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Abstract: Because the two common tree species in Norway, Picea abies L. Karst (Norway spruce)
and Pinus sylvestris L. (Scots pine), differ in their susceptibility to the fungus Heterobasidion spp.,
converting at least parts of the rot-infested spruce stands to pine pays-off economically in some cases.
Pixel-level information on rot levels and site indexes (SI) across the stand are required to identify these
cases to make decisions that increase the expected economic return of the stand. Applying the Value
of Information (Vol) concept, we assessed the value of such information when choosing between
planting spruce and pine on a clear-cut spruce stand. The Vols were highest for the stands of medium-
low dominant SI. There, the shift from spruce to pine in some pixels instead of planting spruce
across the whole stand has the best-expected impact on the stand’s net present value. Additionally,
planting densities are more often adjusted to the pixel SI in these dominant SIs. Given that the stand’s
dominant SI is known, information on rot levels alone is more valuable than information on SI alone.
The lower the interest rate in decision-making, the more the forest owner is willing to invest in

information supporting forest management.

Keywords: tree species selection; root and butt rot uncertainty; site index uncertainty; Norway
spruce; Scots pine; value of information

1. Introduction

Root and butt rot (RBR) is a disease caused by the pathogenic white-rot fungi Heteroba-
sidion parviporum Niemeld and Korhonen and Heterobasidion annosum (Fr.) Bref. [1,2]. In
Norway, such fungi mainly affect the coniferous tree species Norway spruce (Picea abies L.
Karst) and Scots pine (Pinus sylvestris L.), causing significant economic losses. However,
spruce and pine have different degrees of resistance against Heterobasidion spp. In Scots
pine, the decay is typically restricted to the root system, although small patches of decay
may occasionally rise a few decimetres above the root collar [3]. In Norway spruce, the
decay column can reach up to 10-12 m in the stem [4]. Thus, it destroys the most valuable
part of the tree, which is downgraded from sawn wood quality to pulpwood or energy
wood, depending on the extent of decay.

A nationwide stump survey in 1992 showed that nearly every 5th harvested spruce
in Norway had stem decay caused by Heterobasidion spp. [5]. That indicates that RBR
represents a significant challenge to the long-term sustainability of forestry in Norway.
Uncertainty over the presence and magnitude of RBR infection leads to poor management
decisions [6], such as not harvesting at the economically optimal time [7] or not choosing
the best tree species when regenerating a stand. That will increase economic losses.

Planting a species with low susceptibility to RBR can diminish the root rot problem
and potentially free an infested site from inoculum over time [8]. However, the optimal
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choice of species depends on information about several parameters. For instance, the
precise identification of site index (SI) and the magnitude of rot infection is essential for
optimal forest management and species selection [9]. In Norway, the site index is defined as
the dominant height for a given species at a given index age and expresses the productivity
of an area [10,11]. Generally, in Fennoscandia, Scots pine performs better than spruce
on poorer sites, whereas Norway spruce tends to grow better in richer sites [12-14]. At
intermediate productive sites, the species selection is less straightforward [14]. However,
depending on the presence and severity of RBR infestation on the site, it is sometimes also
favourable to plant pine in areas normally more suitable for spruce [9].

The rot level (RL) refers to the share of RBR-infested stumps of the total amount of
stumps in the previous generation of trees on a clear-felled site. The rot level drives the RBR
transfer between the tree generations [2,15]. Although site fertility impacts tree growth, the
rot level affects the value of wood at the end of the rotation [15].

In Norway, the site index is frequently estimated using aerial image interpretation in
addition to field assessment and information obtained from previous inventories [16,17].
Airborne laser scanning methods combined with digital aerial photogrammetry are cur-
rently employed for site index estimation for better accuracy [17]. However, site index
estimates still rank among the most error-prone data used in forest management plan-
ning [16,17], mostly due to the uncertainty regarding the current age estimation [18].
Regarding the presence of rot, there are few visible external symptoms in trees, making it
hard to detect it visually. Recent studies have attempted to use areal imagery interpretation
for identifying rot in spruce trees [19,20]. Better information on the presence of rot should
also improve forest management decisions.

