostappioksi 100 vuo-
den kiertoaikaan mennessa.
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Kuva 16. Kiertoajan keskimdiriinen kasvu alkupuus-
ton eri koivuosuuksilla nykyarvon suhteen opti-
maalisissa hakkuuohjelmissa 80 vuoden kiertoajalla.

Fig. 16. Mean annual increment in relation to initial
birch percentage, based on optimal present value
thinning schedules with 80 year rotation.

Ekon (1985) mukaan vastaavan sekamet-
sikon kasvu oli tilanteesta riippuen joko pie-
nempi tai suurempi kuin puhtaan ménnikén
kasvu. Tulokset olivat sikdli odottamatto-
mia, ettd kiertoajan pidentyessd sekametsi-
kon kasvu lisddntyi suhteessa puhtaan mén-
nikon kasvuun piinvastoin kuin Mielikdisen
(1980) ja Agestamin (1985) tulosten mukaan.

Tukkipuu- ja hukkapuuyhtélot estimoitiin
tdtd tutkimusta varten Mielikdisen (1980)
koeala-aineistoon perustuen. Puutavaralaji-
osuudet oli arvioitu pystypuista, mikd oli
saattanut johtaa tukkipuun méaéran yliarvioi-
hin. Mannyn kohdalla oli niukasti havain-
toja sellaisista metsikOistd, joissa oli pieni
rungon keskikoko ja alhainen tukkipuu-
osuus. Taltd osin yhtédloiden luotettavuus on
heikompi. Toisaalta harvennuksia ei juuri-
kaan vield tehty kyseisilld rungon keskikoon
arvoilla. Yhtdloita ei ole tarkoitettu kdytetta-
viksi puutavaralajirakenteen ennustamiseen
yleisesti.

Minnyn ja koivun kantohintojen suhde
1,2 (hintasuhde "M3a”) oli vield riittavan pie-
ni rauduskoivun sekoituksen sdilymisen kan-
nalta. Hakkuuvuoden 1983/84 tilanteessa
valtaosassa maan eteldpuoliskoa koivun kan-
tohinta olisi keskiméarin puoltanut raudus-
koivusekoitusta. Hintasuhteen ennustaminen
kiertoajan mittaiselle ajanjaksolle on luon-
nollisesti mahdotonta, mutta kdytetyilld kan-
tohinnoilla saadut optimaaliset koivuosuudet
olivat siksi pienid, alle 50 prosenttia, ettd
esim. siirtyminen jokseenkin puhtaaseen man-
nikkoon olisi mahdollista kesken kiertoai-
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kaakin, jos hintasuhteiden muutos sitd edel-
lyttédisi.

Tutkimuksen analyysi perustuu olettamuk-
selle, ettd metsikkod kuvaavat muuttujat
(ika, tilavuus, koivuosuus ja runkoluku) si-
saltavat riittdvasti informaatiota metsikon
hakkuuohjelman optimoimiseksi. Kaytetty-
jen muuttujien joukko on epdilemittd vaja-
vainen. Subjektiivisesti valittuun koeala-ai-
neistoon (Mielikdinen 1980) perustuvaan
kasvuyhtdloon on suhtauduttava varauksin
optimointimallin osana. Optimointimalli kdy
lapi monenlaisia hakkuuohjelmia, joista osa
saattaa poiketa huomattavasti koemetsikdis-
sd esiintyneestd vaihtelusta. Eri lihtokohta-
olettamuksin tehdyt analyysit osoittavat, etti
koivuosuuden optimiratkaisu on vakaa lu-
kuun ottamatta kantohintasuhteen aiheutta-
maa selvdd vaikutusta. Tdhdn perustuen tu-
loksia voidaan pitdd suuntaa antavina myos
olosuhteissa, joissa metsikon puustopddoma,
harvennusten lukumairi, kiertoaika, runko-
luku, korkokanta tai korjuukustannukset
poikkeavat tdssd tutkimuksessa kiytetyistd
arvoista.

Muutettaessa puulajisuhdetta voimakkaas-
ti yhdessa harvennuksessa metsikkoon saat-
taa syntya aukkoja, mikéli puut sijaitsevat
puulajeittain ryhmittéisesti. Esitetyt tulokset

perustuvat olettamukselle, ettd puulajit ovat
sekoittuneet tasaisesti ja ettd toisen puulajin
poisto ei johda aukkoisuuteen. Puulajien
ryhmittidisyys voidaan ottaa huomioon opti-
mointimallissa esimerkiksi rajoittamalla puu-
lajisuhteen saatomahdollisuutta harvennuk-
sen yhteydessd. Télloin puulajisuhde voi
muuttua vain vahitellen ja molempia puulaje-
ja voidaan kéyttia metsikOn tasaisuuden sii-
lyttamiseksi.

Kaytetty kasvumalli ja puutavaran hinnat
koskevat mdnnyn ja rauduskoivun muodos-
tamaa tasaikdistd metsikkod. Saatuja tulok-
sia ei voida suoraan soveltaa minty-hieskoi-
vusekametsiin. Mielikdisen (1980) esittdmien
tulosten mukaan ainakin kivenndismailla
hieskoivun optimaaliset osuudet olisivat huo-
mattavasti pienempid kuin nyt esitetyt rau-
duskoivun osuudet.

Dynaamiseen ohjelmointiin perustuva op-
timointimalli tarjoaa joustavan analyysikehi-
kon. Menetelmidn etu on, ettd mikd tahansa
mallin tilamuuttujiin (metsikon ikd, puuston
tilavuus, koivuosuus ja runkoluku) perustuva
tuotto- tai kustannustekija voidaan sisdllyt-
tdd optimointimalliin. My6s kasvumallia
koskevat muutokset ja hakkuuohjelmiin mah-
dollisesti liitettdvit rajoitukset voidaan ottaa
huomioon.
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SUMMARY

Optimizing thinnings and rotation for mixed
even-aged pine-birch stands

Introduction

The optimal species composition of a mixed conifer-
hardwood stand is affected by several factors. It is
informative to differentiate between the effects
generated by the rourdwood market and the effects due
to nonmarket values. No attempt was made in this
study to make the two groups commensurate and the
analysis is limited to stumpage values. However, an
analysis of the economic returns from various levels of
species mixture is believed to be useful for the decision
maker.

Regarding the management of mixed stands of Scots
pine (Pinus sylvestris L.) and silver birch (Betula pendula
Roth) the prevailing perception has been that pine is
more valuable than birch. Hence, a pure pine stand has
been preferable to a mixed species stand. For example,
in precommercial thinnings the practice has been to
favor pine over birch. A recent study by Mielikdinen
(1980) suggests that the volume growth of a mixed pine-
birch stand is superior to that of a pure pine stand
during most of the rotation. The aim of this study is to
determine the financially optimal species composition
in mixed, even-aged pine-birch stands.

Managing the stand is viewed as an investment,
where the capital invested consists of the management
costs, the merchantable growing stock, and the value of
land occupied. The returns are comprised of stumpage
received from pine and birch pulpwood and sawtimber.
The soil expectation value of an infinite series of equal
rotations is used to compare management alternatives.
The analysis is subject to the usual assumptions of
deterministic growth models, costs and prices, and a
perfect capital market with known and time invariant
interest rates.

The growth model for pine-birch stands

This work was preceded by a yield study (Mieli-
kidinen 1980) on the structure and development of even-
aged mixed stands of Scots pine and silver birch. The
following volume growth model had been estimated:

In(P,) = 7.050 — 0.8732 In(T, ;) — 0.4187 In(V)
_n2
—~0.5154-107°B - T2, — 1.403 Lembe

3
where Tis
P, =volume increment in the next 5-year period,
percent of the present volume,
T, ; = stand age at breast height, a,
V  =stand volume, m”/ha, and
B = birch percentage of volume.
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The allocation of the predicted growth between the
two species is obtained from a table, dimensioned by
species composition and stand age at breast height (see
Appendix 1).

The last two terms in the equation above show the
effect of birch percentage on growth. The birch
percentage yielding the maximum volume growth is just
below 50 percent in a young stand. For older stands the
percentage decreases with increasing age.

Due to the form of the growth model and the values
of the parameters, volume growth is a strictly increasing
function of stand volume. If the stand is left unthinned
its volume increases to unrealistic levels. Based on the
data set in Mielikdinen (1980) a volume limit was
constructed above which growth was terminated. This
caused the optimal regimes to avoid too large stand
volumes. The volume limit (V,,,,. m3/ha) was defined
as a function of stand age (T):

Ve = 273.42 + 0.9308 T.

Sawtimber and pulpwood were priced individually
and, hence, equations were needed to predict the
sawtimber and wastewood percentages of stand volume.
Using nonlinear regression, maximum likelihood esti-
mates were computed based on the data in Mielikdinen
(1980). The following function form was used:

1
Percentage = '{—j

AL
by + by ()
where I+e Ny

V, = stand volume at age t,
N, = number of trees at age t and
by, by, by = parameters of the equation.

The values of the parameters and the estimated mean
squared errors of the equations are given in Table 1.
The equations are plotted in Figs. | and 2.

Price and cost data

The stumpage price ratio between pine and birch is a
preeminent factor of the optimal species mix. Using
historical data from central and eastern Finland
(Uusitalo 1985) trend equations for the price ratio were
derived for sawtimber (Fig. 3) and pulpwood (Fig. 4).
In addition to the normal ("’No’") prices given by the
trend cquations, two other sets of stumpage prices are
used in the analysis. The relative prices and the price of
pine sawtimber in each price set are:
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Stumpage price sct

No Ta Mi
Pine sawtimber 100 100 100
Birch sawtimber 93 100 83
Pine pulpwood 45 43 44
Birch pulpwood 37 43 34

Pine sawnmber(FlM/m ) 203.59 196.76 215.54

Price set "Ta” refers to a circumstance where pine
and birch have equal prices. Price set "Ma™ implics that
pine is 20 % more valuable than birch. The price ratio
is shown to have censiderable geographical variation
(Fig. 5).

The stumpage prices of each removal were adjusted,
based on average stem size (Table 2) and volume
removed (Table 3). Final harvests had the same
adjustments as thinnings. Regencration costs were
assumed fixed and independent of the resulting species
composition. The discounted value of the total
regeneration costs amounted to 4500, 4300, and 4180
FIM/ha for 0, 3, and 5 percent interest rate,
respectively.

The dynamic programming algorithm

Discrete-time, discrete-state dynamic programming
was used to derive optimal thinning, rotation, and
species composition regimes. The computational
method resembles that of Brodie and Kao (1979). The
state variables are stand volume (V), birch percentage
of volume (B), and number of trees (N). The state
vector at time t (x) is thus

T
. =V, B, N)

Because the stumpage value of a final harvest is
computed like that of a thinning, the dynamic
programming recursion may be formulated as a single
equation. In forward rccursion the optimal value
function R(x,) for stand x_at age t with a discounted
thinning revenue H ("v X, _ l) atage tis

R(x) = max [H(x,x_,)+R(x_,)]

The thinning revenue is associated with moving along
the optimal path between stand x _ | and stand x,. The
set {x, _ ,l is the set of all possnb\e stands at age t—1
from which the stand x may be reached by first
growing and then possnbly thinning at age t. T denotes
the last stage of optimization, the maximum rotation
length. Once the recursion equation is applied to stages
1 to T the optimal value function equals the sum of
discounted thinning revenues. A single rotation
optimum solution is thus found for each rotation
length. After the discounted regeneration cost is
substracted from the single rotation discounted value,
the transformation to soil expectation value is made.
Soil expectation value is then used as the final
optimality criterion.

The state space was discretized with the intervals

=10 m*/ha, B=10%, and N =75 trees/ha. The
ume (stage) interval was 5 years. At each stage the
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stand had potentially 7200 alternative states. A single
typical optimization analysis involved 350 000 thin-
nings. If simulation had becn used instead of dynamic
programming about 10'® whole rotation simulations
would have had to be covered to achieve the same
accuracy of analysis.

Results

The first set of results was derived for 40-year-old
mixed stands with varymg birch percentage. The initial
volume was 275 m*/ha and the number of trees 1200
per hectare. The underlying site index was 28 m, a
dominant height at stand age 100. Pine and birch were
assumed to be equal in height such that neither species
was overtopping in the canopy.

The optimal time paths of birch percentage are seen
in Fig. 6 for three different initial values (25, 50 and
75 %). At first, the optimal birch percentage is 30 to 50
percent. Later, the birches are removed in thinnings to
produce a pure pine stand before the end of the
rotation. However, maintaining a productive growing
stock level turns out to be more important than
achieving a desired species composition. A sample
thinning schedule is seen in Fig. 7. More detailed results
are presented in Appendix 2.

When the interest rate is lowered to zero percent
several light thinnings are applied. The birch percentage
is gradually adjusted (Fig. 8). The alternative stumpage
price sets cause only minor changes in the optimal
thinning schedules (Fig. 6 vs. Fig. 9). The effect of a
decrease of the initial volume is seen in Fig. 10.

A second set of analysis is based on 25-year-old
stands with varying birch percentage. The growth
equation has the property that the effect of birch
percentage is increased with decreasing age. Because the
youngest stands in the data were more than 35 years old
the growth equation would have been used outside the
range of the data. For stands less than 40 years old, the
influence of birch percentage on growth was restricted
not to be larger than it is for 40-year-old stands. The
carly development of stands, using the modified growth
equation, is seen in Table 4.

An optimal harvest schedule was determined for
various levels of initial birch percentage. The results
imply that 20—30 percent would be the most profitable
starting values (Fig. 11). Both a pure pine and a pure
birch stand give a lower present value than the optimal
mixed stand. It is remarkable that even the 50 percent
case results in a present value equal to that of a pure
pine stand. A sample harvest schedule is seen in Fig. 12.

The manager might want to impose a lower limit for
birch percentage because of scenic or ecological
reasons. Compared to the optimal regime, up to 30
percent of volume could be birch without any
noticeable loss (Fig. 13). If the comparison is made with
a pure pine stand the minimum birch percentage could
be raised to 50. The effect of stumpage price ratio on
the optimal birch percentage is seen in Fig. 14.

The optimal birch percentage for maximizing volume
production (Fig. 15) parallels the results by Mielikdinen
(1980). The optimal birch percentage is initially 45, after
which it gradually decreases almost to zero by the end
of the rotation. Because the interval of birch percentage
was 10 percent the exact zero was not reached in the
thinning schedule. A comparison of mean annual
increment to the results by Mielikdinen (1980) can be
seen in Fig. 16.

Lauri Valsta



Conclusions

Using the growth model by Mielikdinen (1980) for
mixed even-aged pine-birch stands the optimal species
composition, and thinning and rotation schedule was
determined. The main result of this study is that a
mixed stand of pine and birch is financially superior to
a pure pine or birch stand. Volume maximization gave

a similar result. The optimal species composition is
dependent on the stumpage price ratio between pine
and birch. However, the price variation inside the
potential region of mixed stand management (the
southern half of the country) is not likely to alter the
conclusions. The results were relatively insensitive to
changes in other parameters of the analysis.

Liite 1. Miannyn osuus metsikon kasvusta (Mielikdinen 1980).
Appendix 1. Pine percentage of volume growth (Mielikdinen 1980).

Metsikon ikid, a — Stand age

Mainnyn osuus

tilavuudesta, % 30 35 40 45 50 55 60 65 70 75 80
— Pine percentage

of stand volume Miintya kasvusta, % — Pine out of growth

10 7 7 7 7 8 8 8 8 8 8 9
20 15 15 15 15 15 16 17 17 18 18 18
30 23 23 23 24 25 26 27 27 28 28 28
40 32 32 32 34 35 36 37 38 38 39 39
50 41 41 41 43 45 46 47 48 48 49 50
60 50 50 50 53 55 56 57 58 59 60 61
70 60 60 60 63 65 67 68 69 70 71 72
80 71 71 71 74 76 78 79 81 82 82 83
90 83 83 83 85 87 89 90 92 93 94 95

Liite 2. 40-vuotiaan alkupuuston koivuosuuden vaikutus kiertoajan kokonais-
arvoihin nykyarvoa maksimoivien hakkuuohjelmien mukaan.

Appendix 2. The effect of 40-year initial birch percentage on the cumulative values
of a rotation, based on thinning schedules that maximize present value.

