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Abstract

Heterobasidion root rot causes severe problems in the coniferous dominated forests of
Northern hemisphere by decreasing timber value, reducing tree growth and making trees
prone to other disturbance agents such as wind and bark beetles. According to current
practices an infected stand is protected by treating fresh stumps at final cutting and gener-
ating the stand with tree species other than the host to reduce the current infection levels.
However, prevailing guidelines do not provide instructions how to manage the neighbour-
ing stands around the already infected stand. In contrast to earlier studies, we expand the
analysis to an entity (a landscape) consisting of both infected and uninfected stands so
that stand establishment of uninfected area is taken into account, too. The objective of the
study is to optimize stand establishment of the uninfected area so that the revenue losses
are simultaneously minimized when the average carbon storage is maximized within the
whole landscape (infected+uninfected). Our results demonstrate the complexity of Het-
erobasidion root rot management: the optimum stand establishment strategy differs de-
pending on the geographic location and interest rate (i.e., yield on capital). Further, the
results implicate that for successful fight against Heterobasidion root rot the magnitude of
infected area as well as the severity of the infection need to be taken into account.
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Introduction

Pathogenic fungi of the Heterobasidion annosum (Fr.) Bref. complex infecting coniferous
trees cause severe problems for forestry throughout the Northern Hemisphere. In Europe,
disease is caused by species H. annosum s.s., H. parviporum, H. abietinum, and H. irregu-
lare, of which the first two are the most significant. H. annosum s.s. is a generalist consid-
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ering host species and can cause symptoms on many coniferous and deciduous species,
whereas H. parviporum is specialized mainly on Norway spruce (Picea abies (L.) Karst.).
It has been estimated that Heterobasidion root rot has caused approximately €790 million
annual economic losses in the European Union, mainly due to growth reduction and deg-
radation of wood. Alone in Sweden and Finland the annual economic losses due to Hetero-
basidion root rot are valued to be €120 million (Woodward et al. 1998). These costs do not
include costs of controlling and diagnosing the disease nor the cost of reduced resistance
of the infected stands to storm damages (Gonthier and Thor 2013). The fungus initiates pri-
mary infections to previously healthy stands via airborne basidiospores which need freshly
cut stumps or wounded trees for successful infection. From infected trees or stumps the
fungus spreads vegetatively with mycelium to adjacent trees via root contacts and connec-
tions at a rate of up to 200 cm per year causing the secondary infections within the already
infected stand (Asiegbu et al. 2008; Garbelotto and Gonthier 2013). Warming climate will
enhance the activity of Heterobasidion root rot (Miiller et al. 2015), potentially increasing
the economic losses in the future.

The economically most important host of Heterobasidion root rot in coniferous-domi-
nated northern European forests is Norway spruce. In Norway spruce the decay develops
mainly in the heartwood of the stem and the decay column can proceed high in the stem
without noticeable reduction in tree vigour (Vollbrecht and Agestam 1995). This decreases
the value of timber and timber-sized trees must be used as lower value pulp or energy wood.
During pulp production, the decay decreases the amount of fibres and also more chemi-
cals are needed in the bleaching process (Mékelé et al. 1998). In addition to these direct
losses Heterobasidion root rot also reduces the growth of the tress causing indirect losses
(reviewed in Stenlid and Redfern 1998; Oliva et al. 2010). The trees respond to fungal infec-
tion by allocating carbon reserves where needed to protect water and energy transport within
the roots and stem, e.g., in Norway spruce formation of a specific reaction zone and at the
border of heartwood and sapwood (Bendz-Hellgren and Stenlid 1995). Further, Heterobasi-
dion root rot creates also other indirect losses by increasing time consumption of harvesting
due to extra bucking and sorting of decayed wood (Honkaniemi et al. 2019).