When facing uncertainty, the decision-maker may proceed based on currently available
information or try to decrease the uncertainty by gathering new information [21]. In
the case of selecting the tree species on a forest stand, obtaining accurate knowledge of
the stand’s site index and the presence of RBR infection should improve the decision.
However, it only pays off if the costs of acquiring this information are lower than the
expected gains from better decisions. The Value of Information (Vol) analysis proposed
by Raiffa and Schlaifer [22] is a commonly used tool for assessing if it is worth paying
for new information. The Vol is a decision analysis tool for evaluating the potential
value of additional information that enhances the estimate of alternative performances
on one or more uncertain criteria [23]. Vol analysis can increase the robustness of the
chosen alternative by leading decision-makers to collect information that reduces negative
surprises [23,24]. That is especially important for decision-making in forestry, where actions
such as selecting species or stand structure have long-term consequences and are often
irreversible [25]. In the field of forest management, the Vol has been employed in various
studies [21,24,26-30]. In this article, we add to this body of research by looking at the value
of information in the context of tree species choices in the clear-cut Norway spruce stand
under the possibility of RBR infection.

The objective of this study is to evaluate the value of having accurate information on
the site indexes and rot levels in different locations (pixels) on the stand when the forest
owner decides on species to plant on a clear-cut site previously dominated by spruce. Our
hypothesis is that a clear-cut stand’s expected net present value (NPV) will increase if the
decision on tree species (spruce or pine) is made at pixel level after acquiring accurate
information on rot infection levels across the stand. Furthermore, we assume that the
site index may include some variation across the dominant value, which is the average
site index of the stand. We expected that information on this—i.e., the pixel level site
indexes—is also relevant to the forest owner. For comparison, we also consider a case with
a homogeneous site index (no variation assumed in the site index across the dominant site
index). We will test these hypotheses by calculating the Vol for the above information. For
all the cases, we estimate how much money a forest owner should, at maximum, be willing
to pay to choose the ideal tree species without uncertainty.
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2. Materials and Methods
2.1. Projecting the Stand Development Given the Initial RBR Level

We used the RotStand model [2] to simulate the stand development for the two main
tree species of economic interest in Norway (Norway spruce and Scots pine), given the
level of RBR infection on a previously spruce-dominated site. The reference area consists
of a typical clear-cut stand where there were 900 stems per hectare (90% spruce and 10%
pine) with a 30 cm mean stump diameter. In the case of RBR infection, we assumed the
disease to have been on the site on average for 20 years before clear-cut. Harvest was
assumed to have taken place during spring, followed by stump treatment which is one
of the recently proposed forestry-related measures for climate change mitigation by the
Norwegian government [31].

RotStand projects the spread of RBR in the trees and the volumes of rotten and healthy
roundwood in the next rotation over time. For this study, we simulated scenarios with
varying combinations of RL measured as a share of infested stumps in a pixel (0% to
100%) and SI (12 to 24 m) to predict future stand development. The planting density is
adjusted according to the SI. To account for the cases where the pixel level site index is
unknown and the decisions must be made using the dominant site index, we also simulated
scenarios with the plant densities related to the plausible other site indexes. In Rotstand,
the management of the stand affects the spread of Heterobasidion spp., which, in turn, affects
the stand development, as explained by Moykkynen and Pukkala [32]. For more details on
the Rotstand model, refer to Pukkala et al. [2].

2.2. Finding the Economically Optimal Tree Species

We assume the forest owner would use available information to maximise the stand’s
expected NPV over infinity. The NPV consists of the discounted stumpage revenues from
timber sales minus discounted silvicultural costs. Over an infinite amount of time, the
NPV of the bare forest land is often called Land Expectation Value (LEV). The optimal tree
species or combination of tree species is the one that gives the highest LEV for the stand (at
the age that gives the highest LEV).

The formula of LEV is given in Equation (1). That gives the LEV in a discrete-time
setting, where S; refers to the stumpage value (EUR ha~!) at stand age ¢, I is the silvicultural
costs (EUR ha~'), and r is the interest rate. Stumpage value S; corresponds to the revenues
minus operational costs of harvesting at age t. The first part of the formula contains the
NPV of one rotation and the second part is a multiplier for the perpetual NPV.

LEV = (st ! tl) (M) €]
(1+71) (1+r) -1

We need data on roundwood prices, logging costs, and volume of roundwood assort-
ments to calculate stumpage values (St). Roundwood prices are available for roadside
in Norway. For them, we considered 49 EUR m~3 and 48 EUR m~2 for spruce and pine
sawlogs, and 28 EUR m 2 and 27 EUR m 3 for spruce and pine pulpwood, respectively [33].
The rotten pulpwood was assumed to be worth 22 EUR m ™~ for spruce and 21 EUR m~3
for pine. We employed the models of Dale et al. [34] and Eid [35] to estimate harvesting
costs and Dale and Stamm [36] and FEid [35] for forwarding costs. Despite the fact that
these models are relatively old, updating their hourly rates results in unit costs that are
compatible with those currently observed in Norway. Volumes of sawlogs, pulpwood,
and rotten pulpwood come from RotStand simulations. These data also disaggregate
healthy and rotten wood. For silvicultural costs, our starting point was the average cost for
planting spruce in 2021 from Statistics Norway [37]. We adjusted the costs according to the
planted tree species and the number of seedlings per hectare determined by the stand’s
dominant SI. Due to the Norwegian tax subsidy system, we deducted 35% of the planting
costs accounting for the typical subsidies and tax benefits related to silvicultural activities
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(Skogfond). We used an interest rate of 3% for the baseline results and 2% for the sake
of comparison.