Kiertoaika 65 v — Rotation 65 yrs

Koivuosuus Suhteellinen  Kokonaistuotos Koivua edellisesta Keskikasvu
kyarv

Birch nzel?n vcu Total production Birch out of toial production Mean ann.

present value increment

% % m3/ha m3/ha % m3/ha/v
0 100 531,59 0,00 0 8,18
10 99,2 535,26 64,06 11,97 8,23
20 98,2 535,28 120,12 22,44 8,24
30 96,9 538,88 165,91 30,79 8,29
40 95,5 538,89 191,09 35,46 8,29
50 93,9 538,95 224,38 41,63 8,29
60 92,0 531,72 277,18 51,55 8,27
70 89,5 535,06 341,33 63,79 8,23
80 86,3 523,27 399,07 76,26 8,05
90 82,4 518,29 474,29 91,51 7,97
100 78,9 504,55 504,55 100 7,76

Kiertoaika 80 v — Rotation 80 yrs

0 100 604,36 0,00 0 7,55
10 99,1 614,04 65,88 10,73 7,68
20 97,9 622,65 122,81 19,72 7,78
30 96,7 623,51 159,05 25,51 7,79
40 95,3 625,22 193,92 31,02 7,82
50 93,7 625,32 227,07 36,31 7,82
60 91,8 623,62 279,87 44,88 7,80
70 89,6 611,62 327,21 53,50 7,65
80 86,3 598,34 391,95 65,51 7,48
90 81,1 561,81 515,09 91,68 7,02
100 78,0 572,23 572,23 100 7,15
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Res. 20: 961-969.

A two-species, whole-stand, deterministic growth model was combined with three optimization methods to derive
management regimes for species composition, thinnings, and rotation age, with the objective of maximizing soil expec-
tation value. The methods compared were discrete time - discrete state dynamic programming, direct search using the
Hooke and Jeeves algorithm, and random search. Optimum solutions for each of the methods varied considerably,
required unequal amounts of computational time, and were not equally stable. Dynamic programming located global
optimal solutions but did not determine them accurately, owing to discretized state space. Direct search yielded the
largest objective function values with comparable computational effort, although the likelihood of finding a global
optimum solution was high only for smaller problems with up to two or three thinnings during the rotation. Random
search solutions varied considerably with regard to growing stock level and species composition and did not define
a consistent management guideline. In general, direct search and dynamic programming appeared to be superior to
random search.

VALSTA, L. T. 1990. A comparison of numerical methods for optimizing even aged stand management. Can. J. For.
Res. 20 : 961-969.

Un modele de croissance déterministe pour une table de peuplement de deux essences a été combiné avec trois méthodes
d’optimisation pour déduire des régimes d’aménagement pour les compositions d’espéces, 1’élagage et I’age de rotation
avec I’objectif de maximiser la valeur attendue du sol. Les méthodes comparées étaient la programmation dynamique
de temps discret et d’état discret, la recherche systématique avec ’algorithme de Hooke et Jeeves et la recherche aléatoire.
Les solutions optimums pour chacune des méthodes variaient considérablement, requéraient des temps inégaux
d’ordinateur et n’étaient pas également stables. La programmation dynamique Jocalisait les solutions optimums globales
mais elles n’étaient pas déterminées de fagon précise étant donné ’espace discret de I’état. La recherche systématique
conduisait aux plus grandes valeurs de la fonction objective avec des temps comparables d’ordinateur méme si la pro-
babilité de trouver la solution optimum globale était grande seulement pour les petits problémes comprenant deux ou
trois élagages durant la rotation. Les solutions par la recherche aléatoire variaient considérablement pour les niveaux
de croissance des volumes et la composition des espéces et ne définissaient pas des principes directeurs consistants
d’aménagement. En général, la recherche systématique et la programmation dynamique étaient supérieures a la recherche
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aléatoire.

Introduction

The emergence of simulators that predict forest stand
development for the life-span of the forest has challenged
forest economists to determine optimal ways to manage a
stand. Dynamic optimization used in standard economic
analysis usually obtains the optimum solution using
derivative information (Clark 1976; Cawrse et al. 1984).
Realistic forest growth models, and cost and revenue models
for forest operations, generate complex function forms for
which only derivative-free numerical solution methods can
be used. )

Optimization methods that have been used with nondif-
ferentiable single-tree or whole-stand simulators include
dynamic programming (starting from Hool 1966; Amidon
and Akin 1968), random search (Bullard et al. 1985), and
multidimensional search without derivatives (Roise 1986;
Bare and Opalach 1987). Of these methods, dynamic pro-
gramming has the longest history in forest management
research and has been applied to a wide variety of manage-
ment questions, tree species, growth model types, and geo-
graphical areas (for further references, see Hann and Brodie
1980; Brodie and Haight 1985; Paredes and Brodie 1987;
Arthaud and Klemperer 1988).

Excluding dynamic programming analyses, most stand
optimization studies have concentrated on examining the
resulting objective function values produced by each

[Traduit par la revue]

method, and on testing whether or not the problem can be
solved. However, an important use of optimization models
is to study how changes in economic-biological factors of
stand management can affect optimum solutions (Roise
et al. 1988). To draw correct conclusions, the change in the
optimum solution must be attributable to changes in circum-
stances and not be a result of problems of the solution
method, as reported in some previous studies.

Roise (1986) compared three nonlinear programming
methods and dynamic programming when deriving optimum
thinning and rotation schedules for a Douglas-fir stand. All
nonlinear programming methods were sensitive to the initial
solution given as input to the algorithms, i.e., different
objective function values and control variable values were
reported for each run. Discrete dynamic programming yielded
objective function values that were less than 80% of the
values generated by nonlinear programming. On the other
hand, Kao and Brodie (1980) reported only a 1-3% loss in
the objective function value of dynamic programming when
compared with a continuous variable solution obtained
through nonlinear programming (using the flexible poly-
hedron method). Based on these studies, it seems premature
to draw conclusions about the relative performance of the
dynamic programming and nonlinear programming
methods.
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One approach to stand optimization is random search
(Bullard et al. 1985). It is clearly the simplest method to
apply and may also be considered a base-line method to
evaluate the computational effort and the resulting objec-
tive function value of the optimum solution. A reasonable
requirement is that any other optimization method should
perform computationally more efficiently than random
search in determining a comparable solution. Bullard et al.
(1985) used two strategies of random search: simple and
multistage. The authors recommend the latter strategy, in
which a set of random solutions is generated at each stage.
After each stage, the search ranges of the variables are
reduced, based on the location of the solution with the
greatest objective function value. As Bullard et al. (1985)
pointed out, the inherent limitation of random search algo-
rithms is that the optimum objective function value can not
be determined with certainty. This shortcoming becomes
more severe as the size of the optimization problem (the
number of variables) increases.

The decision problem examined in the present study is that
of determining the optimum combination of thinning, rota-
tion, and species mix for a two-species even-aged stand. The
thinning specification includes intensity by species and tim-
ing of entries. A comparison is presented of dynamic pro-
gramming, nonlinear programming using the Hooke and
Jeeves direct search method (see e.g., Hooke and Jeeves
1961; Bazaraa and Shetty 1979), and random search. Atten-
tion is paid to the objective function value, to the stability
and other properties of the solution, and to the central
processing unit (CPU) time used. It is assumed that the
objective is to maximize the soil expectation value of a
management regime; 3 and 0% real, before tax interest rates
are used. The analysis is based on a forest stand simulator
that describes the development of an even-aged mixture of
Scots pine (Pinus sylvestris L.) and silver birch (Betula
pendula Roth) (Mielikdinen 1980). Results concerning the
dynamic programming approach have been reported previ-
ously in Valsta (1986).

Optimization methods and problem formulations

Dynamic programming

Dynamic programming is a widely used method to solve
problems of multistage decision processes. When stand
management is optimized, the stages are typically defined
as time steps, e.g., S-year periods. The process to be
optimized is defined by state variables. The state variable
vector that identifies a stand in a dynamic programming
analysis is defined as

1 xf=W.,B,N)

where
x! = transpose of state vector at time ¢
V, = stand volume at time ¢
B, = birch percentage of volume at time ¢
N, = number of trees at time ¢

All other variables used in the analysis are computed on
the basis of these state variables, the time ¢, and a number
of fixed parameter values in the equations. For computa-
tional reasons, only a few state variables can be handled.
In most cases, the use of dynamic programming is therefore
restricted to whole-stand models; single-tree models involve
too large a number of state variables.

Net revenues from thinnings and final harvests are com-
puted with the same model. Thus, final harvests may be
viewed as 100% thinnings, and the dynamic programming
recursion equation may be defined as

2.1 R(x) = (ma)§[H(x, X_1) + R(x,))]

with the initial condition
[2.2] xy € X,
where

R(x,) = the optimum objective function value for
stand x, at the beginning of period ¢
{x,_1} = thesetofstandsattimes — 1from which
it is feasible to reach stand x, after
growth and a possible thinning
H(x,, x,_,) = the discounted thinning revenue, if
any, associated with moving along
the optimum path from stand x,_,
to stand x,
R(x,_;) = the objective function value for stand
x,_, at the beginning of period ¢ — 1
T = the last period of optimization, the maximum
rotation length
X, = the set of initial stands with varying By, and
fixed ¥V, and N,

The recursion equation gives the single rotation present
net value for each stand x, at ¢t = 1,...,7T. Optimization is
performed for each rotation length ¢ by recording x7, for
which (V,, N;) = (0, 0), i.e., the last cut is a clear-cut.

With the rotation age defined by ¢ for each stand x}; the
soil expectation value, SEV(x}), is computed as an infinite
series of equal rotations. Regeneration costs are taken into
account to compute soil expectation values. The optimum
solution to soil expectation value maximization is then found
by selecting the maximum SEV(x]) with respect to rotation
length ¢, t = 1,...,T.

In the present study, the discrete time - discrete state
version of dynamic programming is used. The network that
identifies the alternatives to be optimized is defined by state
variable value intervals so that all stands that fall into a given
interval (polyhedron) are considered to be at the same net-
work node, according to the neighborhood concept of
Brodie and Kao (1979). Using this problem structure, the
thinnings may be defined freely, and the state variable values
of residual stands need not be predefined.

Optimization is performed at each (5-year) time step by
choosing the stand with the largest objective function value
among the stands falling into the same state interval. The
state intervals used in the optimization are 10 m>/ha for
stand volume, 5% for birch percentage, and 75 trees/ha.

Direct and random search

Instead of using state variables to define a stand manage-
ment regime we can use control variables, which describe
the treatments in the stand. Letting B = B/100 and
~T _ . .
X, = (V,, N,), to simplify notation, the stand manage-
ment problem may be defined in nonlinear programming
form as

[3.1] max 7 = g(Bo,t,,12,...,t,,,,u“,ulz,...,ul,,,,uzl,

Upgyeves Uymy b+ 1 | Xo)
subject to
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TABLE 1. Solutions generated by different optimization methods for maximizing soil
expectation with 3% interest rate

Objective function value®

Method and Number of Rotation

run number Marks/ha  $/ha % thinnings age (years)
Dynamic programming 15 393 4160 97.0 3 65
Direct search 1 15 850 4284 99.9 2 63
Direct search 2 15 873 4290 100.0 3 63
Direct search 3 15 788 4267 99.5 4 62
Random search 1 15 461 4179 97.4 2 58
Random search 2 15 451 4176 97.3 2 64
Random search 3 15 427 4169 97.2 3 62
Random search 4 15703 4244 98.9 4" 61
Random search § 15 462 4179 97.4 3 60
Random search 6 15 641 4227 98.5 4 59
Random search 7 15 534 4198 97.9 3 54
Random search 8 15 455 4177 97.4 4 63
Random search 9 15 411 4165 97.1 3 60
Random search 10 15 478 4183 97.5 2 60

“Monetary units are Finnish marks and Canadian dollars; 1 Canadian dollar = 3.7 Finnish marks. Percent
values are proportional to the largest value achieved.
bTwo of the thinnings were extremely light, with 0.5 and 3% of the volume removed.

[3.2] uy; = hpaxs \7

[3.3] 1 -

[3.4] uy =1, \7
[3.5] fj, Uy, Uy =0, V,
[3.6] tny1 =0
where
g(+) = function for the soil expectation value of a
cutting regime
B, = birch proportion of volume in the initial stand
t; = time between thinning j — 1 and j
tm+1 = time between the last thinning and the final
harvest
u,; = proportion of volume removed in thinning j
uy; = birch proportion of the volume removed in
thinning j
hmay = maximum thinning intensity, as a propor-
tion of standing volume
B; = birch proportion of volume before thinning j
X, = initial state (volume and number of trees at
time 0)
Jj = the index of thinning
m = number of thinnings

The function g( ) is a nonlinear scalar function of the con-
trol variables By, #;, u,;, uy;, and the initial state X,. Con-
straint [3.2] imposes an upper limit for thinning intensity.
This is necessary because only the growing stock level after
thinning affects growth, not the amount thinned (see
Appendix). Constraint [3.3] ensures that no more than 100%
of either tree species is harvested in any thinning entry. Con-
straints [3.4-3.6] define upper and lower bounds for the
variables in question.

The nonlinear programming problem given above may be
solved using various methods. In the present study, the func-
tion g( ) is nondifferentiable, and a derivative-free multi-
dimensional search method has to be used. Random search
over the control variables is one alternative, although com-
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putationally more effective search methods are desirable.
Direct search methods, such as the Hooke and Jeeves
algorithm (Roise 1986) and the complex method of Box
(Bare and Opalach 1987), have been found useful for
optimization problems similar to the present one. The prob-
lem defined by [3.1-3.6] is a constrained nonlinear program-
ming problem. Because of the simple form of the constraints
and the optimization methods used, the problem, in practice,
may be solved using methods for unconstrained nonlinear
programming. In the present study, the objective function
value is set to zero whenever one of the constraints is
violated.

To perform direct search, a computer program given in
Osyczka (1984) was adapted to the present problem. Each
number of thinnings, m, forms a different optimization
problem with a corresponding number of decision variables.
Solutions to a smaller problem with fewer thinnings can be
derived from a larger problem by setting some of the con-
trol variables to zero and thereby bypassing one or more
thinnings. However, each number of thinnings tends to form
a local minimum of the function g( ) because of increasing
returns to scale in a thinning operation (see also Roise 1986).
When the rate of interest is 3%, optimum solutions are com-
puted for management regimes with 2, 3, and 4 thinnings.

The effect of thinning volume on logging costs was so
weak that in the 0% case, a large number of thinnings were
optimal. In the dynamic programming implementation used,
thinnings cannot occur more frequently than § years apart.
This resulted in the dynamic programming optimum solu-
tion of nine thinnings. Because the optimum number of thin-
nings was large in the 0% case and on the other hand, the
number of thinnings has to be specified for both direct and
random search, nine thinnings are assumed to make the
search methods comparable to the dynamic programming
implementation.

The optimization program calls the stand simulator
repeatedly, employing the control variable values as argu-
ments, and receives the resulting soil expectation value from
the simulator. As in the dynamic programming analysis, the
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TABLE 2. Solutions generated by different optimization methods for maximizing average yearly net
cash flow (which corresponds to maximizing soil expectation value with 0% interest rate)

Objective function value’

Method and Number of  Rotation
run number Marks-ha~'-year ' $-ha '-year ' % thinnings  age (years)
Dynamic programming 1520 411 99.9 9 85
Direct search 1 1496 404 98.4 9 80
Direct search 2 1457 394 95.8 8 66
Direct search 3 1511 408 99.3 9 78
Direct search 4 1436 388 94.4 9 71
Direct search § 1487 402 97.8 8 81
Direct search 6 1495 404 98.3 9 84
Direct search 7 1464 396 96.3 9 76
Direct search 8 1482 401 97.4 9 89
Direct search 9 1517 410 99.7 9 80
Direct search 10 1521 411 100.0 9 82
Random search 1 1425 385 93.8 4 72
Random search 2 1439 389 94.7 4 71
Random search 3 1449 392 95.3 5 80
Random search 4 1441 389 94.8 5 89
Random search 5 1450 392 95.4 5 82
Random search 6 1444 390 95.0 4 85
Random search 7 1433 387 94.3 3 77
Random search 8 1428 386 93.9 3 74
Random search 9 1464 396 96.3 4 86
Random search 10 1436 388 94.5 8 79

“Monetary units are Finnish marks and Canadian dollars; | Canadian dollar = 3.7 Finnish marks. Percent values are

proportional to the largest value achieved.

total volume and the number of trees of the initial stand
at age 25 years are given as inputs to the simulator and are
constant throughout all analyses. The convergence criterion
is that the difference of control variable values between suc-
cessive moves must be less than 0.01 years for the time
variables and 0.0001 for the thinning proportions.