Once a stand is infected, Heterobasidion root rot is impossible to eradicate (Miiller et
al. 2018). According to current practices uninfected, high primary infection risk areas can
be protected from novel spore infections by treating freshly cut stumps with either urea
or biological control agent Phlebiopsis gigantea (Fr.) Jiilich (Rishbeth 1963; Garbelotto
and Gonthier 2013). To reduce secondary infections, the stand can be established with less
susceptible tree species to reduce the current infection levels over time (Garbelotto and
Gonthier 2013). Thus, current practices do not explicitly consider how the neighbouring
stands, let alone a landscape should be managed against Heterobasidion root rot. Further,
recent literature on Heterobasidion root rot either focuses on the stand level (e.g., Aza et al.
2021) or on comparing rot-infested spruce stands to healthy pine stands in economic terms
(Aza et al. 2022). The diversification of forest landscapes creates resilience to many differ-
ent disturbances (Jactel et al. 2017) and a similar approach could be tested also with root rot
to reduce the potential for future infections.

Here we focus on managing Norway spruce stands and assume the stands to be infected
with the more common Heterobasidion parviporum solely infecting Norway spruce. More
specifically this study addresses whether there is an optimum stand establishment strat-
egy with alternative tree species for the uninfected forest area when the proportion (%) of
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infected forests increases assuming we continue with spruce management in the infected
area. In other words, we accepted that the infected forest area will gradually increase despite
the stump treatment, and that area is left for spruce management while the diminishing
uninfected forest area is optimized by stand establishment with alternative tree species. The
rationale of this study is to find out (@) how much timber revenues is lost with the optimal
management (compared to scenario without any infection) and () can carbon sequestration
be enhanced by optimum stand establishment strategy? Optimization involves simultane-
ously minimizing timber revenue losses and maximizing average carbon storage within the
whole forest area (henceforth denoted as landscape), consisting of infected and uninfected
forest areas. Then, how do the primary (spore density) and secondary infection rates (num-
ber of infected trees in the previous generation) within the infected forest area affect to the
optimal solution for the whole landscape?

Materials and methods
Study regions and stands

To include temperature gradient into analyses three locations where root rot frequently occur
were chosen: Salo, Lahti and Viitasaari (Fig. 1). In each location the site type was identical,
nutrient-rich site on mineral soil (corresponding Myrtillus type in the Finnish classification
system, see Tonteri et al. 1990) favouring Norway spruce management. The temperature
sum (cumulative sum of temperatures during the growing season with a threshold of 5°C)
of the southernmost location, Salo is 1297degree days, d.d. while in the northernmost, Vii-
tasaari the temperature sum corresponds to 1106 d.d (in Lahti 1251 d.d.). Temperature sum
affects both tree and root rot growth rates in the models. Temperature sum affects directly

Fig. 1 Three locations (Salo,
Lahti and Viitasaari) of the
analyses
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the annual height and diameter increment of trees (e.g., Henttonen et al. 2017), as well as
modifies the rate of decay growth in roots and stem parts leading to faster expansion of
infected clusters (Honkaniemi et al. 2017). The length of the growing season in Finland var-
ies considerably due to temperature, ranging from 170 to 220 days in southernmost Finland
where Salo and Lahti are located, and 140 to 180 days in central Finland where Viitasaari is
located (Venéldinen et al. 2005).

Stand projections

Uninfected stand projections were generated with Motti stand simulator, a stand-level
decision-support tool for assessing the effects of forest management on stand dynamics
(Salminen et al. 2005; Hynynen et al. 2015). The core of Motti is a stand simulation mod-
ule consisting of stand-level and individual-tree level models, both based on an empirical-
statistical modelling approach (e.g., Hynynen et al. 2015). In brief, natural regeneration and
early growth models are based on stand-level modelling, while for mature trees (dominant
height>7 m), predictions are based on sample trees each representing a certain number of
trees and simulated with individual tree models (for technical details on the models, see
Juutinen et al. 2018 Suppl. Data). The Motti stand simulator has been widely applied at
stand level (e.g., Honkaniemi et al. 2014; Ahtikoski and Hokka 2019). Uninfected stands
were simulated as starting from a bare land and managed according to silvicultural guide-
lines (Aijila et al. 2014). Therefore, the simulations corresponded to practical forestry. The
simulations were made for pure spruce, pure pine and pure birch stands, as well as a mixture
of spruce and birch. The resulting management regimes are presented in Table 1.