2.3. Decision Trees and Data on Probabilities for Vol Analysis

The decision tree analysis helps to evaluate different management actions” outcomes
systematically [38]. We used decision trees for structuring the forest owners’ decision of
species selection under uncertainty over rot levels on the stand while also considering
uncertainty over site indexes in some cases.

We had data on 71 stands divided into 12,475 pixels of 16 m x 16 m from a case study
area in Central and Eastern Norway. The shares of alternative rot level and site index
distribution across the stand’s dominant site index were calculated from these data and
used as probabilities in the decision trees.

We considered rot levels ranging from 0% to 100% in 5% intervals, for which the shares
are displayed in Table 1. The harvest operator collected the data on the stumps. Overall,
the average rot level of all stands corresponds well to the generally prevailing situation in
Norway [5].

Table 1. Distribution of the rot levels (RL). The rot level refers to the number of rotten stumps as a
share of all stumps in the pixel. Source: own calculation based on stand data of the study area.

RL (%)

0

5 10 15 20 25 30 35 40 45 50 55 60-100

Probability

36%

16%  13% 10% 7% 5% 4% 3% 2% 2% 1% 1% 0%

In addition to the case where we assumed a dominant site index X (X’s ranging from
spruce SI 15 to 22) to prevail on the whole stand area (case “homogenous site index”), we
accounted for the assumption supported by our dataset that some of the pixels in a stand
are likely to be of different site indexes than the dominant one. Based on our dataset, we
judged that the within-stand site index variation lies within X &+ 2, X being the dominant
site index. The distribution of such site index occurrences calculated from our dataset
appears in Table 2.

Table 2. Distribution of pixels across different site indexes (SI) in a stand whose dominant site index
is X. Source: own calculation based on stand data of the study area.

SI X-2 X-1 X X+1 X+2
Probability 13% 26% 36% 18% 7%

The ex-ante Vol can be calculated according to Equation (2) [21,39], where x denotes the
possible states of nature concerning the uncertain variables (rot level, site index), y denotes
the possible messages from an information source (e.g., the realised rot level from the
harvester data, improved site index information), max,E,7t(x, a) the expected payoff of the
optimal decision a without the additional information, and max,E,, 7t(x, a) is the expected
payoff of the optimal decision a given message y and state x, which is further averaged over
all possible messages y. In other words, the Vol is calculated by comparing the expected
LEV of the setup with more information with the setup with less information. The expected
LEV should increase with more information and reduce with more uncertainty.

Vol = Eymax,Ey, 7t(x,a) — max,Ex7t(x, a) 2)

The decision trees (A-F) used in this study are presented in Table 3. They are divided
into two groups: homogeneous and heterogenous areas regarding the site index’s unifor-
mity. Each group’s first decision tree refers to the case with the least amount of information,
serving as a baseline for comparisons within that group. We used the comparisons de-
scribed in the last column to calculate the value of information of each parameter (rot level
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and site index) alone or combined. The following sections go over the decision trees in
greater detail.

Table 3. Decision trees and their classifications. Rot level and site index columns refer to the
(un)certain component of each decision tree. The value of information column indicates the evaluated
parameter, and next to it is the correspondent comparison. Items with a dash indicate no information
on the relevant parameters and are considered the baseline for comparisons in either homogeneous
or heterogenous site indexes.

Site Index Uniformity Rot level Site Index Decision Tree Figure Value of Information =~ Comparison
Homogeneous Unknown Known A 1A -
Known Known B 1B Rot Level B-A
Heterogeneous Unknown Unknown C 3 -
Unknown Known D 4 Site index D-C
Known Unknown E 5 Rot Level E-C
Known Known F 6 Site index and Rot level F-C

2.3.1. Decision Trees for Homogenous and Known Site Index - Uncertainty about Rot
Levels over the Stand Area

If the site index is known with certainty, but the forest owner does not know how
possible rot is located over the stand area (i.e., on various pixels of the stands), Figure 1A
displays the decision tree that the forest owner would use to decide on the optimal tree
species on the stand under this case. Figure 1B illustrates the case when the forest owner
first acquired the information on rot levels in the stand before making the planting decisions.
By comparing the expected value of these two decision trees, we obtain the expected Vol
on the rot level.

