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Abstract 
Jonsson, B., Jacobsson. J. & Kallur, H. 1993. The Forest Management Planning Package. 
Theory and application. Studia Forestalia Suecica 189. 56 pp. ISSN 0039-3150. ISBN 91- 
576-4698-8. 
The Forest Management Planning Package represents a general fundamental structure of 
a forest management planning system based on two inventory phases. It is an existing 
calculation system used in practical forestry in Sweden. 

The Forest Management Planning Package integrates economic theory, objective inven- 
tory measurements and accurate growth forecasts. The core of the system is a chain of 
models depicting the production possibilities of a forest holding. 

Detailed growth forecasts and economic calculations with high resolution (individual 
trees) permit analysis of various silvicultural treatment options in all types of Swedish stands. 

A non-linear objective function and mathematical optimization result in a compromise 
between maximum net present value and sustained net-revenue profile. Application of the 
system contributes to a much improved economic result through the removal of uncertainties 
concerning the real production possibilities and it has significantly altered the management 
strategies of the forest companies that have implemented it. 
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Preface 

In this publication we present an economically 
effective resource management system for prac- 
tical use that focuses mainly on the forest timber 
resource. The system is based on forest econ- 
omic theory going back to the early 1800s. 
However, as Clark (1989) puts it, interest in 
renewable-resource economics has increased in 
recent years. A new phrase, sustainable develop- 
ment, has come into popular use. The phrase 
clearly indicates a concern with conservation for 
the long-term benefits of humanity. 

Modern resource management is thus con- 
cerned with the economics of sustainable use of 
biological resources. It is important to find prac- 
tical application for these bioeconomic prin- 
ciples, if we wish to realize the vision of 
sustainable development. 

In accordance with this, we have in our system 
formulated a workable objective function, 
which is a compromise between basic economic 

principles of net present value maximization and 
sustainable development. In Swedish forestry 
practice decisions have been taken intuitively in 
accordance with this objective function since the 
early 1900s. Our planning system lends support 
to a selection of management activities that re- 
flects great responsibility for both the present 
and the future. 

The developn~ent of the planning system pre- 
sented here started in the early 1970s. The 
system comprises the whole forest management 
planning process, and its core is the integration 
of forest inventory, forecast and optimization 
methods. It has been in practical use here for 
about a decade, and has had quite an effect on 
Swedish forestry. We continue to develop the 
system in response to future experiences and 
needs; emphasis is put on operational planning 
and on widening the scope of the objective func- 
tion to include amenity services. 



Introduction 

Forest management planning in a 
general planning context 

If we wish to extract large quantities of wood 
from the forest, and at the same time allow large 
quantities of wood to remain, we have a forest 
management problem. The need for forest man- 
agement planning is born out of a conflict be- 
tween the present and the future, i.e. the 
problem of sustainable development. In a world 
with unlimited resources, there are no such con- 
flicts and thus no forest management problems. 

Planning, to an great extent, is to shape the 
future. According to the rational theory of plan- 
ning (Simon, 1976), a decision-maker must be 
able to envision the consequences of different 
options before making decisions. These options 
can then be ranked with regard to their 
desirability. 

By planning, we imply a process that guides 
our actions to the results we most desire. 
Planning comprises both normative as well as 
technical aspects. We must articulate our values 
and let them guide our actions in a rational 
("goal-oriented") way. 

By plan, we mean a representation of a treat- 
ment option in which treatments and conse- 
quences are described. A treatment option is in 
this context a sequence of treatments over time, 
applied to a whole forest or a part of a forest. 

In some simple situations, it might be possible 
to articulate explicitly our "innermost desires", 
i.e. our values. We call such a representation of 
values an objective function. This function is 
defined with the set of possible treatment op- 
tions as a domain, and rates these options unam- 
biguously with regard to the desirability of their 
consequences. 

A decision-maker cannot normally be ex- 
pected to articulate his or her values explicitly 
without particular preparation. A form of plan- 
ning denoted "strategic planning" may then be 
employed. This is a search process in which the 
characteristics of desired options successively 
are identified. The result of a strategic planning 
effort is two-fold: a concrete picture of what it 
is that the decision-maker wishes to accomplish, 
i.e. the goal, and guidance in the form of rules 
and other necessary means of reaching the goal. 

In a planning process, some form of model is 
often required (Dykstra, 1984). Planning is 
largely a matter of construction and analysis of 
realistic models. To be able to analyse a problem 
that in reality is very complex, it is necessary to 
simplify. In a model, only the portions of reality 
relevant to the problem are described. To make 
meaningful analysis possible, this model must 
depict all components of reality that are import- 
ant to the problem, as well as their interaction. 
The effect of less important components is de- 
picted in a summary but correct fashion. 

After careful consideration, the model-builder 
must decide which components are important 
to the problem and determine how they influ- 
ence it. One often encounters different models 
built for the same problem. By assigning the 
components different weights and kinds of inter- 
action, one arrives at models which are different 
approximations of reality. 

Thus, the model is a simplification and 
approximation, but it can nonetheless be of con- 
siderable complexity and size. To facilitate the 
solution of complex problems, a model can be 
broken down into smaller parts that function 
together in a process. The problem of finding 
the best solutions in time and space for forestry 
is so complicated that the model must be rel- 
atively complex to be useful. 

For a long time, forest management planning 
had to be confined to the use of simple, intuitive 
and "manual" models. This restricted the analy- 
ses, in the main, to the level of annual cut. Such 
simple models are still being used. The develop- 
ment of the forest, for instance, is depicted by 
the progression of age classes. Level of annual 
cut is determined using rotation calculations 
that form a basis for choosing the area to be 
cut annually, hence also for the volume of the 
cut. 

However, powerful computers, improved 
measurement techniques and advanced sam- 
pling theory have made it possible to utilize 
more complex and realistic models. 

Forest management implies carrying out 
treatments in complex production systems. The 
purpose of forest management planning is to 
provide a basis for the allocation of these treat- 
ments, so that the desired result can be obtained. 



To do this, methods are required for (cf. 
Jonsson, Holm & Kallur, 1992): 

1. formulating normative management goals, i.e 
defining the results which one wishes to achieve 
(goal formulation); 

2. finding effective treatment options which will 
produce the desired results, i.e. optimizing the 
choice of management activities (optimization 
methods); 

3. describing the outcome of treatments in the 
production system, i.e. predicting the result of 
various management activities (forecasting 
methods); 

4. charting the production system, i.e. surveying 
the forest to obtain a basis for making predic- 
tions (inventory methods). 

Together, these parts form a forest management 
planning system. 

The problem of forest management planning 
can now be formulated in the following way: 
For a forest holding, a set of possible treatment 
options (sequences of treatments over time) 
exists. The problem is to select the treatment 
option that maximizes utility in some sense. 

Arguments for a quantitative approach 
to  forest management planning 
The need for goals 
In order to act consistently and effectively, it is 
necessary to define the results which one wishes 
to achieve - i.e. to formulate goals. 

Concrete and operative goals for timber- 
production are formed at the crossroads be- 
tween knowledge of the physical results that are 
possible to achieve, and our assessment today 
of the market-value of these results. A major 
part of the results in forest management become 
visible in the distant future. Long-term forecasts 
of the outcome of different options of action 
are therefore a natural component of strategic 
management planning. 

The primary goal of such forecasts is to define 
the limits of possible yield, not to predict the 
future. The other natural part of strategic forest 
management planning is to assess the value in 
economic terms of those possible outcomes. 

These two search processes - definition of the 
yield potential and assessment of the value of 
these outcomes - are both necessary to the for- 

mulation of specific goals for the guidance of 
forest management. 

Our experience from application of the forest 
management planning system presented in this 
paper, is that the decision-maker's conscious- 
ness of strategic problems increases through 
analysis. Insight into relationships and problems 
is gained that might otherwise have been 
overlooked. The system is called the Forest 
Management Planning Package (FMPP). 

In forest management, the goal is to achieve 
the highest possible sustained yield. The way in 
which this yield is measured determines the real 
content of this formulation. Over the years, 
many suggestions for yield measures or formu- 
lations of goal in forest management have been 
made. Our experience indicates that it is worth 
paying attention to some yield measures of inter- 
est (Table 1; cf. Jacobsson & Jonsson, 1991). 

Net present value is a general yield measure, 
which subsumes all the other measures shown 
in Table 1. The difference between these ways 
of measuring goal-accomplishment lies in the 
way in which we express revenues, costs and 
interest rates in the calculation of net present 
value. 

This is the reason why we persist in advocat- 
ing the use of present value calculation as a 
logical form for the choice of forest management 

Table 1. DzfSerenr yield measures orformzrlations 
of goal in forest management 

Goal 

I. Highest production of wood 
- interest rate is zero 
- all cubic metres have 

equa! value, regardless 
of whether or not 
they are utilized 

- no costs 

11. Highest timber yield 
- interest rate is zero 
- all utilized cubic metres 

have equal value 
- no costs 

111. Highest yield of value 
- interest rate is zero 
- prices and costs are 

considered 

IV. Highest net present value 
- all factors above are 

considered 

Economic 
production 
factors 
considered 

LAND 

LAND 

LAND 
LABOR 

LAND 
LABOR 
CAPITAL 



program. The fact that this invites the use of 
other values than zero for costs and interest 
rates is something that we believe is of benefit 
to forest management. 

The challenge of uncertainty 
We have often met the objection that all state- 
ments about the value of the future yield of 
timber are meaningless. After all, nothing can 
be known about the future. This would render 
economic theory and the present-value calcu- 
lation useless for solving forest management 
problems. 

If one is not allowed to use economic theory 
to solve forest management problems, how- 
ever, one is left helpless. The reason for this is 
that economic theory is the general tool that 
humanity has created for husbanding scarce 
resources. 

The forest management problem does not 
differ in principle from the general problem of 
resource management. The production time is 
longer, but a long production time is no problem 
in principle, as long as there are expectations of 
the world continuing to exist. 

We know with certainty that our actions 
today influence the size of the potential future 
timber harvest, as well as the structure and qual- 
ity of this harvest. Even if we today do not wish 
to express or are not able to express, any opi- 
nions of the value of the future timber harvest, 
we shall still indirectly take a standpoint 
through our current actions. 

By attempting to express an opinion about 
the future in economic terms, and then relying 
on net present-value calculations to formulate a 
strategy in accordance with this opinion, we 
shall be able to act consistently and effectively. 
Thus, it is important to have a vision of the 
future. Without an opinion of the value of the 
future forest, we shall simply be groping in 
the dark. 

Optimization or not? 
A timber assessment is a means of linking activi- 
ties and expected results in forest management. 
Timber assessments have always been an im- 
portant aid in considering forest management 
problems. 

In principle, there are two different ways 
in which a timber assessment can be used in 
straiegic planning. One of the possibilities - 

consequence assessment - involves an attempt 
to forecast what will happen if the forest is 
managed according to certain specified pro- 
grams. The outcome of the assessment is not 
primarily used to evaluate whether the specified 
program is a good solution to the forest man- 
agement problem. One simply assumes that the 
program is good. 

The alternative to consequence assessment is 
optimized timber assessment. Such an assess- 
ment involves systematically investigating the 
consequences of a large number of different op- 
tions of managing a forest, then evaluating the 
results in reference to a clearly specified evalu- 
ation norm. If the set of treatment options be- 
comes very large, one is forced by time 
constraints to be systematic in generating and 
evaluating the options. Mathematical optimiz- 
ation methods are an aid in this work. 

An important element in all timber assess- 
ments - optimized or not - is to ensure that the 
results of the formulated treatment options of 
action are feasible, i.e. assessible. 

The sustained net-revenue projile approach 
If the elements of the goal are periodical net 
revenues, then the efficient solutions to forest 
management problems - i.e. the solutions which 
lie on the outer boundary of what forest man- 
agement can yield - can be found with the 
help of simple net present-value calculations. 
Figure 1 shows how it is possible to use the net 
present value to separate solutions which lie on 
the outer boundary of the management possibil- 
ities offered by the particular forest. 

Future yield 

by t h e  
forest  

R 1 

I ) Present yield 

Fig. 1. The possibilities of forest management and the 
efficient solutions. 



The choice of interest rate, which is rep- 
resented in the figure by lines R1 and R2, deter- 
mines the balance between present and future 
yield - what we call the profile. A low interest 
rate R1 gives more in the future and less today. 
A high interest rate R2 gives more today and 
less in the future. 

If we were to turn this around, and instead 
first select which of the solutions we wanted - 
A1 or A2 - that is, first select the profile, then 
it is possible to establish afterwards, which rate 
of interest this solution indirectly builds upon. 

In Figure 1, the problem has been simplified 
to cover only two time periods. The same prin- 
ciples apply to a real problem, however, with 
many time periods or continuous, unlimited 
time. 

By using the decision-maker's desires con- 
cerning the shape of the net-revenue profile as 
a starting point, it is possible to reduce the 
problem of choosing the interest rate. We thus 
consciously lose a minor fraction of the theoreti- 
cally present value, as calculated with a fixed 
and known interest rate. However, since the true 
level of the future interest rate is unknown, the 
question of whether we lose or gain in the end 
is not answered. 

It is generally much easier to obtain infor- 
mation from the decision-maker concerning the 
desirable shape of the net-revenue profile than 
concerning which interest rate to apply. Thus, 
we have concluded that the profile approach is 
a useful technique in the context of real world 
decision-making, where fixed and known inter- 
est rates are nonexistent. The approach based 
on a sustained net-revenue profile makes it poss- 
ible for decision-makers to formulate goals 
which are compatible, if not in all aspects, at 
least in the most important, with sound econ- 
omic theory. 

Modelling forest dynamics 
The primary production of forestry, i.e. the pro- 
duction of harvestable trees, has two important 
dimensions: space and time. The process is regu- 
lated with the help of various measures, such as 
planting, thinning and final fellings. A meaning- 
ful regulation of this process is only possible 
through an overview and understanding. 

Objective sampling schemes allow us, at a 
reasonable cost, to create a realistic state- 
description of the process in space, i.e. the state 

of the forest today. To obtain an overview of 
the primary production process, we must have 
methods at our disposal for forecasting the size, 
structure and quality of the growing stock over 
time. The basis for any meaningful optimization 
is that the development of the forest, as a result 
of different treatment options, can be described 
with a reasonable level of precision. We are not 
concerned with the development of idealized 
type-forests here, but rather with the actual 
forest we possess today. If we cannot manage 
this, optimization is meaningless at best, and at 
worst directly harmful. 

Analysis or prejudgements 
Much would be gained if a clear distinction were 
made between restrictions caused by external 
factors and self-imposed "good forestry rules". 
The restrictions caused by external factors are 
real, and do determine the boundaries of what 
is possible. The most important of these external 
boundaries is set by the growth of the forest. 
Self-imposed rules, however, must be questioned 
and re-examined when they place obstacles in 
the way of good economic results for forest 
management. 

The traditional formulation of forest manage- 
ment programs, in terms of rules and restric- 
tions, must for reasons of simplicity be founded 
on a number of typical stands and stand devel- 
opments. The programs are illustrated by one 
or several norms regarding the appearance of 
stands at different ages. An attempt is made in 
the planning process to mold the real-life state 
of the forest to the norm. The problem is that 
this may correspond to an economically unde- 

R e a l i t y  -1 
Fig. 2. Norms for how the forest should look may 
correspond to an economically undefined goal. 



fined goal (Figure 2) and will therefore be a very 
expensive behaviour. 

