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Abstract

This thesis focuses on how uncertainty in forest data affects the outcome of
management planning and decision making.

In a review article (paper I), previous research aiming to evaluate forestry data
are described. The methodology used and the results presented were discussed. A
general conclusion was that previous studies concerned highly simplified planning
situations, leaving some doubts concerning their real world applicability. In papers
IT and III, two quantitative approaches of data evaluation were applied to data from
sample plot imputations. In paper II, a cost plus loss analysis of using the data for
forest management decision making is presented. The usefulness of the data in
forestry scenario analysis were scrutinized in paper III as errors in the predictions of
future forest states, harvest levels and net income flow. In both papers it was
concluded that improvements in the methodology of assessing data would be
required.

In paper IV, an advance of the cost-plus-loss methodology was suggested by
developing a simulation system that aims to capture the hierarchical structure and
iterative nature of forestry planning. The simulation system included the tactical
and operational levels of a continuous planning process at a specific corporate forest
owner. It was characterized by annual re-planning with the option to reassess data
of selected stands prior to operational planning. The planning simulation system
was used in paper V for evaluation of current practice data. It was concluded that
high decision losses occurred as a result of errors in the studied data. The
introduction of holding level wood-flow considerations and incitements to cluster
harvest activities reduced decision losses compared to stand wise planning without
such considerations.
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1 Introduction

Investigating the value of forest data for forest management planning
purposes means exploring the economics of uncertainty. This thesis focuses
on how uncertainty in forest data affects the outcome of management
planning and decision making. A large share of the work described herein
has been devoted to explore the impact on the economical return of
forestry, which in turn determines what value forest data will have.

1.1 Brief on decision analysis

To set the scene for this thesis, we need not only to describe forestry
planning, but also the fundamentals of decision analysis on which forestry
planning rely. The overview of decision analysis will provide some usetul
terminology introduced into a forestry context later on in this paper.

Decisions analysis deals with human decisions, i.e. how we use our
freedom. More specifically, situations treated by decision theorists require
that there are options to choose between and that we choose in a non-
random, goal-directed way. Hence, decision theory is concerned with goal-
directed behavior in the presence of options (e.g. Hansson, 2005). A further
division is made into normative theories suggesting how decision should be
made to be rational, and descriptive theories describing how decisions are
actually made. It should be pointed out that norms of rationality are not the
only norms important in decision making. It is however customary to
consider ethical or political norms as external to decision theory.

Decision analysis does not include only rules of choice but the entire
decision process. Numerous models of the decision process have been
suggested over the last century, often with only small differences. The
division of the process into 5 distinguishable steps by Brim et al. (1962) will
serve as an illustrative example.



1) Identification of the problem

11) Obtaining necessary information

11)  Production of possible solutions

iv)  Evaluation of such solutions

V) Selection of a strategy for performance

It can be argued (Witte, 1972) whether the decision process is sequential as
in the example above or if the steps are parallel or even circular (e.g.
Mintzberg et al., 1976).

When making decisions, or choosing between options, humans try to
obtain as good an outcome as possible according to some standard of what 1s
good or bad. Decision theory assumes that such a standard is at hand, and
proceeds to express this standard in a precise and useful way for relating
options to each other. Most of the literature on decision making has focused
on the actual choices of solutions (step v according to Brim) (Hansson,
2005). However, in several empirical studies (e.g. Mintzberg et al., 1976,
Simon, 1960), it has been found that more time is spent in the steps
corresponding to ii-iv) in Brims models and little time in doing the actual
choices (making the decision). This is obvious in cases when an efficient
value-standard is in place and the preceding steps have ranked the solutions
unambiguously according to this standard. The choice is then reduced to
simply picking the solution with the highest value according to the value-
standard. This stresses the importance of the decision process steps preceding
the actual choice.

In the real world, decision making is often affected by some degree of
uncertainty influencing e.g. the actual feasibility and outcome of a solution.
In analytical literature on uncertainty and information in economics, a
division is made into market uncertainty and event uncertainty. The former
focuses on uncertainties of demand-supply ofters and behavior of other
economic agents while the latter focuses on, for an individual, uncertainties
considering its own endowment and production opportunities (Hirshleifer
and Riley, 1979). Parts of these uncertainties can be reduced by acquiring
more/better information thus enabling better decisions. Individuals or
organizations may be willing to pay for information depending on how
uncertain they are and on what is at stake (Macauley, 2006). Rationally,
they can pay for the information as long as the expected gain from it
exceeds the cost. The possible gain 1s what 1s commonly referred to as the
concept of value of information (VOI), one of the most important notions of
decision analysis.
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For an economic activity, here referred to as a “project”, the following
definition and properties of VOI can be stated; The VVOI is the difference
between the project value with particular information and the project value without
that information, minus the cost of the information. This implies that there must
be an alternative outcome of a project; otherwise no information could add
value, which is the same as to say that there must be uncertainty. If there is
uncertainty there must be choices, if there is no choices — there is no
decisions to be made, and information is in fact worthless.

The value of information is case specific and depends on many
circumstances. From the work of Hirshleifer and Riley (1979) and McCall
(1982) it can be concluded (Macauley, 2006) that VOI depends on several
factors including;

1) How uncertain decision makers are

11) What is at stake as an outcome of decisions

11)  What is the cost associated with accessing and using the information
1v)  What is the price of the next best substitute for the information

Elaborating on 1), it is obvious that if little uncertainty surround the decision
prominent, little can be gained by adding information and, hence, VOI 1is
small. VOI is small also if the decision makers options are limited, i.e. that
even with better information available the decision makers can only make
small or no adjustments of the decision. A third situation when VOI is low
could be that although the information is important for the outcome and
options are available, other aspects influencing the decision are of supreme
importance and, thus ultimately decisive of the choice. If the situation is the
opposite of the cases above, VOI can be large. The second factor (i1)
depends on the value of the output of a decision on the market. Factors 1i1)
and 1v) are preferably treated together for comparison purposes as 1v) reflect
the possible existence of other sources of information than the one currently
analyzed. An important note to 1ii) is that there may be other uses of the
information or other users, hence the cost of the information may be shared.

Thus, if what can be gained by acquiring information prior to a decision
exceeds the cost of the information, i.e. VOI is positive, then information
acquisition 1is rational. Unfortunately, the content of the information
acquired can never be known in advance and hence, its effect on the
decision and outcome of the decision remain unknown. The decision to
seek additional information must necessarily be made ex ante —before an
event (Hirshleifer and Riley, 1979). Had the resulting information been
known in advance, the information acquisition would be superfluous and
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VOI would be negative (due to the cost of the information). VOI can be
determined only after the information is acquired and the decision outcome
is clear. So, when considering acquiring more/better information for
decision making we must estimate the expected VOI.

Another aspect of uncertainty affecting decision making 1s the decision
makers’ attitude towards risk. That is, after making a decision under
uncertainty, a decision maker may discover, on learning the relevant
outcomes, that another alternative would have been preferable. This may
create a sense of regret (Bell, 1982). Analogous, if the outcome of a decision
made under uncertainty has a lower value than expected, a sense of
disappointment can be created (Bell, 1985). A risk aversive decision maker
is prepared to tradeoft financial return to avoid regret or disappointment.
The rational decision in this case is made based on an expression of
expected value in which regret and disappointment is explicitly included.
Also other aspects of human behavior and preferences, such as willingness to
play lotteries with negative expected values, affect real world decision
making. In the following, no aspects of such behavior or preferences are
included, 1.e. the decision criterion is maximum expected value without
considering risk preferences.

1.2 Forestry planning

The concept of planning in a general context has been defined by numerous
authors. A definition well suited for, and previously cited in, a forestry
planning context, was formulated by Cohon (1978);

“Planning is the process by which analysts perceive a problem, define it,
collect data about it, formulate it (perhaps mathematically as a model), and
generate and evaluate alternatives for solving it, leading to the end of the

process when decision makers choose an alternative for implementation”.

This definition 1s well suited to view forestry planning as a decision process.

Forestry planning does not differ from planning for other purposes in any
fundamental way, it does however have several distinctive features (Ohman,
2001). First, the forests are complex systems of which we have incomplete
knowledge. Uncertainties stem from e.g. incomplete descriptions of the
current state and effects of stochastic processes affecting the forests.
Predicting many economic and ecological variables essential in the planning
process is therefore associated with a great deal of uncertainty. Second,
forestry is a long term economic activity requiring long term planning
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horizons. This increases the risk of unpredictable events (see e.g. Davis et
al., 2001). Finally, forestry planning often includes difterent (and sometimes
conflicting) goals such as maximizing the economic value of timber
production,  production of mushrooms, berries and  game,
increased/maintained biodiversity, carbon storage etc. (see e.g. Limads,
1996).

To grasp the forestry planning problem, especially the implications of
long time horizons, planning methods are frequently divided into a
hierarchical structure. Typically, forestry planning is divided into strategic,
tactical and operational levels (Weintraub and Cholaky, 1991, Nelson,
2001, Davis et al., 2001). Strategic planning is long term and aims to decide
general strategies that can be applied and which output are possible. An
important task of most strategic planning in forestry is to decide annual
harvesting levels weighing present and future production potentials (e.g.
Jonsson et al., 1993). Tactical planning is medium term, typically 5-10 years
in the Nordic countries and creates object-specific plans. The management
units are often treated in a spatial context. Operational planning is short
term and consists of the administrative and steering functions for
implementing the objectives set at higher levels.