Without rot level knowledge, the decision to plant spruce or pine in the whole stand is
based on the expected LEV obtained by summing up the LEVs of all rot level possibilities
multiplied by their probability of occurrence (Figure 1A). The economically optimal choice
is the species and harvesting age combination that gives the highest expected LEV at
stand level. However, by acquiring information on the rot level on the various stand
pixels, the forest owner can choose for each pixel the species that maximises its LEV under
given harvesting age (Figure 1B). Again, the harvesting age with the highest expected
LEV is economically optimal. In the first case, the decision-maker chooses the decision
with the highest expected LEV at different rot levels. In contrast, in the second case, the
decision-maker chooses the highest LEV separately for all the rot levels. The expected LEV
is calculated across the set of pixel optimal decisions. The Vol on pixel-specific rot levels in
a stand is determined by the expected improvement in the LEV when the planting decision
is made after possessing the rot level information (decision tree B) compared to the case
where the decision is made without it (decision tree A).

° ok (ot < LEV of pine, S1X, 0% rot, age t
okt

- S%rot LEV of pine, SIX, 5% rot, age t
&
3 ~."
o 1055
. S rop LEV of pine, SI X, 100% rot, aget
o
°
FS)

£ S LEV of spruce, SI X, 0% rot, age t
% O Pl >, S X, , age
s %{J‘ N <

Xy,
U, ‘7 -~ S%rot_ < LEV of spruce, SIX, 5% rot, age t
Site Index X . 200,
/"ro, LEV of spruce, SI X, 100% rot, aget

Figure 1. Cont.
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'
g,
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Figure 1. Decision tree for homogeneous site index in all pixels when (A) rot levels are unknown
and (B) rot levels are known. In (B), the decision is made after obtaining information on the rot level,
while in (A) it is made before information is obtained. By comparing the outcomes of decision trees
(A,B), one can obtain the value of information on rot level.

2.3.2. Decision Trees for Heterogeneous Site Index - Uncertainty about Rot Levels and Site
Index over the Stand Area

The stands typically consist of pixels of their dominant site index and higher or lower
site productivity than the dominant one (Table 2). The theoretical framework (Figure 2)
used to determine the value of rot level and site index information in those areas starts by
assuming the forest owner only knows the stand’s dominant site index while being aware
of its spatial variation.

Vol on site C D Vol on rot
index level
o) e

Vol on site index and rot
level together

Figure 2. Theoretical framework for calculating the Value of Information in areas of heterogeneous

site indexes. SI refers to site index and RL to rot level. The grey square means that information on
that parameter is unknown, while the blue square means that the parameter is known. The decision
trees are labelled with the letters C-F help so that the reader knows which one we are referring to.
The comparisons we made between decision tree outcomes to derive each value of information (Vol)
are indicated with blue arrows.

If the forest owner does not know the site index or the amount of rot at the pixel level,
he/she must make the planting decision under the conditions illustrated by decision tree C.
After acquiring information on site indexes, the forest owner can adjust the plant density
and tree species at the pixel level (decision tree D). By comparing the outcomes of decision
trees D and C, we obtain the value of information on site index. If the forest owner decides
to obtain information on rot level, he/she makes the planting decision under the conditions
depicted by decision tree E. We can assess the benefit of acquiring information on rot levels
by comparing the expected LEV obtained with decision trees E and C. However, if the
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forest owner decides to acquire information on both rot level and site index parameters,

the planting decision will follow decision tree F. In this case, the value of information on

both parameters is determined by comparing the expected LEV of decision trees F and C.
Figures 3-6 display the decision trees used to solve the setups described in Figure 2.

ot < LEV of pine, 51 X-2, 0% rot, age t
ok
._ ~ S%rot < LEV of pine, SIX-2, 5% rot, age t
2
e LEV of pine, 5 X-2, 100% rot, age t
%05 of of |

o < LEV of pine, S1X¢2, 0% rot, age t

. ~ S%rot < LEV of pine, 51 X+2, 5% rot, age t
&

1o,
03 ror < LEV of pine, 51 X+2, 100% rot, age t

?&z\ o < LEV of spruce, 51X-2, 0% rot, age t

x
5 ?
q?-" 3\" 2, — S%rot LEV of spruce, 51 X-2, 5% rot, age t
& %,
24 %

2
B, o¥ 100,
%, rop LEV of spruce, 51X-2, 100% rot, age t
£
Dominant . as .
Site Index X . o < LEV of spruce, 51 X+2, 0% rot, age t
7
A +