An effective way of reaching the goal is to 
analyse the actual development potential of the 
stands in relation to the entire forest holding, 
with reference to economic conditions. A pos- 
sible result of this is that we may have to accept 
a state of the forest which deviates from the 
norm for a longer time than would otherwise 
have been necessary. However, the aim of forest 
management is to fulfill economic goals, not to 
ensure, at any price, a norm for how a stand 
ought to appear. 

Thus, when we have assumed the economic 
conditions (prices and interest rate) and formu- 
lated an operative, measurable goal, then there 
exists a theoretically true optimal treatment pro- 
gram for a specific forest area. This means that 
the compartment structure is determined and 
that the management plan for the forest within 
these boundaries has been updated as far as 
treatment options are concerned. 

It is now our task 
- to try to discover the optimal treatment pro- 
gram through analysis; 
- to avoid forcing our conception of a well- 
managed stand - based on norms - upon the 
forest. 

Application of the Forest Management 
Planning Package is an iterative search process, 
in which the results prompt re-evaluation of.the 
assumptions, which in turn will lead to new 
results, and so on (see Figure 3). In the end, this 
search process leads to a treatment option close 
to the optimal one. 

i t e r a t i o n  / 

( Important features)  

I 
t 

Strategic decisions (GOALS)  

Fig. 3. Strategic planning is an  iterative search process. 



Our goal and model 

Utility, net present value, and sustained 
net-revenue profile 

In the literature of forest management planning, 
utility is mainly connected with present value 
(e.g. Faustmann, 1849; Dykstra, 1984; 
Johansson & Lofgren, 1985; Holten-Andersen, 
1991) and sustained yield (e.g. Faustmann 1849; 
Samuelson, 1976; Johnson & Scheurmann, 
1977; Johnson, Jones & Kent, 1980; Haig & 
Krutilla, 1985). 

We have concluded that a treatment option 
which generates a high degree of utility is a 
compromise between: 
- high net present value, i.e. high net value of  
present-time equivalents of revenues and costs in 
a wide sense; and 
- a reasonable distribution of net revenue over 
time (sustained net-revenue profile). 

Reasons for desiring a sustained net-revenue 
profile might include: 

1. An assumption that forestry, being a basis 
for many activities in society as well as for the 
forest owner, best serves its purpose by means 
of a continuous and sustained (relatively speak- 
ing) yield of value (Brundtland, 1987). A sus- 
tained net-revenue flow from forestry would in 
other words have a value of its own, derived 
from its stabilizing effect. We may call this the 
"sustained-yield argument". 

2. An assumption that a number of factors, 
represented either schematically or not at all in 
the model, would change the solution towards 
greater smoothness if they were included in the 
model. Important such factors include prices 
and interest rates, whose magnitude in reality 
may depend on the magnitude of the entity to 
which they are applied (Walker, 1971; Johnson 
& Scheurmann, 1977; Lappi & Siitonen, 1985). 
Even if the model were refined, inadequately 
depicted factors will always remain. We may 
call this the "crude model argument". 

The theory of forest economics is largely con- 
cerned with the treatment of an idealized normal 
or steady-state forest, which among other things 
is characterized by an even distribution of area 
over age-classes. In managing an optimal 
normal forest, there is no conflict between high 

net present value and sustained net revenue. In 
reality, however, one seldom or never encoun- 
ters normal forests. A useful model for strategic 
planning must permit the relationship between 
net present value and sustained net-revenue pro- 
file to be studied. One way of allowing the aspect 
of sustained net-revenue profile to be accounted 
for in a model, is not to discount net revenue 
directly, but rather to discount a function of net 
revenue. A distinction is made between net rev- 
enues and utility in a single time-period. In the 
following, the rationale behind this approach 
will be discussed. 

If a decision-maker prefers a smooth net- 
revenue profile over time to an uneven profile, 
he will gain if he transfers net revenue from 
periods with high net revenue to periods with 
low net revenue. This, in turn, indicates that the 
marginal utility of the net revenue decreases 
(Figure 4). 

Ut i l i t y  

t 
U l i I ~ t y  = g ine t  rerenuelgiven 

decreasing morgtnal 
ut i l t ty  

) N e t  revenue 

Fig. 4. Schematic relationship between utility and net 
revenue per annuma 

A reasonable assumption regarding the re- 
lationship between utility and net revenue is that 
it is a homogeneous function; in other words, 
an increase in net revenue of x per cent will 
increase utility by y per cent, regardless of the 
magnitude of the net revenue. It  is also assumed 
that the relationship between utility and net 
revenue can be depicted as a continuous concave 
function. 

A simple function that fulfills these assump- 
tions is 

where 

c is a constant and c> 0 



b is a constant in the interval 0 < b 5 1 

N is the net revenue. 

The function u(N) is furthermore the solution 
to the differential equation 

This means that the marginal utility of the 
net revenues, calculated in this way, is pro- 
portional to the mean utility of the net revenues. 

If the magnitude of b is less than 1, marginal 
utility is strictly decreasing. If the function 
stated above is used in a present-value calcu- 
lation (and b is less than I), the value of options 
with an even flow of net revenue over time will 
be positively affected. The smaller the magni- 
tude of b, the more pronounced this effect will 
be. 

The decision-maker can study the balance be- 
tween the goals of smoothness and high net 
present value by changing the magnitude of b. 

Every treatment option H E  A can be assigned 
the net revenue flow it creates N(t), i.e. net 
revenue flows over time t ;  '2" denotes the set 
of possible treatment options. Our task is to 
find H so that utility is maximized. Thus, the 
problem of forest management plannirig can be 
given the following mathematical formulation: 

max U where 
H E A  

U denotes utility 

u denotes utility function 

t denotes point in time 

Y denotes rate of interest 

N,(t) denotes net revenue of treatment option 
H at time t .  

We shall return to these questions when we 
build our model. 

Our model 

We shall be using a deterministic ~ s d e : ,  ir, 
which the state and the development of the 

forest (the production system) at a point s in 
space and at time t are determined solely by the 
initial state I(s,O) and the treatment option H(s). 
The treatment option H(s) is a sequence of treat- 
ments over time that is to be determined in 
advance and applied to a point s. 

The state of the forest at time T can be written 
T 

I(s,T) = I(s,O) + jg(H(s) ,  W)) dt 
0 

where g is a function describing the development 
of the forest state. 

A general model is: 

where 

denotes area of the forest holding 

denotes type of product (output) or 
means of production (input) 

denotes function yielding the price of x 
at time t 

denotes function of treatment option and 
state of the forest; the function gives the 
yield of output x or the consumption of 
input x at time t; 

H(s) denotes treatment option applied to the 
point s over time 

I(s,t) denotes state of the forest (production 
system) at point s and time t. 

This general model will be developed into a 
model applicable in practice. It constitutes the 
core of a system for planning primary forest 
production (timber production), the so-called 
Forest Management Planning Package 
(Jonsson, 1978, 1982). 

The first step in this development is that the 
continuous time-scale is approximated with 
a discrete scale using 5-year intervals. 
Furthermore, we introduce discrete x-vaiues. AI! 
treatments and results in the form of products 
- which in reality occur a; any time during a 
5-year period - are now assurned to be coccen- 
trated to the middle s f  the period j:,). 



The model now takes the form 

where 

p denotes a 5-year period; p =  1, 2, ... 

t, denotes t o  - 2.5 + 5 p 

The yield of net revenues from the forest hold- 
ing during a period p is represented by the integ- 
ral in this expression. 

We can imagine that the holding is divided 
into a large but finite number of small area 
elements (plots). The yield of timber from these 
plots is the sum of the yield of all trees that are 
or will be established on them. The size of the 
plot is chosen to reflect the fact that trees grow 
individually under the influence of their immedi- 
ate surroundings. The effect of external factors 
that affect growth is approximately the same for 
all trees on a plot, if the plot is sufficiently small. 
Such factors are, for instance, competition be- 
tween trees and site quality. 

For reasons of operational economics, a small 
plot should be treated at the same time as other, 
adjacent plots. For this reason, we introduce an 
additional spatial concept: the compartment, 
which thus is a treatment unit (see section 
"Phase I", p. 26). It is constituted by a number 
of adjacent plots. 

In the procedure for estimating the state and 
the future development of the forest, we use a 
sample of compartments from the forest holding 
and a sample of plots within the sampled 
compartments. 

Our task is to find H so that U is maxim- 
ized, where 

i denotes compartment 

M denotes number of all compartments 

j denotes plot 

Ni denotes number of all plots within com- 
partment i 

Hi denotes treatment option for compart- 
ment i; H for the whole forest is built up 
by the combination of the single Hi 

Iij denotes state of the forest within the plot 
j in compartment i. 

We estimate the optimal H by maximizing 

where 

m denotes number of sampled compart- 
ments 

ni denotes number of sample plots within the 
sampled compartment i 

q, denotes projection factor for sample plots 
within compartment i (depending on the 
sampling method) 

When the function u (N)  is implemented in 
the model, the constant c, which has no signifi- 
cance in the optimization, can be given the 
value 1. 

Contents of the model 
Net revenues 
For the time being, the Forest Management 
Planning Package covers only that part of for- 
estry which focuses on timber production. Other 
functions of forestry, such as the production of 
recreation possibilities, environmental protec- 
tion, berries, wildlife, waterflow, etc., are as- 
sumed to be independent of the design of timber 
production. The products x which are included 
in the model refer only to input and output of 
timber production. In principle, however, 
different levels of amenity services can be ana- 
lysed by studying the costs in terms of reduced 
value of timber production. 

The timber production process can be divided 
into two sub-processes: 
- The primary production process, having re- 
sources for silviculture as input and trees mature 
for harvesting as output; 
- The secondary production process, having 
mature trees as input, as well as resources for 
logging, transportation, storage. and sales. The 



output is timber products at permanent pro- 
cessing facilities. 

The Forest Management Planning Package 
builds on the schematic assumption that the 
design of the secondary production process is 
given and fixed when the trees are delivered 
from the primary production process. 

This means that the primary production pro- 
cess is optimized, given an assumed technologi- 
cal solution of the secondary production 
process. 

Thus, given a treatment option H, the flow 
of products and means of production between 
forestry and its ambience can be divided into: 

- Means of production for primary production 
- silviculture; 

-Means of production for secondary pro- 
duction - logging, transportation, storage, 
and sales; 

- Products in the form of timber from trees that 
have been logged, transported, stored, and 
sold. 

Revenues in forestry are composed of rev- 
enues from the harvested trees. Costs consist 
partly of the costs of the primary production, 
which depend on the silvicultural program, and 
partly of the costs of the secondary production, 
which depend on the size and structure of those 
trees that are delivered from the primary pro- 
duction process. 

Given knowledge of the technology used in 
the secondary production process, the costs of 
this process can be estimated. These costs are 
deducted from the revenues generated by the 
sales of timber from the harvested trees. This 
results in a net value (stumpage value) from the 
harvested trees that is taken as a revenue of the 
primary production process. Thus, the revenue 
side of the model consists of stumpage values, 
while the cost side consists of silvicultural costs. 
The difference between these revenues and costs 
during a certain period constitutes the net rev- 
enue for that period. This is the sense in which 
the term net revenue is used in this work. 

It might be of interest to include logging in 
the model if different logging methods vary in 
their effect on primary production (e.g. different 
methods of thinning). If such is the case, the 
costs of these particular methods should be 
taken into account in the calculation of net 
revenues. 

Forest inventory methods 
The forest inventory section of the Forest 
Management Planning Package is founded on 
both "guesstimation" and measurement. 

Mattrn (1978) submits the following regarding 
"guesstimation" and measurement (translated 
from Swedish): "It may perhaps sound like a 
contradiction if I now say that there is great 
room for subjective methods, guesstimation, 'eye- 
balling' in forest inventory. But observation by 
'oculation' alone is not sufficient; it must be com- 
plemented with data that allow us to 'translate' 
them into measurement results." 

For reasons of cost, it is not feasible to meas- 
ure all compartments, nor to measure all plots 
within chosen compartments. We must resort to 
approximations. and do so by using a stratified 
sample of compartments, in which several circu- 
lar plots are measured (Jonsson, 1978, 1982). 
The frame from which the stratified sample is 
chosen is a register of all compartments. 

In the context of the Forest Management 
Planning Package, a compartment register con- 
sists of data generated by subjective methods of 
inventory. These data are translated into 
measurement values with stated precision, based 
on objective measurements of a small sample 
from this register. The sample is selected by 
means of some probability procedure. 

Such a procedure is known in statistics as 
two-phase sampling or double sampling 
(Cochran, 1977). It can be extended and applied 
on several levels; we then speak of multi-phase 
sampling. 

The Forest Management Planning Package 
uses two inventory phases. The first phase con- 
sists of creating a compartment register. The 
second phase consists of a sample of compart- 
ments that are inventoried according to a "basic 

FOREST S INGLE SINGLE S INGLE 
HOLDING C O M P A R T M E N T  PLOT TREE 

Fig. 5. The representation of the forest in the Forest 
Management Planning Package. 



method for circular-plot inventory". This 
method is designed as a sample of plots within 
the sampled compartment, and all individual 
trees on the sample plots are recorded 
(Figure 5). 

Only the measured sample plots from the 
sampled compartments are used in our model. 
These are taken to represent non-measured 
parts of sampled compartments, as well as com- 
partments not measured at all. If the sample is 
allocated in an efficient way and is sufficiently 
large, the resulting picture of the real forest 
holding is an approximation that is useful for 
strategic analyses. 

A need for more extensive in-place infor- 
mation arises only in planning of a more operat- 
ive nature. By matching the subjective data in 
the compartment register with objective data 
and analysis results from the strategic planning 
based on the second phase, it is possible to 
create a basis for drawing general conclusions 
about the state and appropriate treatment of all 
compartments. 

This two-phase procedure has many advan- 
tages in a planning context: 

- It is efficient in the sense that it estimates 
means and totals with a certain precision for 
the forest holding at lower cost than any other 
known method (see Li, 1988). 

- It uses the compartment as an inventory unit. 
This unit is of fundamental significance in all 
forest management planning, and having the 
inventory unit coincide with the relevant treat- 
ment unit is a great advantage. 

- Individual values for compartments that have 
only been estimated subjectively can be calib- 
rated (Jonsson & Lindgren, 1978; Li, 1988). This 
removes the effect of systematic errors in the 
subjective estimates. 

- It yields detailed information with high reso- 
lution about the sampled compartments; this 
information is necessary for making good fore- 
casts for these compartments, as well as for 
whole forest holdings. This, in turn, is a neces- 
sary condition if optimal solutions to the mod- 
elled problem are to resemble optimal solutions 
to the real problem. 

- Treatment decisions founded on very good 
measured data can be related to the simple data 
actually available for non-measured compart- 
ments. These relations between decisions and 

compartment data can be established with 
regard to the weaknesses and strengths inherent 
in the data material available for non-sampled 
compartments. 

Growth calculations 
The need to make forecasts of forest develop- 
ment as far ahead as a hundred years makes 
the dynamic part of the Forest Management 
Planning Package, i.e. growth calculation, its 
most sensitive element. Great care is required, 
since there is a significant risk of going wrong 
and thereby producing misleading results. 