In the case of Heterobasidion root rot-infected stands, the disease dynamics were simu-
lated with Hmodel (Honkaniemi et al. 2014, 2019) and the stand dynamics with Motti.
Hmodel is a mechanistic model based on the biology of the fungal agent causing the dis-
ease. Hmodel creates a spatially explicit stand based on the sample trees created in Motti
stand simulator. The main input variables to define the Heterobasidion spp. spread poten-
tial in the simulated tree generation are primary infection pressure (i.e., spore density) and
the secondary infection pressure (i.e. the number of infected stumps in previous stand).
The applied stump treatment affects only by reducing primary spore infections. During the
simulations, the secondary root rot infections spread within the stand and Hmodel explicitly
simulates the decay development within stems (see Honkaniemi et al. 2014) causing growth
losses, tree mortality and decreasing timber quality (Honkaniemi et al. 2014, 2019). Ten
simulations were executed for each scenario combination due to stochasticity in the model
(Honkaniemi et al. 2014). In this study we applied two alternative scenarios of primary and
secondary infection pressure:/) combination of 200 spores m~2 hour™! (primary infection)
and 10% infected stems per hectare in the previous tree generation (secondary) and 2) 800
spores m ~2 hour™ ! and 30% infected stems per hectare in the previous tree generation. The
former combination (1) is referred later as mild and the latter (2) as severe root rot infection
(see Honkaniemi et al. 2019). The quality of stump treatment was assumed to be good (for
classification of stump treatment, see Honkaniemi et al. 2019). The simulated management
regimes of infected forest area are also presented in Table 1.
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Table 1 Cutting removals, bare land values (BLVs) and average carbon storage of stand establishment op-
tions (uninfected forest area) and BLVs and average carbon storage per annum (p.a.) associated with infected
forest area. BLV calculated according to 2% interest rate (see Eq. (1) for details)

location Uninfected In-
spruce pine birch mixture® fected
spruce
Ist Salo 31:42.9 (3.0)” 27: 483 (1.7) 26:51.2 (1.4)  34:46.0(42)  NI9
thinning L ahti 32:45.7 (3.0) 26:49.0 (1.7) 32:533(1.2)  34:41.1(43)
Viitasaari  34:43.3 (2.8) 28:45.4 (1.4) 34:53.2(0.9)  36:42.4 (4.1)
2nd Salo 42:65.4 (21.0) 40:74.3 (14 37:65.0 (7.9)  46:68.2(24.9)
thinning [ ahti 44:67.6 (25.7)  38:70.2(14.0)  45:69.1 (8.5)  46:63.2(23.4)
Viitasaari ~ 45:60.6 (21.6) 40:65.6 (12.3)  48:77.2(14.4) 49:64.1 (25.8)
Final Salo 59:291.0 (228.5) 68:365.8 (276.3)  62:312.7 54:221.6(157.3)
cutting (154.7)
Lahti 60:277.3 (215.9) 62:238.4(170.1)  64:262.4 56:216.8(155.3)
(118.6)
Viitasaari  61: 279.4 (233.5) 70: 366.7 (278.4) 64 58:198.2(136.8)
231.6(126.6)
BLV,€ Salo 5778 5558 3189 4488 4374/
ha™! 26559
Lahti 5332 5580 2412 4051 4227/
2670
Viitasaari 4800 5154 1899 3488 3689 /
2291
Cstor-  Salo 152.6 132.7 153.7 117.2 152.1
age, /
tCO, 146.1
ha~'p.a. Lang 139.9 137.6 134.8 122.1 139.5
/
135.8
Viitasaari  146.3 170.6 139.4 114.6 1453
/
1372

dyalue in bold, 31 presents the timing in years, second value, 42.9 the cutting removal in cubic meters, m?
ha~! and the value in parenthesis (3.0) indicates saw logs removal in cubic meters, m> ha™!, Pmixture of
spruce and birch, "NI” refers to Not Important since there is no variation in cutting removals: they are
fixed corresponding to spruce management in the infected area, 9 first value, 4374 € ha™! corresponds to
mild infection (200 spores per m? hour™! and 10% infected stumps in the previous generation) while the
second value, 2655 € ha™! represents the case for severe infection (800 spores and 30% infected stumps)