C/
2
Sy . . 5% rot < LEV of spruce, SI X+2, 5% rot, age t
"
r, oo, o <
2, . t LEV of spruce, 51 X+2, 100% rot, age t

Figure 3. Decision tree “C” for cases where site indexes and rot levels are unknown at pixel level
before planting decision (see also Figure 2). This case is the baseline for calculating the value of
information on rot level, site indexes and both parameters together. X refers to the dominant site
index of the stand. Rot levels vary from 0-100 with 5% intervals. Harvest ages t alternate from t = 40
to t = 100 years with 5-year intervals (n = 0-12).

o < LEV of pine, 51 X-2, 0% rot, age t
e .» S%rot < LEV of pine, 51 X-2, 5% rot, age t
o
o § 10,
< % rog LEV of pine, 51 X-2, 100% rot, age t

o < LEV of spruce, SI X-2, 0% rot, age t
Qe

& ‘s
N X ‘ 5% rot < LEVof spruce, $1X-2, 5% rot, age ¢
3

20,
0% rop < LEV of spruce, SI X-2, 100% rot, age t

& b < LEV of pine, 51 X+2, 0% rot, age t
'b\
& o ~ 5%rot
& & & LEV of pine, 51 X+2, 5% rot, age t
(\E
o & 209y,
L35 ‘o¢ LEV of pine, 51 X+2, 100% rot, age t

Dominant .
Site Index X ot < LEV of spruce, 51 X+2, 0% rot, age t

2

%

G,J’J‘
%“"e ‘%% ‘ % rfi < LEV of spruce, 51 X+2, 5% rot, age t

.
200 ‘
%

N . "ot LEV of spruce, SI X+2, 100% rot, age t

Figure 4. Decision tree “D” for cases where rot levels are unknown, but site indexes are known at
the pixel level before planting decision (see Figure 2). Here, the decision is made after obtaining
information on site index, so the appropriate plant density is used. By comparing its outcome with
decision tree C, one can obtain the value of information on site index. X refers to the dominant site
index of the stand. Rot levels vary from 0-100 with 5% intervals. Harvest ages t alternate from t = 40
to t = 100 years with 5-year intervals (n = 0-12).
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Figure 5. Decision tree “E” for cases where the site indexes are unknown, but the rot levels are known
at pixel level before planting decision (see also Figure 2). Here, the decision is made after obtaining
information on rot level. By comparing its outcome with decision tree C, one can obtain the value of
information on rot level. X refers to the dominant site index of the stand. Rot levels vary from 0-100
with 5% intervals. Harvest ages t alternate from t = 40 to t = 100 years with 5-year intervals (n = 0-12).

(P
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Ly o
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Figure 6. Decision tree “F” for cases where both site indexes and rot levels are known before planting
decision (see also Figure 2). Here, the decision is made after obtaining information on rot level and
site index. By comparing its outcome with decision tree C, one can obtain the value of information on
rot level and site index together. X refers to the dominant site index of the stand. Rot levels vary from
0-100 with 5% intervals. Harvest ages t alternate from t = 40 to t = 100 years with 5-year intervals
(n =0-12).

3. Results
3.1. Value of Information of Rot Levels When the Site Index Is Known and Homogenous

Figure 7 shows the values of information on rot levels for areas with homogeneous
site index. With an interest rate of 3% and given the other assumptions considered in this
study, the Vol varies from 1% to 37% of the expected LEV obtained without information
on rot level (in absolute terms 35 EUR ha~! to 98 EUR ha~!). Reducing the interest rate
from 3% to 2% increases the absolute value of Vo, as can be expected. However, because
the expected LEV increases considerably when the interest rate decreases from 3% to 2%,
the relative Vol is smaller in the latter case, especially in the stands with a low dominant
site index.
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Figure 7. Value of Information (Vol) of rot level relative to the expected land expectation value (LEV)
obtained when deciding on the tree species to plant without information on the rot level. The values
are for areas of homogeneous site index known by the owner, under interest rates of 2% and 3%.

The Vol varies across site indexes, with a tendency to decrease as the site index
increases. The Vol appears to be at its highest around the stands with the lowest SIs (SI 15
and SI 16) considered in this study.

3.2. Value of Information on Rot Levels and Site Indexes When the Stand Has Heterogenous Site
Index Structure

3.2.1. Acquiring Information on Rot Levels Only

For a 3% interest rate, the Vol of rot levels ranges from 1% to 39% of the expected LEV
without the information (Figure 8). In absolute terms, the Vol ranges from 35 EUR ha~! to
76 EUR ha~! depending on the dominant site index of the stand. For 2% interest rates, the
Vol ranges from 1% to 8% when measured as a share of LEV, the equivalent of 69 EUR ha~!
to 167 EUR ha~!. The benefits of acquiring information on rot levels are again highest at
dominant site indexes 15 and 16. These stands consist of pixels of site indexes where the
shift from spruce to pine is triggered by lower and, thus, more frequently occurring rot
levels than what is the case with the higher site indexes.