How should growth forecasts be made? 
Assume a compartment consisting of a number 
of plots and a number of trees on each plot. 
Our compartment can then be described using 
compartment means for, e.g., 
- site quality 
- age 
- diameter 
- number of stems per ha 
- species composition. 
The compartment can also be characterised 
using the variation among plot means 
concerning 
- site quality 
- age 
- diameter 
- number of stems per ha 
- species. 
Moreover, there is variation among trees within 
plots concerning 
- age 
- species 
- diameter. 
There are several possible methods of making 
growth predictions: 

1. On each plot, site quality and individual trees 
are observed with regard to diameter, age, and 
species. In this case, functions that depict 
the growth of individual trees can be used. All 
information about variation is then accounted 
for (Naslund, 1942; Jonsson, 1974a, 1980; 
Soderberg, 1986). 

2. Based on the same observations as in case 1, 
it is also possible to use functions that depict 
the collective growth of all trees on a plot (Eko, 
1985). In this case, available information about 
variation among trees within plots is not 
utilized. 

3. Information from the same observations as 



in case 1 can be used for calculation of compart- 
ment means. Functions depicting collective, 
plotwise growth are then used as in case 2. In 
this case, no information about variation within 
or among plots is utilized. Moreover, the func- 
tions are being used outside their domain of 
validity. 

4. Compartment means can be determined using 
data derived from subjective methods for 
measurement of basal area (use of a relascope 
at subjectively chosen points in the stand), 
height, age, etc., and site quality. Functions de- 
picting collective, plotwise growth are then used. 
In this case, no information about variation 
within or among plots is utilized. The functions 
are used outside their domain of validity on 
data that contain unknown errors of a more or 
less systematic nature (Larsson, 1990). 

5. Compartment means are estimated as in 
case 4, and the results are aggregated to larger 
prediction units, such as age classes. Functions 
depicting collective, plotwise growth are used. 
In this case, more information remains unused 
than in case 4. 

Several increasingly schematic cases could be 
outlined that would distance us even further 
from the simple fact that trees grow individually 
while interacting with each other, not as a more 
or less unstructured collective. 

As a consequence of this, the Forest Manage- 
ment Planning Package has been designed to 
predict growth by utilizing information with the 

highest degree of resolution, such as in case 1 
above (Figure 6). The development of efficient 
measuring instruments, e.g. the electronic data 
caliper (Jonsson, 1981, 1991), has made this 
approach practically feasible. 

The individual-tree concept allows for com- 
putations to be traced and assessed for feasibil- 
ity at all steps (Figure 6). Computer printouts 
can be requested showing growth during the 
forecasting period for: 
- single trees 
- single plots 
- single compartments 
- forest holdings. 

Prices 
A weakness in all long-range planning is the 
uncertainty pertaining to future prices of prod- 
ucts and means of production. This difficulty 
notwithstanding, it is necessary to specify reason- 
able values for these prices. Not to do so would 
be tantamount to either assuming goals indepen- 
dent of prices or to abstaining from planning. 

Uncertainty may be explicitly handled in a 
forest management planning system if future 
prices follow a known distribution (Lohmander, 
1987; Gong, 1991). However, the complexity of 
such modelling and uncertainty concerning the 
distributions describing the uncertainty, has 
made us choose a deterministic approach to 
future prices. 

Deterministic price changes, i.e. different 
values of a,, between periods, can be handled 

Fig. 6.  Illustration of the structure and the resolution of the timber assessment calculation in FMPP. Individual tree 
gronth on sample plots within a compartment. 



by our system, but the basis for their estimation 
is most often weak. 

Real rate of interest and real prices 
When using the Forest Management Planning 
Package for analysing treament programs, it is 
recommendable to employ real rates of interest 
and real prices. This is in accordance with the 
following statement by Samuelson (Samuelson, 
1976, p. 475): "This means that essentially all 
we need in order to discuss forest economics 
correctly is to concentrate on (1) the real rate 
of interest (i.e., the actual interest rate on money 
minus the presumed known rate of overall price 
inflation), and (2) the real price of lumber out- 
puts and inputs (i.e., the percentage real rate of 
rise for P,umberIP,ene,,,)". 

We have followed this recommendation in 
this paper. 

Principles of optimization 

Optimization consists of achieving a desired 
profile of net revenues over time, and of posi- 

tioning this profile as high as possible. As has 
been observed earlier, this profile is a comprom- 
ise between high net present value and sustained 
net-revenue profile. The decision-maker can 
select the desired profile by varying r and b in 
the model. 

An algorithm has been developed which is 
capable of giving solutions to the model, i.e. 
finding the combination of treatment options 
for the compartments that maximizes the object- 
ive function for the entire forest holding and 
thus positions a desired profile at the highest 
level. One limitation, however, is that all treat- 
ment options cannot be studied, since their 
number in principle is unlimited. For that 
reason, the algorithm is applied to a large but 
limited set of treatment options that has been 
formulated by the decision-maker, and which 
hopefully includes an option close to that which 
is theoretically the best. A great deal of know- 
ledge about forest management is required to 
formulate these options. 



The production possibilities 

Products, means of production, and 
their prices 

The backbone of our model is ~ n a d e  up of estim- 
ations of potential timber cut. A potential 
timber cut calculation produces an estimate of 
the flow from and to the forest of products and 
means of production in all periods, given an 
initial state I and an option of treatment H. The 
forest is represented in model (5) by small, 
sample plots within sampled compartments. 

The estimation of potential timber cut is es- 
sentially based on methods developed by 
Jonsson (1974a, 19746, 1980) and implemented 
by Soderberg (1986). 

Products and their prices 
The product of the primary production process 
is trees which are ready for harvesting. Thus, in 
this context x refers to a number of tree charac- 
teristics. The price a,, for a tree delivered from 
the primary production process is equal to the 
stumpage value. This value can be calculated as 
the difference between the combined revenue of 
all components of the tree having passed 
through the secondary process and the costs 
which can be attributed to the tree in this pro- 
duction process (logging costs, etc.). 

Given a set of product prices, this difference, 
i.e. the price a,, for a tree depends on 
- tree species 
- tree size 
- tree quality 
- tree concentration 
- location 
- other circumstances that affect costs in the 
secondary production process. 

Thus, to estimate the stumpage value, we 
must first predict species, tree size, and tree 
quality a t  different points in time. This predic- 
tion is based upon initial state, the means of 
prediction, and the treatment option. The fore- 
cast of tree size is clearly the most important. 

The revenue from every individual tree is 
estimated with the help of model trees. Prior to 
predicting growth, the values of a number of 
model trees are calculated by cross-cutting and 
using a price-list containing the prices of differ- 
ent types and sizes of log. The model trees cover 
three dimensions: tree species, tree size, and tree 

Value/tree 
S E K  

Fig. 7. The revenues from a single pine tree. R,'S, U,S, 
V, and VI denote different timber-quality classes. 

quality. The valuation of a single tree is made 
by linear interpolation between the values of 
model trees of the same species and tree quality 
(Figure 7). 

To calculate harvesting costs, it is necessary, 
as mentioned above, to know how densely the 
trees grow, the geographic location of the com- 
partment, and other circumstances that affect 
these costs. 

The harvesting costs are estimated using lo- 
cally calibrated cost functions. The functions 
could e.g. be of the type 

1 
HC = Po + P I  . V O ~  + b2 .- 

St' 

where 

HC denotes harvesting cost for a tree 

Vol denotes tree volume 

St denotes tree concentration in 
stemslha 

bo, PI ,  Pz denote parameters locally calibrated 
for mean terrain conditions, etc. 

The difference between revenues and har- 
vesting costs gives a,,, i.e. the stumpage value 
in period p for an individual tree. 

Means of production and their costs 
As a rule, a treatment option includes inputs of 
means of production in the form of silvicultural 
resources; however, it is possible to conceive of 
an option in which no silvicultural resources are 



expended. The amount of silvicultural re- 
sources, therefore also the magnitude of costs, 
is strongly related to type of treatment, area 
treated, and soil and ground characteristics. The 
predictions of silvicultural resource expenditure 
can consequently be produced by simple func- 
tions of treatment type, soil and ground type, 
and amount of area treated. 

Price developments 
The price a,, for a product or means of pro- 
duction x in period p is calculated in two steps. 
In the first step, which is taken in conjunction 
with the calculation of the growth and yield 
forecasts, the level of resolution is that of the 
single tree. Two independent revenues of each 
tree are calculated according to two product 
price lists. The cost of final felling, thinning, 
fertilizing, and other silvicultural activities is 
calculated at the same time. 

In the second step, the revenue is calculated 
as a weighted mean of the revenues according 
to the two independent product price lists. The 
compartment results are multiplied by price- 
development factors, which are differentiated 
with regard to time period and the type of 
revenue/cost. 

This procedure has been chosen because it 
makes possible analysis of several different 
price-development options, without having to 
repeat the cumbersome individual tree growth 
caiculations in the computer. 

At the same time, this procedure precludes 
the detailed specification of price developments 
for different products, other than by letting the 
prices develop continuously in the interval be- 
tween the two price lists. 

Treatment options 

The treatment option is identical for all plots 
within a compartment, and is a sequence of 
treatments over time. The most important treat- 
ment is final felling, which breaks the growth 
process of a stand generation and makes room 
for a new one. The macro-structure of a treat- 
ment option is thus provided by the shifts be- 
tween growth generations. 

Timber assessment calculations are per- 
formed for every stand generation individually, 
under the assumption that treatments made 
during one generation do not influence follow- 

ing generations in any other way than by de- 
termining the times for shifts in growth 
generation. 

The model is constructed to depict the follow- 
ing types of treatment: 
- regeneration 
- precommercial thinning (cleaning) 
- thinning 
- fertilization 
- final felling. 

The treatment option for a compartment de- 
termines when treatments are introduced on the 
plots within that compartment. Treatments can 
be modulated with regard to the state of the 
forest on individual plots. How a treatment is 
to be performed is thus partly decided at  plot 
level. This is an important feature of the model, 
particularly with regard to thinnings, where 
dense plots may be more heavily thinned. 

For each compartment, timber assessment 
calculations are performed for an arbitrarily 
large number of treatment options. First, how- 
ever, these options are to be specified by the 
user. 

Principles for forecasts of certain tree 
characteristics 

Forecasts for certain tree characteristics are de- 
rived from modelling the size, quality, and mor- 
tality of individual trees at different treatment 
options. We make the simple assumption that 
trees grow individually but under the influence 
of each other and of the site conditions. Sudden 
changes in the close environment of the individ- 
ual tree, such as a thinning or fertilization, result 
in growth effects whose correct depiction is 
important. 

On the basis of long experience - not least 
from Naslund (1935, 1942) - we have attempted 
to solve the problem of estimating the dimen- 
sional growth of individual trees. 

According to Jonsson (1974a, 1974b, 1980), 
tree growth is the result of a complex process, 
in which many factors contribute. It is easy, in 
principle, to determine the influence of one or 
several factors on something if an experimental 
approach is applied. This requires, however, 
that experiments can be laid out and that there 
is enough time to await the results. 

Another mode of investigation (surveying) is 



based on events that have occurred under natu- site fertility. In our case we use: 
ral circumstances prior to the beginning of 
the investigation. Surveys are thus of a non- 
experimental nature - something that entails 
certain problems. It is not a matter of varying 
one or two factors and keeping the rest under 
statistical control. Instead, the factors determin- 
ing growth vary in an uncontrolled way, and it 
may be difficult to distinguish the effect of one 
or several factors from that of other factors. 

In both cases, available knowledge is used to 
construct schematic models of the growth pro- 
cess, which are then used in the analysis. A 
material of empirical data is subsequently used 
to quantify the role of important factors in the 
process, or, in other words, to estimate certain 
parameters in a growth model. The models must 
be realistic, and at the same time useful with 
regard to their objective, to data constraints, 
and so on. 

The objective of the models is to produce 
good estimates of the parameters in functions 
needed to forecast size, quality, and mortality 
of individual trees at different treatment options. 
The main advantage of using a survey material 
is to achieve representativeness at a low cost. It 
enables us to make realistic forecasts for a broad 
spectrum of forest types. The main advantage 
of using an experimental material is the possibil- 
ity of isolating the effects of individual growth 
factors - in this case mainly the effects of treat- 
ments. Since the purpose of using the model to 
a large extent is to provide treatment guidelines, 
it is essential to separate the effects of treatments 
from the effects of other growth factors such as 

D i a m e t e r  growth 
o f  a single tree 

- data from the Swedish National Forest Survey 
for estimating growth (Soderberg, 1986) in the 
case of no future actions. The same applies to 
natural mortality; 

- data from long-term experimental trials for 
estimating effects of treatments such as thinning 
(Jonsson, 1974a) and fertilizing (Rosvall, 1980). 
The same material applies to mortality in ex- 
tremely dense stands (unthinned stands) 
(Soderberg, 1986); 

- data from the sample tree material, collected 
in connection with our inventory (FMPP) for 
estimating tree quality and bark volume; 

- data from the "HUGIN'-survey for estimating 
regeneration results and plant growth (Elfving, 
1981). 

The estimates are expressed in the form of 
regression functions for these components. 

In our applications, a combination of these 
functions from all data sets is used to project 
the future size, quality and mortality of single 
trees in all types of Swedish forests which are 
subject to regeneration, precommercial thin- 
ning, thinning, and fertilization. 

Estimated growth is primarily based on single 
tree growth undisturbed by future treatments. 
We call this growth the reference growth. The 
effects, e.g. of 'thinning, are expressed as a mul- 
tiplier affecting this reference growth (see section 
"Thinning response of single trees" on p. 22 
and Figure 8). 

rowth in response 
to th inn ing  - - - - - - - Reference g r o w t h  

Fig. 8. The reference growth and the 1 > 
thinning response. T h i n n i n g  T i m e  



Growth functions 
A growth function is constructed for our pur- 
pose. The approach and its motivation are taken 
from Jonsson (1969). 

The growth of a tree depends both on a 
number of internal characteristics of the tree 
and forces and objects in the environment of 
the tree which release, constrain, favour, inhibit, 
or block growth. 

For the period t ,  to t,, growth i(t,, t,) can 
be written 

where 

1 

I, J ,  K 

I 

J 

K 

denotes growth (increment); 

denote vectors with a large number of 
elements; and 

denotes internal, growth-affecting 
factors; 

denotes external, non-climatic growth- 
affecting factors; 

denotes external, climatic growth- 
affecting factors. 

Jonsson (1969, 1980) describes this model in 
detail. He utilizes knowledge about the biologi- 
cal process, as well as schematizations (i.e. an- 
nual-ring index) to develop the model into a form 
in which its parameters can be estimated using 
regression analysis of an empirical data set. The 
growth model is primarily a single-tree distance- 
independent model of basal area growth. 
Volume growth is obtained secondarily, mainly 
by means of static form-height functions based 
on diameter, age, and site index. 

The variables in the growth functions should 
describe properties of the growth-affecting fac- 
tors as accurately as possible. The choice of 
these variables is limited both by the obser- 
vations in the data set at hand, and by con- 
straints in the use of the regression functions, 
mainly caused by the necessary use of a simple 
method for collection of field data. 

Analytical expressions of the variables should 
be chosen that adhere to available knowledge, 
or in case available knowledge is inadequate, 
such that they are flexible and fully or in part 
governed by the data. A too rigid expression 
may introduce systematic errors, while a too 

flexible expression may reflect particularities in 
data that are coincidental, rather than of gen- 
eral nature. 

The choice of analytical expressions is an im- 
portant step, which involves more or less subjec- 
tive decisions. 