Random search is implemented in the following way.
First, an integer is generated that defines the number of thin-
nings during one rotation. The maximum number of thin-
nings is 4 for 3% interest rate, and 9 for 0% interest rate.
A schedule with no thinnings is also an alternative. With
the number thinnings as a pseudorandom integer, nonnega-
tive pseudorandom numbers for the control variables are
generated with the following upper bounds:

Control variable Upper bound
B, (birch proportion of volume in the initial
stand) 1.0
t; (time between thinning j and j — 1; years) 20
u,; (proportion of volume removed in thinning ;) 0.4
uy; (birch proportion of volume removed in
thinning j) 1.0

One random search run consists of 25 000 simulation
trials. If the set of random variables violates constraint [3.3],
the whole random number set is rejected and a new set of
variables is generated. For each analysis, random search was
repeated 10 times with a different seed of the random
number generator.

Results

Three optimization methods (dynamic programming, ran-
dom search, and direct search) were used to solve the species
composition, thinning, and rotation problem with the objec-

tive of maximizing soil expectation value, based on an
infinite series of equal rotations. Results are reported for
3 and 0% interest rates. As usual, it was assumed that prices,
costs, and interest rates are constant over time. The initial
stand in the computations was 25 years old with 69.17 m*/ha
and 1200 trees/ha. The species composition in the initial
stand was determined in the process of optimization.

Looking at the objective function values reported by dif-
ferent optimization methods it can be seen that with 3%
interest rate, direct search gave the highest value (Table 1).
Random search values were 97.1-98.9% of the direct search
value and exceeded the dynamic programming result (97.0%
of the direct search value). The optimum rotation age of
random search solutions had a 10-year range.

When maximizing the average yearly net cash flow, i.e.,
the forest rent (which corresponds to the 0% interest rate
case), dynamic programming performed much better,
relatively speaking (Table 2). Direct search optimum solu-
tions varied considerably depending on the randomly chosen
solution given to the algorithm as a starting point. For
example, the optimum rotation length varied from 66 to
89 years. In this case, 10 runs were needed to find a solution
that would rival the dynamic programming solution in terms
of objective function value. Of the methods tested, random
search achieved the lowest objective function values in forest
rent maximization and performed worse than in the 3%
interest rate case. This was expected, because the same
number of trials (25 000 per run) was used to optimize a
larger number of variables.

The objective function defines a response surface, which
shows the result of applying various combinations of the
control variables of stand management. The differences in
the best rotation lengths of the random search solutions in
Tables 1 and 2 indicate that the response surface was
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(forest rent).

remarkably flat with regard to rotation length. The solu-
tions reported in the present study indicate that when the
thinning schedule is adjusted according to rotation length,
equally profitable management regimes may be found for
a fairly wide range of rotation ages. The weak significance
of rotation length should not be generalized to other types
of thinning schedules.

The various optimum solutions are viewed in terms of
volume development in Fig. 1 for the 3% interest rate case
and in Figs. 2 and 3 for the forest rent case. With a 3% inter-
est rate, the dynamic programming solution was quite similar
to the direct search solution (Fig. 1). The fact that it gave
a lower objective function value than the random search
solution is mostly due to the 5-year time steps used in
dynamic programming to define the available points of time
for cuttings. This reduced the largest attainable objective
function value.

The random search optimum solution for forest rent max-
imization (Fig. 3) had only four thinnings, although solu-
tions with up to nine thinnings were generated. The number
of variables to be optimized in both direct and random

search was 2 + 3m, where m is the number of thinnings.
In random search, the number of thinnings was obtained
from a uniform distribution of integers between 0 and 9,
and the search effort was equal for all numbers of thinnings.
However, the probability of finding a high-valued solution
is greater for smaller problems with less thinnings and
variables. As a result, the random search optimum solution
was biased towards a smaller number of thinnings.

When maximizing the soil expectation value with a 3%
interest rate, the results concerning optimum species com-
position (Fig. 4) were in line with those regarding growing
stock levels. Although dynamic programming had a lower
objective function value than random search solutions,
because of a lack of flexibility in thinning timing, the
optimum species composition solution given by dynamic
programming was closer to the highest optimum (given by
direct search) than were solutions by random search.
Dynamic programming approximated the direct search
optimum solution in all dimensions involved in the optimiza-
tion, contrary to random search.

The dynamic programming solution for species compo-
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sition (Fig. 4) implied an unexpected jump of birch propor-
tion at the age of 40 years. It seems to result from an
economically justified attempt to end up with a pure pine
stand at the end of the rotation. On the dynamic program-
ming optimum path, the birch proportion was 35.3% at the
age of 55 years. A value close to 0 (0.3%) can be reached
from 35.3% through an allowable control that in the
dynamic programming formulation used in this study,
changes the birch proportion by multiples of 5% steps.
Dynamic programming optimization may be performed
to various levels of accuracy, depending on the state variable
intervals used. However, computational time is strongly
affected by the choice of accuracy. The effect of the volume
interval was examined while the intervals of all other variables
were kept at their base values. Each run had ten 5-year time
steps. Results from runs on a DEC VAX-11/785 computer
showed that the volume interval had to be decreased signif-

TABLE 3. The effect of volume interval on the objective
function value and execution time in dynamic
programming runs

Objective function value®

Volume interval

CPU
(m*/ha) Marks/ha  $/ha % ()
10 15 393 4160 100 890
20 15 363 4152 99.8 333
50 15 227 4115 98.9 95
100 15 077 4075 97.9 12

“Monetary units are Finnish marks and Canadian dollars; 1 Canadian
dollar = 3.7 Finnish marks. Percent values are proportional to the largest
value achieved.

icantly before the objective function value started to decrease
markedly (Table 3). A comparison with results reported in
Kao and Brodie (1980), Valsta (1985), and Roise (1986) sug-
gests that small time intervals are important in achieving a
dynamic programming solution with a high objective func-
tion value.

The random search runs used around 120 s of CPU time
each. The direct search analysis used 30-100 s, and it required
the input of an initial solution for the algorithm. The objec-
tive function value determined by each optimization method
can be compared with the computing time used, and this
ratio may be defined as the efficiency of the method. Based
on the two optimization problems analyzed, the 3 and 0%
cases, it can be noted that direct search was more efficient
than random search. The efficiency of dynamic program-
ming, compared with the other two methods, was variable.
In the 3% case, the efficiency of dynamic programming was
lower than that of the other methods.

In the 0% case, individual runs of the two search methods
still consumed much less CPU time than dynamic program-
ming runs. However, several direct search runs were required
to arrive at a solution comparable to dynamic programming,
in terms of objective function value. This reduced the effi-
ciency of direct search to the same level as that of dynamic
programming. The efficiency of random search was now
lower than that of the other methods; the objective func-
tion value of the best random search solution, obtained
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among 10 runs of 25 000 trials, was 96% of the highest value
(Table 2).

Concluding remarks

In this study, the management of a two-species, even-aged
stand was optimized using three different optimization
methods and a whole-stand growth model. The analysis
required dynamic optimization in a three-dimensional state
space (stand volume, number of trees, and species compo-
sition). The number of thinnings considered varied from 0
to 9, and the resulting number of control variables varied
from 2 to 29.

The performance of the solution methods tested, relative
to each other, was dependent on the problem size, i.e., the
number of thinnings and variables to be optimized. In the
present study and in the study by Roise (1986), direct search
and random search solve the optimization problem in con-
trol variable space, whereas dynamic programming operates
in state variable space. The dimension of the state space does
not depend on the number of thinnings. On the other hand,
the dimension of the control space increases with an increas-
ing number of thinnings. Which of the variable spaces is
more advantageous depends on the problem and the avail-
able optimization methods.

Dynamic programming was the most robust method
among those tested. Its solutions were always close approx-
imations of the accurate optimum in all dimensions of the
state space. By definition, dynamic programming finds the
global optimum solution, subject to the discretization of
state space. The disadvantages associated with dynamic pro-
gramming include relatively low computational efficiency
when the number of thinnings is small and the fact that it
is inapplicable to stand growth models with more than three
or four state variables.

Direct search with the Hooke and Jeeves method per-
formed computationally efficiently and determined the
highest objective function values among the methods tested.
However, when optimization involved several thinnings, the
nonconvexity of the problem increased and results became
dependent on the starting solution given as an input. Solu-
tion stability was weak, for example regarding the optimum
rotation for forest rent maximization. Repeated runs were
required to assume a globally optimal solution. Conse-
quently, when employing this method, an analyst must be
familiar with the method and the characteristics of the par-
ticular problem to be solved.

Random search gave larger or smaller objective function
values than dynamic programming. For variables with a flat
response surface, random search gave inconsistent optimum
solutions that did not provide informative management
guidelines. On the other hand, when the optimization prob-
lem was relatively small (one or two thinnings), the method
performed competently in optimizing growing stock level
and rotation length. This method provides an opportunity
to substitute computing effort for analyst expertise.

The primary use of results from stand level optimization
is to define profitable stand treatment schedules. A forest
manager might not be too concerned whether the solution
to be applied is exactly correct in terms of net revenues, or
2-3% away from the optimum. Another important applica-
tion of optimization is to examine the effects of changes in
costs, prices, and other parameters of stand management.
This type of analysis demands greater accuracy and certainty

of the optimum solution. It appears doubtful that methods
with direct search strategy could be used for this type of anal-
ysis, except in problems with only a few decision variables
(for an example, see Roise et al. 1988). Numerous local
optima seem to be found in optimization problems with
more than one thinning and the times between thinnings as
decision variables. They may prove intractable for search
methods utilizing a hill-climbing strategy. An important arca
for further research would be to explore the reasons for local
optima and the possibilities to smooth the response surface
of a stand simulator.
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Appendix: stand growth simulator

The simulator is based on the growth and yield study by
Mielikdinen (1980). The growth model is classified as a
whole-stand model and is for even-aged Scots pine and silver
birch stands in southern Finland. It gives the total volume
growth percentage (P, %) as a function of stand breast height
age (T,3), total stand volume (¥, m3/ha), and birch
percentage of volume (B, %):

[A1] In(P) = 7.050 — 0.8732 In(T;;) — 0.4187 In(V)
— (0.5154 x 1079 BT?,) — 1.403 [(S0 — B)*/T},)

The volume growth percentage is an annual average of
a S-year future growth period. When using random search
or direct search as optimization methods, growth predictions
are needed for time periods of varying length, i.e., not
necessarily multiples of 5 years. In these cases, it is assumed
that the growth of the last period, being shorter than 5 years,
is proportional to the length of the period. To allocate the
predicted total volume growth between the two species, a
table from Mielikdinen (1980) is used (Table Al). Inter-
mediate values are linearly interpolated.

The data used in the study by Mielikdinen (1980) were
from managed stands only. A mortality model was not
estimated in that study, nor is one available for the same
population of stands from other studies. The growth model
[A1] does not realistically predict the growth of fully stocked
stands that have mortality due to high stand density. An
ad hoc model, based on the data set in Mielikédinen (1980),
was constructed as a simple volume limit, above which
growth is terminated. This causes optimization to avoid the
high stocking levels, because a failure to thin before the
stand reaches the volume limit results in loss of growth. The
volume limit (Vg m?/ha) is defined as a function of
stand age (7, years)

[A2] V5 = 273.42 + 0.9308T

During optimization, extremely heavy thinnings would
occur, with more than 50% of the growing stock removed.
The growth model has no variable that would carry on
information from past thinnings and would reduce growth
after extremely heavy thinnings. This type of information
would, in fact, cause the growth simulator to violate the
principle of optimality of dynamic programming, unless the
variable containing this information would be chosen as one
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TABLE Al. Pine growth as a percentage of the total volume
growth of a mixed stand

Stand age (years)

Pine % of

stand vol. 30 35 40 45 50 55 60 65 70 75 80
10 7 7 7 7 8 8 8 8 8 8 9
20 15 15 15 15 15 16 17 17 18 18 18
30 23 23 23 24 25 26 27 27 28 28 28
40 32 32 32 34 35 36 37 38 38 39 39
50 41 41 41 43 45 46 47 48 48 49 50
60 50 50 50 53 55 56 57 58 59 60 6l
70 60 60 60 63 65 67 68 69 70 71 72
80 71 71 71 74 76 78 79 81 82 82 83
90 83 83 83 85 87 8 90 92 93 94 95

Norte: This table is from Valsta (1986) and is reproduced with the permission of
Folia For., Vol. 666. ©1986 Finnish Forest Research Institute.

TABLE A2. The parameter values of equations to estimate volumes
by product classes

Parameter
Dependent variable
(proportion) by b, b,
Pine, sawtimber 26.509  —29.004 0.050 616
Birch, sawtimber —-2.7634 1.3414 —-0.573 64
Pine, nonmerchantable  —15.687 21.395 0.062 216
Birch, nonmerchantable —17.802 23.469 0.061 549

Norte: This table is from Valsta (1986) and is reproduced with the permission of
Folia For., Vol. 666. ©1986 Finnish Forest Research Institute.

of the state variables in the dynamic programming model.
Growth predictions after very heavy thinnings would most
likely be erroneous with the current growth model. To avoid
this problem, a maximum value for thinning intensity is set.
This value is subjectively chosen to be 40%, and it is
computed from total stand volume.

In a whole-stand growth simulator, the average tree size
is a useful variable to determine stumpage values and logging
costs. Because the simulator is restricted to operate in stands
where, by presumption, no mortality occurs, the number
of trees remains constant between thinnings. Assuming
mechanical thinnings (average dbh after thinning equals that
before thinning), it is possible to simply add the number of
trees to the simulator as an additional state variable that does
not affect stand development. The average tree size is
assumed to be equal for both tree species and is obtained
by dividing stand volume by the corresponding total number
of trees.

The functions estimated in Valsta (1986) are used to
compute the volumes of product classes (pulpwood, saw-
timber). The function form for the proportions (P) of
sawtimber and nonmerchantable wood is as follows:

1
1 + explby + by(V/N)?)

where V is stand volume, N is the number of trees, and by,
by, and b, are the parameters of the regression equation.
The parameter values for each equation are given in
Table A2.

The stumpage prices are obtained from Valsta (1986) and
are based on historical trends. The price for pine saw-
timber is 203.59 Finnish marks/m? (approximately $58

[A3]

TABLE A3. Stumpage price
adjustment (Finnish marks) based
on average tree size of a cut

Avg. stem size Adjustment

(m?) (marks/m?)
0-0.3 -6
0.301-0.4 -3
0.401-0.5 0
0.501-0.6 4
=0.601 8

Norte: This table is from Valsta (1986) and is
reproduced with the permission of Folia For.,
Vol. 666. ©1986 Finnish Forest Research
Institute.

TABLE A4. Stumpage price
adjustment (Finnish marks) based
on the volume cut

Vol. cut Adjustment

(m*/ha) (marks/m?)
0-12.5 -24
12.5-25 -18
25.1-30 -11
30.1-50 -1
50.1-60 -5
60.1-75 -2
75.1-100 0
100.1-125 2
125.5-150 3
150.1-175 5
175.1-250 6
=250.1 8

Note: This table is from Valsta (1986) and is
reproduced with the permission of Folia For.,
Vol. 666. ©1986 Finnish Forest Research
Institute.