Financial and carbon assessments

According to the stand projections associated with each stand establishment option the bare
land value, BLV was assessed by the following. The bare land value, BLV (interchangeably
land expectation value, LEV) represents the present value of net revenues from growing an
infinite series identical timber stand (Chang 2020). BLV enables theoretically solid financial
comparison between management regimes regardless of their time horizons (Amacher et
al. 2009). Maximizing the bare land value yields the discounted economic surplus over an
infinite time horizon (Faustmann 1849). LetZ,, denote standing volume (m® ha™") before
the " thinning at age t;, i>0,...,T (t) and t denote the beginning and the end of rotation,
respectively), k denotes timber assortments (k=1,...,K) and p, the stumpage price (€ m™?)
of each timber assortment. Let b be the discount factor s.z. b=1/(1+r) where r is the interest
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rate in real terms (here 2%). An interest rate describes an annual yield over capital invested
and discounting exerts a crucial effect on the valuation, particularly with long time periods
(e.g., Price 2018). The removal (in m?) of each timber assortment & in i thinning is denoted
by h;. The removal is a function of stand state, thinning intensity, and timing. Thinning
intensity (removal relative to the growing stock) in i thinning is g,. Using these notations
bare land value, BLV (€ ha™!) is calculated according to:

Zz’T:Ob Zk 1pkhk2 Z gz) Zl‘[ btlZS 1SC7SLtl (1)
1—bir

BLV =

where $¢y, is the cost (€ ha” 1 of a silvicultural action s at stand age ¢, € ha™! (Note that
i#l and M<T). Having calculated the BLVs the next step was to assess the average carbon
storage, C, for each stand establishment option.

Carbon storage was calculated for living and dead biomass with models incorporated
into Motti. Living biomass was estimated by biomass compartments (stems, branches,
needles/leaves, stumps and roots) using biomass models of Repola (2008, 2009). Dead bio-
mass consists of natural mortality and logging residues, and the prediction of mortality is
based on individual-tree survival model, individual-tree model for age-related mortality and
stand-level model for self-thinning (Hynynen et al. 2014). Then, decomposition of above-
ground dead biomass was estimated using models of Mékinen et al. (2006). For each stand
establishment option an annual average carbon storage C, was estimated.

Optimization

Finally, the landscape-level optimization (nonlinear) problem describing the Heterobasidion
root rot-infected and uninfected forest area is formulated. For simplicity we assume a 100 hect-
are landscape consisting of 100 individual stands, each 1 hectare. A root rot-infected hectare is
denoted by d; and uninfected (i.e. healthy) by d}, so that Z{I di + Zf d;, =100. For the sake of
division between uninfected and infected forest area the decreased BLV and C, in the infected
area are denoted by BLV® and Cade, respectively. Further, for the whole 100 hectare landscape

the best financial outcome is to establish all stands with spruce, which corresponds to a situation
with zero infection, Z}I(ﬁ dpBLV gpryce - Now the optimization problem can be presented by:

100 H 1
Min (ZH Ay BLV e — (Z} dyBLV.y + Y dY;BLV;‘;’;m>> @)

s.t.