Soderberg (1986) uses an empirical data set, 
consisting of sample trees and plot data from 
the Swedish National Forest Survey, to estimate 
the reference growth functions used in our 
system. The sample plots are systematically allo- 
cated over the forests of Sweden and are circu- 
lar, with a 10 metre radius. This material is not 
primarily produced for yield studies. It is rep- 
resentative, but we cannot expect all infor- 
mation needed for such studies be included. For 
instance, there is incomplete information about 
earlier cuts in the sample plot stands. 

The following variables have been used in the 
reference growth functions to describe the fac- 
tors determining growth: 
External, climatic factors as described by 
- climatic zone 
- latitude 
- altitude; 
External, non-climatic factors are described by 
- soil type 
- site index 
- thinning history 
- basal area per hectare (competition) 
- diameter quotient (social position) 
- species mixture; 
Internal factors (single tree) are described by 
- species 
- diameter at breast height 
- age at breast height. 

When implementing a growth function, it is 
important that the survey measures and de- 
scribes the forest in the same way as did the 
survey that yielded the empirical data behind 
the growth functions. Thus, in the Forest 
Management Planning Package, the system 
for site index determination, the sample plot 
radius, the minimum diameter qualifying a tree 
to be measured, etc., are all adapted to the 
norms used by the Swedish National Forest 
Survey. 

Mortality functions 
Some 4-8 per cent of the growth in Sweden's 
forests is lost due to natural mortality. Unlike 



growth, mortality occurs irregularly in both time 
and space. A major portion of the mortality 
cannot be attributed to simple variables of soil, 
climate, or stand. The data collected by the 
Swedish National Forest Survey allow the esti- 
mation of mean values for natural mortality. 
These are differentiated with regard to geo- 
graphical region and species (Bengtsson, 
unpubl.). Mortality is expressed as a yearly per- 
centage of the basal area. When the Forest 
Management Planning Package is applied, the 
level of natural mortality is varied among 
different plots around the mean value. 

When long-term forecasts of forest develop- 
ment without thinnings are made, the means 
from the Swedish National Forest Survey will 
underestimate mortality. A special procedure 
(Soderberg, 1986) is used to estimate mortality 
in such cases. This procedure is based on two 
functions: 

A. A function that determines the critical basal 
area which qualifies a sample plot as "dense" 
and makes it subject to special treatment; 

B. A function that estimates mortality in such 
"dense", unthinned plots. 

Both of these functions have been constructed 
on the basis of an analysis of data from un- 
thinned stands in the permanent forest- 
development trials of the Faculty of Forestry. 
If the predicted basal area of an unthinned plot 
exceeds the critical value determined by function 
A, then function B is used to estimate its mor- 
tality, instead of the means from the Swedish 
National Forest Survey material. 

Thinning response of single trees 
The basis for the estimation of growth when a 
tree has been affected by silvicultural measures, 
is the growth pattern of an unaffected tree. 

The total thinning response of single trees (see 
Jonsson, 1974a), i.e. the expected value of the 
quotient between the annual-ring widths of a 
single tree affected and unaffected by thinnings, 
can be estimated using data from statistically 
designed thinning experiments. The model used 
has the followi~g form: 

where 

T h ~  denotes total thinning response of 
a single tree in 5-year period p due 
to all earlier thinnings 

gi denotes thinning intensity, ex- 
pressed as the percentage of stand 
basal area that is removed at the 
beginning of period i 

PI, p 2 , . . . ,  bn denote parameters in the model. 

Figure 9 shows the total thinning response 
for a single tree when 35 per cent of the stand 
basal area is thinned at the beginning of 5-year 
period 1. In period 5, for instance, the diameter 
growth in the thinned case is about 10 per cent 
greater than in the unthinned alternative on site 
quality class I + 11. 

Application of the functions for thinning re- 
sponse builds on the assumption that all trees 
on a sample plot will have the same relative 
thinning response. The results of studies made 
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by Naslund (1942), Jonsson (1974a), and Moller 
and Pettersson (1979) seem to warrant this 
assumption. 

Available experimental data did not allow for 
the thinning response to be estimated for more 
than seven 5-year periods. In longer-term fore- 
casts we use another technique, in which the 
growth functions are applied to the forest state 
affected by thinnings, rather than to the un- 
affected state. The thinning response is then as- 
sumed to be adequately captured by the 
variables in the growth functions - particularly 
the diameter of the tree and the basal area per 
hectare of the sample plot, which both are affec- 
ted by the earlier thinnings. 

Response to fertilization 
Functions describing the growth response 
caused by fertilization have been developed by 
Rosvall (1980). However, Rosvall only studied 
the response during a 5-10 year period, and 
after single applications. To deal with long-term 
effects and with the effect of repeated treat- 
ments, we have been forced to make the assump- 
tion that the effect of a treatment with fertilizer 
can be expressed as a shortening of the time 
required for a forest stand to attain a certain 
level of development (volume). 

Our reference is the forecast of volume growth 
for the unfertilized compartment. We denote it 
I,, where I denotes volume in cubic metres 
(m3sk), i.e. the whole trunk including bark and 
n stands for any 10-year period. 

The total effect on volume growth of a single 
treatment with fertilizer at the beginning of a 
10-year period is estimated using the functions 
developed by Rosvall. We denote this effect by 
E,. The shortening of the production time 
caused by fertilization is then calculated using 
the expression 

En dt,=10.- 
E, + I,' 

In the case of repeated treatments, the time- 
shortening effects are summed. An example will 
serve to illustrate this. 

Without fertilization, the accumulated growth 
after p 10-year periods will be 

With repeated fertilizations, the same amount 
of growth will be reached after 

P 1 (10-dt,) year. 
n =  1 

This means that the growth response to fertil- 
ization is assumed to last for 10 minus dt, years, 
following which either a final felling or a re- 
peated treatment with fertilizer takes place. The 
effect of repeated treatments is further assumed 
not to be affected by any possible lasting effects 
from earlier treatments. This assumption is sup- 
ported by results from refertilization trials 
(Kukkola & Saramaki, 1983). Further, the inter- 
action between thinning and fertilization is as- 
sumed to be of a multiplicative nature, since the 
accumulated shortening of production time, cal- 
culated with the growth forecast without thin- 
ning as a base, is also used in conjunction with 
thinned options. 

This approach - depicting the effect of fertiliz- 
ation as a shortening in production time - has 
great advantages from the viewpoint of compu- 
tation economy. 

Growth forecasts in young forests 
The forecasting method described above cannot 
be applied to forests in the seedling or sapling 
stage. The growth functions are intended to be 
applied, in the main, to trees with a diameter at 
breast height larger than 50 mm, although they 
can be used for trees slightly smaller than that. 
To predict growth on sample plots where the 
majority of the trees are smaller than 50 mm in 
diameter, functions depicting height develop- 
ment are used (Elfving, 1981). Diameter and 
volume are estimated indirectly, using functions 
correlating them mainly with tree height and 
number of stems per hectare. 

Growth forecasts in newly-established forests 
Following final felling, a new generation of 
forest is established. The development of such 
new forests is described using components from 
the HUGIN system (Bengtsson, Holmlund, 
Lundstrom & Sandewall, 1989). The growth es- 
timation consists of the following steps: 

1. A set of sample plots (normally 30 per site- 
index class) is selected from the data base of the 
Swedish National Forest Survey. The selection 
is made in such a way that the set represents 



the region to be analysed with regard to geogra- 
phy and site-index distribution. 

2. A regeneration result is estimated for each 
individual sample plot, given a previously speci- 
fied treatment program. The estimation pro- 
cedure produces variation in the regeneration 
result among sample plots with regard to their 
site characteristics and to random variation in 
the data base. 

3. The growth of the stands on the sample plots 
is forecast using functions that depict the growth 
of young forests (see above) and functions that 
depict the growth of individual trees (see above). 

4. The volumes cut in thinnings are calculated 
on the base of a previously specified thinning 
program with set times for thinning of each site- 
index class. 

5.  The development at the different sample plots 
is summed for each site-index class, and a mean 
development per class is calculated. However, 
the forecasts are made at the sample-plot level, 
as described above. 

6. Finally, the result is stored in the form of 
yield tables - one for each combination of 
region, regeneration program, and site-index 
class. Normally, five different regeneration pro- 
grams are represented: 
- plantation of Scots pine (Pinus sylvestris L.) 
- plantation of Lodgepole pine (Pinus contorta 
var. latifolia Loud.) 
- plantation of Norway spruce (Picea abies 
(L.) Karst.) 
- natural regeneration of softwoods 
- natural regeneration of hardwoods. 

Timber quality: initial state and development 
over time 
During the survey, all sample trees of Scots pine 
and Norway spruce > 15 cm at breast height 
are assigned a timber quality index, ranging 
from 1 to 4, depending on the quality of the 
butt log. 

The timber quality indices are as follows: 
1. denotes timber quality "special" 
2. denotes timber quality "unsorted" (qualities 

I-IV) 
3. denotes timber quality "fifth" (V) 
4. denotes timber quality "reject" (VI), or 

pulpwood. 

On the basis of these observations, a local 
timber quality index function is estimated inde- 
pendently for pine and spruce, using the follow- 
ing model 

where 

Q denotes timber quality index 

D denotes diameter at breast height, mm 

A denotes age at breast height, years 

jo, . denotes parameters. 

As an example, a timber quality index func- 
tion is graphed in Figure 10. 

The timber quality index is calculated for an 
individual tree over time in two steps: 

1. For calipered trees > 15 cm at breast height, 
an initial timber quality index is directly as- 
signed to each tree through a special imputation 
procedure (cf. section "Age imputation", p. 34). 
For calipered trees I 15 cm at breast height, 
each tree is assigned an initial timber quality 
index by means of the above-mentioned func- 
tion; a random component is also added to 
this value. 

2. The static quality function is then used in the 
forecasts to capture the changes in initial timber 
quality index that occur as a result of increases 
in diameter and age. 

According to this, we obtain the timber qual- 
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Fig. 10. Illustration of a timber quality index function 
graphed for individual trees. 



ity index over time in the following way for quality index and the initial quality index of 
individual trees: trees that could not be imputed such an index 

from the survey data. They are also used to 
Qt = Qo + 81 . (Dt - Do) + B 2  . (At - Ao), estimate the quality of small trees and saplings. 
where index t and 0 denote points in time. New forests are also treated in this way. 

Thus, timber quality index functions have Only pine and spruce have specified quality 
been produced for pine and spruce. They are in our analyses. 
used to estimate both the changes in the timber 



The forest survey 

The purpose of the forest survey is to yield 
support for decisions of strategic as well as oper- 
ative character. Operative decisions concern 
every single compartment, which calls for com- 
prehensive information about all compartments. 
The kind of information needed is mainly deter- 
mined by the requirements of the operative de- 
cision-making process. These requirements vary 
depending on the development stage of the 
forest, as different decisions are made at differ- 
ent development stages. Strategic decisions usu- 
ally concern the forest holding in its entirety, 
which opens up the possibility of relying on 
information derived from objective samples. 
Strategic decisions call for supporting data that, 
above all, must give a correct picture of the 
possibilities offered by the holding as a whole. 

Characteristics of supporting information 
from timber surveys: 

Operative decisions 
- information about all compartments, 
- low cost per compartment surveyed, 
- random errors are usually larger than bias 

components, 
- emphasis on reducing random errors, 

Strategic decisions 
- information from a sample of compartments 

sufficient, 
-low total cost for the forest holding, but not 

necessarily for the compartments in the 
sample, 

- random errors may be reduced by large 
sample size, 

- emphasis on reducing potential sources of bias. 

The different requirements in the supporting 
data for operative and strategic decisions can 
be met by a survey procedure divided into two 
phases. 
Phase 1: A total, fast, and inexpensive descrip- 
tion of the entire holding, divided into appro- 
priate compartments; 

Phase 2: A detailed, objective measurement of 
a sample of compartments. 

Phase 1 

The first survey phase consists of two main 
parts: 

1. Partitioning of the forest holding into com- 
partments and the formalization of the compart- 
ment structure on a map. 

2. Description of the forest in every compart- 
ment and the formalization of this description 
in a compartment register. 

The bridge between these two parts is the 
identity of the compartment. 

Let us here devote some words to the com- 
partment concept. A compartment is a part of 
a forest holding. According to Model (4) the 
guidance for the partitioning of a forest holding 
into compartments should be whether the stand 
within the entire compartment will be simul- 
taneously given the same silvicultural treatment. 

Thus, compartments can be regarded as units 
which constitute a basis for the treatment of the 
forest, to achieve the management objective. A 
compartment structure is imposed on the forest 
in connection with "area planning". The pur- 
pose here is to distinguish and determine the 
boundaries of different land classes and to divide 
the forest in the productive category into units, 
i.e. compartments, with regard to both biologi- 
cal and operational conditions; each compart- 
ment should be uniform in some sense. 

If we were to distinguish compartments on 
edaphic and biological grounds (biotopes) only, 
these would be small and would reflect the vari- 
ation in the forest more or less in detail. 
Operational considerations, however, often lead 
to larger compartments, which will contain ed- 
aphic and biological variations within certain 
acceptable limits. Thus, biotopes are generally 
too small to be used as operational treatment 
units. The economies of scale suggest that larger 
treatment units, consisting of several adjacent 
biotopes, be used. 

There is an optimal partitioning of the forest 
into compartments in terms of treatment units; 
this partitioning is difficult to determine in prac- 
tice. It is decided, among other things, by pre- 
sent and future prices of both products and 
means of production. It should therefore not be 
regarded as stable, but rather as varying over 
time with changes in these conditions. Changing 
technology, changing prices, and the develop- 
ment of the biotopes themselves, point toward 



a dynamic division of the forest into compart- 
ments in terms of treatment units. 

In a given planning situation, we must base 
our compartment structure on assumptions 
about these future conditions. Such assumptions 
concerning prices, etc., are speculative. This 
means that the spatial structure of compart- 
ments is also speculative, and changes with vary- 
ing assumptions. 

Fixed partitioning into compartments is more 
or less intuitive and leads to some rigidity in 
our analyses. It will restrict opportunities for 
obtaining optimal solutions. For the time being, 
we are confined to working with a fixed com- 
partment structure in the analysis of our treat- 
ment programs. 

In this primitive situation, the holding should 
in principle be divided into compartments in 
such a way that no future treatments will call 
for the further division of a compartment. As 
mentioned above, this tends to result in a large 
number of small compartments. At the same 
time, administration and other costs tend to 
favor fewer treatment units. In an essay, 
Hikansson (1 987) studied the economic effects 
of two different degrees of resolution in the 
compartment structure of a holding in southern- 
most Sweden. In this case, a more modulated 
management approach, with many small com- 
partments, yielded no gains when the increased 
costs for administration and movement of oper- 
ational resources had been deducted. 

The forest within compartments should be 
described in order to support future decisions 
concerning the treatment of the compartment 
(see section "Priority functions", p. 44). 

Besides the factors discussed above, the de- 
sign of the total survey of the holding in phase 1 
ought also to be influenced by the need to sup- 
port the stratification in phase 2 (see below). 

Systematic errors in the phase-1 survey can 
be scrutinised and corrected with the help of 
calibration techniques (see section "Calibration 
methods", p. 36). This allows for the use of 
subjective measurement techniques and other 
methods that are fast but not unbiased. All in 
all, the Forest Management Planning Package 
allows for a high degree of freedom in the choice 
of methods for the phase-1 survey. 

Phase 2 

The purpose of the forest survey in the second 
phase is to describe the forest in such a way 

that we can estimate the amount of products 
(output) and means of production (input) that 
are produced and consumed, respectively, in the 
process of forestry. 