50%
45%
40%
35%
30%
25%
20%
15%

39%

18%

%
2% 2% 2% 1%62% g, 1%

0% % % %
5% I 40/OI 3%
15 16 17 1 19 20 21 22
Dominant Site Index
m2% m3%

6%
8

Figure 8. Value of Information (VoI) of rot level relative to the expected land expectation value (LEV)
obtained when deciding on the tree species to plant without information on the rot level. The values
are for areas with heterogeneous site indexes under 2% and 3% interest rates.

3.2.2. Acquiring Information on Site Indexes Only

When comparing the expected LEVs of decision trees with and without information
(D-C), one can notice that the exact information on site indexes across the stands with
the highest dominant site indexes is likely not helpful. Figure 9 shows that on the lowest
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site indexes, the Vol for 3% interest rate is at the highest 14% of the expected LEV with
information on the dominant site index only (27 EUR ha~! in absolute terms).

50%
45%
40%
35%
30%
25%
20%
15%
10%

0, 0,
500 3% 19627 1%

14%

15 16 17 18 19 20 21 22

Dominant Site Index
2% u 3%

Figure 9. Value of Information (Vol) of site index relative to the expected land expectation value
(LEV) obtained when deciding on the tree species to plant without information on the site index. The
values are for areas with heterogeneous site indexes under 2% and 3% interest rates.

3.2.3. Information on Both Rot Levels and Site Indexes

The Vol of both rot level and site index parameters indicates again that the lower the
dominant site index (among the site indexes considered in this study), the more the forest
owner should be willing to pay for information on site indexes and rot levels (Figure 10a).
For the 3% interest rate, the Vol reaches up to 47% of the expected LEV without information
(equivalent to 90 EUR ha™!). The Vol is affected by both site index and rot level information
at low site indexes, whereas at high site indexes, almost all of the expected gain from
information comes from rot level information alone. Overall, the Vol reduces as the
dominant site index increases. Figure 10b compares the Vol for each parameter separately
(when the other is unknown) and combined under an interest rate of 3%.

(a)

50% 47%

45%

40%

35%

30%

25% 20%
20%

5% oy 10%

0% - | I - ——
17 18 19 20 21 22

Dominant Site Index
2% m3%

10% 7% 6%
0, 4% 3% 0
5% I = ay 2% 2953%  1962% 4o, 1%
16

15

Figure 10. Cont.
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1% 0 20 02% 1041%
[ | | -
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m Rot Level and Site Index m Rot Level Site Index

Figure 10. (a) Value of Information (Vo) of site index and rot level relative to the expected land
expectation value (LEV) obtained when deciding on the tree species to plant without information on
both site index and rot level. The values are for areas with heterogeneous site indexes under 2% and
3% interest rates. (b) Vol of site index + rot level; rot level only; and site index only under an interest
rate of 3%.

4. Discussion

The results indicate that acquiring information on rot levels is worthwhile to reduce
the decision-makers uncertainty when selecting the tree species for regenerating spruce
stands in Norway.

Pixel level information on rot levels is more important than pixel level information
on site index when the dominant site index of the stand is already known. The former
yields the highest returns when its uncertainty is resolved (Figure 10b). The Vol appears
to be at its highest around the stands with the lowest site indexes considered in this
study (SI 15 and SI 16), for areas of both homogeneous and heterogeneous site indexes.
A relatively low threshold is observed for these site indexes for shifting the optimal tree
species to pine in the presence of rot (15%). Such low rot levels occur more frequently
than the higher ones (see Table 1) that are required to make the shift from spruce to
pine advantageous at the higher site indexes. Therefore, the rot level information will
more frequently have a positive impact on the LEV of these site indexes. Spruce is an
economically better choice in areas with a higher dominant site index and RL up to 35%.
That is due to the vigorous growth of spruce vs. lower pine growth in high productivity
sites, compensating for losses caused by RBR [9].