Z:dh + Zl d; = 100 3)
H I
Maz <Z} dyCly + Z dioge> )

, where BLV_ (C,) refers to bare land value (average carbon storage) associated with a stand
establishment option z, z corresponding to spruce, pine, birch or mixed-species forest stand.
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Note that B LVf;,.W < BLV gruce due to infection of H. annosum. Equation (2) minimizes
the loss of BLV compared to the situation without any infection in the whole landscape (100
hectares) while Eq. (4) maximizes the average carbon storage for the landscape when there
already exists an infected area Z{I d; . The rationale is to find out the mimimum financial
loss corresponding to maximum carbon storage — such an optimization problem resembles
of a dual approach in optimization theory (see, e.g.Pavoni et al. 2018) which often requires
nonsmooth optimization approaches (e.g. Bagirov et al. 2014; Montonen et al. 2019). As a
sideproduct the optimum solution [Egs. (2), (3) and (4)] provides a stand establishment strat-
egy to be applied in practical forestry. Had we minimized only the BLV loss or maximized
the carbon storage separately this would have been trivial since the “optimum solution”
associated with the healthy forest area would have solely consisted of individual stands,
which provided the highest BLV or carbon storage, respectively. Indeed, this would have
not even required any optimization — just picking up the best performers of BLV and carbon
storage separately would have resulted in the “solution”. Instead, both objectives (min BLV
loss and max carbon storage) were continuous variables indicating that technically this was
not a mixed-integer nonlinear, nor a bilevel optimization problem (cf. Colson et al. 2007).
However, it is the dual nature of the optimization problem which creates the challenge here.

Technically, the optimization problem was solved by using a Solver application of Excel
spreadsheet (Microsoft 365 Apps for enterpise). However, the Solver was incorporated with
a subroutine (coded with Microsoft Visual Basic for Applications, ver 7.1 ) which maxi-
mized the average carbon storage, i.e. Equation (3) by iterating the value in a loop with a
threshold (convergence) set to 0.5% value change. At the same time the Solver mimimized
the BLV loss, Eq. (2). The 0.5% convergence value (criterion) is considered to be accu-
rate enough for this kind of optimization problem — however, slightly smaller (Pohjola and
Valsta 2007) and larger values (Pukkala et al. 2010) can be found in the literature. Finally,
to restrict the computing time we decided to set ZL[ d; to 10, 20,... ,60 and correspond-
ingly Zf d;, to 90, 80,...,40. In practice this meant that a solution was sought (through
optimization) for each combination of infected and uninfected forest area, starting with the
combination of 10 (infected) and 90 (uninfected) hectares and ending with 60 (infected) and
40 (uninfected) hectares.

Financial data

The stumpage prices and per unit silvicultural costs used were based on the time series of
10-yr period covering years 2011-2020. This was the most recent time series available for
both the prices and costs (http://statdb.luke.fi ). The nominal values (both stumpage prices
and silvicultural costs) were converted to real prices through deflation (applying the cost-of-
living index of Statistics Finland 2020; http://www.stat.fi/til/khi/index_en.html) after which
arithmetic averages were calculated. The averages stumpage prices, silvicultural costs and
stump treatment costs are presented in Table 2. The stumpage prices for decayed timber
were for low-cost pulp (<50% decay at stump level) 75% of the pulpwood price and the
energywood (>50% of decay at stump level) 50% of the pulpwood price.
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Table 2 Stumpage prices and Stumpage prices Sawlogs, € m~> Pulpwood, € m~3
silvicultural costs (in real terms, - ; . -
. . . . . First commercial thinning  pine: 41.48 12.75
i.e., adjusted to inflation) applied
- - spruce: 42.96 12.59
in assessing the BLV for stand .
. . birch: 34.39 12.42
establishment options
Intermediate thinnings 50.21 16.05
50.92 16.59
38.39 15.40
Final cutting 59.18 18.98
60.30 20.42
45.80 18.44
Planting costs 700.3 € ha™!
*) Stump treatment cost is Mounding 397.6€ha”!
calculated for a haryested Disc trenching 219.7 € ha~!
volume at final cutting of the Patch fcati Z1
preceding generation, and it atc scarl.catlon 347.1 € ha
is based on fixed and variable Early cleaning 378-0 € ha™'
costs of stump treatment, and on  Precommercial thinning 450.7 €ha™!

the recent data in consumption

of stump treatment material 3w
(Kiirhd et al. 2018) Stump treatment 2€m™°

Clearing of a thinning area ~ 188.6 € ha™!