In Model (5), these quantities are represented 
by the double summation 

As a basis for the estimation, a stratification 
and a two-stage sampling procedure are used. 

Stage 1: Stratified PPS-sampling of compart- 
ments for circular-plot survey; 

Stage 2: Systematic sampling of circular plots 
within each sampled compartment. 

This sampling procedure results in an image 
of the forest holding, based on a number of 
sampled compartments and on the circular plots 
surveyed within them. Our Model (5) is sub- 
sequently applied to this image. Every sample 
plot is then taken to represent a larger area than 
it has in reality. The size of this area is deter- 
mined by the sampling procedure. 

The estimates produced from the sample of 
compartments are also used to calibrate the 
phase-1 survey (see section "Calibration me- 
thods", p. 36) and to derive operative decision 
rules (see section "Operative planning", p. 49). 

Selection of compartments 
The selection of sample plots is done as a 
stratified PPS-sampling (PPS = Probability 
Proportional to Size; Cochran, 1977). The aim 
of stratification is to create strata homogeneous 
in aspects which are important to the subsequent 
analyses. For estimation of yield potential, the 
present value of the forest holding is important 
(Jacobsson, 1986). For estimation of the prod- 
uct yield from thinnings and from final fellings, 
age and density are important. A stratification 
based on the variables age and volume captures 
the net present value as well as factors of impor- 
tance for thinning and final felling. Large 
samples may allow for the use of additional 
stratification variables. However, the major 
gains from stratification are normally achieved 
with a few strata and a few stratification vari- 
ables (Cochran, 1977; Jacobsson. 1986). 

The stratification is perfornled using the fol- 
lowing technique: 



1. The number of strata is approximately deter- 
mined as half the number of sampled compart- 
ments. At least two sampled compartments per 
stratum are necessary to allow for the estimation 
of standard error. 

2. The areas of all compartments are tabled in 
a matrix table based on age and volume 
(Table 2, p. 30). 

3. An approximate average area per stratum is 
determined as the total area divided by the 
number of strata. 

4. The cells in the matrix table are manually 
and subjectively joined to strata with the aim of 
reaching the average area calculated in step 
No. 3, and at the same time minimizing the 
variation in age and in volume per hectare 
within each stratum. 

The result of a stratification is shown as an 
example in Table 2. This is a teaching exercise 
case, in which the number of compartments has 
been chosen with an eye to the educational value 
of this particular example. 

Samples are allotted to strata with the same 
aim as stratification variables and stratum 
boundaries are chosen. 

To estimate the yield potential with high accu- 
racy, a Neyman-allocation (Cochran, 1977), 
using the net present value as an allocation vari- 
able, is suitable. The variation in net present 
value within a stratum can be approximated as 
a linear function of the mean volume per hectare 
(Jacobsson, 1986), implying more intensive sam- 
pling in strata with a higher volume. 

The selection of samples within a stratum is 
done as a PPS-sampling, using compartment 
area as the size variable. Alternatively, a simple 
random sample could be employed, using com- 
partment area as a guiding variable for a ratio 
estimate. However, the PPS-sampling scheme 
yields estimators that are very simple and, as a 
rule, also somewhat more efficient. 

Allocation, size, and delineation of sample 
plots 
The sample plots are systematically allocated to 
the sampled compartment in the form of a quad- 
ratic grid. Systematic sample-plot allocation is 
a simple and generally effective method 
(Nyyssonen, Kilkki & Mikkola, 1967; Lindgren, 
1984). All points in the compartment must have 

the same probability of being sampled if the 
estimates according to the section "Estimation 
methods for circular-plot survey of compart- 
ments" (p. 33) are to be unbiased. Two prob- 
lems arise in this context: 

1. During fieldwork, it may not be possible to 
position the sample plot centers where they 
should be according to the map. Some plots 
may even fall outside the compartment. 

2. Some sample plots will fall exactly on the 
compartment boundary, i.e. become boundary 
plots. 

These problems are approached in the follow- 
ing way: 

1. A sample-plot grid is allocated to the map, 
oriented along the north-south axis. All sample 
plots lying inside the compartment boundary 
are marked on the map. 

2. In the field, only sample plots that are marked 
on the map are visited, with the help of compass 
and a measuring tape. Sample plots outside the 
compartment boundary on the map, but which 
might fall inside the boundary during field work, 
are thus not surveyed. 

3. If the center of a marked sample plot (inside 
on the map) should fall outside a distinct com- 
partment boundary in the field, then it is re- 
flected into the compartment (Schmid, 1969). 
This serves as a compensation for the fact that 
all sample plots just outside the boundary on 
the map have already been discarded at the 
planning stage (deleted from the map) 
(Figure 1 1). 

4. When boundary plots are measured in the 
terrain, that part of the plot which is outside 
the boundary is reflected into the compartment. 

These procedures minimize the walking time 
during the survey. No time is spent in the field 
on checking sample plots outside the compart- 
ment boundary on the map. At the same time, 
points within the boundary zone on the map 
attain the same probability of being sampled as 
all other points in the compartment. This is 
summarized in Figure 1 1. 

Still, in survey practice, sample plots will 
sometimes fall outside the compartment. This 
happens when the surveyor, without realizing 
it, passes through a compartment boundary be- 
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Fig. 11. Plot positions in the case of a misorientation 
causing a marked plot (inside on the map) to fall outside 
a clear compartment boundary in the field. (1) The 
sample plot according to the map. (2) The sample plot 
entirely outside the compartment boundary in the field 
according to compass and measuring tape (due to a 
misorientation). (3) A mirror-plot laid out inside the 
compartment perpendicular to the compartment bound- 
ary; it is measured. (4) An adjustment to the position 
( I )  in order to come straight to the next plot (4). 

cause it is indistinct. However, an indistinct 
compartment boundary is usually indistinct re- 
gardless of the direction from which it is ap- 
proached. Thus, there is some probability that 
a sample plot from an adjacent compartment in 
a similar way may compensate for the loss of 
sample plots in the zone around indistinct 
boundaries. If the whole sampling procedure is 
considered, including the selection of sampled 
compartments and the allocation of sample 
plots in the field, the only case in which the 
boundary zones can be misrepresented is when 
a boundary zone is indistinct from one direction 
of approach only. 

The sample plot is generally circular, with a 
radius of 10 metres. This radius was chosen 
because uniformity with the Swedish National 
Forest Survey was desired with regard to vari- 
ables that depend on plot size, e.g. basal area 
per hectare and the diameter of the largest tree. 

When stand density makes it difficult to per- 
form measurements on such a large sample plot, 
a 5-metre radius may be employed. Lindgren 
(1984) has shown that from the viewpoint of 
efficiency, a relatively large latitude can be per- 
mitted in the choice of plot size. 

The boundary of the sample plot has hitherto 
been located with the help of a special optical 
instrument (Jonsson & Matern, 1982) and a 
measuring tape. However, an automatic dis- 
tance meter, using ultrasound, is now employed 
(Figure 12). This instrument measures distance 
with a resolution of one centimetre, even when 
the line of sight is blocked by trees (Jonsson, 
1991; Jonsson, Holm & Kallur, 1992). 

Measurements on sample plots in,forests 
with the major portion of the trees larger 
than 50 m m  at breast height 
The observations made on the sample plots may 
be divided into four types: 

1. Description of site characteristics; 
2. Description of stand characteristics; 
3. Enumeration of all trees except undergrowth 

of no development potential; 
4. Measurements on sample trees. 

Geographic region, latitude, and altitude are 
common variables for the sample plots and are 
thus recorded at compartment level. Site index 
is determined using the Swedish College of 
Forestry method. At each sample plot, the 
method of estimating site index based on site 
properties (Hagglund & Lundmark, 1977) is 
used. On sample plots where the stand is deemed 
an appropriate indicator, site index is also deter- 
mined using height development curves 
(Hagglund, 1979), or by the intercept method 
(Hagglund, 1976). The latter two methods yield 
support for a calibration of the site properties 
method (see section "Calibration of site-index 
estimates based on site factors", p. 35). 

In addition to the site index, the fraction of 
nonproductive area, soil type, vegetation type, 
and soil moisture are recorded for each sample 
plot. 

The stand on the sample plot is described 
with regard to the following factors: 
- fertilization history 
- thinning history 
- estimated basal-area weighted mean age at 

breast height 
- estimated degree of age variation 
- estimated basal-area weighted mean quality 

for timber-quality trees; separate for pine 
and spruce. 

The estimates of mean age and mean quality 
are used as a basis for imputing an age and a 
quality to individual trees (see section "Age im- 
putation", p. 34). 

The count of trees on a plot is done indirectly 
in conjunction with measurement of the dia- 
meter at breast height of all trees on the plot. 
Species code and diameter in millimetres are 
recorded automatically with the aid of an elec- 
tronic data caliper and a data recorder (Jonsson, 
1981, 1991; Jonsson et al., 1992). The latest 





The sample trees are selected automatically 
(directly in connection with calipering) with the 
aid of a random-number generator (Jonsson, 
1991); this procedure is called Poisson sampling. 
Selection is based on probabilities proportional 
to the basal area of the calipered trees. 

A number of instruments have been devel- 
oped for measuring sample trees (Jonsson, 1991; 
Jonsson et al., 1992), e.g. electronic hypsometer, 
annual-ring measuring instrument, bore extrac- 
tor, bore supporter, and bark measuring 
instrument. 

Fig. 12. Electronic data caliper, distance meter with Measurements on sample plots in young 
transponder, and data collector. forests 

The predicted development of basal area is less 

version of the caliper uses cordless transmission 
of data between caliper and data recorder. This 
caliper is also equipped with a distance measur- 
ing device (Figure 12). 

The data recorder uses a random procedure 
for choosing sample trees, which are measured 
for the following characteristics: 
- tree species 
- diameter at breast height 
- tree height 
- height to first live branch 
- thickness of bark 
- age (number of annual ring$ at breast height) 
- quality of butt log. 

reliable when the grbwth functions are extra- 
polated below the minimum diameter of 50 
miliimetres. In young stands, more reliable pre- 
dictions can be made based on height develop- 
ment. On sample plots with trees predominantly 
smaller than 50 mm in diameter, the tree count 
is done by measuring and recording the height 
of the trees. 

The heights of main and secondary trees are 
recorded separately. Diameter is estimated in- 
directly, based on height and stem number per 
hectare. The need for regeneration and cleaning 
measures is judged for each sample plot, to sup- 
port estimation of future silvicultural costs. 



conditions 

where 

f h  denotes estimate of a total value in stratum 
h. The "total" may refer to forest state 
variables such as volume or yield variables 
such as net revenue 

nh denotes number of sampled compartments 
in stratum h 

yki denotes value of the sampled compartment 
i in stratum h 

Phi denotes sampling probability of the 
sampled compartment i in stratum h. 

The sampling probability Phi for the popu- 
lation of compartments is calculated from area 
information available from the compartment 
register. 

where 

a,: denotes area according to compartment 
register for compartmen: i in stratum h 

nz,, denotes numbe- of al: compartments In 

strakm? i? 

-< a he estimarors assume PPS-sampling with re- 
piacemeni. Estimates of the corresponding 

totals and variances for the entire forest holding 
are arrived at by simple summations over strata: 

where 

Ŷ ,,, denotes total for the entire forest holding 

L denotes number of strata. 

The calculation of yhi, i.e. the value of the 
sampled compartment i in stratum h, is based 
on the value per hectare multiplied by the actual 
area of the compartment according to its rep- 
resentation on the map. Usually, this area is the 
same as the area reported in the compartment 
register. However, deviations may occur. Small, 
unproductive patches may, for example, have 
been deducted in the compartment register. 
Regardless of any deviations, the original selec- 
tion probability, based on the area reported in 
the compartment register, should be used in the 
estimators. 

To simplify and clarify the computations, the 
concept of "represented" area is useful. This 
area is an attribute to each sampled compart- 
ment and is calculated as: 

where 

ARki denotes represented area for sampled com- 
partment i in stratum h 

m,, denotes number of all compartments in 
stratum h 

rzh denotes number of sampled compartments 
in stratum h 

ahi denotes register area for the sampled com- 
partment i in stratum h 

Ahi denotes actual area according to the map 
for the sampled compartment i in stra- 
tum h. 

If the actual area according to the map is the 
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The basic structure of the problem, however, 
remains unchanged. 

Analogously, a represented area can be calcu- 
lated for every plot in the sample by dividing 
the represented area of the compartment by the 
number of sample plots. This area may be used 
when the holding is to be described at the 
sample-plot level. 

Estimation methods for circular-plot 
survey of compartments 

In the foregoing we assumed that yhi is observed. 
However, it is estimated on the basis of samples 
of circular plots. The value of a characteristic J. 

of compartment i in stratum 12 is then esti- 
mated as: 

on the sample plot. This applies among other 
things to volumes, revenues, and costs. 

Calibration of height und form height 
All trees on a sample plot are measured for 
diameter and thus also for basal area. The height 
and form height of the trees are estimated by 
means of static functions (Soderberg, 1986), 
having diameter as the most influential variable. 
Volume is estimated in a secondary way by mul- 
tiplication of basal area and form height. The 
static functions have a high degree of precision. 
Soderberg (1986) reports that estimates pro- 
duced by the single-tree functions have a stan- 
dard deviation of 11 per cent for Scots pine, 13 
per cent for Norway spruce, and 15 per cent for 
birch. The magnitude of these deviations de- 
creases significantly at more aggregated levels, 
such as those of compartment and forest hold- 
ing (Lindgren, 1984). 

The functions for height and form height are 
subject to calibration in the Forest Management 
Planning Package, to eliminate even these local 
systematic deviations. A species-wise calibration 
ratio for form height FHC, is estimated for each 
stratum as follows: 

where 

yhij denotes the value of sample plot j in com- 
partment i in stratum h, 

A,, denotes actual area according to the map 
of compartment i in stratum h, 

rzhi denotes number of sample plots in com- 
partment i in stratum h,  

suhi denotes area of a sample plot in compart- 
ment i in stratum 12. 

A,,, i.e. the actual area of the compartment, 
is estimated by means of a careful areal measure- 
ment of the compartment's image on the map. 
j.,,, is a substitute for y,, in the formulas above. 

The value J . , , ~  is generally estimated by means 
of simple summations of the values for the trees 

denotes calibration ratio for the form 
height of species s in stratum h 

denotes number of sample trees of 
species s in stratum h 

denotes volume according to volume 
functions based on data from sample- 
tree measurements on sample tree i of 
species s in stratum h 

denotes selection probability for sample 
tree i of species s in stratum 11 

denotes form height according to a 
static form-height function for sample 
tree i of species s in stratum h 

denotes basal area for sample tree i of 
species s in stratum h. 

Tree height is calibrated analogously. 
Experience has shown that the value of the 
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A:: vo;.;r;-,c cstimaks for standing trees are given 
in forest cubic metres (m3sk); thus, they include 
the whole trunk with bark. The value for a 
particular tree is estimated through the value of 
model trees. 

The model trees are evaluated by means of 
simulated merchandising of the timber under 
bark. The volume over bark of the prototype 
trees is subsequently estimated as a function of 
the volume under bark 

Vol,, denotes volume over bark 

V o ,  denotes volume under bark 

b,,, f l l  denote parameters. 

The parameters in the functions are estimated 
on the basis of sample-tree values. 