Our study indicates that exact information on site indexes across stands with the
highest dominant site indexes (SI > 18) is likely not helpful. That is because in our study
setting there is little variation in planting densities across the expected site index range
in the stand (SI =+ 2) (Figure 9). Hence, the information on the pixel level site index does
not change the forest owner’s decision on planting. However, it is likely to be worthwhile
to acquire information on this parameter in areas with medium-low dominant SI (15 and
16) where there is variation in planting density across the dominant and its neighbouring
site indexes. If the forest owner only knows the dominant site index, he/she will use the
same plant density across the whole stand. Instead, information about pixel-level site
indexes allows pixel-by-pixel adjustment on the plant densities and possibly tree species,
as Table Al in Appendix A shows a prevalence of pine in low site indexes and spruce in
high site indexes.

Regarding Figure 9, we should point out that the relative Vol for stands of dominant
SIs 17-19 were calculated to be slightly negative (—0.1% to —1.1% of LEV) when using a 2%
interest rate. That is due to the simplification in our calculations which considered the same
plant density for both simulations with 2% and 3% interest rates. When the site index is
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known, the plant density can be adjusted at the pixel level, while in the lack of information,
densities of the dominant site indexes are employed in the calculation. However, we used
the recommended densities that might not be ideal for a 2% interest rate, while they seemed
to work out well for the 3% case. Ideally, however, one should compare the cases using the
optimal plant densities for 2%. Since the Vol cannot be negative and the differences were
caused by dissimilar decision options, the best solution for trees C and D can be assumed
to be the correct optimum. Consequently, the negative Vols were set to zero.

The VoI, which is the amount an individual is willing to pay at maximum to be able to
decide without uncertainty, is overall at highest when we obtain information on both rot
level and site index. Yet, the marginal value of knowing the accurate site index at the pixel
level is often low.

5. Conclusions

Acquiring information on site indexes and rot levels across the various locations
(pixels) on the stand reduces the uncertainty faced by a forest owner selecting the tree
species for stand regeneration. The maximum amount a forest owner should be willing
to pay for information to reduce uncertainty, known as the Value of Information, varies
according to the interest rate used in forest management and the dominant site index of the
spruce stands we studied.

As expected, pixel-level knowledge on both site indexes and rot levels across the forest
stand has higher Vol than respective knowledge of either rot levels or site indexes alone.
Given our assumptions on prices and silvicultural costs, the forest owner who applies a
3% interest rate could pay for this information up to 1-47% (36 EUR ha~! to 90 EUR ha™!)
of the LEV expected to be obtained when choosing the tree species to plant without this
information. The large variation is related to the alternative dominant site indexes of
the stands. If one must choose only one of these two parameters to acquire pixel-level
information on, that should be the rot levels for which the Vol ranges from 1% to 39% of
the expected LEV without information. Information on specific rot levels across the stand
improves the expected outcome of the decision regardless of the stand’s dominant site
index. Instead, given that its dominant site index is known, pixel-level information on site
indexes across the stand is likely irrelevant for the highest dominant site indexes. That
is because, in the cases of high site indexes, spruce is always preferred if the accurate rot
levels are unknown and planting densities are not affected by small site-index variation in
the neighbourhood of the dominant site index.

Overall, we obtained the highest Vols in medium-low site index stands. The option for
deciding the shift from spruce to pine on pixel level has the best-expected impact on LEV
in such stands. In higher dominant spruce site indexes, the Vol becomes lower. Not only is
the pixel-level site index information less relevant in high-site index stands, but the pixels
with high enough rot levels to make the shift from spruce to pine pay off in such stands are
not common.

The interest rate the forest owner applies in forest management plays an essential role
in determining the Vol. The lower the interest rate in decision-making, the more willing the
forest owner is to invest in forest management and information supporting it. Accordingly,
the value of information on rot levels and site indexes across the stand is higher, with an
interest rate of 2% than 3%. However, in relative terms, when Vol is expressed as a share of
LEV expected to be obtained without acquiring additional information, VoI was higher for
an interest rate of 3% than for 2% in our results. That is due to the much higher expected
LEV used for comparison in the latter, 2% case.
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Appendix A

Table Al. Optimal tree species to plant for each combination of site index, initial rot level, and
rotation length. P stands for Pinus sylvestris (pine) and S for Picea abies (spruce) for a planted forest.
The economically optimal rotation age (NPV based considering an interest rate of 3%) for each site
index given a homogenous rot level is indicated in bold. Brackets indicate the negative NPVs.