Sensitivity analysis

The effect of interest rate on optimal solution (Egs. 2—4) was tested in Salo with 2% and 4%
interest rates when a severe root rot infection was assumed.

Results

The results distinctively demonstrate three findings. First, the optimal stand establishment
strategy (i.e., how the uninfected forest area would be regenerated to increase tree species
diversity and reduce root rot risk) varies between geographic locations (Fig. 2a, b). For
instance, with 10% infected forest area (90% uninfected) the optimal stand establishment
indicates that 89% of the uninfected forest area should be regenerated with birch in Salo
while in Lahti 32% should be regenerated with pine, when the root rot infection is mild
(Fig. 2a). Second, with increasing infected forest area, the optimal establishment strategy
changes: with 50% infected area the corresponding percentages would be 53% and 45%
of uninfected area, respectively (Fig. 2a). Third, with severe root rot infection the optimal
establishment strategy is different compared to mild infection. When the infected forest area
is 30% (70% uninfected) and the root rot infection mild, the optimal establishment strategy
for Salo would be to regenerate 23% with birch and 77% with spruce while with severe root
rot infection the percentages would be 61% and 39%, respectively (Fig. 2a, b). Finally, pine
dominates in the northernmost Viitasaari (see Fig. 1) regardless of the severity of root rot
infection and the proportion of infected forest area (Fig. 2a, b).

As anticipated the revenue losses associated with maximum average carbon storage
slightly increase with increasing infected area (Table 3). Further, in Viitasaari with 10%
infected forest area there were actually no revenue losses (Table 3) — this is due to the fact
that pine dominates both financially and carbon-wise in Viitasaari (see Table 1).
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Table 3 Discounted revenue loss (expressed as decreased BLV) associated with maximum average carbon
storage, € tCO, ~!. Values represent the losses for the whole forest area (infected +uninfected) according to
Eqgs. (2), (3) and (4). For simplicity, only values for severe root rot infection are shown

Location 10% ¥ 20% 30% 40% 50% 60%
Salo 12.84 13.07 13.31 13.54 13.78 14.03
Lahti 1.68 337 5.59 7.29 9.48 11.38
Viitasaari -0.39" 1.28 2.96 4.64 6.32 8.00

Yinfected area, ® negative value indicates that there are no revenue losses - instead revenue gains achievable

Infected area 10%

20% 30%
100 7 100 100
I birch
X 804 80 -| 80 -| [ spruce
Sh
© 604 60 - 60 -
o
L
§ 40 - 40 + 40 |
£
5 20 20 20 4
0- 0- 0
2% 4% 2% 4% 2% 4%
Interest rate
40% 50% 60%
100 100 100
80 + 80 - 80 +
60 - 60 60 +
40 401 40
20+ 20 20
0- 0- 0
2% 4% 2% 4% 2% 4%

Fig. 3 Effect of interest rate (2% and 4%) on optimal stand establishment strategy in Salo with increasing
infected forest area according to severe root rot infection, %. Infected forest area ranges from 10-60%

Sensitivity analysis revealed that interest rate had a distinctive impact on the results
(Fig. 3). Namely, with higher interest rate (4%) the proportion of birch in optimal establish-
ment strategy was considerably higher than with 2% (Fig. 3).