The actual forestry planning ultimately aims to schedule operations on
the level of management units. The most frequently used management unit,
the forest stand, is a geographically contiguous parcel of land which 1s
considered homogenous about tree vegetation (Davis et al., 2001). Also
other features, such as different ground conditions, can influence the
delineation of stands. The purpose of the delineation is to create areas for
which specific management operations can be prescribed. Each stand can
thus be treated separately according to the objectives of the manager.
However, stands exist as parts of holdings and as parts of the forest
landscape. The objectives of the decision makers and the state of a holding
or landscape thus affect the management of the individual stand.

Within the framework provided by legislation and established practices,
and considering public opinion and individual objectives, it is ultimately the
landowner who makes decisions on forest management operations. To be
rational, the decision maker needs to be able to envision the outcome and
consequences of different decisions (Simon, 1976). Especially in large scale
forestry and considering the long time horizon, this is typically aided by
computerized decision support systems.
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1.2.1 Forestry decision support systems

The main objectives of using a forestry decision support system is to
produce and evaluate possible management alternatives (corresponding to
steps 111-1v) in the decision process according to Brim et al. (1962)). In some
cases, also step i1), obtaining the necessary information, is an integrated part
of the system (e.g. Jonsson et al., 1993). Many forestry decision support
systems exists worldwide, adapted to local conditions and requirements. An
overview of models worldwide were compiled in 1996 (Nabuurs and
Piivinen, 1996). Since then, more has been introduced. In the Nordic
countries, the most widely used systems includes the Forest Management
Planning Package (FMPP) (Jonsson et al., 1993), Hugin (Lundstrom and
Soderberg, 1996), Avvirk 2000 (Eid and Hobbelstad, 2000), GAYA-JLP
(Hoen and Eid, 1990, Lappi, 1992), MELA (Siitonen, 1995), Monsu
(Pukkala, 1999, Pukkala, 2004) and SIMO (Tokola et al., 2006). A
distinction i1s made between simulating and optimizing systems. A
simulating system 1s used to simulate the effect of predefined decisions while
an optimizing system searches for the best management decision according
to the stated objective.

A simulating forestry scenario model is typically used by policy makers at
national or sub-national level. For example, in Sweden there is a since long
established tradition of estimating long term sustainable harvesting levels at
the national level using simulating models (e.g. Anon., 1978, Bengtsson et
al., 1989, Anon., 2000, Gustafsson and Higg, 2004, Anon. 2008).
Optimizing models are more commonly used by forestry companies for the
scheduling of forestry operations.

The core of a forestry decision support system is a forest simulator. Given
the initial state of each stand and possible treatment operations, the simulator
computes the expected development of each forest stand (Eid and
Hobbelstad, 2000, Lamas and Eriksson, 2003) taking into account e.g. tree
growth, tree mortality and the effect of applied treatments. Typically, the
state of a stand is computed in discrete time steps, each step representing a
planning period. The period length is usually between one and ten years.
For each planning period, the output of resources, e.g. harvest volumes, are
predicted and presented.

The decision support system typically includes some framework for
defining what kind of alternatives to be considered and computed by the
forest simulator. Results at stand and forest level are compiled to make them
interpretable for the decision maker. For example, in a strictly timber-
oriented forestry situation, the objective may be to maximize net present
value (NPV). In the decision situation (step v according to Brim et al.
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(1962)), NPV then serves as an efficient value-standard to compare and
choose among different alternatives.

Currently, forestry decision support systems are becoming more
complex, especially as objectives other than economical are having a large
impact on how forestry operations are planned and executed. Not only the
objectives of the landowner, but also those of public interest, affects forestry.
The public may appreciate the aesthetic and recreational value of forests, to
pick berries and mushrooms or for hunting (e.g. de Vries and Goossen,
2002, Ihalainen et al., 2003, Lindhagen and Hornsten, 2000, Pukkala et al.,
1995). Societal demands on the forests also includes securing a high
biodiversity (e.g. Angelstam and Andersson, 2001) and to play a mitigating
role against climate change either through substitution eftects (bio-fuel vs.
fossil fuel) (Eriksson et al., 2007, Gustavsson et al., 2006) or by storing
carbon (Backéus et al., 2005, Dean et al., 2004).

1.2.2 Multi-purpose forestry

To date, accounting for aspects or objectives other than timber production
has mostly been formulated as restrictions put on timber production. Beside
the challenges of incorporating other resources in model form, one reason
for this 1s the known difficulties in estimating their exact monetary values
(Boman and Mattson, 1999) thus making them possible to relate to the
timber value. The emerging Swedish decisions support system Heureka
(Limas and Eriksson, 2003) will have the capacity to run in optimization
mode with other objectives than NPV of timber production. Simultaneous
optimization of several different resources though 1is still not possible. It is
likely that future users will use the capacity to model and optimize these
other resources to investigate their potential and possibilities before creating
constraints applied on an optimized timber production plan.

When using a decision support system the need for input data is defined
by the resources considered and properties of the system, such as the
included growth and yield models. Data requirement concerns both what
variables are needed and the format of these variables necessary to run the
included models. To portray forest development, growth models using
different approaches are typically available. Whole stand (or plot) models use
mean age, basal area per area unit, etc. Diameter class models are based on
data on the average tree within each class, while individual tree models uses
data for each tree in the stand or in a sample (Davis et al., 2001). In the
decision support system, results from the forest simulator are processed to
become easier to interpret for the forest manager. Typically, the analysis of
the development of a resource is simplified by introducing resource
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indicators which provide useful information on the resource, yet can be
calculated based on the output from the forest simulator. Depending on
what indicator to calculate, different additional information is required
beside the tree data. Many aspects of the resource biodiversity depend on
landscape patterns and functions. It is thus necessary to use data in a spatial
context. Resource indicators on biodiversity that requires spatially
comprehensive data (wall-to-wall data) 1is typically habitat suitability models
for different species (Edenius and Mikusinski, 2006, Mikusinski and
Edenius, 2006, Ricotta and Avena, 2003) or models for creating continuous
areas of specific forest types (e.g. Ohman, 2000). Resource indicators
concerning recreational values are other examples for which spatially
comprehensive data at the landscape level is required (e.g. de Vries and
Goossen, 2002, Lindhagen and Hornsten, 2000). Also the traditional timber
oriented analysis can be improved by the introduction of spatially
comprehensive forest data as it enables, for example, harvest clustering and
improved logistics (e.g. Gustafsson et al., 2000, Ohman and Limis, 2003).

1.2.3 Data acquisition

Data for forestry planning can be collected in many different ways. A
distinction between the methods are if the data are collected by a surveyor
in the field (field inventory), or if data are collected from the air (remote
sensing). Irrespective of this distinction, methods can either be subjective or
objective. When using a subjective method, the surveyor typically estimates
a variable directly by ocular assessment or possibly supported by
measurement in what he believes to be representative areas. The accuracy of
such a method depends heavily on the surveyors skills. Both systematic and
random errors occur in such data and the size of the errors cannot be
calculated. An objective method is based on statistical sampling theory.
Measurements are carried out in a predefined manner and in areas or on
objects selected in advance through random sampling procedures. An
objective method should be independent of the surveyor’s skills and
produce unbiased estimates. Another advantage is that the precision can be
estimated based on the data acquired. A more thorough description of data
acquisition methods were recently provided by Barth (2007).

The data acquired will have different properties depending on which
method that were used. Properties such as bias and standard deviation in
estimated forest variables are used for comparing forest data from difterent
sources. However, since the main objective of forest inventories is to
provide information that can be wused for decision making about
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management operations, these measures are insufficient in providing an
unambiguous ranking of data acquisition methods (Eid et al., 2004).

1.3 Previous research on the influence of forest data uncertainty
on planning and decision processes in forest management

In addition to the stated bias and standard deviation of a forest data set, a
data assessment strategy can be further evaluated if a link between the errors,
the consequential incorrect treatment decision, and the corresponding
economic losses is established. Researchers previously pursuing this idea of
data evaluation have used difterent approaches. These can be grouped in
two categories; analytical approaches and simulation approaches. In the
typical analytical approach, functions are derived to find the optimal
intensity/timing of an inventory. Only a few examples of analytical studies
exist. In a simulation approach, the effects on forestry planning with some
erroneous data are compared with results from planning with data
considered free from errors in repeated calculations. In both categories of
approaches, cost-plus-loss analyses have been frequently applied. The basic
theory of cost-plus-loss analysis is provided below, using the work of
Hamilton (1970) as an example.

1.3.1 Analytical approaches

Hamilton (1970) first applied cost-plus-loss analysis in a forestry context
following ideas from Yates (1960) and Cochran (1963). The total cost of an
inventory eftort (C.) is formulated as:

C,(n)=C,+Cxn (1)

where C is a fixed cost, C is the cost per sampling unit and »n the number
of sampling units. The C term is specific for every sampling design. It may
depend on the time to measure each unit, the transportation time between
units, labour cost, etc.

The second part of this analysis is the loss function (L) that describes the
losses that occur when decisions are based on inventory information that
deviates from the true population values. This approach assumes that
decision makers would make decisions that optimize their objectives if
perfect data were available. In this setup, a forest variable (6) to measure and
upon which decisions are based, is identified. The loss function (L) is stated
in some different formats, e.g:
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L:‘é—ﬁ‘xﬂ or (2)

L=6-0)>%xA, (3)

A

where @ is the estimated value of the variable, @ is the true value of that
variable and A is the parameter connecting error and loss. A generalized
cost-plus-loss function can be expressed as E[C, + L]. An expression for
the optimal inventory intensity is then found by minimizing the expected
value. The generalized results with loss expressed as in (2) and (3) are:

1

A2N2g2\3
n=(5r) @)
and

Ao?

n = T (5)

respectively, where O ? is the population variance, N is population size and
other symbols as defined previously.