(Canadian)/m?, or $1.38 (U.S.)/ft?). The prices for other
wood assortments, relative to pine sawtimber, are 93% for
birch veneer logs, 45% for pine pulpwood, and 37% for
birch pulpwood. To reflect logging costs, the stumpage price
is adjusted on the basis of average tree size and total volume
removed in any one thinning or final harvest (Valsta 1986).
These figures were obtained from the stumpage price agree-
ment between Finnish forest industry and the farmers’
association and are reproduced in Tables A3, and A4. The
discounted total regeneration costs used in computing soil
expectation value are 4500 and 4300 Finnish marks/ha for
0 and 3% real interest rates, respectively. It is assumed that
any species composition at the initial age (25 years) can be
achieved with the same amount of investment in regeneration.
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A nonlinear programming algorithm was combined with
two individual-tree growth simulators consisting of dis-
tance-independent diameter and height growth models
and mortality models. Management questions that can
be addressed by the optimization model include the
timing, intensity and type of thinning, rotation age, and
initial density.

The optimum thinning programs were characterized
by late first thinnings (at a dominant height of 15-17 m)
and relatively high growing stock levels. It was optimal
to thin from above, unless mean annual increment was
maximized instead of an economic objective. In most
cases, the optimum number of thinnings was two or
three. Compared to a no-thinning alternative, thinnings
increased revenues by 1545 % depending on the objec-
tive of stand management. Optimum rotation was strongly
dependent on the interest rate.

Hooke and Jeeves’ direct search method was used for
determining optimum solutions. The performance of the
optimization algorithm was examined in terms of the
number of functional evaluations and the equivalence of
the objective function values of repeated optimizations.

Tutkimuksessa laadittiin metsikon kisittelyn optimoin-
timalli yhdistimillid epilineaarisen ohjelmoinnin algo-
ritmi kahteen simulaattoriin, jotka koostuivat puittaisista
ldpimitan ja pituuden kasvumalleista ja kuolemismal-
leista. Optimointimalli soveltuu harvennusten ajoituk-
sen, voimakkuuden ja tavan sekd kiertoajan ja metsikén
perustamistiheyden samanaikaiseen tarkasteluun.

Tuloksia laskettiin eteldsuomalaisille kuusikoille, 14-
hinnd OMT:té vastaaville kasvupaikoille, joissa puuston
tiheys taimikonhoidon jilkeen oli n. 2000 kpl/ha. Las-
kelmissa kdytettyjen taloudellisten tekijéiden arvojen
vallitessa oli edullisinta harventaa puusto ensimmiisen
kerran varsin myG6hdisessi vaiheessa (15-17 metrin val-
tapituuden kohdalla). Suhteellisen korkeat puustopii-
omat (pohjapinta-ala 25-40 m%ha) olivat optimaalisia.
Harvennusvoimakkuus riippui harvennusten lukumii-
rastd. Yldharvennus oli edullisin harvennustapa muul-
loin paitsi tilavuuskasvua maksimoitaessa. Optimaali-
nen harvennusten lukumiird oli kahdesta kolmeen ja
harvennukset lisisivit tuottoja puunkasvatuksen tavoit-
teesta riippuen 15-45% kiertoajan kuluessa harventa-
mattomaan vaihtoehtoon verrattuna. Korkokanta vaikut-
ti voimakkaasti optimikiertoaikaan, joka vaihteli 70 vuo-
desta yli 110 vuoteen.

Optimiratkaisut médritettiin Hooken ja Jeevesin suo-
rahakumenctelmailla. Optimointialgoritmin toimivuutta
arvioitiin funktioevaluointien lukumaiirin ja toistettujen
optimointien tavoitefunktion arvojen yhdenmukaisuu-
den perusteella.

Keywords: stand management, optimization, thinning, rotation, initial density, individual-tree simulator, Norway

spruce, Picea abies.
FDC 174.7 Picea abies + 24

Author’s address: The Finnish Forest Research Institute, Information Systems Group, Unioninkatu 40 A, 00170

Helsinki, Finland. Electronic mail: lauri.valsta@metla.fi

ISBN 951-40-1263-1
ISSN 0001-5636

Tampere 1992. Tammer-Paino Oy

Valsta, L.



Contents

1 INTRODUCTION .....oooiiiiiiiiiiiiiiiiiettetttnt ettt ettt ettt ettt e senenens 4
2 STAND SIMULATORS ...ttt 5
2.1 Growth and mortality Models ..........cccoeeeiiriniririiiriic e 5
2.2 Thinning MOdel .......c.coeiiiiiiiiiiiiiiiiii et 6
2.3 Yield models and economic data 6
2.4 Restrictions of the models .... R
2.5 Plot data for SIMULAtiON ........cccevvieiiiiiiiriicicccceece e 7
3 OPTIMIZATION METHOD ......ccooetitniiririnieieietseeie ettt ettt 7
4 RESULTS ..ottt ettt sttt sttt aeane 9
4.1 Optimum thinning programs for different goals of stand management .. 9
4.2 Optimum thinnings and rotation for different numbers of thinnings ...... w9
4.3 Optimum thinning type and initial density ...........cccoceveviivrereirirennnn. .. 10
4.4 Behavior of the optimization algorithm ..............coovevevieriieiiiieeceee e 12
5 DISCUSSION ...ttt ettt st sa s b ss e et saesseaeeaeeneene 14
REFERENCES ..ottt et s sttt eae e ereneene 17
APPENDICES ...ttt sttt r e sttt ane 19

Acta Forestalia Fennica 232



1 Introduction

Controlling the amount and structure of the grow-
ing stock is one of the most important decisions
in forestry. In practical decision-making, the
true optimum treatment of a stand always de-
pends on the rest of the forest property and the
economic setting of the forest owner. Results
concerning single, independent stands are, how-
ever, useful for management guidelines or com-
parative analyses where the effects of some eco-
nomic or biological factors of stand manage-
ment are studied.

At the present stage of forest modelling, re-
generation optimization is deficient because of
lack of usable models for stand regeneration and
juvenile development. Considering individual
stands, it is useful from optimization point of
view to separate management questions regard-
ing thinnings and final harvest from those deal-
ing with regeneration.

The main decision problem in this study is the
following: Assume that we have a young, estab-
lished stand, free of competing vegetation. How
should we treat the stand for the rest of the
rotation? We are interested in the optimum com-
bination of

— the number of thinnings

— the timing of thinnings

— the amounts thinned

— the types of thinnings (from below, from above)
— rotation

—  pre-commercial thinning (tending)

Traditionally, these questions have been studied
on the basis of field experiments incorporating
sets of treatment regimes. At best, partial ques-
tions can be answered by these experiments
consisting of a limited selection of treatment
alternatives. To determine an optimum combi-
nation of many variables, we must resort to
computer-based models. To accomplish this we
need both a set of models that predict the devel-
opment of any given stand subject to various
treatments, a stand simulator, and a procedure
for finding an optimum set of treatments, an
optimization algorithm.

Thinnings have several economic effects. They
affect the amount of capital invested in standing
timber, the short and long term growth rates of
standing trees, mortality due to different causes,
the quality of remaining trees, future logging

costs, and the optimum rotation. The complete
effects of a thinning are not realized until the
end of the rotation. Other decisions that may
interact with thinnings include initial density,
vegetation management, precommercial thin-
ning, and fertilization.

One interesting management question is thin-
ning type, i.e., whether one should thin the small-
er or the larger trees of a stand. Thinning type
has been a controversial issue in Finland, espe-
cially after the 1948 “Thinning Declaration”
(Julkilausuma 1948). The thinning declaration
banned thinnings from above because selection
harvesting had led to devastation in Finnish for-
ests and it was considered that the best way to
improve thinning practices was to allow only
thinning from below.

Finnish research on thinning types was not
activated until the 1960s: the first results were
published by Vuokila from temporary plots
(1970) and remeasured plots (1977). Later meas-
urements of the latter were reported by Mie-
likdinen & Valkonen (1991), who also comput-
ed monetary returns. Results from another set of
experiments were reported by Hynynen & Kuk-
kola (1989). Comparable studies in terms of
biological conditions have been made in Swe-
den (Eriksson 1990). Regarding spruce stands,
the Finnish and Swedish results suggest that
thinning from above slightly reduces volume
growth, compared to thinning from below. In
present value computations, thinning from above
was slightly superior (Mielikdinen & Valkonen
1991).

Finnish model-based analyses that include
thinning type are limited to two. Both of them
are based on whole-stand growth models and, as
such, make simplifying assumptions about thin-
ning returns and future growth relating to differ-
ent thinning types. Kilkki & Viisidnen (1969)
used dynamic programming to determine the
optimum thinning program for Scots pine stands
and made separate analyses for thinning from
below and above. Their results showed 2 to 12
% higher present values for thinning from above,
when comparing optimum regimes of each thin-
ning type. However, their analysis did not ac-
count for the increase in unit value of standing
timber due to thinning from below, compared to
thinning from above. Himildinen (1978) ana-
lyzed thinning types using a set of thinning
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alternatives based on the growth functions by
Vuokila (1967) for Scots pine stands. In this
study, as well, thinning type did not affect the
growth of the stands and the results are clearly
conditional. Thinning from below was more prof-
itable when the interest rate was 2 % or less,
whereas thinning from above was superior with
interest rates of 3—5 %.

A Swedish study (Olsson 1986) utilizing indi-
vidual-tree growth functions (Soderberg 1981
and Elfving 1982, ref. Olsson 1986) indicates
that thinning from above is slightly superior
under both a volume and a value criterion. How-
ever, the results for Norway spruce stands are
based on only a few simulations.

The studies cited so far are based on round-
wood market prices. If wood processing is taken
into account in the computations, the results
may be altered. This is because at least in Fin-
land, roundwood market prices do not com-
pletely correspond to values derived from wood
products, such as lumber. An example from
Sweden is reported by Persson (1986) where log
quality was considered as a pricing factor. This
improved the profitability of thinning from above
because most rapid diameter growth (resulting
from thinning from below) was avoided and the
tree rings did not become excessively wide.

Methods that have been used in other coun-
tries for optimizing thinning type include dy-
namic programming (Haight et al. 1985, Arthaud
& Klemperer 1988, Torres-Rojo & Brodie 1988,
Yoshimoto et al. 1990), nonlinear programming
(Roise 1986b, Bare & Opalach 1987), and dis-
crete time optimal control theory (Haight 1987,
Solberg & Haight 1991). Given the large selec-
tion of species, growing conditions, and eco-
nomic parameters, it is not reasonable to try to

form an overall conclusion about the optimum
thinning type. However, a pattern found in sev-
eral of the studies is that thinning from below is
optimal when maximizing the mean annual in-
crement and thinning from above when maxi-
mizing discounted values. Most of the studies
were made with various pine species. An opti-
mum solution for Douglas fir, a species resem-
bling Norway spruce, had a precommercial thin-
ning from below and a commercial thinning
from above (Roise 1986b).

The principal objective of the present investi-
gation is to develop an optimization model for
analyzing stand treatment options based on in-
dividual-tree, distance-independent growth mod-
els. A solution to this problem was first present-
ed by Roise (1986a). (Kao & Brodie (1980)
solved the same problem for a whole-stand
growth model.) A model based on Finnish
growth models (Mielikdinen 1985) was present-
ed by Valsta (1987), but with limited numerical
results. A more operational form of the optimi-
zation model was reported in Valsta (1992), but
the main objective of that study was stochastic
optimization. Using a deterministic version of
the improved optimization model, the present
study examines the effects of different elements
of the optimization problem, such as the objec-
tives of stand management, the number of avail-
able thinnings, the initial density, and the growth
models. The numerical results concern exam-
ples of Norway spruce stands in southern Fin-
land. The results are compared with previous
research, as well as the present recommenda-
tions of a forestry extension organization in Fin-
land. The performance of the optimization algo-
rithm is also tested.

2 Stand simulators

2.1 Growth and mortality models

The growth models of the Finnish forestry plan-
ning system ‘MELA’ were chosen as the basic
individual-tree, distance-independent growth
simulator (Ojansuu et al. 1991). Optimization
results may be strongly dependent on the growth
models, and so for comparison, another set of
models was chosen from the study by Mie-
likdinen (1985). The function forms of the mod-
els are presented in Appendix 1. Both sets of
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growth models have been estimated from tem-
porary sample plot material. However, the
MELA models have been extensively tested
against repeated forest inventories and remeas-
ured permanent plot data (Ojansuu et al. 1991).

The basic mortality model chosen (Haapala
1983, also used by Ojansuu et al. 1991) predicts
individual tree mortality in managed stands free
of large scale mortality. The model does not
apply to stands at limiting densitics. Another
model (Hynynen 1991) identifies the self-thin-



ning curves based on stand level variables. Be-
cause of lack of comprehensive data, the two
models given above do not predict mortality
reliably for older stands with less than 500 trees
per hectare. These conditions are found by the
optimization algorithm and taken advantage of.
To handle these cases, live crown ratio is linked
to mortality. This is achieved by combining a
live crown ratio model (Mielikdinen 1985, Equa-
tion 17) with two ad hoc models. It should be
noted that the crown ratio model is used for a
purpose not intended by Mielikdinen (1985, p.
28-29). This is done because no other models
are available. The mortality models are described
in more detail in Appendix 1.

2.2 Thinning model

The thinning model defines the number of trees
cut in each diameter class, and it is the same as
reported in Valsta (1992). Being essential for
the thinning type analysis, the model descrip-
tion is repeated here.

The present thinning type model was designed
with the idea of being able to vary the accuracy
and the number of variables required. To achieve
reliable solutions with the available nondiffer-
entiable optimization algorithms, the number of
decision variables must be kept to the mini-
mum. This can be done by specifying thinnings
by groups of diameter classes (Haight & Mon-
serud 1990, Yoshimoto et al. 1990), by remov-
ing trees from below or above (Haight et al.
1985, Haight 1991), or by using a diameter
distribution function with its parameters as de-
cision variables (Bare & Opalach 1987).

In the present study, a piecewise linear func-
tion defines thinning intensities as a function of
tree diameter, relative to the smallest and the
largest diameters of the stand at time of thin-
ning. Thinning parameters define thinning rates
(percentages of trees cut) at the corner points of
the piecewise linear function. At one extreme,
there may be only one thinning parameter, and
the thinning rate is constant across all tree diam-
eters. At the other extreme, there may be a
thinning parameter for each diameter class. As
an example, suppose that we wish to use three
parameters, p;, p,, and p;, to define a thinning.
They denote thinning rates at the minimum,
midpoint, and maximum tree diameter, d,,,, d,ia,
and d,,,, respectively. Thinning rates for other
diameters are computed using linear interpola-
tion. An example of the thinning specification is
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Fig. 1. Thinning specification based on threc parameters
for a stand with minimum and maximum breast
height diameters of 14 and 26 cm, respectively. For
example, the thinning rate for 24 cm trees is 73 %.

shown in Fig. 1, with three parameters to define
the thinning intensities for different diameters.
The first and last parameter always refer to the
smallest and largest diameter of the stand at
time of thinning.

2.3 Yield models and economic data

Tree total volumes and volumes by wood as-
sortment are computed based on the models by
Laasasenaho (1982) using computer programs
by Laasasenaho & Snellman (1983). Wood as-
sortment volumes are based on tree dimensions
only — no deductions due to defects are made.
The amount of sawtimber produced is thus over-
estimated but the importance of this bias is re-
duced by the small difference between the road
side prices of spruce sawlogs and pulpwood.

Logging costs are based on the Finnish log-
ging and hauling work tariffs (Valsta 1992).
The tabulated tariff values were smoothed to
form equations of total logging cost as functions
of average tree size and total volume harvested.
The models are given in Appendix 1.

Road-side values for spruce sawlogs and pulp-
wood are 210 and 180 FIM/m’, respectively.
Regeneration costs are assumed to be 4300 FIM
per hectare. When initial density (trees/ha) is a
decision variable, regeneration cost (FIM/ha) is
computed as:

cost = 1800 + 1.25 density (1)
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Soil expectation value is computed based on a
series of equal rotations. All costs and revenues
are discounted to stand age 0, and then trans-
formed to an infinite series using coefficient
(I +0)7/[(1+ )T - 1], where i is the decimal
interest rate and 7 is rotation length.

2.4 Restrictions of the models

The model set employed causes some important
factors to be ignored in the analysis. These in-
clude

— improvement of stand quality by thinnings
- spatial distribution of trees and skid roads
— logging damage to remaining trees

Also, the growth models are used for predicting
growth in stands thinned from above, whereas
the sample trees were taken from stands thinned
mostly from below. Further, risk and uncertain-
ty are not accounted for: growth and mortality
of trees are deterministic, prices and costs are
known and constant over time.