Discussion

So far financial analyses on Heterobasidion root rot have focused on the stand level (see
Honkaniemi et al. 2019; Aza et al. 2021) while the disease dynamics evidently suggest
that landscape-level assessment would be desirable to better capture the characteristics of
the disease. Here, we have expanded the existing literature to an analysis over a landscape
consisting of multiple stands and different tree species analysing the optimal management
practices for financial performance and carbon sequestration.
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In this study we introduced a framework in which a landscape was divided into unin-
fected (healthy) and infected (Heterobasidion root rot) areas, and the goal was to optimize
stand establishment through minimizing the revenue losses and maximizing the average
carbon storage within the whole landscape (infected +uninfected area). Stand establishment
here relates to regeneration with different tree species in the healthy forest area with increas-
ing proportion of the infected area. This kind of framework with simultaneous minimiz-
ing and maximising objectives resembles a dual approach in optimization theory with high
complexity and nonlinear features (Pavoni et al. 2018).

Prior to concluding a few issues need to be raised. First, this study was primarily based
on simulations on tree growth. In general simulation is a powerful methodology but it has
several faults (see Koivisto 2017) of which the interpretation pitfall might be relevant here.
In brief, we have first produced stand projections by simulations to describe stand structure
and dynamics of tree growth, and then applied the simulations as input to the optimization.
In such a procedure there is a chance which involves losing critical distance to the initial
simulation results, which might complicate the interpretation of the results. However, we
consider that the distance in this study (from initial simulations to optimization) is short
enough not to create active problems in interpretation of the optimization results. Then
we simplified the set-up by assuming only one site type - in practice a forested landscape
(such as 100 hectares here) usually consists of different site types on both mineral soils and
peatlands. Finally, the analyses focused only on carbon sequestration and timber revenues
without addressing other management goals such as biodiversity and recreation known to
be important, too.

The results distinctively demonstrated the complexity of Heterobasidion root rot man-
agement, even within a simplified setting. In terms of forest management there is no “one
size fits all” recipe. Instead the best stand establishment strategy depends strongly on the
geographic location through temperature sum, proportion of infected forest area (%) and
even on the severity of infection (expressed as spore density and number of infected stumps
in previous tree generation). For instance, with identical proportion of infected forest area
(%) and identical severity of infection there is a totally different optimal stand establishment
strategy (within the uninfected forest area) in Salo, Lahti and Viitasaari — even though the
three locations and their temperature sums are not so far apart from each other (max. dis-
tance between the locations 330 km). This calls for more precise forest management adapted
for each location. The optimal stand establishment strategy also changes nonlinearly with
increasing proportion of infected forest area, which complicates the interpretation of suit-
able forest management even further. In a nutshell, however, one could say that in Viitasaari
(the most northern location) pine is dominated in optimal stand establishment mainly due
to the fact that pine is better acclimatized for prevailing climatic conditions there than other
tree species while in Salo (the most southern) the same applies for spruce (this can be
depicted in Table 1 by comparing cutting removals and average carbon storage between
tree species).

Further, our results highlight the importance of interest rate — optimal establishment strat-
egy is distinctively dependent on the interest rate applied (Fig. 3). There is a logical explana-
tion for this: in the optimization problem bare land value, BLV is calculated according to the
interest rate (Eq. (2) resulting in different solutions for different interest rates. For instance,
the difference in BLV calculated with 2% and with 4% is less for birch than other tree spe-
cies in absolute values (€ ha™') while the average carbon storage is insensitive to interest
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rate (i.e., intact). This leads to favor birch in stand establishment with 4% interest rate. The
intriguing question would be: which interest rate is relevant for such analyses? According
to Price (2018) suggested interest rates in UK, Norway and France fluctuated between 2%
and 4% when the time horizon of the analyses falls between 30 and 200 years. This study
operated with time horizon from 58 to 70 years (Table 1) applying interest rate 2% and 4%.

In conclusion, our work shows that simultaneous optimization of revenues and carbon
sequestration for a forest landscape partially infected by Heterobasidion root rot is possible.
Our results add to the growing literature base with the importance of landscape-scale for-
est management and planning to mitigate spatio-temporally correlated forest disturbances
instead of focusing on the management of individual stands. However, the landscape-scale
dynamics are highly complex, and the results difficult to be reduced to simple, universally
applicable guidelines of forest management.
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