This setup is appealing as a simple formula for the optimal inventory
intensity is provided. However, it contains some very simplifying
assumptions and its validity for real world planning exercises must be
questioned (Borders et al., 2008). First, and most important, it is assumed
that decisions are made based on a single surveyed variable. Burkhart et al.
(1978) addressed this problem by deriving the same formulas for a case of
multiple decisions based on several variables from different inventories in a
multiobjective management situation. In this complex case, individual error
terms (A) for each decision was expressed as the weighted (w) sum of errors
in the variables estimated in the different independent inventories that aftect
the decision. The analyses relied heavily on the subjectively set parameters A
and w. Also, in the studies of Hamilton (1970) and Burkhart et al. (1978)
the term for fixed inventory cost (C ), as included in the formula for total
cost (C,), 1s not included in the formulas for optimal intensity. The fixed
cost would definitely influence the decision to do the inventory at all.

Stahl et al. (1994) choose an entirely difterent approach when trying to
include the questions of whether and when to do an inventory. Here, the aim
was to decide simultaneously optimal treatment and measurement actions in
a stand. Thereby, decisions on inventory actions were brought into the
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forest management planning process. Stihl et al. (1994) suggested that
decisions be made using probability distributions of wvalues in the
calculations rather than point estimates. A planning framework was set up in
which, using Bayesian theory, posterior distributions could be calculated
when an inventory was carried out. Also the probability of obtaining
different posterior distribution could be calculated. The value of different
decisions was calculated for both prior and posterior distributions enabling
evaluation of the inventories. Stahl et al. (1994) then solved a multitemporal
stand level management problem, in which inventory was one possibility in
each planning period, using dynamic programming. Several simplifying
assumptions were made in this study including that all errors were normally
distributed and that the decision was based on only one variable.

1.3.2 Simulation approaches

Simulation approaches is computing intensive and for this reason they have
been feasible only a couple of decades. Spriangare (1975) pioneered this field
when setting up a framework for analysing the eftects of using subjectively
collected (erroneous) data for the selection of stands for final felling. In a
small case study, a planning system was used that assigns a value on final
telling priority and selects stands for the next 10 year period with values
higher than a predefined limit. Planning eftects were evaluated as the
difference in lists of stands assigned to final felling when true and erroneous
data were used. Springare’s (1975) results indicate that planning with
erroneous data leads to higher than optimal harvesting levels. As a starting
point, Springare (1975) used subjectively inventoried data from all stands
within the case study area. Results from an objective sample plot inventory
of a sample of stands were used as reference data. By establishing a relation
between the subjectively and objectively inventoried data in the sample,
“true values” for all stands could be simulated using the established data type
relation. It was pointed out that simulated values are not to be considered as
true but rather that they have the same relation to the evaluated dataset as
true values would have had. Planning outcome differences are thus
considered to have realistic properties.

Jacobsson (1986) used a simulation approach for studying the optimal
number of sample stands to be inventoried in a two-phase inventory for
strategic planning with the Forest Management Planning Package (FMPP)
(Jonsson et al., 1993). Besides finding the optimal inventory intensity,
Jacobsson (1986) also showed that decreasing marginal utility of annual net
income actually had little eftect on the optimal number of sampled stands as
compared to a case where marginal utility was not decreasing. It was also
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concluded in the study that strategic planning based on a small sample of
stands yields results that are practically free from systematic errors. When
creating the data for the study, Jacobsson (1986) followed the ideas of
Springare (1975). The approach was reversed, however, as high quality
sample plot data from a sample of stands were used to simulate data from a
cheaper inventory method.

Eid (1991) studied planning on forest holding level by adding systematic
errors to inventory data. Planning simulation was carried out using
AVVIRK3 (Hobbelstad, 1988) in which the “average tree” in a stand is the
basic unit for calculations. To the reference data, errors were added or
subtracted systematically. For ten model forests, plans were based on the data
with systematic errors in site index, average height, basal area or stand age.
Errors in site index estimations were concluded to have the largest eftect on
the plans as they strongly affect both the predicted state of a stand and the
treatments suggested for a specific state.

Eid (1993) also studied the eftect of random errors in stand variables in
strategic planning. Uncorrelated errors were generated to the stand data
variables of site quality, basal area and dominant height corresponding to a
10% coefticient of variation. A strategic plan was set up in a version of
GAYA-LP (Hoen, 1990, Hoen and Eid, 1990). Eid (1993) concluded that
relative deviations in calculated net present value and final felling volumes
were of lesser magnitude than the error level of the input data. However,
the initial error levels were lower than those normally observed in practical
forestry. Also the introduction of correlation between errors as well as errors
in all variables would affect the outcome.

The aforementioned study was later extended to comprise the input
variables basal area, mean height, site quality and age and errors levels of 10,
15 and 20%, (Eid, 2000). This study only considered maximization of NPV
when scheduling final fellings without the requirement of a non-declining
yield. The resulting NPV losses were small for errors in basal area and mean
height, whereas they were noticeable for errors in stand age and site quality.
The largest NPV losses were, not surprisingly, incurred for the combination
of errors in all variables mentioned. Eid also showed dependencies between
stand characteristics, the erroneous variables and NPV losses. For stands
close to the economically optimal rotation age, errors in the estimated age
had significant eftects on NPV. Errors in site quality had large effects on
NPV also in young stands.

Stahl (1994a) investigated the optimal intensity in a standwise sample plot
inventory. The problem was confined to determining the optimal time for
final felling in mature stands where no other decision was to be made.
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Twenty reference sample plots per stand were available holding treewise
information. Stahl used a bootstrapping technique to select subsamples of
plots to represent the outcome of fictitious inventories of different
intensities. Stahl (1994a) showed that the sum of inventory costs and
decision losses decreased rapidly when the number of plots increased
towards the optimal number. When the sample size was increased beyond
the optimal intensity, the sum of cost-plus-loss increased at a more moderate
pace. In a later study, Stahl (1994b) added complexity to the same basic
problem, as stumpage prices were considered either deterministic or
stochastic. In the latter case, the optimal inventory intensities were slightly
reduced when compared with the case of deterministic prices.

Larsson (1994) considered the timing of final felling in a planning system
in which average values of stand properties are used as input in growth
predictions. The result from this planning approach was compared with a
reference solution obtained in a planning system that used sample plot and
single tree data as input. In a first case, the average values were based on the
sample plot inventory results, i.e., they were given the values of the
reference data. A second case considered planning with random errors in
single variables. Simulated error levels of 10, 20 and 30% in age and volume
were tested. In a third case, correlated random errors were introduced
where the error structure was derived from empirical studies of existing
stand registers. It was concluded that error levels of 10-20% in stand level
data yield tolerable losses toward the cost of acquiring data of such quality.
Larger errors quickly lead to high losses. Larsson used empirical data on
error levels and structures (e.g. Stahl, 1992). The same method as Springare
(1975) was used for the generation of multivariate errors.

Holmstrom et al. (2003) presented a cost-plus-loss study comparing four
different data acquisition strategies in strategic planning. One strategy
included subjectively inventoried stands to which objectively inventoried
sample plots were imputed with the kNN-method (Muinonen and Tokola,
1990, Tomppo, 1990). The second method was similar except that
subjective aerial photograph interpretation data supported the kNN-
assignment. The last two strategies were simulations of field inventories of
objectively measured sample plots. It was concluded that the best choice of
inventory method depended on stand type. No straightforward way of
identifying the best method for a particular stand was pointed out. It was,
however, indicated that large mature stands, preferably with a relatively
short time to next treatment, should be inventoried with accurate methods.
Small and/or less valuable stands may be inventoried with simpler methods.
When choosing the optimal inventory method in each stand rather than the
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methods that did best on average, the total cost-plus-loss could be reduced
by 15-50%.

Eid et al. (2004) compared one data acquisition strategy based on photo
interpretation with one based on laser scanning by means of cost-plus loss
analysis. The costs for the laser scanner data set were estimated to be more
than twice as high as the cost of the photo interpreted data. However, the
losses incurred when planning with the photo interpreted data were 3-4
times larger than decision losses when planning was based on the laser
scanner data. When added together, the cost-plus-loss of the laser scanner
data were only half of the equivalent for photo interpretation data. The
authors suggested that the relation between the methods had a high general
validity even if the respective method may be improved by altering their
intensity.

Holopainen & Talvitie (2006) compared data acquisition methods based
on laser scanner data, 2 or 3-dimensional measurements from digital aerial
photographs and traditional, partly subjective, compartmentwise field
inventories by means of cost plus loss analysis. The data was used for the
scheduling of thinnings and final cut. The results showed that when
inventory costs were not considered there were no significant difterences
between the expected NPV losses in 3D measurements of digital aerial
photographs, laser scanning and the compartmentwise method. When the
costs of the data were added, the traditional compartmentwise inventory
produced the lowest cost plus loss.

Borders et al. (2008) investigated the impact of forest data errors on the
expected NPV from simulated management of a fictive holding in the
southern United States. They concluded that losses in excess of 170 US$
ha™ are likely to occur, stemming from the level of errors frequently found
in current practice data.

In the cited work, uncertainty in the predicted development of the tree
layer has mostly been assumed to stem from erroneous description of the
initial state of the forest. Note that that errors in predictions may stem also
from other sources such as model misspecification, errors caused by the
randomness of nature, or errors in the estimation of model parameters due
to uncertainties in the data for model development (Gertner, 1987, Kangas,
1996, Kangas, 1997, Kangas and Kangas, 1999, Nystrom and Stahl, 2001,
Stahl, 1994b).