Age imputation 
Tree age is an important independent variable 
in the functions for growth, height, and form 
height of individual trees. For reasons of cost, 
age cannot be measured for all trees. Instead, 
age data for the sample trees are used to impute 
an age to all trees whose diameter has been 
measured (cf. Jonsson, 1974b; Holm, Hagglund 
& Mirtensson, 1979). This imputation is 
done according to the following procedure 
(Figure 13): 
1. For every sample plot, the basal-area 
weighted mean age at breast height, MA, is 
estimated based on age values from a minimum 
of two measured trees. In cases where an in- 
sufficient number of sample trees has been selec- 
ted on the plot, a few supplementary ones are 
selected in a subjective manner. 

2. The age at breast height, A,, is determined on 
every randomly selected sample tree and, in 

Cell  765 / Cell  766 / Cell 767 

C e l l 7 6 5  Cell 766 1 Cell 767 

Al l  calpered f r e e r  

1 0 82 

Fig. 13. Imputation of age ratios from sample trees to 
all trees measured for diameter but not for age. Cell 766 
may denote, for instance, spruces growing in pine forests 
with a normal spread in age, classified as age class 60- 
80 years with a diameter ratio of 0.6-0.9. 

cases where site index is determined by the 
height development method, on the indicator 
trees as well; i denotes such sample and indi- 
cator trees. 

0 94 

3. An age ratio, Ai/MA, is calculated for the 
above-mentioned trees measured for age. These 
ratios are sorted into a table divided with 
regard to: 
- the degree of age homogeneity in the sample 
plot stand 
- diameter ratio 
- age class 
- the species of individual trees 
- the species mix on the sample plot. 

0 75 

4. Values for trees on which diameter, but not 
age, has been measured, are sorted into the same 
table. These trees are then successively imputed 
age ratios from the sample trees belonging to 
the same cell in the table. Sample tree values 
are obtained from neighboring cells, if a cell 
should happen not to include any such value. 

5. Finally, the age of particular trees is estimated 
by multiplying the estimated basal-area 
weighted mean age on the sample plot to which 
the tree belongs, by the age ratio estimated in 
step 4, above. 

This procedure means that age ratios are im- 
puted in a way that compensates for any poss- 
ible systematic errors that might occur in the 
estimates of basal-area weighted mean age pro- 
duced in the field (see e.g. Stiihl, 1992). Should 
there be a systematic positive error, the age 
ratios used will be of a lesser magnitude than 
the theoretically true age ratios. The procedure 
further ensures that age variation in the stand 
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For %ha: reason, site i n d ~ x  1s esemated with 
the aid of height development curves or using 
the intercept method on all sample plots 
where the stand is suitable for use as a site- 
index indicator. 

The resulting pairs of observations provide a 
basis for calibration of the site-factor method 
for site index estimation. The calibration is done 
by means of ratio-, difference-, or regression 
estimation. An example of results of paired ob- 
servations, and a calibration based on regression 
estimation, are shown in Figure 14. 

The calibrated estimates of site index for the 
sample plots are then used as independent vari- 
ables in growth-forecasts, etc. 

Calibration of phase 1 
The aim of calibration 
A phase-1 survey of the entire forest holding is 
generally associated with errors of systematic 
and non-systematic character (see e.g. Braun, 
1974; Jonsson & Lindgren, 1978). 

One is rarely justified in entertaining a definite 
advance opinion as to the nature of the mechan- 
ism underlying the errors in the phase-1 survey. 
The errors may correlate with the magnitude 
of a certain variable in linear as well as non- 
linear fashion. Furthermore, the error of one 
variable may interact with the value of another 
variable. 

We denote a correct, i.e. free from error, 
description of a forest holding by V,  where V 
is a N x M matrix with the elements v i j .  In 
this notation, Nis  the number of compartments, 
and M the number of variables per compart- 
ment. Thus, vi, denotes the true value taken by 
the variable j describing the compartment i. 

We choose to denote in a similar way an 

Site  index wi th  
the stand as 

ind ica to r  

S i t e  index based 
on s i te  f ac to rs  

Fig. 14. An example of calibration of site index values 
estimated using the site-factor method. Regression func- 
tion: y = - 0.442 + 1.283 x (full line). Extreme discrep- 
ancies can be seen between the two methods (from a 
forest holding in Swedish Lapland). 

actual compartment register X with the ele- 
ments xij.  

The error in the register for a certain compart- 
ment and variable can thus be represented as 
the difference x , ~  - vij. 

An often-used summary measure for the mag- 
nitude of error for individual variables per- 
taining to individual compartments, is the mean 
square error (MSE), which for variable j is de- 
fined as: 

It is usually argued that the losses incurred 
when using a value from a register increase with 
the square of the magnitude of error. Blythe 



(:948) acd Jacobsson (i979. 1986) hale indi- 
' .  cz:cd sever& Cccision s:::cr::ons I:: fo'or~: 222-  

agenen: :n which the crradraw loss fcnc:ion is 
2 rczsonzjk a?grox:ma:io;.,. XSZ ::xrcforc is 
a pcr:inen: measzrc o k r r o r .  

The zce2 crro: i:: ar, cn:i:c coxpr:zxnt 
;cg:s:x :s 

. .. . i.e. r t c  z e a n  of:% error fo"ortzr:m.? j accrrrrir,g 
ic the dcscripion of in&\ iduz'! com~ar tmen~s .  

". r 2: =car, error ir, s5sc:s o f k  ;cgis:cr is 
analogously defined. 

The aim of calibration is to increase the use- 
fulness of a compartment register for planning 
purposes. The way to do this is to decrease the 
magnitude of the errors in the register. 
Calibration generally results in a decrease in the 
magnitude of some individual errors, while the 
magnitudes of others increase. This latter cir- 
cumstance has led to the questioning of the 
usefulness of calibration in general (Bergstrand, 
1983). In our opinion, a register can be rendered 
more useful for planning if 

1. the average error decreases in the register as 
a whole, and in such subsets of the register that 
are of interest for planning purposes; andlor 

2. the dispersion in the register decreases for 
individual compartments. 

It is mainly the average error in the whole 
register and in subsets of the register, the magni- 
tude of which can be reduced by calibration. 
Dispersion, however, can also be affected, 
especially if calibration is done with regard to 
different subsets in the register. e.g. subsets con- 
sisting of compartments inventoried by differ- 
ent persons. 

In the situation of calibration, it is only poss- 
ible to take into account those subsets which 
have been defined by means of available register 
information. It would, of course, also be desir- 
able to eliminate the average error in subsets 
defined with the help of the true values, e.g. true 
age classes. This can indirectly be accomodated 
if the register values have been a priori generated 
according to a known stochastic model. Li 
(1988) has studied methods for elimination of 
the average error, conditioned on the true 
values. when the error mechanism is a linear 

function of the true values plus a random vari- 
able with a normal distribution. 

Calibration methods 
The basis for calibration of a compartment 
register are the differences between the variable 
estimates in phase 1 and in phase 2. The average 
error for a variable j in a subset of the compart- 
ment register can be estimated as 

where 

E , ~  denotes the error in phase 2 of the variable 
j in compartment i 

a, denotes area of compartment i 

1 when the compartment i is included 
b, = [ in the sample of compartments 

10 otherwise. 

If phase 2 yields unbiased estimates of v,,, i.e. 
if the expected value of E,, is 0, then the estimator 
(6) gives an unbiased estimate of the average 
error in the subset in question. This estimate 
can then be used to calibrate the register. 

The division of the register into subsets should 
be based on knowledge about the mechanism 
governing the error in the register, and on com- 
parative studies between data from phase 1 and 
from phase 2. A division with regard to sur- 
veyor, survey method, or species for the stands, 
is often justified. The possibilities for division 
are limited by the sample size and by the need 
to retain sufficiently many degrees of freedom 
in the estimates. 

Figures 15 and 16 show examples of compar- 
isons between phase-1 data and phase-2 data. 

To economize the degrees of freedom and at 
the same time differentiate the error estimates 
with regard to different variables, regression 
methods can be used. 

A general model for multivariate linear calib- 
ration has been described by Li (1988). 

In a concrete calibration situation, such a 
general method can be tested. This test can also 
include non-linear transformations of the vari- 
ables in the register. Li has shown that consider- 
able gains may result from a multivariate 
approach. 



Volume. Phose 1 

Fig. 15. Comparison of estimates of vo1ume:hectare 
from phase 1 and phase 2. The register has been divided 
with regard to two surveyor groups: "optimists" and 
"realists". 

S i t e  index.  

Phose 2 

S i t e  i n d e x ,  
Phose 1 

Fig. 16. Comparison of estimates of site index from 
phase 1 and phase 2. Calibration function based on 
difference estimation. 

Area distributions 

Besides means and totals, the area distribution 
with regard to different variables is important 
when forest management problems are to be 
solved. A very elementary description of the 
management possibilities is, for example, often 
made using an age-class distribution. 

Estimates of the area distribution with regard 
to different variables depend, among other 
things, upon: 

1. The degree of aggregation. 

We assume that the sample plot is the smallest 
unit of area considered. Sample plots can be 
aggregated to compartments, which in turn can 
be aggregated to larger treatment or calcu- 
lation units. 

2. Errors in the data. 
In phase 2, the sampling procedure leads to 

random errors. Phase-1 data contain systematic 
as well as random errors. The former can be 
more or less eliminated with the aid of 
calibration. 

The efect  of aggregation 
All aggregation produces a shift in the value 
towards the population average. Figure 17 
shows age-class distributions based on sample 
plots and compartments for a large forest hold- 
ing in northern Sweden. In both cases, the age 
classification is based on the basal-area weighted 
mean age. Exactly the same single-tree ages have 
been used to estimate the plot and the compart- 
ment mean ages. The differences in the age class 
distribution are all due to the effects of aggre- 
gation. As shown in Figure 17, the image of the 
share of older forest is strongly dependent on 
the degree of aggregation. It can hardly be re- 
commended to base any far-reaching con- 
clusions regarding the management possibilities 

---- compor tments  

F o r e r f  l a n d  
a r e a ,  1 
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Fig. 17. Distributions of the productive forest land area 
over 10- or 70-year age classes for the MoDo 
~rnskoldsvik forest district, according to the methods 
employed in the Forest Management Planning Package. 
The distributions shown are based on the age of individ- 
ual compartments and on the age of individual sample 
plots within these compartments. 
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several different levels of aggregation can be 
handled at the same time. A high degree of 
resolution and a low degree of aggregation are 
suitable for biological models, particularly 
models for tree growth. A lower degree of res- 
olution and a higher degree of aggregation are 
relevant to support decisions concerning the 
choice between treatment options and the real- 
ization of these. 

The eflect of data error 
The following estimator, based on phase-2 data, 
is used to estimate the area in a certain class, 
e.g. age or volume class: 

where 

AR,, denotes the represented area of the 
sampled compartment i in stratum h 

f = 1 if the sampled compartment i in 
stratum h belongs to the class 

Chi 1 = O  otherwise. 

If this estimate is to be unbiased, it is required 
that the variable Chi can be established in an 
unbiased way. Since this variable can take on 
exclusively the values zero or one, this means 
that it must be determined without error, which 
evidently is impossible. However, by making a 
careful and more intensive survey of individual 
compartments in phase 2 the estimates of Chi 
will be improved and thus also the estimates of 
the area distribution over a set of classes. 

Considering only the goal of estimating total 
values for the forest holding, given a certain 
highest allowable cost, it would be possible to 
achieve a higher degree of accuracy by selecting 
a larger number of sampled compartments, 

while decreasing the number of sample plots per 
compartment (Stihl, 1988, 1992). 

Area distributions over a set of classes may 
also be estimated on the basis of phase-1 data. 
In this case, either non-calibrated or calibrated 
data can be used. In both cases the estimates 
are likely to be biased. 

Comparison with traditional systematic 
circular-plot survey of an entire forest 
holding 

The method described as "Phase 2" has been 
compared with the traditional method of sys- 
tematic circular-plot surveys for estimating a 
number of forest characteristics. These compari- 
sons have been performed as a part of the cur- 
riculum in forest survey at the Faculty of 
Forestry, and also as an experiment at a large 
forest company in northern Sweden. 

Comparisons produced as part of the 
curriculum 
From a theoretical standpoint, the survey 
method described in section "Phase 2" should 
produce unbiased estimates of the volume per 
hectare for a forest holding as a whole. As an 
alternative, such estimates can also be made 
using a traditional, systematic circular-plot 
survey of the entire holding. Independent sur- 
veys according to these two methods, have been 
performed on six forest holdings in southern 
Sweden. The aim of these surveys was to achieve 
total comparability of results, as part of a teach- 
ing exercise. Figure 18 shows, schematically how 
the sample-plots were allotted in the two cases. 

In the case of the Forest Management 
Planning Package, total sums and standard 
errors were estimated according to section 
"Estimation methods for stratified PPS-sam- 
pling" (p. 32). In the case of the traditional 
circular-plot method, totals were estimated by 
multiplying the sample-plot value by area fac- 
tors derived from sample-plot spacing and size 
(Table 3). Standard errors were estimated ac- 
cording to Matern (1961). 

Comparisons on the holdings of the Svano 
Forest Company 
During 1986, two totally independent forest in- 
ventories were carried out on the holdings of 
the forest company Svano, Inc. The holdings 



. , 
.I 0 0 .  

. O  o D '. 3" 
;. :. , . . . . . : ,  . 4 . . . . . . (. , 

; savipie 
1' compartments : 
1 

, . 
I . . . . 

. . . ... 
! : 6'.... 
I . .b . o o 0: ,. . , O O O , . .  . . 
1. . . . . . . 0' 

. . . . . . . .  
. . .  . .  . . . '  .. . . 

Fig. 18. Sample-plot allocation according to the Forest Management Planning Package on the left and according to 
the traditional method of circular-plot survey on the right. 

Table 3. Results from a comparison between the survej) rnetlzod employed by the Forest Management 
Planning Package ( F M P P )  and a traditional circular-plot survey (Trad) . 
Note: in the case of "plots FMPP" the radius is 10 m; in the case of "plots Trad", see the footnotes 

Forest 
holding 

Grafsnas + 
Hjalmared 

Tagel 

BarksHter 

Remningstorp 1 

Remningstorp 2 

Area 
ha 

1419 

1 040 

497 

1 126 

1 209 

Numbel 
of plots 

FMPP Trad 

Volume Standard 
per hectare error 

FMPP FMPP 
m3sklha Trad % Trad 

"10 m radius. b7 m radius 

are situated in Northern Sweden and comprise 
119,000 hectares of forest land. The two survey 
methods were: 

1. A survey according to the Forest Manage- 
ment Planning Package, consisting of 1480 
sample plots within 148 sampled compartments. 
The stratification was based on an up-dated regis- 
ter from a phase-1 survey made 15 years ago. 
The sample plot radius was in this case 10 m. 

2. A survey according to the method used intern- 
ally by the Swedish Cellulose Company, Inc. 
(SCA). This method uses a systematic circular- 
plot survey based on a tract system. The number 

of sample plots on timberland was 798. No 
information from the phase-1 survey was used 
in this case, either in the selection of tracts or 
in the estimation procedures. The sample plot 
radius was in this case 8 m. 

The estimated mean errors of the volume 
estimates were 3.5 per cent for the Forest 
Management Planning Package, and about 4.1 
per cent for the SCA method. 

Table 4 displays estimated means and totals 
for the two methods. 

Both of these surveys had the same aim: to 
support estimates of potential timber cut. In the 

39 
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'In the FMPP case: the site index estimated by the site-factor method is calibrated by adding 1.4 m according to the 
method described above (see e.g. Figure 16). SCA site index is uncalibrated. 