2.5 Plot data for simulation

Measurements of three experimental plots are
used as starting points for stand simulation (Ta-
ble 1). The plots were established and are man-
aged by the Finnish Forest Research Institute,
Department of Forest Production. All plots are
of planted Norway spruce. The diameter distri-
butions of the initial stands are shown in Fig. 2
and the complete listings by diameter class are
given in Appendix 2. The diameter distribution
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Fig. 2. The diameter distributions of plots 11302 (14
years old), 15505 (21 years old), and Nynis 1/01 (40
years old).

Table 1. Characteristics of the three plots used as initial
stands. For symbols, see App. 1.

Plotnumber  H100 Age Dy, Hdom Basal Trees/
arca ha

11302 28 14 2.8 34 0.8 2208

15505 29 21 7.4 73 6.8 2038

Nynds 1/01 29 40 144 148 37.0 1890

of plot 11302 was expanded by duplicating di-
ameter classes 1 to 4 cm in order to give more
room for thinning type optimization. Tree height
values are based on sample tree measurements.

3 Optimization method

The optimization method is a deterministic ver-
sion of the one applied by Valsta (1987, 1992).
The basic approach is after Kao & Brodie (1980)
and Roise (1986a). Fig. 3 shows the overall
structure of the simulation-optimization model.
The stand growth simulator is depicted as a
black box to reflect the fact that the optimiza-
tion algorithm knows of the simulator only by
the objective function values it obtains in return
for decision variable vectors.

Hooke and Jeeves’ (1961) direct search meth-
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od is used as the optimization algorithm. It is
classified a derivative free, multidimensional
search method for unconstrained nonlinear pro-
gramming (Bazaraa & Shetty 1979). Compared
to other alternatives, it has performed well with
whole-stand and individual-tree growth models
(Roise 19864, Linkosalo 1991).

Hooke and Jeeves’ direct search algorithm
operates using two search modes: exploratory
search and pattern search. Given a base point,
exploratory search examines points around the



Stand data

The vector of decision variables

Stand

simulator

Optimum

Optimization !
solution

algorithm ®

Objective function value

Initial solution

Fig. 3. The structure of the optimization-simulation model.

base point in the directions of coordinate axes.
Pattern search moves the base point in the direc-
tion defined by the previous base point and the
best point of exploratory search. An example of
the algorithm operation is seen in Fig. 4, where
the function y = (x; — 2 x;)? + (x; — 2)* is mini-
mized. The points generated, joined with line
segments, are labelled. The initial point is
(10,10). The short horizontal and vertical moves
are the exploratory searches and the longer jumps
are the pattern searches. The first ten pattern
moves lead to point (2.4,1.2) with a function
value 0.0256, while the true optimum is at point
(2,1) with a function value 0.

The vector of decision variables consists of
times between forest operations and informa-
tion on how the operation is executed, e.g., thin-
ning percentages at different tree diameters, or
the number of plants per hectare. When opti-
mizing the rotation, two thinnings defined by
three parameters (thinning percentage for the
smallest, medium-sized, and the largest trees),
and initial density, the vector of decision varia-
bles is, e.g.:

(14.2,
29.9,

time from the last thinning to the final cut
time from the start of the simulation to the
first thinning

first thinning, thinning percentage for the
smallest trees

first thinning, thinning percentage for medi-
um-sized trees

100.0, first thinning, thinning percentage for the larg-
est trees

time from the first thinning to the sccond
(last) thinning

sccond thinning, thinning percentage for the
smallest trees

14.5,

0.00,

12 ¢

10 +

X1

Fig. 4. Sequence of points on plane x,x, generated by
Hooke and Jeeves’ algorithm when minimizing the
function y = (x; — 2 x;)> + (x, — 2)* from initial point
(10,10).

70.2, second thinning, thinning percentage for me-
dium-sized trees

second thinning, thinning percentage for the
largest trees

trees per hectare

100.0,
2200)
This is the optimum solution with 3 % discount

rate for plot 11302 with MELA growth models
(two thinnings).
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4 Results

4.1 Optimum thinning programs for
different goals of stand management

Unless otherwise stated, the results presented
are based on the MELA growth models (Ojan-
suu et al. 1991) and plot 15505 tree list as the
initial stand. Stand volume development in the
optimum thinning programs is shown in Fig. 5
for maximizing volume production, i.e., mean
annual increment (M.A.L.), as well as soil ex-
pectation values at 1, 3, and 5 % interest rate.
Thinnings were defined by three parameters and
a maximum of four thinnings are considered.
As anticipated, the higher the interest rate, the
shorter the rotation, and the earlier, the fewer
and the heavier the thinnings. The solution for
maximum M.A.I. with 4 thinnings produced 10.2
m¥ha/yr in a 96-year rotation. Thinning intensi-
ty varied from 20 to 27 % of volume, and thin-
nings both captured mortality and removed larger
trees. For an unthinned stand (not shown in Fig.
5), the optimum rotation was 71 years with an
M.A.L of 8.7 m3/ha/yr. 21 % of the trees (35 m?/
ha) died during the rotation. Although thinnings
can not increase periodic volume increment in a

stand, they can increase the total volume har-
vested per year during the rotation. A part of the
increase results from a longer optimum rotation
in the thinning case. Then, a proportionally short-
er part of rotation is used by the young stand
period where volume growth is small.

4.2 Optimum thinnings and rotation for
different numbers of thinnings

The optimization of thinnings and rotation for
each number of thinnings constitutes a different
problem with a corresponding number of varia-
bles. The number of thinnings is therefore a
parameter given to the computer program at the
outset. Optimum solutions for 1, 2, and 3 thin-
nings are shown in Fig. 6 in terms of stand basal
area and dominant height. According to expec-
tations, thinning intensity decreased with an in-
creasing number of thinnings. The time of the
first thinning was about the same in all cases.
Dominant height was reduced at the time of
thinning because the thinnings were from above.

The optimum rotation age increased with the
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Fig. 5. Optimum thinnings and rotation for different
objectives: maximum Mean Annual Increment
(M.A.L.), and maximum soil expectation valuc at 1,
3, and 5 % discount rate. Thinnings are defined by
three parameters.
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Fig. 6. Basal area development in the optimum thinning
programs with 3 % interest rate for one, two, and
three thinnings.
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Fig. 7. Optimum rotation age for different numbers of
thinnings for average annual net cash flow (0 %) and
3 % soil expectation value.

number of thinnings (Fig. 7). The effect was
stronger with no discounting (0 %, i.e., forest
rent case). The average diameter at final harvest
was only slightly increased by thinnings: with a
3 % interest rate it amounted to 18, 21, 22, and
23 cm for 0, 1, 2, and 3 thinnings, respectively.

Returns to thinning were notable with all the
criteria used and more so with a greater interest
rate (Fig. 8). However, most of the gain was
achieved with just one thinning. Optimum re-
gimes with two to four thinnings produced about
the same return. The fact that the returns were
almost constant for regimes with two, three, or
four thinnings may not hold for other (subopti-
mal) thinning regimes.

4.3 Optimum thinning type and initial
density

The optimum thinning type (thinning from be-
low/above, or low/high thinning) was affected
by the objective of stand management and by
stand density. In Fig. 9, thinning type is defined
as the ratio of average diameter of trees thinned
to average diameter of all trees (arithmetic aver-
ages), denoted by d/D. The ratio d/D <1 implies
thinning from below and d/D > 1 indicates thin-
ning from above. With an economic objective,
thinning from above was optimal in most situa-
tions.
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Fig. 8. Relative returns in relation to the number of
thinnings for different objectives: maximum mean
annual increment (harvested), average annual net
cash flow (0 %), and soil expectation value with 3 %
interest rate.

When maximizing volume production, both
the smallest and the largest trees were thinned.
The first thinning was from above which was
exceptional in view of other results for the same
objective. The optimum regimes with one or
two thinnings (not shown in Fig. 9) did not
include thinnings from above but employed thin-
nings from both ends of the diameter distribu-
tion.

The optimum thinning program depends on
the initial density. The basal area development
in optimum thinning regimes with different ini-
tial densities is shown in Fig. 10. Soil expecta-
tion value was computed using density inde-
pendent regeneration costs because initial den-
sity was not a decision variable in this analysis.
Natural regeneration would be an appropriate
assumption in this case.

Precommercial thinning was profitable only
for the stand with 4400 trees per hectare. About
1000 trees (average d.b.h. 3.4 cm) were removed
at a cost of 760 FIM/ha at 15 years. This re-
duced mortality during the following 25 years
(the time up to the first commercial thinning)
from 10 % to 3 %.

The time of the first commercial thinning was
set in the optimum solution by the optimization
algorithm so that adversely high growing stock
levels were avoided. The optimum number of
commercial thinnings was 2 for 1100 trees/ha
and 3 for 2200 trees/ha, and 2 for 4400 trees/ha.
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Fig. 9. Optimum thinning type (d/D -ratio) when maxi-
mizing soil expectation value with 1 % and 3 %
interest rate, and M.A.l in three-thinning regimes.
Thinnings are defined by three parameters.

The regime for the greatest density included one
precommercial thinning, too. The thinning in-
terval and intensity were also affected by the
initial density. In most cases, the basal area
before thinning was between 35 and 40 m?/ha.

Initial density was optimized by adding it to
the vector of decision variables. Density optimi-
zation was made for stands based on the tree list
of plot 11302 which is a 14 years old plantation
at the beginning of simulation. Different initial
densities were generated by multiplying the
trees-per-hectare values of the tree list by the
initial density decision variable. Establishment
costs were computed according to Eqn. (1). Be-
cause of the lack of empirical basis of Eqn. (1),
the purpose of the results is only to present the
methodology of optimizing initial density
(planting density) using the present algorithm.

An increasing interest rate decreased the opti-
mum initial densities (Fig. 11). Rotation length
was also clearly affected by the interest rate.
The runs were made so that two thinnings were
possible but optimization set one of them to
zero in the 4 and 5 % interest rate cases. The soil
expectation value was —46 FIM/ha at 5 % inter-
est rate; which is the approximate maximum
internal rate of return obtainable based on the
present models and parameter values.
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Fig. 10. Basal area development following different ini-
tial densities in optimum thinning regimes (3 %
discount rate). Numbers of trees by diameter class of
plot 11302 are multiplied by 0.5, 1.0, and 2.
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4.4 Behavior of the optimization algorithm

The number of variables N in the problem of
optimizing thinnings and rotation is given by N
=1+ nt* (1 + np), where nt is the number of
thinnings and sp is the number of thinning pa-
rameters. The larger the number of variables,
the slower the convergence to an optimum solu-
tion. The performance of the algorithm in opti-
mizing stand management is shown in Fig. 12
for three different optimization problems: no
thinnings (rotation length only), one thinning
defined by three parameters, and two thinnings
defined by three parameters. The number of
variables to be optimized is 1, 5, and 9, respec-
tively. Contrary to Fig. 4, Fig. 12 shows only the
pattern search moves; the points generated by
exploratory searches are not plotted.

The experience of the author has been that the
time variables (times between cuttings) are much
more time-consuming to optimize than the vari-
ables for thinning intensities. This can be seen
in Figs. 13 and 14 which are based on the growth
models by Mielikdinen (1985). The thinning
parameters produce smooth response surfaces
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Fig. 12. Convergence of Hooke and Jeeves’ algorithm in
three optimization problems involving 1, 5, and 9
variables.

(Fig. 13) whereas the time variables (times be-
tween cuttings) create less regular surfaces (Fig
14). When the stand is subject to excess mortal-
ity, the surfaces become very uneven. This phe-
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Fig. 13. Response surface generated by two thinning intensity variables around the optimum solution
for maximizing 3 % soil expectation value; one thinning defined by 3 parameters in the regime;

growth models by Mielikiinen (1985).
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Fig. 14. Response surface generated by two time variables around the optimum solution for maximiz-
ing 3 % soil expectation value; one thinning defined by 3 parameters in the regime; growth

models by Mielikédinen (1985).

nomenon is starting to show up in Fig. 13 when
both thinning percentages are close to zero and
the growing stock of the unthinned stand ex-
ceeds the self-thinning limit.

The most important idea behind the approach
of defining thinnings for optimization is to al-
low flexibility in the number of parameters re-
quired to describe thinning type. This number
should be large enough so that thinning type can
vary adequately. On the other hand, computa-
tional load suggests a minimum number of pa-
rameters. A reasonable compromise was found
by number three, which has been used in the
analyses reported. Fig. 15 illustrates the effect
of the number of thinning parameters in a one
thinning regime when maximizing 3 % soil ex-
pectation value. The maximum value, 12, as-
signs a thinning parameter for each diameter
class (when the number of parameters equals
the number of diameter classes, thinning rates
are no longer a function of diameter, instead, the
model uses separate thinning rates for each di-
ameter class in the order of increasing diame-
ters). Basically, the smallest and largest diame-
ters are harvested, except that the two smallest
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classes are left because they have no commer-
cial value at the age of thinning. The thinning
defined by two points is already from above, a
fact that is seen clearly in the case of 5 or 12
points. In this example, three points gives a
reasonable approximation of the more accurate
solution. The objective function values for the
solutions based on 12, 5, 3, and 2 thinnings are,
10384, 10201, 10009, and 9646 FIM/ha, respec-
tively, and in percentage, 100, 98, 96, and 93.
The two growth model sets used in this study,
based on Ojansuu et al. (1991) and Mielikdinen
(1985), turned out to be unequal tasks for the
optimization algorithm. The data for compari-
son were produced by five replications of opti-
mization runs starting from different random
initial solutions. Four problem set-ups, i.e., com-
binations of the numbers of thinnings and thin-
ning parameters, corresponding to different num-
bers of variables to be optimized, were formed.
The standard deviations of objective function
values were computed for each problem set-up.
The standard deviations for solutions obtained
using the MELA model (Ojansuu et al. 1991)
were larger than those based on growth models
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Fig. 15. The cffect of thinning specification on the optimum thinning pattern in one-thinning regimes
with the objective of maximizing 3 % soil expectation value.

by Mielikédinen (1985) (Fig. 16). The relations
in the MELA growth models produced less
smooth surfaces which caused more differences
between the solutions that were reported as opti-
mal in repeated optimization runs.

Fig. 17 shows the MELA model in a situation
parallel to that of Fig. 14. For example, the
sharp ridge located at time to thinning equal to
25 years is somewhat problematic for the opti-
mization algorithm. Note that the thinning in-
tensity variables change the location and shape
of the ridge and they are optimized simultane-
ously.

Another feature of the MELA models that
showed up in the response surfaces is that the
diameter growth models have the maximum di-
ameter of the stand as an independent variable.
A decrease in that variable increases growth.
When the diameter class with greatest trees is
completely removed, the remaining trees get a
growth boost. This creates a jump in the objec-
tive function value right at the edge of the feasi-
ble region of thinning intensity variables.
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Fig. 16. Effect of the number of variables to be opti-
mized on the variability of objective function val-
ues, based on repeated optimizations of two differ-
ent growth simulators.

5 Discussion

The purpose of presenting numerical results on
optimum thinning regimes in this report is to
show the capabilities of the optimization model.
Because many of the models for stand develop-
ment in this study are not completely satisfacto-
ry and the biological data are limited in many
respects, the results should be considered to be
demonstrational rather than normative. The gen-
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eral trends shown may be taken as hypotheses
for further studies or for consideration by practi-
tioners. Most of the optimum results reported by
this study are based on maximizing soil expec-
tation value.

Finnish organizations for private forestry (Cen-
tral Forestry Boards “Tapio” and “Skogskul-
tur”) have designed guidelines for profitable
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ing 3 % soil expectation value; one thinning defined by 3 parameters in the regime; growth models

by Ojansuu et al. (1991).

thinning practices. The goals behind these rec-
ommendations have not been stated explicitly
(Tapion taskukirja 1991). In a study based on
permanent plot measurements (Valsta 1982), it
was found that the treatment closest to guide-
lines was most profitable with 2-3 % interest
rate. However, there were only four alternative
treatments in the permanent plots, none of which
correspons to the optimum solutions found in
the present study. Compared to the guidelines
(Tapion taskukirja 1991), the optimum thinning
regimes of the present study involve higher grow-
ing stock levels, especially during the first two
thirds of the rotation, and heavier thinnings (Fig.
18). The first thinning is scheduled more than
10 years later than in the guidelines. The 3 %
soil expectation value resulting from the guide-
lines (8 142 FIM/ha) was 23 % lower than the
optimum soil expectation value (10 575 FIM/
ha).