Another common simplification is the assumptions of deterministic prices
and a market insensitive to shifting demand supply offers. In fact, most work
has disregarded all aspects of market uncertainty. Thus, evaluations to date
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are, with few exceptions (e.g. Stahl, 1994b), limited to dealing with event
uncertainty.

1.3.3 Value of information vs. cost plus loss analysis

In the discussion on decision analyses (section 1.1) the concept value of
information was stressed. This concept is closely linked to the cost plus loss
approach. In the value of information context, information acquisition 1is
rational if the expected value of information (EVOI) is positive, that is if the
expected gain in project value (EG) is greater than the expected cost (EC).
EG 1s here expected project value with new information (EPV posterior) minus
expected project value without new information (EPV yq).

EVOI = (EPV posterior — EPV prior) — EC (©6)

The rational decision maker wants to maximize EVOI. This concept relates
the outcome of information collection to the outcome without new
information. It provides a measure on whether or not the collection is
profitable. In this simple form —whether or not to acquire new information—
it does however not provide any information if even larger gains are
possible. In all forestry related research cited, the outcome of a data
acquisition project 1s instead related to the maximum project value
(EPV perfect), which would be obtained using perfect information. Thus, the
difference between EPViefect and EPViosterior 18 the expected loss E[L] as
used in the cost plus loss formula presented above. Using these notations the
cost plus loss function to be minimized can be expressed as;

E[C+L] = EC + EPVperfect ‘EPVposterior (7)

What might be an advantage with the cost plus loss approach is that it
provides the decision makers with information on how far from optimum
they are operating. However, the approach does not give information on
whether a certain acquisition policy is actually profitable. To do so, analysis
of the outcome without new information also needs to be studied and the
results compared. Regardless of what analysis approach is used, maximizing
the EVOI and minimizing E[C+L] ultimately leads to the same data
acquisition solution.
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1.4 Objectives of the thesis

The main objective of this thesis was to improve and test methods for
evaluating the appropriateness of forestry data sources as input in forestry
planning. This included compiling, structuring and synthesizing experiences
from previous research (Paper I) as well as improving evaluation
methodology and doing case studies of specific forestry data. The
evaluations comprised both traditional forestry data as currently used and
data from recently developed remote sensing methods (paper II, III, V).
Method development focused on 1) measuring economic consequences of
using erroneous data in decision making in timber oriented forestry (paper
II and 1IV), and 1) measuring, in terms of forecasted resource indicators,
effects of erroneous data in sub-national scenario analysis (paper III). The
specific objectives of papers [-V were:

Paper I. Review the research area concerned with evaluating the
appropriateness of forestry data in forest management planning. The
included research were delineated to include research on planning eftects
caused by errors in forestry data even if no particular data acquisition
strategy was evaluated. Research on data acquisition were included only if
data evaluation included effects on planning and decision making.

Paper II. To evaluate forestry planning data obtained from recently
developed sample plot imputation methods based on laser scanning and
satellite image data. The consequences of data quality in forest management
planning in terms of decision loss and inventory cost on forest stand level
were considered.

Paper III. To evaluate the quantitative consequences of using spatially
comprehensive data obtained from recently developed sample plot
imputation methods based on laser scanning and satellite image data in a
sub-national forestry scenario analysis. The evaluation focused on the errors
in forecasted resource indicators, such as net income, cutting volume and
stand volume.

Paper IV. To introduce cost plus loss analysis into a hierarchical forestry
planning situation by mimicking specific tactical and operational planning
procedures in a simulation approach. The consequences of data uncertainty
in forest management planning in terms of decision loss and inventory cost
on forest holding level were to be considered.
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Paper V. To evaluate forestry planning data currently used in practice and
the effects of updating data prior to harvest operations. Analysis to sensitivity
in error levels was included. The consequences of data quality in forest
management planning in terms of decision loss and inventory cost on forest
holding level were considered.
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2 Summary of papers

2.1 Reviewing the research area (Paper )

Paper I is a review of the research area of this thesis. The aim was to
compile previous findings, categorize and scrutinize methodologies and to
identify needs for future research. The review was delineated to include
studies relating the cost of a data acquisition strategy to the anticipated losses
occurring when decisions are to be based on the (erroneous) data. Studies
where the losses of using data of different quality were evaluated in a
planning context were included even when a distinct connection to a data
acquisition strategy was missing. Studies of data acquisition strategies
without connections to the effects on planning were excluded.

The compilation of previous research is summarized in section 1.3.
Findings and conclusions from paper I are included in the discussion
(section 3).

2.2 Evaluating sample plot imputation techniques (Papers II-Ill)

In papers II and III, a recently developed technique for imputing sample
plots to forest stands were evaluated from two different viewpoints. In Paper
II the perspective was that of a forest owner engaged in timber oriented
forest management. The timing of harvesting activities and the resulting
losses in NPV were considered. In Paper III the perspective was instead that
of national or sub-national policy makers with focus on the outcome of
wood and revenues in specific planning periods. In the first case (Paper II)
the imputation technique provides an alternative spatially comprehensive
(wall-to-wall) data source to the traditional forest map and stand register. As
implemented here it also provides individual tree data to each stand contrary
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to the average stand values available in traditional stand registers. In the
second case (Paper III), it enables, contrary to analyses based on NFI plot
data, the use of spatially comprehensive data in, e.g., regional analyses based
on a sample of landscapes. It thereby enables the use of models requiring
spatially comprehensive data such as habitat models.

2.2.1 Study area and forest data

The forest data used in papers II and III were collected as a sample of the
stands at the Remningstorp estate in southern Sweden (lat. 58°30’N, long.
13°40’E). The estate 1s privately owned and dominated by Scots pine (Pinus
sylvestris), Norway spruce (Picea abies), and Birch (Betula spp.).

Field data were collected by surveying 10-m-radius plots using the
methods and models incorporated in FMPP (Jonsson et al., 1993). The
position of each plot centre was measured using the averages of differentially
corrected GPS measurements. The field plots were measured from 1998 to
2003. The condition of each plot was forecasted up to 2003 to match the
acquisition date of the remote sensing datasets. A total of 64 stands were
included in Paper II while 67 stands were included in Paper III. In all, 870
sample plots were used in both studies.

Satellite 1mage data for the field plot centers were extracted from a
SPOT-5 HRG scene, acquired at 10:05 PM on 3 June 2003 and
geometrically precision corrected. Laser scanner data were acquired by the
airborne TopEye system on 9 August 2003 at a flight altitude of 430 m,
resulting in 1.5-2.0 pulses m .

The results of sample plot imputations from a previous study (Wallerman
and Holmgren, 2007) using the above mentioned data sources, provided the
main target data of the evaluation. In these imputations, spatially
comprehensive carrier data (SPOT-5 HRG, TopEye laser scanner) carried
data from the primary data observations (870 reference sample plots) to
locations missing primary data. This was accomplished by individually
comparing carrier data, at 30 regularly spaced target locations in each stand,
to carrier data from all locations for which primary data were available.
Primary data from the location having the most similar carrier data
observation were then imputed to the target location.

For Paper II, three carrier data combinations were selected for the
evaluation; one using SPOT data as carrier data (ImpSp), one using laser
scanner data (ImpLa), and one using both SPOT and laser scanner data
(ImpLS). In Paper III only two combinations were used, one SPOT based
and one laser scanner based.
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For comparison purposes, simulated sample plot inventories in the field
were created and used in Paper II. The simulation for each stand was carried
out using bootstrapping techniques (Efron and Tibshirani, 1993). According
to the standard assumptions of bootstrapping, the reference sample plots
were assumed to capture the true variation of plot states in a stand. From the
reference sample plots in each stand, 5 (Plot5) and 10 plots (Plot10) were
sampled with replacement to simulate the outcome of field inventories of
different intensities.

In both studies, the original sample plot data for each included stand
were used as reference data against which all comparisons were made.

2.2.2 Methodologies

Paper I1

Paper II was a traditional cost-plus-loss study. Costs of the imputation
methods were estimated as the sum of remote sensing data, the field plot
data and data processing for a holding and distributed to a per-hectare value.
The cost corresponding to the simulated sample plot inventories were

acquired from a leading contractor. This cost was sensitive to stand area
(Table 1).

Table 1. Cost of the different inventory methods for stands of different sizes as used in the cost-plus-
loss analysis in Paper IL.

Total cost of data (SEK)

Stand area
Method 1 ha 2 ha 5 ha 10 ha
Plot10 - 1320 1450 1630
Plot5 - 1040 1130 1250
ImpLS 58 116 290 580
ImpLa 57 114 285 570
ImpSp 22 44 110 220

Based on the data sets to be evaluated, the optimal treatment program for
each stand was identified using an adapted version of FMPP (Jonsson et al.,
1993). It was assumed that decisions were based on the studied data for a
period of ten years. From year ten and onwards, decision were based on the
reference data set, with due regard to the possibly erroneous decisions
already made. Ten years 1s a reasonable estimate of the elapsed time between
data revisions, as currently used by forestry companies in Sweden. With this
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setup, we adapted the view that the loss in net present value (NPV) from
using a particular dataset should be limited to the time within which it is
actually being used in making decisions.

Stand wise loss of using the studied data were calculated as the difference
between NPV of the treatment programs identified as optimal and NPV of
the treatment program identified as optimal based on the reference data
values.