SCA case, the HUGIN timber assessment 
system was used (Bengtsson et al., 1989). The 
yield-forecasting methods employed in the 
HUGIN system and in the Forest Management 
Planning Package are very similar in their essen- 
tial components (Hagglund, 1981). 

Given that the same management program is 
employed, the outcome of the yield forecasts 
ought therefore to be similar. A comparison was 
made, based on exactly the same removal in 
thinning and final felling, and on the same area 
subject to fertilization. Remaining aspects of the 
management program, e.g. choice of compart- 
ments, regenerative measures, etc., were de- 
signed so as to be as similar as the two timber 
assessment systems would allow. Total conform- 
ity is not possible to achieve. The Forest 
Management Planning Package is an optimizing 
system, in which treatments are selected at the 
compartment level. HUGIN is a simulation 
system, in which treatments are selected at the 
sample-plot level. Figure 19 shows how the two 
compared methods depict the development of 
the forest, as indicated by the volume per 
hectare. 

The somewhat lower initial inventory level 
depicted by the Forest Management Planning 
Package in Figure 19 as compared to the value 
given in Table 4 is due to the fact that only trees 
larger than 8 cm in diameter at breast height 
were included in the final account of the forest 
development. 
Volume per hectare 

m3rk 

130 

---- FMPP i 
10- year per iod  

Fig. 19. Change over time of the standing volume per 
hectare on Svano Inc. forest holdings. The forecasts 
shown are produced by the Forest Management 
Planning Package and the SCA survey method/HUGIN 
timber assessment system. The same management pro- 
gram is employed in both cases. 
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directly a~med at taking advantage of the 
phase-1 data, which are available for all 
compartments. 

Figure 20 shows how the different data sets 
are used for optimization and creating deci- 
sion rules (priority functions). The final output 
is support for both strategic and operative 
decisions. 

Solution algorithm 

The selection procedure that precedes phase 2 
ascertains that the surveyed sample plots will be 
representative of the entire forest holding as 
structured in compartments. In Model ( 9 ,  qi 
denotes the area represented by the sampled 
compartment i. The set of treatment options A 

PHASE 1 

Part~t~on~ng and 
aescriptlon 
of corn~artrnents PHASE 2 

Data collect~on 

Fig. 20. The principles according to which data are used 
for optimization in the Forest Management Planning 
Package. 

for the entire holding is replaced by the set of 
treatment options AS for the surveyed sampled 
compartments. Thus, we have to find the opti- 
mal H among AS by maximizing the model. 

This problem includes a non-linear objective 
function, if h < 1. A special algorithm has been 
developed (Jacobsson, 1986) for the solution of 
this non-linear optimization problem. 

First, we define a subset AS+ of AS, which 
includes those treatment options which result in 
positive net revenues in all time periods. The 
function c.Nb is defined only for non-negative 
values of N. A subset SZ E Rm is assigned to the 
subset AS + . The elements in R constitute net 
revenue profiles for the treatment options 
H E  A S  + and are denoted by 

where N H l ,  N H 2 ,  ... denote periodic net revenues 
from treatment option H during periods 1, 2, ... 

We can now write (5) as 

a: 

max U where U = C e-"p. c  - (NHP)*.  (7) 
N , E Q  p = l  

The solution is obtained in two steps: 

1. The search for optimal shadow prices for the 
periodic net revenues. The shadow prices are 
expressed as an interest factor that varies over 
time. 

2. Maximization of net present value by com- 
partments with given shadow prices for the peri- 
odic net revenues. 

The searclz for optimal shadow prices 
Jacobsson (1986)  has shown that if 

N H  = (N,,, N H 2 ,  ...) maximizes 

and 

N W ~ + l ,  - [ k , p + l , ' d p ]  1;(b  - 1 )  -- for all p 2 1, 
N ~ p  k p ' d ( p + l )  



::?en K =  ( k , ,  k 2 ,  ...) :s :3e optisaI shadow-price 
m x o r  and S, is k c  o?:irr,a: ne: rcvenx ?roS:e . . 
w:?ic:? 2ax:x:zes (7:. 

A heuristic mcthod is a p p k d  to the search 
for shadow prices. This method rests on the 
possibility of forseeing changes in the shape of 
the net revenue profile when shadow prices (the 
interest factor in different periods) change. 
Hoganson and Rose (1984) use a similar tech- 
nique for minimizing the production costs for a 
certain periodically constrained output of har- 
vest volumes. 

Dynamic programming at the compartment 
level 
Since the function (8) is additively separable, 
the maximization can be divided into standard 
problems of present-value maximization for 
each sampled compartment. We have chosen 
backwards recursive dynamic programming as 
our solution method, with shifts in forest gener- 
ations as the solution steps. 

Step 1 
The first step is to maximize the net present 
value of forest generations that are born after 
the time period P. The following is valid after 
this period: 

which implies that the varying interest rate m, 
for p > P is a constant and has a value equal to 
r. With the support of the Faustmann formula 
(Faustmann, 1849), the net present-value maxi- 
mization is performed for a set of J site types 
by means of a full enumeration. That is 

max Bj where 
Hj  E M j  

enp(r . 5(u-  a)) - NHa( j) 
B .  = a = O  

J exp ( r . 5 . u ) - l  , j= l ,  ..., J ,  

denotes land value for site type j in 
period p > P 

denotes treatment option 

denotes set of allowed treatment options 
for site type j 

denotes stand age, 5-year periods 

denotes time of rotation expressed 
number of 5-year periods; u is given 

Hj 

denotes net revenue per area unit 
stand age a (periods), when treatment 
option H is applied to site type j. 

The maximization according to the Faustmann 
formula yields a land value as well as an optimal 
program of treatment for generations born after 
period P. For generations born in the time 
period p, where 11pl  P, a somewhat different 
procedure is used. The optimal treatment option 
and the land value is determined for every site 
type and period of birth by the solution of the 
maximization problem: 

max Bjp where 
Hj  E M j  

in which Bjp denotes land value for site type j 
in period p. 

This maximization is performed backwards 
for every period of birth, beginning with period 
P. Since Bj(,+,, can be set equal to max Bj from 
step 1 when (y + u) > P, it is possible to solve 
the problem for all periods p<P by total 
enumeration. 

Step 3 
In the third and final step, the optimal treatment 
and the net present value are determined for the 
stand generation existing in the initial state. The 
optimization is done by compartments by means 
of a total enumeration, relying on the 
expression: 

U 

max gi where gi = 1 k ,  - NHp (i) + k ,  . BjU, 
H € M i  p =  1 



where 

8. denotes ne: present kalw for cornpar:- 
men: i 

.Y,,,(i) deno:cs net rc\.ccue from cornpartsen: 
E in period p according to ireatmen: 
optlon H 

u denotes thc 5-year period in &:lic:l End 
felling occzrs 

M, dcnotes set of treatmen: optiocs for 
cornpartncce i in the firs: stand gener- 
ation and 

B,  is derived from step 2. 

Inference from the optimization result 
to  the population of all compartments 

The main output from the solution algorithm is 
the optimal treatment option H* for the com- 
partments in the sample. Operative planning, 
however, requires that we make inferences from 
the optimal treatment of the sampled compart- 
ments to all individual compartments in the 
forest holding. The choice of treatment option 
in this case has to be supported by the infor- 
mation produced by the phase-1 survey, which 
covered all stands. The aim is to deviate as little 
as possible from those treatment options which 
would have been chosen if all compartments 
had been subject to a survey in phase 2. 

Inoptimality losses 
The treatment option H', which implies a devi- 
ation from the optimal option H*, causes the 
occurrence of an inoptimality loss IL . This loss 
is defined by the equation 

U(NH*l - IL, NH*2 ,...I = U ( N H f 1 ,  NHj2 ,... ). 

If H' deviates from H* by only a small 
amount, e.g. if the treatment of only one com- 
partment is changed, then IL can be approxi- 
mated by 

The aim when choosing treatment options for 
the total population of individual compartments 
should be to minimize the total inoptimality 
loss. 

The treatment options consist of sequences of 
treatments that stretch over all periods. What 

we are doing when deciding on a treatment 
option is more along the lines of excluding cer- 
tain options than of selection, once and for all, 
a final option. We limit the future latitude of 
choice by deciding what treatments to take 
during the first period. 

Let Mi, be the set of treatment options for 
compartment i, which is such that treatment h 
will be used in the first period. 

In that case, the solution to 
U 

max g, where gi = 1 k p  NHp(i)  + k, B,, 
H E  Mi,, p =  1 

is the maximum conditional net present value 
based on treatment h. We denote this value 
MCP Vi(h). 

Analogously with (9), the inoptimality loss 
for a treatment h in a compartment can then be 
calculated as the difference 

where * denotes the optimal treatment. 

The MCPVi may also be conditional on a set 
of treatments, such as the set of treatments 
which excludes final felling in period 1. 

Decision trees 
The choice of treatments in the first period for 
all compartments in the forest holding can be 
illustrated as a decision tree (Figure 21). 

To support the decision stated at the decision 

(KT-) 
No treatment 

Fertilizat~on 

No treatment ' 

Fig. 21. Operative planning decision tree. 
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nodes in Fgure 21. rhe foliowing differences are 
es:ima:ed for all cornparimen:s: 

where 

h o  dexxes the set of :rea:ments in the first 
period % h e x  the response ", :he qacstion 
a: the decision node is no; 

Yes denotes the set of :rea:ments in :he first 
pcr:od where thc response :o :he qaest:on 
a: the dec:sion node is yes. 

If the value of the differences turns out to be 
positive, the response to the question at the 
decision node is no. At each decision node the 
number of treatments in the first period, which 
the MCPVi is conditional upon, decreases. 
Finally, only one treatment in the first period 
remains. The estimates of the differences (10) 
for the sampled compartments are made by 
means of direct calculations in conjunction with 
the optimization. For the remaining compart- 
ments, the estimates are based on priority 
functions. 

Priority functions 
One solution to the problem of estimating 
MCPV,(h) for all compartments is to base 
growth forecasts and economic calculations on 
phase-1 data and the optimal shadow-price 
vector. This method was used by Kilkki (1985) 
to transfer results from linear-programming 
solutions of an aggregated model to results per- 
taining to individual compartments. The pro- 
cedure makes it possible to approach the 
strategic planning problem using aggregated 
compartment data without losing the link with 
the operative planning. Eriksson (1987) relies 
on a reduced-cost index that is analogous to an 
inoptimality loss. The index is determined by 
calculation by compartments, using the shadow 
prices from a linear-planning solution of an ag- 
gregated strategic forest management problem. 
He uses aggregated phase-l data for solving the 
strategic problen and phase-1 data by compart- 
ments for calculating the reduced-cost index. 

The main oroblem with this procedure is 
finding calcuIation models adapted "r input data 
with a Iow degree of resolution and associated 
with large errors. 

Caisu'latior modeis are generall~ deduced 
Gom knowledge of biologicaT and economic 

processes, and assume correct information 
about the variables used in the models. 

However, if the assumption is that compart- 
ment data contain errors of an unknown nature, 
calculation models should then be created by 
induction from an empirical data set. This data 
set should include phase- 1 data as well as calcu- 
lated data y,(phase 2), where yi(phase 2) denotes 
differences among MCPVi( j)-values for differ- 
ent treatments h based on phase-2 data. 

Assume that V is a correct description of a 
forest holding, and that V denotes a N x M 
matrix with the elements vij. The number of 
compartments is Nand  the number of variables 
is M. Thus, vij  is the true value for variable j in 
compartment i. By deduction, we create the cal- 
culation model 

where 

yi denote the true value of the difference 
MCP Vi(No) - MCP Vi(Yes) 

pj denote parameters in the model. 

At the same time, we have a N x M matrix 
X,  whose elements E~~ represent the errors in an 
existing compartment register. As an estimator 
of yi, we use 

Then, the actual error in the estimate Yi -  yi is 

The accuracy of this estimate can be measured 
by the expected value and the variance of the 
error 

where covj, denotes the covariance between eij 
and cik 

Analysis of an empirical data set makes it pos- 
sible to estimate the parameters bj in the model 
with the aim of minimizing the errors ($,-yi). 



If  the deduced paramcrcrs fld ia Model (9) a x  
cscd :o e s t i ~ s t e  ;>.(Ccd) jased or: &:a f ro2  2:: 
cxis:i~g cozqar:zxn: register (v,, - :;J, ;he 
rzsu:e is geccra:I> a :owe: l e ~  c1 of' accuracy :hap 
:I.e 3,s: ozc ?ossi5k :o zc:2Icw. ,". ,o ::7c exking \2&22cs I; j= :,2 ,...,. M, we 
can 2dd 1,-:. ~ h i c h  is precise:> j.(ded). W:h 
:kc aic' of this cx :cxW c o q w : z c r :  rcgis:cr 
a d  ;he Eodc: 

we can make estimates that are equally as good 
as or better than Pi(ded). 

The parameters pj; j = O ,  1, ..., M+ 1 can be 
estimated by weighted multiple linear re- 
gression, based on information from the 
sampled compartments, i.e. by minimizing the 
expression 

where 

m denotes the number of sampled 
compartments 

yi (phase 2) denotes a calculation of yi based on 
phase-2 data 

w i  denotes weights, which are assigned 
low values for sampled compart- 
ments in a stage of development in 
which it is inappropriate to subject 
them to treatments. 

The aim of the weighting procedure is to 
adapt the estimated model primarily to those 
compartments for which the sign of the estim- 
ated difference ji is not known a priori. A 
model for supporting the decision of final 
felling, for example, need not be adapted in 
such a way that it is valid also for seedling 
stands. 

The essence of this procedure is that a calcu- 
lation model is created by induction, and that 
this model utilizes available phase-1 data with 
the errors and insufficiencies with which they 
are associated. The reason for this is that it 
brings the result as close as possible to the result 
that would have been produced if phase-2 data 
had been available for all compartments. 



operational planning 

-* *r ,  x2 T,. 
A ,-, A o,& Ma?,agcrricn: Plaming Pzckzge :?as 
Seen cscd for azaiysis of a Iargc nurxber of 
Cores ho:ciings in Sweden. A :otaI of more than 
2.5 =i::ior, :?ec:ares has 3ccn ar,a:qsed 'sxween 
1983 and 1992, ~/:"i:ch is equrvient to onc- 
qrra;:cr of :hc area of s:i Cores; ;?o:dir,gs of 
st?%cien: area for an app1ica:rm :o be meaning- 
5:. The qq:iczb:c area is abocc ha? :he size of 
:he :ota'i Swedish Cores: area. 

In :he ib::ow:ng as an cxaqAe of a @rzc::cal 
application, the result of an analysis with the 
Forest Management Planning Package of the 
Remningstorp Research Forest (Jonsson & 
Kallur, 1989) will be presented. 

Strategic planning 

Strategic forest-management planning can be 
supported by a study of what the optimal treat- 
ment option will be, given different assumptions 
concerning the economic context. These as- 
sumptions roughly fall into two categories: 

1. Assumptions that concern the shape of the 
net revenue profile, i.e. the rate of interest u and 
the smoothness parameter b; 

2. Assumptions that concern future price 
changes of inputs and outputs. 

Interest rate and sustained net-revenue 
profile 
The shape of the optimal net-revenue profile is 
influenced by interest rate and by smoothness 
considerations. If a high rate of interest is de- 
sired, the result will be higher net revenues at 
an early stage and lower net revenues at a later 
stage. Figure 22 shows the net revenue profiles 
resulting from an interest rate of 1.5, 2, and 3 
per cent. In all cases, the smoothness parameter 
has the value 0.5 or 1, i.e. we generate profiles 
with or without a requirement for smoothness. 