Thinnings that are late, heavy, or from above
may expose the stand to windfall or snow break.
The simulation model used in the present study
did not include this risk. If models are available,
such factors could be taken into account, but
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best within a stochastic optimization model (e.g.,
Valsta 1992).

A recent Finnish project studied the econom-
ics of thinning at stand, forest, and national
level (Harvennushakkuiden ... 1992). Based on
inventory data and the MELA simulator (Ojan-
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Fig. 19. Optimum thinning programs for three initial
stands.

suu et al. 1991), the project reported thinning
guidelines. The guidelines included in the 1992
report concern a less fertile site than the plot
data of this study. The results are therefore only
partially comparable.

The optimum thinning program of the present
study had higher growing stock levels and the
thinnings were scheduled later, compared to the
1992 report (Harvennushakkuiden... 1992). As
a result, the average diameter at final harvest
was only 20-22 cm in the present study. Also,
there was no sawlog price premium on diameter
and only logging costs depended on tree size.
Thus, there was no incentive to enhance diame-
ter growth. Tree volumes were already large
enough from the logging cost point of view at
20-22 cm d.b.h., because the trees were about
22 m tall. The optimum rotation length was
about the same in the two studies.

Optimum thinning programs stemming from
three different plot data are shown in Fig. 19.
The plots represent approximately the same site
quality, H,o = 28-29. The undisturbed develop-
ment of the stands (based on the MELA growth
model) was quite similar in terms of basal area
and dominant height. The optimum thinning pro-
grams exhibited a common ground: the first
thinning is performed when the basal area is 37—
40 m%ha. Later, thinnings are done at somewhat
lower basal areas. The thinnings were heavier
for the plot “Nynis 01" as the optimum program
contains only two thinnings. Thinning was from
above in all cases.
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Fig. 20. Volume development in optimum solutions by
two individual-tree growth simulators.

The optimum solutions produced by the two
growth simulators of this study were similar in
terms of the number of thinnings and thinning
type (Fig. 20). On the other hand, the optimum
rotation differed by 7 years and the growing
stock levels after thinning behave dissimilarly.
The last thinning in the solution for Mielikdi-
nen’s (1985) growth models was unrealistically
heavy, 58 % of volume. This solution indicates
the absence of history variables in the growth
and mortality models.

Considering the same tree species and similar
growing conditions, the optimization study by
Solberg & Haight (1991) comes closest to the
present study in terms of comparability. In their
study, the optimum number of thinnings varied
between 2 and 4. The optimum thinning type
was always thinning from above and “the thin-
nings are made at a relatively high age”. These
results are very similar to those of the present
study.

According to Solberg & Haight (1991), the
optimum planting density decreased strongly
with increasing interest rate (from 2900 to 1050
with interest rate from 2 to 4 %, respectively).
The present study shows somewhat smaller
change for the same interest rates, from 2230 to
1349. The optimum rotation decreased from 90
to 70 years while the change in the present study
is from 78 to 62 years. Although the numerical
values differ, the overall results are quite com-
parable.

There could be many desirable improvements

Valsta, L.



to the present optimization model. The most
important ones concern the stand growth simu-
lator: its biological realism is deficient in sever-
al respects. Areas of major simulator develop-
ment include: (1) a history variable, such as
crown ratio, that would carry on the past grow-
ing conditions especially when dense stands are
thinned relatively late; (2) more reliable growth

predictions for trees in lower crown classes; (3)
models for relating regeneration investment to
early stand development. Also, the results pre-
sented here concern limited data in terms of
costs and prices, site quality, and initial stand
structure. Recommendations to practitioners
should be based on a much wider set of analy-
ses.
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Appendix 1. Forms of the equations of the simulators.

List of symbols:

e = base of the natural logarithm
k, m, B; = parameters

BA = stand basal area

ba = tree basal area

BA,,.. = basal area sum of trees larger than the sub-
ject tree

ba,, = basal area of the largest tree in the plot

cr = live crown ratio, %

d = tree d.b.h.

D, = basal area weighted average stand d.b.h.

h = tree height

H,, = site index (dominant height at 100 years)

H4m = dominant height of stand (average height
of the 100 thickest trees/ha)

Ipa = tree basal area growth in the coming 5-year
period

iy = tree d.b.h. growth in the coming 5-year
period

iy, = tree d.b.h. reference growth in the coming
5-year period (a tabulated function of d and
BA)

iy = tree height growth in the coming 5-year
period

LCyy = final harvest logging cost per cubic meter

LC;; = thinning logging cost per cubic meter

In = natural logarithm

N = number of trees per hectare

P = probability of death in the coming 5-year
period, fraction

t = tree age at breast height

18 = temperature sum (day degrees)

Vior = total volume cut per hectare

v = average tree volume in a cutting

1. The MELA growth models (Ojansuu et al. 1991)
Tree diameter increment (Eqn. 4.6.1a):
ia = o (1+ BiTSY? (iy 17 + Bad) (A.1)
Tree height (Eqns. 4.7.1 and 4.7.2):
h=Bo(B+TS)2 (ba! banu. ) (1- e“")ﬁ (A2)
2. Growth models by Mielikédinen (1985)
Tree basal area increment (Eqn. 42):

ine = Pod 192 BAP Hyo™ (h | Hoom 'S (A3)
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Tree height increment (Eqns. 55 and 56):

iy = Bo h® Hi™ (h 1 H o )™ (A4)
Tree live crown ratio (Eqn. 17)":
cr = ﬁo AP (B2 pl3hidy B gfs (AS)

Ad hoc model for large basal areas:

cr if BA <40 (A6)
o= cr[l -[ BAZI)“O) ) if 40 < B4 <60

3. Mortality models (used by both simulators)

Tree mortality (Ojansuu ct al. 1991):

1

1 4 ePotPd+B2BA+f3BAbove

(A7)

Stand self-thinning curve (Hynynen 1991):
In Dpy = Bo + B In Hygo + B2 In Hygo In N (A.8)
Ad hoc model for small crown ratios:

P ifcr>30

L\ (A9)
p= max[P,(B'OIBU ) } if 20<cr<30

4. Logging cost models (Valsta 1992):
Logging costs in thinning:

InLC,, =5.410-.052171n v+.02429(In V)
-.44511nv,,+.03969(In v,,)* (A.10)

ot ot

Logging costs in final harvest:

InLC,, =5.230-.059761n v+.02076(In v)?
-.3840Inv,,+.03273(Inv,,)* (A.l11)

1ot

1) The original equation includes the variable *birch-% of basal arca’.
It was assumed constant (21.0, the minimum of the range of the
original data) and its ¢ffect is included in parameter fiy



Appendix 2. Plot data.

Table 1. Diameter distribution of plot 11302.

Diam. class D.b.h. Height Trees/ha

no. (cm) (m)

1 1.0 1.7 320
2 1.0 1.7 320
3 2.0 2.0 488
4 2.0 25 488
5 3.0 2.6 216
6 3.0 2.7 216
7 4.0 3.1 72
8 4.0 34 72
9 5.0 3.6 16

Table 2. Diameter distribution of plot 15505.

Diam. class D.b.h. Height Trees/ha
no. (cm) (m)
1 1.0 1.5 27
2 2.0 1.7 80
3 3.0 2.5 133
4 4.0 33 173
5 5.0 4.6 320
6 6.0 5.3 373
7 7.0 6.5 440
8 8.0 6.3 240
9 9.0 6.6 133
10 10.0 7.3 93
11 11.0 7.0 13
12 12.0 7.6 13

Table 3. Diameter distribution of plot Nynis1/01.

Diam. class D.b.h. Height Trees/ha

no. (cm) (m)

1 3.7 43 50
2 6.0 6.7 30
3 8.1 8.8 120
4 10.2 10.6 220
5 12.0 11.9 430
6 14.0 13.0 440
7 15.9 13.9 430
8 17.6 14.6 140
9 19.3 15.2 30
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A Scenario Approach to Stochastic
Anticipatory Optimization in
Stand Management

Laurl T. VaLsta

ABSTRACT. A flexible model for stochastic optimization is developed that can be used with forest
stand simulation models. Stochasticity is represented by a large set of scenarios, each of
which is an outcome of stochastic processes. A stochastic environment is described by
random yearly growth rate levels and catastrophes, such as wild fire or windthrow. The
optimization model is defined in control variable space and includes the timing, intensity,
and type of thinning, and rotation length for an even-aged stand. Single-tree growth and
mortality models are used. Numerical results in a risk-neutral case show that the opti-
mum rotation is shortened with an increasing probability of a catastrophe. Further, an
increasing growth rate variation has mixed and weak effects that depend, in particular, on
the tree mortality model. If a stand cannot be thinned, increasing risk-taking shortens the
optimum rotation, given the model set used. FOR. Sci. 38(2):430-447.

ADDITIONAL KEY WORDS. Optimal harvesting, risk, even-aged stand, Norway spruce,
Picea abies.

ECAUSE OF THE LONG TIME HORIZON IN FORESTRY, forest management plan-

ning depends on assumptions and predictions regarding the future. Most

decision aids provided to foresters by forest management research are
deterministic and, as such, do not address the uncertainties involved. Dealing with
uncertainty is left to the professional judgment of the decision-maker. Facing an
uncertain world, a decision-maker might react by ceasing long-term planning. This
would easily lead to problems when to do nothing is not the best decision. Instead,
based on a probabilistic decision analysis, the manager could choose an alternative
that best hedges against the uncertain future. This type of analysis could also take
into account the decision-maker’s attitude toward risk, i.e., whether he or she is
risk-neutral, risk-averse, or risk-taking.

Stochasticity enters forest management from several sources, e.g., incorrect
or inaccurate information concerning the present forest, short- and long-term
variations in the biological or economic environment, disastrous events, the actual
outcomes of forest operations, and incomplete knowledge about the goals of
forest management now and in the future. Understandably, only a few aspects of
stochasticity may be included in any one analysis, even though important inter-
actions between the different elements of stochasticity exist.

Stochastic optimization models may be divided into two groups—adaptive and
anticipatory models (Ermoliev and Wets 1988). In adaptive optimization, the state
of the system is observed intermittently, at regular or irregular intervals. The
(optimal) decisions are made on the basis of observations. This approach is also
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called “feedback control” or “closed loop control.” Studies on the subject have
incorporated either stochastic stumpage prices (Norstrgm 1975, Risvand 1976,
Brazee and Mendelsohn 1988, Haight 1990), stochastic stand dynamics (Hool
1966, Lembersky 1976, Kao 1984), or both (Lembersky and Johnson 1975, Kaya
and Buongiorno 1987, Lohmander 1987).

Anticipatory models are used for deriving optimal decisions for the whole period
of time under planning, in advance. An anticipatory solution takes into account the
uncertainties over time, and it is optimal overall, according to selected criterion.
This is relevant when the state of the system is not observable after a decision is
made, perhaps because of high costs or inaccurate data. Anticipatory models are
also preferable to adaptive ones when meaningful feedback rules are difficult to
identify. Kao (1982) uses stochastic dynamic programming to analyze optimum
thinning and rotation in an anticipatory setting when stand volume growth is
probabilistic.

Several studies have concerned the optimum rotation of a forest stand under
the risk of a catastrophe, summarized in, e.g., Caulfield (1988). Fire risk studies
have usually included some adaptation, such as regeneration following fire, or
sometimes the salvaging of timber from a burned stand. However, because only
the rotation length has been endogenously determined, adaptation has played a
minor role. Caulfield (1988) extends the analyses to cover the risk-aversity of the
‘decision-maker. He discusses why risk-neutrality may very well be an improper
assumption regarding many forest owners.

Apart from optimization studies, adaptive and anticipatory approaches are also
used in forest investment analyses which consider the involved risks or uncer-
tainties. An example of adaptive schemes is the study by Anderson et al. (1987)
that combines Monte Carlo simulation with risk analysis for stand management
under risk of beetle attack. An anticipatory problem formulation is used by Binkley
and Washburn (1990) to study the magnitude of risk in private timberland invest-
ments and by Taylor and Fortson (1991) to investigate both the amount of risk and
the effect of risk-aversion on optimum plantation management.

The results from studies based on adaptive stochastic optimization suggest
some common patterns. The expected present values for adaptive policies were
found to be considerably higher than present values based on deterministic models
(Norstrgm 1975, Lohmander 1987, Brazee and Mendelsohn 1988, Haight 1990).
For even-aged stands with stochastic timber prices, the expected optimum rota-
tion was little different from the deterministic counterpart (Lohmander 1987,
Brazee and Mendelsohn 1988). However, in the case of uneven-aged manage-
ment, the difference between adaptive and deterministic optimum policies was
substantial (Haight 1990). Using a nonadaptive model, Kao (1982) analyzed the
effects of increasing risk on optimum stocking levels and rotation length with the
objective of maximizing mean annual increment. He concluded that both optimum
stocking level and rotation length decrease with increasing risk.

This paper presents a stochastic optimization model used with a single-tree
simulator for even-aged stands. The optimization approach by Roise (1986b) is
generalized to account for a probabilistic stand growth simulator. The optimization
model is anticipatory (not adaptive), and stochasticity is introduced in the form of
scenarios. This results in a flexible and approachable model construction. Numer-
ical solutions are determined using the direct search method (Hooke and Jeeves
1961), as modified by Osyczka (1984). The optimization model is applied to a
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single-tree, distance-dependent growth model for Norway spruce (Picea abies
Karsten), by Mielikdinen (1985) and Hynynen (1990) and the effects of stochas-
ticity on the optimum thinning program and rotation age are examined.

STOCHASTIC OPTIMIZATION USING SCENARIOS

Previous approaches to stochastic stand level optimization problems include
Markovian decision models (Hool 1966, Lembersky and Johnson 1975, Lember-
sky 1976, Kaya and Buongiorno 1987), other variants of stochastic dynamic pro-
gramming (Norstrgm 1975, Risvand 1976, Kao 1982 and 1984, Lohmander 1987,
Brazee and Mendelsohn 1988), and adaptive optimization based on stochastic
simulation (Haight 1990). In Markovian models, the process to be optimized is
described by a state vector, the elements of which are the possible alternative
states of the process. The dynamics of the process are given by a state transition
matrix that indicates the probabilities of being in one state, subject to being in
another state one time step earlier. One or two stand characteristics, such as a
stand density measure, are used to model stand development. Stochastic dynamic
programming models are also limited to a few state variables. However, modern
methods for predicting stand development utilize single-tree simulators that in-
corporate tens or even hundreds of state variables. The use of transition matrices
is no longer possible: if there are 10 state variables and each of them has 10
possible states, a very modest amount, the size of the transition matrix would be
10'° x 10, Although the transition matrix would be sparse, or the problem might
have a more efficient form, there would still be severe computational problems.

To overcome the dilemma between state description detail and computational
burden, Kaya and Buongiorno (1987) use a stand simulator to estimate transition
matrices, thereby enabling a more complex stand description. Their approach is
viable when stand treatment is defined in broad terms, corresponding to state
description. Haight (1990) develops a feedback thinning rule to be used in har-
vesting decisions in uneven-aged stand management when timber price is a sto-
chastic process. The rule gives the total number of trees to be cut as a function
of observed stand value. The thinning rule operates on stand level variables but
it is estimated by using stochastic simulation based on a stage-structured growth
model with 2-in. diameter classes.