Cost-plus-loss was calculated as the sum of costs and losses for each stand
and each of the studied data sets. Alternatives with 2% and 4% real discount
rates were tested.

Paper 111

In Paper III, the analysis was set up to evaluate the effects of using sample-
plot imputation data in national or sub-national forestry scenario analyses.
Two imputation data sets were used, one based on SPOT data and one
based on laser scanner data. The evaluation focused on predicted harvesting
levels, net income, and standing volume in different planning periods.
Difterent cases were specified to evaluate the consequences of different
interest rates and forest landscape compositions.

The data from the 67 stands were evaluated in two groups of scenarios.
The aim of group 1 was to evaluate the influence of the imputation data
using different interest rates in the scenarios. In group 2, three landscapes
with different age-class structures were evaluated. The aim was to assess the
effect of data quality on the results when the age-class composition of the
forest landscape varied. Different landscapes were constructed for the
different scenarios. In group 1, all 67 stands were used and the area in each
stand was set to 5 ha, so the total area of this landscape was 335 ha. In group
2, three landscapes were constructed, each having a difterent age-class
composition. These landscapes were 5 000 ha in size, and the original 67
stands were given various area weights depending on their stand age. The
stand register from the Remningstorp estate was used as the source of age
information for each stand. The area weights of the stands in these
landscapes are presented in Table 2.
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Table 2. Age structure of the landscapes used in group 2 scenarios and area per stand.

Landscape 2a Landscape 2b Landscape 2¢
Age Number  Total Area per Total  Areaper Total  Areaper
class of stands  area stand area stand area stand
yea) @) () (ha) ()  (ha) b)) (ha)
0-20 12 1 000 83.3 1500 125.0 1500 125.0
21-40 16 1 000 62.5 2000 125.0 750 46.9
41-60 6 1 000 166.7 500 83.3 500 83.3
61-80 20 1 000 50.0 500 25.0 750 37.5
81— 13 1 000 76.9 500 38.5 1500 1154

The suggested treatments in all scenarios were based on an optimal
management regime, which include finding the highest net present value for
each stand. The prognoses for each stand were calculated using the FMPP.
No further restrictions were made in the scenarios and each stand was
treated independently, that is, no landscape level restrictions were placed on
even harvest flows, etc.

Analyses based on the reference landscapes (using the original sample plot
data) were considered to provide an error-free description of the
development. Results are presented about the deviation between the
reference analyses and the analyses using imputation data. Deviations are
presented either as absolute numbers or as percentages, to provide the most
relevant basis for interpreting the results. Furthermore, as a means to
aggregate results over longer periods, both a mean deviation,

( é&()’refp - yimpp))/lo (8)
yref

and a mean absolute deviation, in relative terms, was calculated.

(2321 1¥rerp —Yimpp|)/10 ©)
J_’ref

where y is the variable of interest with subscripts ref for reference solution,
imp for the tested imputation dataset and p is index for period. Ten five-year
planning periods were considered in the evaluation. The mean deviation
was used as a measure of systematic deviation and the absolute mean
deviation as a measure of variability.
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2.2.3 Results & Discussion

Paper I1

The decision losses calculated in Paper II, when using the simulated sample
plot inventory data were, on average for all stands, considerably lower than
when imputed data were used (Table 3). The average decision losses were
generally lower when using a 4% real interest rate compared to a 2% rate.
When comparing the imputation methods, the method using both laser and
satellite data (ImpLS) gave the lowest level of average decision loss, while
using satellite data only, gave the highest average decision loss. When data
acquisition costs were added in the cost-plus-loss analysis, sample plot
inventories was still more competitive compared to the imputation methods.
Only in the smallest stands and when the highest discount rate was applied,
an imputation method was superior.

Table 3. Average cost-plus-loss for each method. Bold indicates the best method in each case.

Cost-plus-loss (SEK ha )

Interest rate

2% 4%

Stand area
Method 2 ha 5 ha 10 ha 2 ha 5 ha 10 ha
Plot10 746 376 249 678 308 181
Plot5 653 359 258 553 260 159
ImpLS 827 827 827 404 404 404
ImpLa 1085 1085 1085 813 813 813
ImpSp 1872 1872 1872 1947 1947 1947

The high average cost-plus-loss when using the imputation methods was
the result of very high decisions losses in a few stands. These were a result of
limitations of the imputation method. That is, sample plots are to be
imputed to a stand from the set of all available sample plots, excluding the
plots from the stand in question. Thus, the method work better for stands
which share important state properties with other stands. For stands with
properties not well represented among the other stands there may simply
not be any plots with the right properties to impute. Another limitation,
most pronounced when using satellite images, is that the relation between
the spectral radiance in the image and forest properties such as crown
closure and volume, is weak in dense forests (Franklin, 1986; Horler &
Ahern, 1996). This is due to the fact that once the canopy closes the
spectral radiance saturates. As the result of the imputation is depending on
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the aforementioned relation, the usefulness of the method decreases in stands
with closed canopies. Thus, coarse errors occur after imputation in dense
stands or stands with uncommon properties resulting in the high decision
losses observed.

If the best method for each stand was to be selected, the imputation
methods would be the choice in most stands. An appealing idea would be
to be able to choose different data acquisition methods in different stands.
However, this study has found no general method for determining, based
on prior information, which type of stand should be inventoried with
which method. The relation between costs and losses in the cases using
imputed data suggests that it will be more productive trying to improve
precision in the data source, hence decreasing decision losses, than to reduce
data acquisition costs.

In the analysis setup it was assumed that all plans are executed without
alterations. In practical forestry, it is reasonable to assume that really poor
decision can be cancelled, for instance, after conducting a pre harvest
inventory. This is of course possible only for operations scheduled ahead of
the optimal point in time. In an additional analysis, it was assumed that all
final felling operations that were scheduled 15 years or more too early were
cancelled. Although a considerable decrease in the average decision loss was
observed, the overall conclusions of the study remained the same.

Other aspects of forestry planning not covered in this evaluation may
further affect the impact of data errors. One i1s that stands generally exist as
parts of larger holdings. On the forest holding level, issues like logistics,
delivery agreements and the availability of production resources affects the
management of individual stands. Forestry data evaluations could be
improved by including such aspects.

Paper 111

In Paper III, results are presented about the deviation between the reference
analyses and the analyses using imputation data. The scenarios in group 1
were done simply to evaluate the effect of using the imputation data with
different interest rates. The results of the analyses did not provide any
evidence of major difference in performance of difterent data sources due to
interest rate (Table 4). Comparing the two data sources, the laser-based
imputations tended to do better independent of interest rate. In general,
greater mean and absolute deviations were obtained when SPOT-based data
were used.
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Table 4. Mean deviation (Mean dev.) and Mean absolute deviation (Mean abs. dev.) for standing
volume, harvested volume and net income in the group 1 scenarios for different real interest rates for ten

five-year planning periods

Standing volume

Harvested volume

Net income

Method Interest

rate
Laser- 2%
based 3%

4%
SPOT 2%
based 3%

4%

Mean
abs. dev.

25
25
23
30
42
30

Mean abs.
dev.

3
27
23
4

45
33

The harvesting volume was in most cases underestimated in the first

planning period, followed by an overestimation in the second. This means

that harvesting was delayed compared to the reference case. The initial

errors in the estimates for standing volume was in most cases small while

systematic differences tended to occur over time. These trends are visualized

in Figure 1 using the scenario 1b (real interest rate = 3%) as an example.

34
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Figure 1. The upper diagram presents the deviation of standing volume estimated by laser-
based (dark) and SPOT-based data (light) in Scenario 1b (3 % real interest rate). The lower
diagram presents the deviation of cutting volume. Period 0 is the initial state and numbers
1-5 indicate the estimated states and harvests in future 5-year planning periods.

In the analysis of the group 2 scenarios where the eftects of different age-
class distributions where investigated, the cutting patterns over time was
generally as in the group 1 scenarios. Also in these cases, the laser based data
were usually better than the SPOT-based. Thus, as expected the accuracy of
the carrier data and the imputation estimates clearly influence the accuracy
of the scenario analysis. Also, with both imputation methods there was a
tendency towards the mean in the initially estimated data. This may have
profound effects on the scenario analysis results since the area of both young
forests (low volume) and old forests (high volume) are underestimated. With
a mean absolute deviation in cutting volumes of 25 % on average as
observed for the laser based method, the following example may be
llustrative; A deviation of 25 % in the test landscape correspond to approx
12 500 m’ under bark on the 5000 ha estate used in scenario 2a. If the
deviation is an underestimate, an industrial user may have to import the
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difference at a excess cost of EUR 14 for pulpwood and EUR 10 for
sawtimber (Anon., 2005). The cost at estate level, assuming equal
distribution between pulpwood and sawtimber would be EUR 150 000.
Scaling this example to the national level of Sweden (22.7 mill. ha), costs
for raw material would increase by EUR 210 million for a single year.
Although hypothetical, it indicates the importance of acquiring relevant data
for forestry scenario analyses.

One question is the generalization of the results from the case study. The
test site is more homogenous about stand structure and tree species
composition than Swedish forests in general. However, the tendency
towards the mean as observed for the output of the data acquisition strategy
1s a general tendency. Similar consequences on scenario analysis are likely to
occur also in other geographic areas. Thus, a conclusion is that imputation
data should not be used without correction for the tendency towards the
mean, in national or sub-national scenario analysis, since the results may be

largely misleading.