The basic pattern - high initial net revenues 
as a response to a high rate of interest - is 
shown in Figures 22 and 23. However, the effect 
of the rate of interest is moderated by a require- 
ment for smoothness. 

Values of the smoothness parameter other 
than 1 result in a more or less strong moderation 
on the profile of net revenues. Figure 24 shows 
the net-revenue profile given a 1.5 per cent rate 

Option 1.5 % 

N e t  revenue .  
- b.0.5 

1000 S E K / y e a r  ----- b: 1 
r-7 
I I 

1600 

L - J  
L - J  I I 

L-J 
L-J 

Year  
0 I I I 3 I 1 

1989 2009 2029 2049 2069 2089 2109 2129 2149 

Net  revenue. 
1000 SEK/year  r-7 

3200 1 1 I 

1 I 

Year 
0 

1&9 20b9 20h9 2049 20k9 2089 2109 2129 2149 

Net revenue. 

Fig. 22. Net-revenue profiles, given an interest rate of 
1.5, 2, and 3 per cent, with or without a requirement 
for smoothness. 

Net revenue, 
1000 SEKlyear  

2400 7 

1 
6'-\-- , I I 1 i 

1989 2009 2029 20J9 2069 2089 2109 Year 

Fig. 23. Comparison of the nec-revenue profiles, given 
an interest rate of 1.5. 2. and 3 per cent and a require- 
ment for smoothness I b = 0 5 ) .  



Year 

Fig. 24. Net-revenue profiles, given varying require- 
ments for smoothness of revenues at a constant rate of 
interest. The value of b is 1.0, 0.75, and 0.25, and the 
value of r is 1.5 per cent. 

of interest and three different values of the 
smoothness parameter: 1 .O, 0.75, and 0.25. 

The vector of marginal rate of interest is 
strongly affected by a requirement for smooth- 
ness of revenues. 

From the optimality condition 

it follows that 

I - b  [y] = exp (5 . (m, - I ) ) ,  

where 

r denotes the desired rate of interest in 
Model (lo) 

m, denotes varying rate of interest between 
period p and period p + 1. 

Model (11) shows that the varying rate of 
interest m, between the time periods p and p + 1 
has a higher value than the interest rate r called 
for in the objective function when the net- 
revenue profile leans upward (the ratio 
N ~ ( p  + 1 ) I N f I p  > I). 

There is a deviation between the result from 

Table 5. Present value at 1.5 per cent interest 
rate for diferent values of the snzoothness 
parameter 

Smoothness Present value, Present value, 
parameter b million SEK relative terms 

a pure present-value maximization with a con- 
stant rate of interest r ,  and the optimal solution 
with an expressed desire for smoothness of rev- 
enues. As could be expected, the magnitude of 
the deviation increases as the requirement for 
smoothness increases. 

Regardless of the requirement for smooth- 
ness, it is possible to calculate the net present 
value of all solutions at a fixed rate of interest 
r. Table 5 shows present value at interest rate 
1.5 per cent at varying levels of smoothness. 

The loss in net present value is reflected as 
the degree of deviation between the varying 
interest rate mp and the fixed interest rate r in 
Model (5), as shown in Figure 25. 

As a rule, the losses in net present value due 
to a smoothing-out of the net revenues are small. 
Most forest holdings can be made to generate 
revenues without large fluctuations in level, by 
harvesting mature stands either earlier or later 
than would have been the case without any 
requirement for smoothness. However, these 
measures will not prevent the initial state of the 
forest from causing trends in the development 
of the net-revenue profile. A requirement for 
smoothness that does not even allow any trends 

I I I I I 1 I 

1989 2009 2029 2049  2069 2089 2109 2129 2149 

T i m e  period 

Fig. 25. The influence of the requirement for smoothness 
of revenues on the varying rate of interest. r = ! . 5  
per cent. 



The effect of timber-price changes 
One of the most difficult problems facing the 
decision-maker is evaluation of the effect of 
future timber-price changes on the choice of 
treatment options. The analysis of the 
Remningstorp property includes three different 
price-development scenarios: 

Option A 
Present prices remain the same in real terms. 

Option B 
Gradual decline in price level during the first 
periods. During the fourth 5-year period, the 
price of sawtimber is 40 per cent below the 
present level, and the price of pulpwood 20 per 
cent below. This level remains stable during the 
subsequent periods. It should be observed in 
this context that the procedure for tree evalu- 
ation rests on the assumption that the trees are 
divided into logs with regard to the price re- 
lations in the price lists. 

Option C 
Price changes are differentiated by quality. Price 
levels for different qualities change gradually 
during the first periods. The following price 

levels, relative to today's levels, apply during 
the fourth 5-year period: 

Pine saw Spruce saw 
Quality logs, % logs, % 

Unsorted (I-IV) 120 110 
Fifth (V) 100 100 
Sixth (VI) 80 90 

The price of pulpwood remains at the present 
level. The price level during period four is as- 
sumed to persist during the remaining periods. 

Figure 26 shows how the levels of removals 
and standing volume change over time accord- 
ing to the three price options. 

Table 7 shows the level of the removals during 
the first 10-year period, as influenced by the 
three price-development options. 

Table 7 shows essential differences between 
the price options A and B. The expected future 
price decrease in option B is met with an in- 
creased amount of thinnings in the first 10-year 
period. The choice of compartments for final 
felling is also influenced. An expected decrease 
in timber price results in an immediate and par- 
ticularly strong decrease in the relative revenue 
for stands with a low value per unit of volume. 
Final fellings are thus reassigned to compart- 
ments with a higher degree of mixed-in hard- 
woods, and to compartments with a low 
stocking level. 

The conflict between the calls for a high net 
present value and a sustained profile of net rev- 
enues, is solved in option B by a high initial 
degree of removals in terms of volume. This is 
accompanied by an increase in the value per 
volume-unit harvested in the future, brought 
about by delayed final felling in high-volume 
stands. 

Table 6. Removals during the,first 10-year period at the Remningstorp holding, given six diferent net- 
revenue projiles 

Option Thinning, Final felling, 
Total removals, 

Y b halyear tn3sk/ha'year ha~year m3sk, halyear m3sk/year 



Tabk 7.  Renwvuis during the .first 10-year period, assuming three different price developments; 
r=  1.5 per c m i  m7d b = 0.5 

Option 

Trc~tmcr.: A B C 

T h i x i n g  arm, ha >car 26 42 28 
m3s:i ka > c x  59 58 58 
m",b )car. :ota! 1533 2 469 1653 

Stondtng volume 
rn3sk/ha 

250 7 

- option A 

opt ion  B 

----- opt ion  C 

Year  

0 ,  
1989 2d09 2029 2049 2069 2089 2109 2129 21L9 

Fig. 26. Change in removals and in standing volume, as 
influenced by three sets of assumptions regarding price 
changes: r =  1.5 per cent and b=0.5. 

The differences between options A and C are 
marginal. This should be interpreted as evidence 
that it is difficult to find measures geared to 
exploiting the increasing price differentiation in 
option C. The small increase in the share of pine 
removals, particularly in final fellings, is ex- 
plained by the fact that the quality of spruce 
sawtimber in this region generally is higher than 
that of pine sawtimber. The expected future 
increase in price differentiation among sawn- 

wood of different qualities is best exploited by 
delayed final felling in spruce compartments. 
Obviously, the conclusion will be different if a 
future price increase for pine alone is expected. 

In the long term, all three options result in 
different forms of optimal normal forests. 
Table 8 shows the rotation age and level of re- 
movals for these. 

As expected, the rotation age increases when 
the price of timber decreases (option B). The 
price increase for high-quality saw logs also re- 
sults in a prolonged rotation. The levels of re- 
movals and net average production increase 
with prolonged rotation. The maximum average 
production is reached at a rotation of approxi- 
mately 95 years. However, the maximum is flat. 

Operative planning 

In the operative planning process, the differ- 
ences among the MCPV( j )  values for different 
activities j are estimated with the aid of re- 
gression functions. For the Remningstorp case, 
two functions have been developed: 

1. A function that estimates the difference 

M C P K ( j ;  j  E A) - M C P K ( j ;  j  E B), 

Table 8. Rotation and level of removals for the 
future optimal normal forest, assuming three 
dzfferent options of price change; r = 1.5 per cent 

Option 

Rotation, years 84 94 89 
Removals, m3sk/year 9500 9600 9600 
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M C P & ( j ;  j E C )  - M C P & ( j ;  j E D), 

where 

C denotes the set of treatment options exclud- 
ing fellings in period 1 ;  

D denotes set of treatment options including 
thinning in period 1. 

This difference is denoted by IL T (inopti- 
mality loss, thinning). The IL T value is used in 
the process of selecting compartments for thin- 

ning, after final-felling compartments have 
already been selected. 

The final-felling function received the follow- 
ing form: 

T - value 

IL F= -2351 0.39 
- 34.2 . age 0.75 (years) 
+ 0.0082 - stem-number2 3.33 (stemslha) 
- 0.0646 . volume2 6.57 (m3sk/ha) 
+ 8960 . spruce fraction 1.39 
+ 7020 . pine fraction 1.10 

The thinning function received the follow- 
ing form: 

T -value 

IL T = +443 0.66 
- 0.000467 . stem-number2 2.04 (stemslha) 
+ 5686 - mean stem volume 5.29 (m3sk) 
- 8 166 . lzardwood fraction 3.08 
+ 11552 . hardwood fraction2 3.80 

Figure 27 shows the relationship between ob- 
served values for IL F and IL T, and corre- 

1 F u n c t i o n  ILF 

l LT .  Phase 2 

Fig. 27. The relationship between values for IL F and IL T observed in phase (2), and values estimated with the 
regression functions. 
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plications 

The potential of forestry according to 
our  analysis 

Ln?il a5our Rvc yexs  ago. forcsrrq discxssons 
in Sweden were dominated by an overwhelming 
problem - "the wood-supply dip". In large parts 
of Sweden, especially in the north and in com- 
pany forests in southern Sweden, the age-class 
distribution is markedly uneven (see for example 
the age-class distribution for the forests of 
Svano, Inc. - Fig. 28). 

It is evident that if these stands were to be 
managed according to "age-norms" for thinning 
and final felling, the result would indeed be a 
wood-supply dip. Generally, however, it is pos- 
sible to eliminate the effect of an uneven age- 
class distribution without a great deal of - 
difficulty. 

The supply of wood today and 
essentially depends on how much 
lation to growth. A wood-supply 

in the future 
we cut in re- 
dip will only 

P e r  c e n t  

Age  c l a s s  10 yrs 

Fig. 28. Age-class distribution in the forests o f  the forest 
company Svano, Inc. 

be produced if the level of cut exceeds growth 
for a prolonged period. 

The proper cutting level is primarily an econ- 
omic problem. The age-class distribution has 
only an indirect effect, insofar as it can say 
anything about the economic maturity of the 
forest. A good supply of old stands generally 
justifies a high cutting level in relation to 
growth. 

Biological age, and economic cutting ma- 
turity, are two different things. As a rule, there 
are many biologically old stands which are not 
at all economically mature for cutting. At the 
same time, most of the middle-aged or young 
stands today will be economically mature for 
cutting at a considerably lower age than that to 
which we are currently accustomed. 

Our experience from applying the Forest 
Management Planning Package indicates that, 
as a rule, it is possible to cut almost the entire 
growth and at the same time, neutralise the 
wood-supply dip, without incurring serious 
losses in net present value. This is achieved by 
reasonable prolongations of the rotation ages 
and premature cutting, in combination with ad- 
aptation of the thinnings in older forest. 

Figure 29 shows the development for some 
variables of interest, according to an optimized 
timber assessment made for the forest of the 
Svano, Inc. forest company. 

The optimization was made at the required 
interest rate of 2.0 per cent, combined with a 
strong requirement for even net revenues over 
time. The variation of the marginal rate of inter- 
est over time about the normal 2 per cent level 
shown in Figure 29, illustrates the degree of 
deviation from an optimization without a re- 
quired even net revenue. 

The heavy solid lines in Figure 29 represent 
a management option which maximizes gross 
revenue without regard to costs and interest rate 
in the analysis; the costs are considered after- 
wards. This option is rather similar to the man- 
agement program used by the Svano, Inc. forest 
company and is consistent with Swedish forestry 
practice in recent decades. 

We note that the future "interest bulge", as 
the wood-supply dip should rightfully be 
named, causes premature harvesting of stands 
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Fig. 29. Development of the forest company Svano, Inc.'s forests at a required long-term 2 per cent rate of interest. 
Heavy solid lines represent a management option which maximizes gross revenue without regard to costs and interest 
rate in the analysis (see text). 

with a maximum yield of 2.6 per cent, in order 
to achieve a smoothing-out over time of net 
revenues and harvested volumes. The degree of 
prematurity of the harvest is not more pro- 
nounced in the interest bulge than it is in the 
initial state. The total loss of net revenue due 
to this smoothing-out amounts to 0.6 per cent 
of the total net present value. 

Analysis must replace rule of thumb 

Figure 30 shows the relationship in principle 
between the economic need for final felling and 
the volume per hectare at a given stand age. 
Economic need for final felling is here under- 
stood to mean the net present-value gain of an 

immediate final felling when the required rate 
of interest on investments amounts to a very 
few per cent. At a very low volume per hectare, 
the stand is not capable of yielding a sufficient 
rate of return in relation to the land value, and 
at a very high volume it is not capable of yield- 
ing a sufficient rate of return on the high value 
of the standing crop (stumpage value). 

In practice, decisions about final felling are 
often founded on rules of thumb, which are 
established and adjusted in forestry schools and 
calibrated on forest excursions. The professional 
"forester's eye" is trained to focus on objects 
such as those on the left in Figure 30, i.e. stands 
which do not fully utilise the land. 

If these stands do not exist, or occur only 
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The Forest Management Planning Package is a 
tool. Like all tools, it can be used and abused. 
We do believe, however, that a well-sharpened 
axe is a good thing, even if it can be used for 
murderous purposes. 

For the Forest Management Planning Pack- 
age to function well, however, it is necessary that 
the decision-makers take an active interest in 
forest management. This applies to all systems 
for strategic forest management planning. No 

Fig. 30. Relationship in principle between the economic forest management system could ever be created, 
need for final felling and the volume per hectare at a 
given stand age. which allows the decision-maker to specify a 

management policy in a simple and conclusive 
way, and then to rely on the system to do the 
rest. Application of the Forest Management 

very sparsely, something else must be selected, Planning Package is an iterative search Process, 

surely it is then difficult to realise that what in which the results prompt re-evaluation of the 

should be considered is a totally different type assumptions, which in turn will lead to new re- 

of stand - namely, the most well-stocked ones, su l t~ ,  and so on (see Figure 3). In the e d  this 

with the biggest trees. Neverthless, what usually search Process leads to a treatment option close 

happens is that a selection of half-stocked, half- to the optimal one. During the work, the actively 
L A 

sire stands is made, somewhere in the middle of engaged decision-maker will gain insights and 
the density scale - exactly those stands which knowledge about the potential of the actual 
give the greatest rate of return at  a given stand forest and how it can be optimally used. 
age. With only slight exaggeration, one could In the end, it is only such insights and know- 
claim that this is tantamount to final felling of ledge which can motivate application of the 
well-thinned stands. system. 
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