A recent development in deterministic stand level optimization studies is the
use of nonlinear programming and the stand management control variables (Roise
1986a, Bare and Opalach 1987, Haight and Monserud 1990a, Haight and Monse-
rud 1990b, Valsta 1990, Yoshimoto et al. 1990). This nonlinear programming
problem is

max g(u|xo) @®
{ue CCR"}

where g(u|x,) is the (scalar) objective function generated by the stand simulator,
u is the vector of control variables, x, (x € R™) is some initial condition for the
stand simulator, and C is the set of feasible controls. The control variables may
be defined as times between silvicultural operations, their intensities, or the time
of the final harvest. Revenues, costs, and discounting are embedded in function

80).
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Problem (1) has a stochastic counterpart. Assume a probability space (E,P),
where E is the set of possible realizations and P is the associated probability
measure. The corresponding vector of random variables is £ Suppose that the
decision-maker wishes to maximize the expected net return from stand manage-
ment, given by a (scalar) return function, f(u,£|x,). The problem is then to

max  Elftwgxo] = [ fu,Ex)dP® @
{ue CCRY —

To solve Equation (2) is not a simple undertaking. Two possible approaches
are: (1) to perform a multidimensional integration over =, an extremely comput-
ing-intensive, if not impossible task, or (2) to use stochastic quasigradients or
their approximations (Ermoliev and Wets 1988).

A different scheme for the problem is to model the stochastic phenomena using
scenarios (Wets 1989). A scenario is here defined as one realization over time of
the stochastic processes. Even though there may be several stochastic pro-
cesses, they are all combined to a joint realization, a scenario. All scenarios are
generated before optimization, and they are regarded as exogenous variables to
stand simulation. For example, in the present study, a scenario is composed of
yearly growth levels, and the times and severities of catastrophes for a 50-yr
period. The present approach does not allow the random variables to depend on
state variables. That is why a random variable is not basal area growth, for
example, but a multiplier of basal area growth.

Define a set of scenarios, S = {s', . . ., s*}, where each s° is a joint realization
of the stochastic processes over the planning horizon. Suppose that p,, s € S, are
the probability weights associated with each scenario. These weights may have
empirical or subjective bases. The scenarios can be used in place of the random
vectors, &, of Equation (2). Then, E[f(,s°] equals 2 < P, f(*,s°) and the maximi-
zation in (2) may be approximated by

max Y, ps flu,s7xo) €))

fue CCR?} sES

The accuracy of the approximation depends on the number of scenarios and the
probability weights used. The problem is now one of deterministic nonlinear
programming, for which a variety of numerical solution procedures are available.

Formulas (2) and (3) maximize the expected net return, which is here consid-
ered the expected utility of the decision-maker. The scenario approach can also be
used in the case of risk-aversion or risk-taking. The values of f{*) for each scenario
provide the probability distribution of net returns. Various degrees of risk-taking
can be expressed by using different values of z when maximizing the following
probability over all s € S:

max P[Ru,s%|xg) = 2] 4)
{ue CCR"}

A high value of z implies risk-taking, as the decision-maker wishes to maximize
the probability of receiving a high net return. A low value of z corresponds to
risk-aversion. The objective function is a step function, scaled between 0.0 and
1.0, and approaches a smooth function when the number of scenarios increases.
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From a mathematical point of view, the optimization problem is not made more
difficult when the objective function is transformed to reflect risk premiums.

In this modelling approach, the elements of u are quantitative variables that
describe forest operations, such as planting density, intensity and timing of thin-
ning, or rotation age. The constraints imposed on them are, typically, just lower
and upper bounds to avoid stand simulations ignoring biological realities or valid
ranges of models. Thus, the set C is convex, facilitating the maximization in (3)
or (4). The function f(*), however, is likely to be nondifferentiable, or at least
nonsmooth, and may be nonconcave, giving rise to local maxima that may mislead
the optimization algorithm. These problems have been discussed in Roise (19863,
1986b) and Haight and Monserud (1990a).

THE PROBABILISTIC STAND SIMULATOR

In probabilistic simulation models, some of the physical or economic variables, or
both, are random. As most of the simulators are based on deterministic relation-
ships, stochasticity may have to be introduced to the models afterward. In the
present study, the starting point of the simulator is a deterministic, single-tree,
distance-independent growth model developed by Mielikdinen (1985) and Hyny-
nen (1990) for southern Finland. Only the models for Norway spruce are used.
The biological part of the simulator consists of models for (1) dbh growth, (2)
height growth, (3) crown ratio, and (4) mortality rate. The models, which are
described in detail in the Appendix, represent a common modeling strategy used
in many single-tree simulators. Although these models cover a fairly small geo-
graphical area, their behavior is likely to resemble that of several other models.

The present study deals with two types of risk. Firstly, stochastic yearly levels
of growth are examined. The random variables for yearly growth levels are
assumed to be independent, identically distributed lognormal(p., %) variates.! The
subroutines provided by Numerical Recipes Scientific Subroutines (Press et al.
1986) are used to obtain uniform pseudorandom numbers (subroutine RAN2) and
the deviates of normal distribution (subroutine GASDEV) required to compute
lognormal deviates.

Different values of the standard deviation of the yearly growth level were used
in the computer runs, the base value being 17.8%, which was obtained from the
tree ring index values in Mielikdinen (1985). The same yearly growth levels are
used for height growth and dbh growth. In reality, the variation of height and dbh
growth may not necessarily coincide. More realistic representations of growth
variations could be constructed by including, for example, autocorrelation be-
tween the growth levels of successive years (Jordan and Lockaby 1990). Such
refinements would be simple to include in the scenario descriptions. Examples of
the realization of the stochastic growth level for a period of 50 years are given in
Figure 1. During simulation, growth is mostly predicted for a period of 5 years,
for which the variation is smaller than for a single year.

! The parameters p and o are not the mean and variance of the Io;;normal(p,,cz) distribution, If X
is log-normally distributed, E[X] = ¢**°"2 and Var[X] is e?**° (e — 1). In the results section of
this study, the standard deviation of yearly growth refers to the standard deviation of the variates, not

to the parameter of the lognormal distribution.
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FiGURE 1. Yearly growth level values in two realizations of the stochastic growth process.

Secondly, the effects of catastrophes are studied. Catastrophes are modeled as
random events that damage a part of the growing stock. A catastrophe is specified
by two random variables. The occurrence of a catastrophe is modeled as a Ber-
noulli random variable with the parameter pcat, e.g., 0.01. If a catastrophe takes
place, a uniformly distributed random variate, U(0,1), gives the proportion of
trees destroyed. It is assumed that the damaged trees have to be harvested
immediately with a 25% reduction in their stumpage value and a doubling of the
logging costs. These economic parameters were set subjectively as no data were
available from applicable silvicultural conditions.

The scenarios used in this study have limited empirical background, which
should be kept in mind when evaluating the results. The probability of the occur-
rence of a scenario is chosen to be 1/#, where #» is the number of scenarios.

To arrive at reliable solutions with the available nondifferentiable optimization
algorithms, the number of decision variables is kept to the minimum. This can be
done by assigning diameter class groups (Haight and Monserud 1990b, Yoshimoto
et al. 1990), by removing trees from below or above (Haight et al. 1985, Haight
1990), or by using a diameter distribution function with its parameters as decision
variables (Bare and Opalach 1987).

The grouping of diameter classes, or strict thinning from below or above may
produce thinning patterns that are not applicable in real stands with a spatial
distribution of trees. In this study, thinning types are specified by a set of thinning
parameters, the number of which can be varied to achieve a desired degree of
precision in thinning type specification. Thinning intensity is a piecewise linear
function of tree diameter, relative to the smallest and the largest diameters in the
stand. The thinning parameters define the thinning rates at the corner points of
the piecewise linear function. At one extreme, there may be only one thinning
parameter, and thinning rate is constant across tree diameters. At the other
extreme, there may be a thinning parameter for each 1 in. or 1 cm diameter class.
As an example, suppose that we wish to use three parameters, p,, p,, and p3, to
define a thinning. They denote thinning rates at minimum, midpoint, and maximum
tree diameter, d;,, d.q, and d,,,, respectively. Thinning rates for other diam-
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eters are computed using linear interpolation. Thinning rate p(d) of an arbitrary
diameter d’ is

( n if d' = dmin
d' — . + . — dl .
( dmxii:_ fidn:d b1 f d < d < du
pd) =4 2 if d' = dmig ®)
d - doy —dy,
( dmif; J: (;rimm:x )bz o dg<d <do
\ b3 if d'" = dipax

A thinning specification with three parameters is shown in Figure 2. The thin-
ning definition can be adjusted to simulate different types of thinning with only a
few parameters per thinning. _

Tree volumes and stumpage values are computed by diameter class, and log-
ging costs are derived by using an equation based on the tariff tables used by the
Finnish forest industries and logging contractors. These models are described in
the Appendix.

RESULTS

To illustrate the flexibility of defining the objective function in the present sce-
nario-based stochastic optimization method, two objectives are used in the anal-
ysis. First, the net present value of stand management is maximized [Equation
(3)], computed as the expected soil expectation value of an infinite series of equal
rotations. This criterion corresponds to risk-neutral preferences. As a hypothet-
ical example of risk-aversion, the second objective is to maximize the probability
of attaining a given level of soil expectation value [Equation (4)]. The attitude to

100 .
80
Thinning 60
rate, % 40
20 l\ T
0 .

13 15 17 19 21 23 25 27 29
Tree d.b.h., cm

FiGURE 2. Thinning intensities defined by a piecewise linear function with three parameters. The
minimum and maximum diameters of the stand are 13 and 29 cm, respectively. The three param-
eters define thinning rates at minimum, midpoint, and maximum diameters; 30, 0, and 100%,
respectively. As an example, the thinning rate of the 25 cm diameter class is 50%.
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FiGURE 3. Soil expectation value in relation to rotation length for the deterministic case and two
magnitudes of stochasticity. Legend numbers refer to the standard deviation of yearly growth, %.
The discount rate is 3%.

risk can be expressed by varying this level, the higher levels relating to risk-
taking. The control variables that define cuttings are adjusted so that the target
soil expectation value is achieved under as many scenarios as possible.

A permanent plot in a long-term field experiment? in southern Finland (Heinola,
Nynis, 61°N, 26°E, elevation 90 m) was used as the initial stand for simulation.
The stand is a pure Norway spruce stand growing on mineral soil with a predicted
site index of 29 m (dominant height at 100 yr). The stand was established with
4-yr-old plants in 1926. The trees were 40 yr old at the start of the simulation (see
Appendix for details).

A simple optimization problem is analyzed first: stand management with no
thinnings and an objective function with no risk preferences. The only control
variable is rotation length, and it is convenient to conduct an exhaustive search
over a reasonable range of rotation ages. The effect of random yearly growth
levels was marginal (Figure 3). Expected returns increased slightly with increas-
ing stochasticity. The graph shows smooth curves on the large scale, combined
with small-scale irregularities. The nonsmoothness results partly from using a
growth simulator modeled for 5-yr growth periods to predict shorter time incre-
ments. The values of the independent variables are updated when a full 5-yr
period is completed thereby creating small twists to the curves.

When the stand was subject to the risk of a catastrophe, increasing risk reduced
the optimum rotation. This is demonstrated in Figure 4, where the deterministic
case is compared with three levels of risk, represented by annual probabilities of
a catastrophic event (e.g., wild fire or windthrow). No thinnings were made, but
damaged trees are logged immediately after a catastrophe.

2 The plots were established and are maintained by the Finnish Forest Research Institute, Helsinki,
Finland.
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FIGURE 4. The effect of the increasing risk of a catastrophe on the soil expectation value for different
rotations. Legend numbers refer to annual probability of disaster. The discount rate is 3%.

When there are several thinnings, the number of control variables is large and
the results are difficult to illustrate. For this reason, only one thinning is consid-
ered in the following analysis. To permit the thinning type to vary, thinning
intensities are defined by three parameters (as in Figure 2).

The optimum thinning schedule was derived for the deterministic case and four
levels of yearly growth variation. With increasing stochasticity (Table 1), the
rotation length was increased, thinning was scheduled sooner, and mortality from
small trees was captured. The results in Table 1 were computed with the seed
number of the random number generator equal to 1. Seed numbers 2 and 3 were
also examined, and it was found that the numerical values varied by small amounts
but the changes due to increasing stochasticity were similar.

The effect of an increasing probability of a catastrophe, decreasing rotation
length, was also found when a thinning was included in stand management (Table
2). Given a constant thinning rate, the optimum rotation was shortened from 82
yr to 70 yr when the probability increased from 0 to 0.02. Thinning was brought

TABLE 1.

Optimum thinning schedule for different levels of stochasticity, standard
deviation (S.D.) of yearly growth variation. P1, P2, and P3 refer to thinning
parameters. The discount rate is 3%.

S.D. Rotation Thinning age P1 P2 P3 E[SEV]

(%) (yr) Gm) (%) (%) (%) (Finn. marks/ha)
0.0 82.2 69.8 0 0 100 5694
8.9 82.8 69.7 0 0 100 5669

17.8 86.0 68.4 0 0 100 5757

26.7 86.0 67.5 3.9 0 100 5948

35.6 86.0 66.6 47.8 0 100 6172
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TABLE 2.

Effect of the increasing probability of a catastrophe (pcat) on the optimum

thinning schedule. The discount rate is 3%.

Rotation Thinning age P1 P2 P3 E[SEV]
Pcat (yr) (yr) (%) (%) (%) (Finn. marks/ha)
0.0 82.2 69.8 0 0 100 5694
0.003 82.8 69.0 0 0 100 4936
0.01 78.0 63.8 0 0 100 4256
0.02t 70.0 62.9 0 0 100 2356
0.027 82.0 64.6 0 114 100 2406

t Alternative optima.

forward in higher risk cases. With 0.02 probability of a catastrophe, two optimum
solutions were found: one was based on the same thinning rate (0, 0, 100) as the
lower risk cases and had a shorter rotation, while the other one indicated a higher
thinning rate (0, 11.43, 100) and a longer rotation.

The other decision criterion examined in this study was conditioned by a spec-
ified soil expectation value. By adjusting rotation length, the forest manager
wishes to maximize the probability of attaining a target soil expectation value. In
this formulation, the decision-maker can increase willingness to take risks by
raising the soil expectation value requirement.

When no thinnings were available, increased risk-taking caused the optimum
rotation, i.e., the one with highest probability, to decrease (Figure 5). For ex-
ample, the probability that a simulated soil expectation value is higher than 5000

1.00 |
0.80 |
0.60 | — 4000 mk/ha
P[SEV 2 z] -- 5000 mk/ha
0.40 + "\ -~ 6000 mk/ha
—//— \\\
,’ \
020 } / S \
L A \
\
. "’.»«. \s:
0.00 1= : ; ey i

60 65 70 75 80 85

Rotation age, years

FIGURE 5. Probability that a computed soil expectation value, SEV, is greater than the specified soil
expectation value target, z, for different rotations. The three targets are 4000, 5000, and 6000
Finnish marks/ha. The source of stochasticity is the yearly growth variation (S.D. = 26.7%).
Interest rate is 3%.
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Finnish marks/ha was 0.73 when the rotation was 72.8 yr. In other words, in 73
of the 100 simulations made, the soil expectation value was higher than 5000
marks. With a 4000 mark threshold, the probability was 0.98 when the rotation
was 73.8-77.2 or 78.8-79.5 yr. A thinning enabled, the optimum rotation did not
depend on the degree of risk-taking.

DISCUSSION

The main purpose of the present study is to demonstrate a stand level optimiza-
tion approach capable of working with probabilistic and complex stand growth
simulators. When the stand production function is defined as a well-behaved
algebraic function, e.g., of the age of the stand, conclusive results concerning the
effect of risk on optimal forest management can be inferred. Because the present
study is based on a single set of growth models, definite consequences of sto-
chasticity are not revealed. Results may depend on the growth models, site
characteristics, initial stand structure, and economic parameters. Obviously many
more analyses are required to establish the general importance and effects of
stochasticity.

First consider the results derived under the assumption of risk neutrality. The
effect of yearly growth variation is, in an interesting way, dependent on whether
a thinning is available or not. Without a thinning, an increase in stochasticity
results in a small decrease in the optimum rotation length. With a thinning in-
cluded, the optimum rotation is increased by 2-4 yr, depending on the seed
number of the random number generator. Thinning intensity, also, increases with
amplified growth variation. Given the initial stand and simulation parameters, the
growing stock reaches its self-thinning limit at about age 69. The self-thinning limit
is a fixed equation and does not depend on growth level variation. Compared to
other scenarios, those with many years of elevated growth lead to higher mor-
tality at the end of the rotation. Such losses cause the optimum no-thinning
rotation to shorten with increasing growth variation. When available, thinning is
scheduled to coincide with the attainment of the limiting density. Limiting densi-
ties are not encountered after thinning, and increasing stochasticity leads to
heavier thinnings and longer rotations. Overall, these observations point out that
simulator parameter values and initial conditions may strongly influence the qual-
itative results of including stochasticity into stand level optimization.