2.3 Forest data evaluation in a hierarchical forestry planning
environment (Paper IV-V)

One of the conclusions from Paper I and II was that the outcome of cost-
plus-loss analysis are likely to be strongly affected by alterations of tactical
plans in the operational planning step, which in previous research to a large
extent has been ignored. In response to this and other deficiencies in data
evaluation setups identified, the research for Paper IV-V were initiated to
further develop and test cost-plus-loss analysis methodology in more
complex forestry planning contexts. The idea for Paper IV rests on the
assumption that the behavior of forest managers of an enterprise can be
simulated including their planning and execution work. To achieve this, an
attempt i1s made to, as closely as possible, model the continuous planning
behavior of a large scale forest owner including tactical and operational
planning as well as data acquisition routines. Due to differences in the
operational planning routines between difterent companies it was decided to
attempt to tailor it according to the behavior of a specific forest enterprise
rather than to any generic forestry planning system existing in theory.

In Paper V the planning simulation system developed in Paper IV were
used for the evaluation of empirical current practice data. Additional
analyses were also made on data sets for which the error levels were
reduced.
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2.3.1 Material & Methods

The simulated planning process

The simulation of the tactical and operational planning routines was carried
out to mimic the behavior of a large corporate forest owner. The starting
point was that a strategic plan, decisive of annual harvest levels and the
distribution of thinnings versus final fellings, were already in place. Planning
at the selected company is carried out in the following manner. The
strategic plan is based on a sample of stands which has been subject to
objective sample plot inventories in the field. Both planning and data
acquisition for strategic planning follows closely the procedures of the Forest
Management Planning Package (FMPP) (Jonsson et al., 1993) Within the
framework set by the strategic plan, the tactical planning aims at scheduling
harvest operations for individual stands for the next ten years. Here spatial
considerations are important e.g. clustering of harvest activities to improve
logistics. Several issues which can be controlled through wood flow
requirements are considered. Examples are, an even flow of different
assortment to the industry, an even utilization of available harvest resources
and a mix of stands with different ground conditions corresponding to the
length of the season in which they are preferably harvested. The tactical
planning step is today basically carried out manually based on data available
in the stand database of the company. This data is acquired by quick and
subjective field surveys and are hereafter referred to as basic forestry data. For
further use in the planning process, stands selected in tactical planning for
harvests within the first three years are included in a set of stands eligible for
harvest (SEH set). As stands are added to the SEH set, they are subject to
inventories including some measurements for updating stand volume, tree
sizes etc. These are done when field staft also updates the delineation of a
harvest area, mark paths for the forwarder to follow, etc. The data collected
are used in operational planning and is referred to as pre harvest data.
Operational planning aims at scheduling operations for the coming year by
selecting stands from the SEH set and consequently, the operational plan
includes actions to be executed the coming year. The same considerations as
in the tactical step are valid also here. The tactical and operational planning
steps are repeated annually, including pre harvest inventories of stands added
to the SEH set. The company aims at keeping stands in the SEH set
corresponding to three years of harvests continuously.

Due to unforeseen events, one-year plans are often partially overthrown
during implementation. Re-planning in such cases is ad-hoc and aims at
meeting new requirements or to adapt to effects of changes.
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The simulation system of the planning process

The simulation system aims at mimicking the planning process at the
selected company. The model of the annual and cyclic planning routine can
be summarized as follows, starting with year t. Each tactical planning step
covers 10 years while the operational planning step covers 2 years.

Start: Let iteration t = 1, and T = 10.

1. The tactical planning problem is solved based on a data set available
generating a schedule for operations for each of the coming ¢ to t+9
years. The solution is subject to restrictions from strategic planning.

2. The stands selected for operations the first three years are marked to
belong to a set of stands eligible for harvest (SEH set).

3. The stands in the SEH set are subject to pre harvest inventories.

4. The operational planning problem 1is solved based on data from pre
harvest inventories generating a schedule for operations for each of the
coming t to (t+1) years.

5. The operations of the first year of the operational problem are assumed
executed, cost and revenues from operations are evaluated using data
considered free from errors.

6. The data set used for tactical planning is updated with the pre harvest
data obtained for stands belonging to the SEH set. Both data sets are
updated depending on executed harvest operations.

7. It t < T+1 then set t = t+1 and repeat annual planning cycle by going to
1. Else (it t = T+1), go to 8.

8. Evaluate the state of the forest at t= T+1 by solving the tactical problem
for t = T+1 to t=27T using a data set considered free from errors.

In this approach, T represents both the tactical planning horizon (in years),
and the number of years for which a tactical problem 1is solved, by
simulating ten years of implemented planning. To let the simulation run for
ten iterations, creating operative plans considered executed for the coming
ten years was chosen as this is a reasonable estimate of the elapsed time
between basic forestry data revisions. It was believed that the effects of using
erroneous data should be studied for the entire period during which it is
involved in the decision making process.

Three different data sets are needed to form a complete evaluation in the
system; first, the data available from the outset, the basic forestry data; second,
the data acquired by pre harest inventories and; finally, a reference data set
considered free from errors.
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The actual evaluations of data were carried out by comparing the
outcome from simulation runs using difterent combinations of data in the
tactical and operational planning steps. The outcome compared was the sum
of net present values of costs and revenues incurred when plans are
executed. Net present value of executed harvest activities year 1-10 are
included as well as the capitalized value of the forest at the end of year 10.
Costs include a combined cost of hauling harvest equipment and
maintaining forestry roads affected by harvest activities. The combined cost
1s hereafter denoted road access costs. As the capitalized value of the forest at
the end of year 10 was evaluated by solving a tactical problem with a ten-
year planning horizon (step 8), road access costs were included also for years
11-20. The costs of pre harvest inventories were also included.

The simulation system of the planning process was formulated as a loop
over a series of procedures created in AIMMS 3.7 (Bisschop and Roelofs,
1999). The optimization problems were solved using ILOG™CPLEX 11.0,
(integrated solver in AIMMS). Further details of the system are given in
paper IV.

The optimization models

The tactical and operational planning models were formulated as mixed
integer programs as described in detail in Paper IV. The objective of the
planning models was to maximize net present value (NPV) of stand harvest
operations minus the present value of road access costs (Gustafsson et al.,
2000). The revenues from harvest activities were introduced into the
objective function as the NPV of treatment programs in which the specific
harvest activity was included. Thus the selection of a harvest activity meant
adding to the objective function, the value of a treatment program
calculated, in GAYA (Eriksson, 1983) to the end of the rotation.

An important issue in forestry planning is the potential cost savings that
can be obtained by coordinating harvesting in nearby stands. To recognize
this in the model, the road network was divided into segments of
approximately equal length and each stand was linked to the nearest road
segment. If a stand is harvested, a road access cost occurs. Further harvesting
activities in stands assigned to the same road segment shared this cost if they
were carried out in the same season of the same year and by the same type
of harvesting crew. Two types of harvesting crews were available, one for
thinning and one for final harvest. Adaptation to seasonal changes of ground
conditions was considered by allowing forestry operations in a stands only in
designated seasons, depending on the actual stand ground conditions. To
satisfy regular deliveries to industry, constraints were set for the year-to-year
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fluctuation of delivered volumes of each assortment. The harvest volume in
each season was constrained to satisty a certain relative interval of total
harvests that year corresponding to the expected length of each season.

Forest data in Paper IV

The model was tested on a data set from a large holding situated in mid
Sweden. For the purpose of this study, one administrative area was selected
comprising nearly 4 000 stands covering approximately 30 000 ha of forest
land. Stands in this area with a mean height of less than seven meters were
removed from the analysis since no harvest operations could be anticipated
for the next ten years. This resulted in 2 411 stands with a total area of
17 200 ha used for the planning problem.

Basic forestry data were available for all stands from the forest owner’s
database. For a sample of 80 stands, data from a sample plot inventory were
also available. Field data were collected by surveys of 10-m-radius plots
using the methods and models in the Forest Management Planning Package
(EMPP) (Jonsson et al., 1993). This type of data is hereafter referred to as
reference data. Although the true state of the forest stands is not perfectly
captured by the sample plot inventory, regarding such data as accurately
capturing reality has become standard procedure in cost-plus-loss analysis
(Eid et al., 2004, Holmstrom et al., 2003, Holopainen and Talvitie, 2006,
Larsson, 1994, Stihl, 1994a) as it 1s assumed to have the same relationship
with the studied data as true reference data would have had.

The relationship between the basic forestry data and the reference data were
studied for the sample of stands and then used to simulate artificial reference
data for all stands. The simulation aimed at preserving the multivariate
dependency structure of the errors in difterent forest variables.

As no data from pre harvest inventories could be made available for this
case study, the reference data set is used in place of pre harest data for
operational planning. This did not affect the possibilities to run the
simulation system but must be considered when analyzing the results.

Forest data in Paper IV

Basic forestry data was acquired from the same holding as in Paper IV and
used to form a study area also in Paper V. Due to minor difterences in area
selection (in a GIS) the study area consisted of 2499 stands, with a mean
tree height over 7 m, covering an area of 16 872 ha.

The data needed to create the data sources relationships were obtained
from a difterent holding in mid Sweden. At this area, basic forestry data were
extracted from the forest owners’ database for a sample of 237 stands which
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had recently been subject to sample plot inventories in the field. Also,
another sample of 70 stands was selected as the stands had recently been
subject to pre harvest inventories as well as sample plot inventories in the
field. Thus, two relationships, reference data € basic foresty data and reference
data €> pre hawest data could be created in the same way as in paper IV
(Figure 2). The pre harvest inventory is carried out as a part of the field
planning of the harvest operation. The cost of the entire field planning
activity, including the pre harvest inventory, is estimated at 235 SEK ha™ by
the forest owner. No further division of the cost to different parts of the
field planning was provided by the forest owner but a reasonable assumption
1s that the pre harvest inventory represents less than half of the cost.