H40 Initial Rot Level (%)
Rotation

SI 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100
13 5570 ®) @® ® ® ® @®» ®» ®» ®» ® ®» ® @©® ®& ¢ @»; EH; ;e @ @
13 75 P P P ®» ® ® ®» ®» ® ® ® ®» ®» ® ® @® @& @™ ® @ (P
13 80 p r ® ® ®» ®» @ ® ®» @® @ @® @ ® @& @ @ @ ¢ @ @
13 85 G ® ®» @ ®» @ o e @ 6@ @ @ @ @ e @ e e e e @
13 920 o 6 ®» ®©» ®» ®©® @ ¢ @ @ e e e e ;e Ee?E @ P
14 55 ®» o ®» e @ e e ;e e eeeeeeE O
14 6065 (5 ® ®» ®» ®» @& @& ®» ®» ®» @®» ®» ®» @& & - E&H; -;H;EH;E; P P
14 70 s 6 ©® ® © o @ o @ @ 6 @ @ @ @ e @ e e @ @
14 75 S S P ® ® ® ®» ®» ® ® ® ®» ®» ® ® @® @& @ ® @ (P
14 80 s s s @® ® ®» @® ©» ®» @© @ @ ey EoE;oE @@ @
14 85 S S s ® ®» ®» ® o e @ @& @ @@ @ e @ e e @ O
14 920 S s 6 6 ® ® ®» ® o @ @ e @@ e @ e ® e ® @
15 55 ®» o o e @ @& @ @ e ;e e eeeeeeE O
15 60 s ®» ®» @®» ®» ®» & & 6 &6 6 -@eHe;e;oe;oe;o e e @®E @ (P
15 65-70 S S P P P P P P P P P P P P P P P P P P P
15 75 S S S P P P P P P g P P Iid P P P I P P P g
15 80 S S S P P P P P P P P P P P P P P P P P P
15 85-90 S S S S P P P P P P P P P P P P P P P P P
16 55 s p prp P P P ® ® ®» ® @® © ® @ ®» @ © @® @ @ @
16 60-65 S S P P P P P P P P P P P P P P P P P P P
16 70 S S S P P P r P P P P P P P P P P P P P P
16 75 S S S P P P P P P P P P P P P P P P P P P
16 80 S S S P P P P P P P P P P P P P P P P P P
16 85-90 S S S S P P P P P P P P P P P P P P P P P
17 55 S S S S p P ® ® ® © ®» © @ @© O @ OO @ @ @ @
17 60-65 S S S S S P P P P P P P P P P P P P P P P
17 70 S S S S S P P P P P P P P P P P P P P P P
17 75 S S S S S r P P P r P P r r P r r P P r r
17 80 S S S S S P P P P P P P P P P P P P P P P
17 85-90 S S S S S S P P P P P P P P P P P P P P P
18 55-65 S S S S S P P P P P P P P P P P P P P P P
18 70 S S S S S S P P P I P P P P P P P P P P P
18 75 S S S S S S P P P P P P P P P r P P P r r
18 80-90 S S S S S S P P P P P P P P P P P P P P P
19 55-65 S S S S S P P P P P P P P P P P P P P P P
19 70 S S S S S P P P P P P P P P P P P P P P P
19 75 S S S S S P P P P P P P P P P P P P P P P
19 80-90 S S S S S S P P P P P P P P P P P P P P P
20 55-60 S S S S S S P P P P P P P P P P P P P P P
20 65 S S S S S S S P P P P P P P P P P P P P P
20 70 S S S S S S S P P P P P P P P P P P P P P
20 75-90 S S S S S S S P P P P P P P P P P P P P P
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Table Al. Cont.

Initial Rot Level (%)

H40 .
Rotation
SI 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
21 560 S S S S S s s P P P P P P P P P P P P P P
21 65 S S S S S S S P P P P P P P P P P P P P P
21 70 S S S S S S S P P P P P P P P P P P P P P
21 758 S S S S S S s s Pp P P P P P P P P P P P P
21 90 S S S S S S S P P P P P P P P P P P P P P
2 5556 S S S S S s s P P P P P P P P P P P P P P
22 65 S S S S S S S P P P P P P P P P P P P P P
22 70-75 S S S S S S S P P P P P P P P P P P P P P
22 80 S S S S S S S S P P P P P P P P P P P P P
22 85-90 S S S S S S S P P P P P P P P P P P P P P
22 560 S S S S S S s s Pp P P P P P P P P P P P P
23 65 S S S S S S S S P P P P P P P P P P P P P
23 70 S S S S S S S S P P P P P P P P P P P P P
23 7558 S S S S S s S s s P P P P P P P P P P P P
23 85 S S S S S S S S P P P P P P P P P P P P P
23 90 S S S S S S S P P P P P P P P P P P P P P
24 55 S S S S S S S S P P P P P P P P P P P P P
24 60 S S S S S S S S P P P P P P P P P P P P P
24 65 S S S S S S S S P P P P P P P P P P P P P
24 70-80 S S S S S S S S P P P P P P P P P P P P P
24 85-90 S S S S S S S P P P P P P P P P P P P P P
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