The overall change in optimum rotation due to growth risk was small. This
result is similar to the effects of price risk, as reported by Lohmander (1987), and
Brazee and Mendelsohn (1988). Conversely, increasing risk of a catastrophe
shortens the optimum rotation considerably, which has been observed also in fire
risk studies (Martell 1980, Routledge 1980, Reed and Errico 1985, Caulfield
1988).

The case where the decision-maker is not risk-neutral was analyzed with a
hypothetical model [Equation (4)]. For comparison, the formulation used by Tay-
lor and Fortson (1991) was also tested. They define the utility of an investment
at different risk attitudes as

UTILITY = Return * ALPHA - Risk * (1-ALPHA) 6)

An ALPHA value of 1 implies risk neutrality and 0 extreme risk-aversion. Values
greater than 1 indicate risk-taking.
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The analysis with objective function (4) was repeated for Equation (6), using
expected present value in place of Return and the standard deviation of present
values in place of Risk. ALPHA values 0.25, 0.5, 0.75, 1.0, 1.5, and 2.0 were
tested. The results based on (6) were similar to results based on (4), i.e., for
unthinned stands increasing risk-taking slightly shortens the optimum rotation,
and risk-aversion has the contrary effect. The result is opposite to that of Taylor
and Fortson (1991), which is not surprising because the studies concern biological
and economic models and conditions which differ considerably.

The stochastic optimization method applied in the present study requires a fair
amount of computing resources. Unfortunately, this may be unavoidable in nu-
merical stochastic optimization. For example, Kao (1984) reports that the com-
putational load was 100 times larger in probabilistic optimization compared with
the deterministic case. Because the approach of the present study is based on
scenarios, their number is the main determinant of the amount of computing
required. The number of scenarios should be large enough, so that optimization
results are not markedly dependent on the set of scenarios in the analysis.

The dependence of soil expectation value on the rotation age for an unthinned
stand was computed with the number of scenarios ranging from 10 to 500 (Figure
6). The source of stochasticity was the probability of a catastrophe, which was set
to 0.01. To determine the optimum solution with confidence, approximately 100
scenarios were required—a smaller number would have created an evident risk of
reporting an incorrect (local) optimum solution. Increasing the number of scenar-
ios to as much as 500 still left some nonsmoothness in the response curve. As a
result, only algorithms suitable for nonsmooth optimization can be applied in the
present approach.

The response surface generated by the stand simulator is both nonsmooth and
nonconcave, so the optimization algorithm may converge to a local rather than
global optimum solution. The performance of the currently used version of the
Hooke and Jeeves direct search algorithm (Osyczka 1984) is illustrated in Table
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FIGURE 6. Soil expectation value as a function of rotation age for different numbers of scenarios and
in the deterministic case. The discount rate is 3%.
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3, where the same problem was solved ten times, starting from randomly chosen
initial solutions. Relying on a single solution would be risky. On the other hand,
rerunning the optimization 3-5 times seems to provide adequate confidence. The
results presented in Tables 1 and 2 are based on five replications of optimizations.

One of the strengths of the present scenario-based stochastic optimization
method is that the distribution of the objective function values, by scenarios, is
known and can be analyzed with respect to relevant variables. Furthermore,
transformations of the distribution can be used to form other objectives based on
the attractiveness of individual scenario outcomes. The scenario simulations pro-
duce large amounts of information all of which can be used to evaluate manage-
ment strategies.

The scenario approach permits the simultaneous analysis of several stochastic
phenomena. When including additional sources of risk, it is not necessary to
increase the number of scenarios multiplicatively. For example, when computing

TABLE 3.

Ten optimum solutions for the same problem obtained from different random
starting points of the optimization algorithm. The discount rate is 3%.

Number Rotation Thinning age P1 P2 P3 E[SEV]
of run (yr) (y) (%) (%) (%) (Finn. marks/ha)
1 86.0 66.6 47.8 0.00 100.0 6172
2 86.0 66.6 47.8 0.00 100.0 6172
3 86.0 66.6 47.8 0.00 100.0 6172
4 86.0 67.5 44.3 0.01 99.9 6168
5 86.0 66.6 47.8 0.01 99.9 6172
6 85.8 65.0 31.7 0.00 99.9 6165
7 86.0 67.6 43.3 0.08 100.0 6168
8 86.0 66.6 47.9 0.01 100.0 6172
9 86.0 66.6 47.9 0.01 100.0 6172
10 85.8 64.7 29.8 0.00 100.0 6165
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results similar to those of Figure 4, the number of scenarios (100) would have
been sufficient, had growth variation also been included. The approach has po-
tential for other applications, such as the joint optimization of regeneration and
other silvicultural operations, or analyzing the effects of stand inventory data
inaccuracy.

In the present study, the scenarios are formed by generating random outcomes
of the defined stochastic process. Another alternative would be to form scenarios
subjectively, so that they would be likely realizations of the future. Scenarios have
been used extensively in econometrics and management science (see, for exam-
ple, Makridakis 1983, Godet 1987) where important questions have been the
determination of the most reliable forecast or the aggregating of scenarios to form
“the best estimate.” Such an approach differs markedly from that of the present
study, in which scenarios are used to model probabilistic processes and represent
the real world stochasticity in a manageable form.

Nonlinear programming is here used to maximize the objective function—either
the expected soil expectation value or the probability of attaining a specified soil
expectation value. Most of the computing time is spent on evaluating the result of
applying a decision variable vector to each of the scenarios. These scenario
simulations are mutually independent. This approach is well suited for computers
with parallel processing because the simulation computations are of the “single-
instruction, multiple-data” type (Lootsma and Ragsdell 1988). Parallelism could be
further extended by the use of scenario aggregation (Wets 1989) in which the
optimization algorithm is also largely parallel.

An important extension to the present model would be to determine feedback
rules for adaptive optimization. Haight (1990) developed feedback policies for
uneven-aged stand management, using a stage-structured growth model. Finding
practical and efficient forms of feedback rules for single-tree simulators with
various stochastic components requires further work.
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APPENDIX

The Appendix describes in more detail the simulator constructed for the present
study, based on Mielikdinen (1985) and Hynynen (1990). The growth models
were estimated for periods of 5 yr. When shorter growth periods are needed,
they are linearly interpolated from full 5-yr periods.

The simulation starts from a tree list containing data on tree dbh, height, age
at breast height, and the number of trees/ha represented by each tree. In the
present application, trees can only be of single species, namely Norway spruce
(Picea abies Karsten). Before the growth projection, a set of stand variables is
computed including stand basal area, basal area sum of trees larger than the
subject tree, and dominant height. If not measured, the live crown ratio is com-
puted for each tree. The models are listed below, and the respective coefficients
are given in Table Al. Lower-case symbols refer to tree characteristics and
upper-case symbols to stand characteristics.

Tree basal area growth:

i = Bo €19 P offs BABCH |\ Bs (21t )P (WHgor)® - € (A1)
Height growth:
iy = Bo h®' Hig0™ (WHgor)™ - € (A.2)
Live crown ratio:
cr = By d t, P2 ePWD BAP: - € (A.3)

To predict mortality in a stand, a two-stage procedure is used. In stands with
less than full stocking, Equation (A.4) is applied. It is designed to predict the
average mortality in managed stands when no major damages exist. In fully
stocked stands, the number of trees is first checked against the stand level
self-thinning curve [Equation (A.5)]. If it is above the curve, the number of trees
is reduced to meet the limiting density. The excess number of trees is distributed
into different diameter classes (or elements of the tree list) so that the probabil-
ities given by Equation (A.4) for each diameter class are scaled to sum up to the
excess number of trees. The initial diameter distribution used in all analyses is
presented in Table A2.

Tree mortality:
B 1
p= 1 +e30+51d+BzBA+B:;BAm+E (A.4)
TABLE Al.
Coefficients of equations used to predict stand development.

Equation Bo B1 B2 B3 Ba Bs Bs Bz
A.l 2.583 0.1142 -0.00163 0.7742 —-0.3772 0.03939 —0.2551 0.8393
A.2 -2.262 -—0.7239 1.174 1.4405
A3 173.6 0.1254 -0.1811 —-0.1344 -0.2192
Ad 4.396 0.0956 0.2042 -0.199
A5 1.561 1.73 -0.175
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TABLE A2.
Diameter distribution of a pure Norway spruce stand used as the initial stand.

Diam. class dbh Height Live crown ratio

no. (cm) (m) (%) Trees/ha

1 1.9 2.6 43.1 30

2 4.3 5.1 48.8 50

3 6.2 6.9 51.7 91

4 8.2 8.5 54.1 140

5 9.9 9.7 55.8 361

6 12.1 11 57.7 470

7 13.9 11.9 59.2 489

8 15.7 12.7 60.5 231

9 17.7 13.4 61.9 50

Self-thinning curve:

lnD,,a = BO + Bl lnHloo + lenHloolnN + € (A.5)

The symbols are:

i,, = tree basal area growth in the coming 5-yr period, cm?
1, = tree height growth in the coming 5-yr period, m
cr = live crown ratio, %
P = probability of death in the coming 5-yr period
B; = coefficients
d = tree dbh, cm
g = tree basal area, cm?
h = tree height, m
t, 3 = tree age at breast height, yr
BA = stand basal area, m*ha
BA v = basal area sum of trees larger than the subject tree, m*ha
H gy, = dominant height of stand (average height of the 100 thickest trees/ha)
H,y, = site index (dominant height at 100 yr)
D,, = basal area weighted average dbh, cm
N = number of trees/ha

error term of regression equation

m
I

Individual tree pulpwood and sawtimber volumes are based on the taper
curve models by Laasasenaho (1982). Logging costs (LC) are computed as func-
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tions of the total volume removed, v,,,, and the average tree volume, 7. Separate
functions for thinnings (A.6) and final harvests (A.7) were derived based on the
Finnish logging and hauling work tariffs. Costs of logging after a disastrous event
are doubled.

In LC7y = 5.410 — 0.05217 In 7 + 0.02429 (In 7)*

— 0.4451 In v,,, + 0.03969 (In v,,,)* (A.6)
In LCry = 5.230 — 0.05976 In 5 + 0.02076 (In 7)*
— 0.3840 In v,,, + 0.03273 (In v,,,)? (A.7)

Roadside timber values were chosen as representative of southern Finland.
They amounted to 210 Finnish marks/m?® for spruce sawtimber and 180 Finnish
marks/m? for spruce pulpwood. Total regeneration costs, including young stand
tending, were taken to be 4300 Finnish marks/ha.

The soil expectation values for the deterministic analyses are computed as an
infinite series of rotations equal to the first one. For stochastic analyses, a bare
land value is added to the first rotation final harvest value. In cases where sto-
chasticity does not considerably affect the profitability of timber growing, the
optimum soil expectation value of a corresponding deterministic alternative is
used as the bare land value. When stochasticity enters the model as the proba-
bility of a catastrophe, the level of the discounted net present value is reduced
with increasing stochasticity. The bare land value of a deterministic analysis is,
therefore, an overestimate. To obtain scaled down bare land values, repeated
optimization runs were made iteratively for each combination of catastrophe risk
levels and thinning specifications.

Copyright 1992 by the Society of American Foresters
Manuscript received February 19, 1991

AUTHOR AND ACKNOWLEDGMENTS

Lauri T. Valsta is Research Forester, Department of Forest Economics, Finnish Forest Research
Institute, Unioninkatu 40 A, 00170 Helsinki, Finland. The author thanks two anonymous referees for
constructive reviews and Jari Kuuluvainen, Ville Ovaskainen, Markku Penttinen, and Olli Salminen for
comments on an earlier version of the manuscript.

APRIL 1992/ 447
























ISBN 951-40-1279-8
ISSN 0358-4283
Hakapaino Oy, Helsinki 1993



	Contents
	1 Introduction
	1.1 The management problem
	1.2 Objectives of the studies

	2 Models of stand development
	2.1 Classification criteria
	2.2 Whole-stand models
	2.2.1 Density-free whole-stand, models
	2.2.2 Variable-density whole-stand models
	2.2.3 Diameter distribution models

	2.3 Age/stage-structured models
	2.4 Individual-tree models
	2.5 Process based models

	3 A review of prior research on stand level optimization
	3.1 Deterministic methods
	3.1.1 Dynamic programming
	3.1.2 Optimal control theory
	3.1.3 Nonlinear programming
	3.1.4 Random search

	3.2 Stochastic methods
	3.2.1 Adaptation and anticipation
	3.2.2 Stochastic dynamic programming and optimal stopping
	3.2.3 Stochastic nonlinear programming


	4 Determination of a decision maker's utility
	4.1 Deterministic models
	4.2 Stochastic models

	5 Mathematical formulations of stand management optimization
	5.1 The resource model
	5.2 Deterministic optimization using state variables x(r) and control variables u(r)
	5.3 Deterministic optimization using state variables x(f)
	5.4 Deterministic optimization using control variables u
	5.5 Stochastic optimization using control variables u
	5.6 Stochastic optimization using state variables x

	6 Optimization based on whole-stand models (I and II)
	6.1 Background
	6.2 Growth and yield model
	6.3 Economic considerations
	6.4 The dynamic programming algorithm
	6.5 Optimum species composition in even-aged pine-birch stands (I)
	6.6 A comparison of numerical methods for stand optimization based on wholestand growth models (II)

	7 Optimization based on individual-tree models
	7.1 Background
	7.2 Growth and yield models
	7.3 An optimization approach for Norway spruce management based on individual-tree growth models (III)
	7.4 A scenario approach to stochastic anticipatory optimization in stand management (IV)

	8 Conclusions
	8.1 Compatibility of growth models and optimization methods
	8.2 Areas of further development in stand level optimization
	8.3 Applicability of optimization systems

	References
	MÄNTY-RAUDUSKOIVUSEKAMETSIKÖN HAKKUUOHJELMAN OPTIMOINTI Optimizing thinnings and rotation for mixed, even-aged pine-birch stands
	SISÄLLYS
	1. JOHDANTO
	11. Sekametsikön kasvatus liiketaloudellisena ongelmana
	12. Aiemmat tutkimukset
	13. Tutkimusongelma

	2. OPTIMOINTIMALLI
	21. Metsikön kehitysmalli
	22. Hinta- ja kustannustiedot
	23. Optimointimenetelmän valinta
	24. Dynaaminen ohjelmointi

	3. TULOKSET
	31. Yleistä
	32. Optimaaliset hakkuuohjelmat 40-vuotiaille metsiköille
	33. Koko kiertoaikaa koskevat hakkuuohjelmat


	4. TARKASTELU
	KIRJALLISUUS REFERENCES
	SUMMARY Optimizing thinnings and rotation for mixed even-aged pine-birch stands
	Introduction
	Price and cost data
	The dynamic programming algorithm
	Results
	Conclusions


	A comparison of numerical methods for optimizing even aged stand management
	Introduction
	Results
	Concluding remarks
	Acknowledgements

	AN OPTIMIZATION MODEL FOR NORWAY SPRUCE MANAGEMENT BASED ON INDIVIDUAL-TREE GROWTH MODELS
	Contents
	1 Introduction
	2 Stand simulators
	2.1 Growth and mortality models
	2.2 Thinning model
	2.3 Yield models and economic data
	2.4 Restrictions of the models
	2.5 Plot data for simulation

	3 Optimization method
	4 Results
	4.1 Optimum thinning programs for different goals of stand management
	4.2 Optimum thinnings and rotation for different numbers of thinnings
	4.3 Optimum thinning type and initial density
	4.4 Behavior of the optimization algorithm

	5 Discussion
	References
	Appendix 1. Forms of the equations of the simulators.
	Appendix 2. Plot data.

	A Scenario Approach to Stochastic Anticipatory Optimization in Stand Management
	STOCHASTIC OPTIMIZATION USING SCENARIOS
	THE PROBABILISTIC STAND SIMULATOR
	RESULTS
	DISCUSSION
	LITERATURE CITED
	APPENDIX
	AUTHOR AND ACKNOWLEDGMENTS