Basic forestry data Create relationsship 1 Reference data
for sample 1 for sample 1
Pre harvest data Create relationsship 2 Reference data
for sample 2 for sample 2

Figure 2. The relationship between the data types were studied on two different samples of
stands.

Both relationships created involved reference data. It was thus assumed that
the most efficient simulation of synthetic data would be to start with a
reference data set from which the two other data typed could be simulated
directly. From the outset, the only complete dataset for the study area was
the basic forestry data. Hence, this data set was assigned to be used as the
reference data set of the holding (Figure 3). The alternative to first simulate
reference data from basic forestry data (as in Paper IV) and then simulate pre
harvest data from the newly created reference data was abandoned as additive
effects of errors could cause unrealistic correlation between the basic forestry
and pre harvest datasets.
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Figure 3. The basic forestry and the pre harvest data sets were simulated separately from the
reference data set for the holding.

The datasets created were primarily used in two simulation runs; first a
baseline analysis, in which each of the simulated data sets were used as
intended; and second, the reference analysis. In addition, alternatives were
run with different combinations of input data to enable several different
analyses. Analysis of sensitivity to error levels were carried out by decreasing
the errors simulated onto the basic forestry and pre harvest data sets. Both
systematic and temporary errors were adjusted -35% before simulation to
create new data sets. The adjusted datasets are denoted as improved and
marked in tables with a “+”. The combinations of datasets used in the
simulations are shown in Table 5 including main analysis possibilities.

Table 5. Data sets used in different simulation runs and the main analysis objectives of each run. The
“+” sign indicates improved data quality.

Simu- Tactical step Operational Primary analysis
lation step
1 Reference Reference Reference
2 Basic forest Reference Decision loss as incurred by basic forestry
data in tactical step
3 Basic forest Basic forest Assess the value of pre harvest data
Basic forest + Basic forest +  Assess value of improving basic forest data
5 Basic forest Pre harvest Baseline, decision loss with data as

currently used in practice

6 Basic forest Pre harvest +  The value of improved pre harvest data
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2.3.2 Results & discussion

Paper IV

In the case study of paper IV, three combinations of data types were used in
the tactical and operational planning steps of the simulation system.
Summarized results of the simulations are presented in Table 6.

Table 6. Results of the three simulations as NPV of forest management, the cost of accessing and
maintaining roads, the sum of these, the difference in total NPV compared with the reference solution
(SEK million), and the difference in NPV ha ' compared to the reference solution (SEK ha ).

Data for Net present value (NPV)
Simu-  Tactical Operat. Road Loss Loss
lation  planning planning Forestry  access  Sum Sum (SEK ha™)
1 Reference  Reference 345.7 —6.8 3389 - -
2 Basic for. Reference 343.8 71 336.7 2.2 126
3 Basic for. Basic for. 321.4 —6.7 3147 242 1409

A comparison between the reference case and the case using basic forestry
data in both planning steps indicated what can be lost if the basic forestry
data are used for both tactical and operational planning. This can also be
expressed as the expected value of perfect information (EVPI) setting the upper
bound on how much can be spent on acquiring new data (Kangas, 2008);
in this context, the obtained loss of SEK 1 409 ha ' is quite large.

When including the results of the simulation using basic forestry data in
the tactical planning step and reference data in the operational planning step,
it could be concluded that most of this loss stems from the operational
planning step. In other words, little is lost in the tactical planning step from
using basic forestry data if higher-quality data are collected in the operational
step. If these complimentary data are “perfect” (reference data as in simulation
2), the loss is limited to SEK 126 ha .

The results from the test case indicated that the cost-plus-loss simulation
system could be run on a holding large enough to make wood flow
restrictions and harvest clustering meaningful. Regarding computing
capacity, the MIP model used for solving the planning problems was
memory intensive, strongly limiting current possibilities of increasing the
number of stands in the problem. The studied case, comprising 2 410
stands, resulted in AIMMS using approximately 0.65 GB of memory.
Attempts to double the number of stands in the problem failed, as the total
required memory (including that needed by Windows XP) exceeded the
capacity of the PC (>2 GB).

43



Paper IV

The outcomes of the simulations in paper V were primarily compared to the
reference run to assess the loss in NPV stemming from suboptimal
management decisions. The losses presented in Table 7 are thus related to
the reference run.

Table 7. Results of the simulations as the loss in NPV compared to the reference solution. Simulation
5 (base line) mimics the present practice at the selected company.

Data set entered into: NPV loss

Simulation Tactical planning Operational planning Mill. SEK SEK ha”
1 Reference data Reference data 0.0 -

2 Basic forest Reference 5.1 304

3 Basic forest Basic forest 16.5 986

4 Basic for. improved  Basic for. Improved 13.7 814

5 Basic forest Pre harvest 15.2 907

6 Basic forest Pre harvest, 13.2 787

improved

The results of the simulations indicated, as in paper IV, that decision losses
from using basic forestry data in the tactical step were moderate and that they
increased after the operational step. This observation was however not as
pronounced as in paper IV. The decision loss of 304 SEK ha™ in simulation
2 stems from the tactical planning step, that is, from erroneous selection of
stands to the SEH set due to errors in the basic forestry data. This can be
compared to the decisions loss of 986 SEK ha" when basic forestry data is
used in both planning steps (simulation 3). The difterence in decision loss of
682 SEK ha" may be interpreted as what is lost in the operational step from
using the basic forestry data.

Results from the baseline run (simulation 5) show that the decision loss
caused by errors in current practice data was 907 SEK ha". This can be
compared to the decision loss of 986 SEK ha™ in the case when basic forest
data is used in both planning step (simulation 3). The difterence, 79 SEK
ha” is what was gained in terms of reduced decision loss by acquiring pre
harvest data. However, in the course of planning, more than half of the
stands, corresponding to an area of 11 123 ha, were subject to field planning
of operations (incl. pre harvest inventory) at a total cost of 2.61 mill. SEK.
This means that the actual cost was 156 SEK ha" on average for the
holding. When comparing this additional cost to the gain in reduced
decision loss of 79 SEK ha™, it is obvious that the profitability of acquiring
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pre harvest data is dependent on how costs are distributed between different
parts of the field planning activity. The assumption that the cost of the pre
harvest inventory is less than half of the total cost of the field planning
activity, indicates that it may be profitable. Regardless of this distribution,
the gain or loss is small.

The decision loss of 787 SEK ha” when using the improved pre harvest
data represents an improvement compared to using the current pre harvest
data by 120 SEK ha" on average for the entire holding. Considering the
area actually subject to pre harvest inventories in the simulation run (11 191
ha), it means that an additional cost of 180 SEK ha™ or less can be accepted
for the improvement of pre harvest data.

In simulation 4, planning was based on the improved basic forestry data in
both planning steps. The decision loss of 814 SEK ha" can be compared to
that of 986 SEK ha" when using the original basic forestry data, showing a
reduction in decision loss of 172 SEK ha™. The size of the reduction sets the
limit to what additional cost can be accepted for a 35 % reduction in basic
forestry data error levels, in cases when pre harvest inventories are skipped.

The studied data sets were also evaluated as input in stand level
management planning, that is, simply selecting the treatment program per
stand with the highest NPV without considering holding level wood flow
restrictions or implications of harvest clustering. The selection was done in a
single planning step. The decision loss when using the basic forestry data
was increased by 153 SEK ha” compared to the corresponding outcome
from the simulated planning system (simulation 3). Also when using the pre
harvest data set as input in stand level planning, the average decision loss
appears to increase (by 72 SEK ha” compared to simulation 5). This result is
however not completely comparable as basic forestry data affects the
outcome in simulation 5. The reduction of decision losses when adding
complexity to the planning problem is an important finding.

The basic approach taken in this study to overcome the simplifications
common in cost-plus-loss studies is to set the analysis within the context of
the planning procedure of the forest company. Thus the hierarchical
structure of the simulated planning system acknowledges the introduction of
pre harvest data as currently practiced in Sweden. Also, several issues
important when planning on holding level is included. However, even
though the proposed method represents an advance in the realism of cost-
plus-loss analysis in forestry planning, there are still some important issues to
address. The tactical planning steps of the simulated planning process follow
the procedures of Swedish forest companies, the only difference essentially
being that a more sophisticated method 1is used, the mixed integer
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optimization model, than in actual planning. The operational planning step
1s more artificial. Experience shows that even carefully prepared one-year
plans are likely to be, at least to some extent, overthrown by unforeseen
events. A model of manager behavior when handling unforeseen events has
yet to be implemented in a cost-plus-loss analysis. Moreover, in the
operational planning step, the optimization model represents greater
sophistication than found in actual practice. Also, the implications of using
simulated, instead of real data in the analysis is unknown. Hence, one
possible improvement to the proposed advancement of cost plus loss analysis
1s to explore the effects of using simulated data. Another is to fathom the
effects of stochasticity at the operational planning stage.
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3 Discussion & Conclusions

This thesis summarizes results from five papers about evaluation of data for
forest management planning and decision making. The thesis deals with two
areas related to forest data collection: evaluation of data sources and
development of evaluation methodology.

3.1 Evaluations of forest data

Papers II and III were evaluations of the outcome from new data collection
methods in which sample plots were imputed to forest stands (Wallerman
and Holmgren, 2007). The imputations were based on SPOT medium-
resolution satellite data and laser scanning data from the airborne TopEye
sensor. The main conclusions are:

1) As input for forest management planning at the stand level, the data
imputation methods were inferior to field based sample plot inventories.
This was due to high decision losses.

1)  Using imputed data in national scenario analysis resulted in an
underestimation of future standing volume. Simulated harvest levels
were underestimated or delayed in time. The proportions of these
deviations imply that the data were not well suited to be used in
scenario analysis.

1)  Imputations based on laser scanner data was much more useful than
imputations based on satellite data.

In Paper V, an evaluation of current practice data at a corporate forest

owner was done with the planning simulation system developed in paper
IV. The simulation of a hierarchical planning system including simulation of
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pre harvest inventories, and other procedures in operational planning
improves the cost plus loss methodology. Conclusions from paper V are:

1) The size of the decision loss (907 SEK ha™), as found in the analysis
of using current practice data, represents a high loss of revenues for a
corporate forest owner.

11)  Errors due to incorrect selection of stands to the set of stands eligible
for harvest (in tactical planning) causes a minor part of the total decision
loss incurred. The larger part stems from erroneous decisions on the
operational level.

11)  The current practice of doing inventory just before harvest (pre
harvest inventory) is barely profitable with regard to the reduction in
decision loss. Other uses of the pre harvest data, not included in the
present analysis, may increase the value of inventory.

1v)  The introduction of holding level wood-flow considerations and
incitements to cluster harvest activities reduced decision losses compared
to stand wise planning without such considerations.

3.2 Development of evaluation methodology

The underlying question of this thesis is about the forest manager’s
investment in data for forestry planning, how good is good enough?

Attempts to provide answers through the analytical approaches cited
above are based on some very simplifying assumptions on the planning and
decision processes as well as reliance on subjectivity, and leave many
question unanswered about the real world validity of the results (Borders et
al., 2008). The last published effort in this area was made in 1994 (Stihl et
al.,, 1994). Difhiculties in formulating the problem in a way that are both
complex enough to produce meaningful results and yet solvable may
explain the seemingly low interest to tackle these issues analytically.

Instead, most recent research on data acquisition strategy, including this
thesis, has used the simulation approach. An obvious advantage with this is
that the relation between data errors and decision loss 1s a result of the
simulation. Hence, the derivation of a function that connects error and loss
(Burkhart et al., 1978, Hamilton, 1978) which is considered a weak part of
those studies (Holmstrom et al., 2003, Stihl, 1994a) is not needed. Also,
including several forest variables, upon which the decisions can be based, is
rather straight forward in a simulation approach while it increases
complexity dramatically in the analytical approach. An aspect that needs to
be considered concerning the simulation approaches is that they are, or
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should be regarded as, case studies. This raises some questions about their
general validity.

One important conclusion from paper I was that cost plus loss analysis in
previous research concerned highly simplified planning and decision
situations. How the results would change if these simplifications could be
overcome had not been studied. The simplifications identified in paper I
and II as likely to aftect cost plus loss results raised important question to be
dealt with. Some of these questions, their implications and, in some cases,
suggested solutions are presented below:

1) Does existing information have a value?

Kangas (2008) argues that ignoring the existence (value) of prior
information is a short-coming of previous cost plus loss analyses in forestry
research. While cost plus loss analysis is an efficient way to compare
different data acquisition strategies it is usually done without considering the
alternative of using prior information. However, prior information always
exists in forestry (Kangas, 2008). In principle, including prior information as
one data source in cost plus loss analysis is possible. A probable reason why
this is usually not done is that data acquisition usually has been carried out
periodically for an entire holding or parts thereof. This is reflected in most
cost plus loss analysis by the assumption that the decision to acquire new
data has already been made. How prior information is accounted for in
papers IV and V depends on the focus of the analysis. If the target of the
evaluation is the pre harvest inventory, the basic forestry data constitutes the
prior information. If the target of the analysis is the acquisition of basic
forestry data for tactical planning, the problem of not considering prior
information remains.

In theory, this problem can be overcome using the proposed simulation
system if information on how data deteriorates over time can be made
available. By comparing the increase in decision loss from simulation runs
with ageing data with the data cost, the optimal life length of data can be
found. As a consequence, the question of when to acquire new data at all
can be answered.

1) Have all uses, for which the data has a value, been included?
The value of forestry data depends on for what it is used. If the information

can be used for several purposes or by other users the cost of the data can be
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shared. In the evaluations in papers II, IV and V, the most important
silvicultural decisions in timber oriented forestry, thinnings and final felling,
are included. At a corporate forest owner, the same data is likely to be used
also for other purposes, e.g. in decision making related to issues concerning
environmental considerations. No such decisions are accounted for in
studies included in this thesis.

Another aspect not dealt with when developing the methodology for
papers IV and V is the information value for other users. An obvious
example concerns the effect of erroneous predictions of harvested volumes.
Deviations in harvested volumes may have an impact on transportation and
wood processing planning.

For example, if erroneous forest data lead to deviations in predicted
wood delivered to a sawmill, then the sawmill may have increased costs for
altering production plans or buying additional (or selling surplus) timber.
Therefore, the value of the information would increase. In the settings of
papers II, IV and V, this could be seen as an example of what Ketzenberg et
al. (2007) terms maiginal use of information. If the needs of the timber-users
were to be included as a marginal use, the total value of the information
would increase and hence motivate a more intensive data acquisition
strategy. In principle, it does not matter if the timber user is the same as the
forest owner or if it is another economic agent; that concerns only how the
economic rent accruing from better data should be distributed and is a
question dealt with in transaction cost theory (see e.g. Williamson, 1985).
For instance, the cost of better data of one agent is compensated by
incorporating the value of precision in wood flows in the form of price
increases or bonuses. That is, a higher price is paid if the actual deliveries
meet agreed requirements. Analogous, a lower price is paid if deliveries
differ from agreements. This is often found in practice and agreement may
apply to the volume, quality and timing of deliveries.

11)  For how long is the data used, and what happens thereafter?

Commonly in cost plus loss studies, the studied data is used for decision
making for the remainder of the rotation of a stand. In studies limited to
deciding the timing of final harvest in mature stands, this may be
appropriate. In analyses where younger stands are included this is more
problematic as it is unlikely that decision on harvest activities in a distant
tuture will be based on data available today. To avoid this, another approach
has been to limit the time within which decision are actually made based on
the studied data, and to evaluate the state of the forest thereafter using data
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considered free of errors. The latter approach appears viable if periodical
reassessments of data, as often practiced, are assumed. In papers II, IV and V
ten years was assumed to be a reasonable estimate between data revision in
current practice. Thus the analysis was restricted to decisions based on
erroneous data for ten years. After that, the state of the forest were evaluated
by simulating optimal management with due regard to erroneous decisions
already made.

As suggested in 1), extending the analysis to include the effect of data

ageing would enable a better understanding of economically viable length of
life of the data.

iv)  How does operational planning and planning on holding level affect
the decision loss?

A common simplification in previous cost plus loss analyses is the
assumption of total responsiveness to the data. This means that decision are
based entirely on the studied data, as is the case in management planning on
stand level. Planning on holding level introduces other considerations which
may influence the decisions for individual stands. Thus, in planning on
holding level, the assumption of total responsiveness to the data is no longer
valid. In general, the value of information decreases whenever the decision
responsiveness to the information decreases (Ketzenberg et al., 2007). Thus,
when developing the planning simulation system in paper IV the holding
level considerations assumed most important, harvest clustering and even-
flow requirements were included. The outcome of the study was in
compliance with the general relation between information responsiveness
and value, affirming the importance of including holding level
considerations in the analyses.

3.3 Future research

There are several possibilities to develop the suggested cost plus loss
approach. The theoretical framework could for instance be improved by
incorporating functionality for considering aspects of how stochastic
exogenous events affect the feasibility of forestry operations. Also aspects of
market uncertainty could be added. Explicitly, these may include
uncertainties in demand and prices. However as long as the nature of the
price process is in doubt it is difficult to appreciate how market uncertainty
interacts with data uncertainty. For evaluation of data in practical forestry,
the applicability could be improved by elaborating on the functionality
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accounting for how delivery agreements are set up. Especially in cases were
a value 1s put on the precision in predicted (delivered) harvest volumes, the
value of information is likely to be affected.

Collection of real data sets needed for a cost plus loss study is associated
with considerable cost. It is thus likely that also future evaluations will be
carried out using simulated data. The eftect on the results from using
simulated data as opposed to using real data should be scrutinized.

3.4 Concluding remarks

When dealing with the issues considered problematic in cost plus loss
analysis, it was often assumed more important to closely mimic observed
manager behavior than generic planning procedures. Thus, thriving to
improve cost plus loss methodology throughout the work in this thesis has
led in the direction of analyses in more complex but also more specified
planning environments. The high level of specification in papers IV and V
includes the details of the evaluation system as well as corporate specific
study data. Hence, the outcome from the simulations presented should be
viewed as cases studies and their general validity cannot be guaranteed.
However, the evaluation system developed in paper IV has an overall design
that makes it, with only minor alterations, usable for most of the large
corporate forest owners in Sweden.

It is thus suggested that evaluations of data of interest are done regularly
in different versions of evaluation systems tailored according to the behavior
of different forest owners. As well as providing results relevant in each
specific case, the accumulated experience from many such evaluations will
provide valuable knowledge on how data with different properties affect the
sizes of decision losses and also how they are interconnected with the
properties of forestry planning. With such experiences at hand, also the
general validity of the cases can be better judged.
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