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Heterobasidion root rot is a destructive fungal disease causing extensive damage in conifer forests throughout the
Northern hemisphere. The effective spreading of the causal agent Heterobasidion sp. from one tree generation to
the next makes the disease a persistent problem for forestry. Here, we present a precision-forestry method for
optimizing the regeneration of spruce-dominated stands suffering from Heterobasidion root rot. Our method
prevents the inter-generational spread of the disease while aiming for high financial or climate change mitigation
value. The method uses harvester data with non-parametric clustering or Bayesian modeling to delineate the
stand into healthy and infected “microstands.” Through simulations of forest growth and Heterobasidion dy-
namics, the optimal species to plant in each microstand to maximize either bare land value (BLV, interest rate
2%) or net CO, removals by living tree biomass is determined, subject to the condition that regeneration leads to
disease eradication. In Finnish conditions, the method recommends pine on mesic heath sites (MT) and com-
binations of pine and spruce on herb-rich sites (OMT) to maximize BLV. To maximize CO, removals, the method
suggests a variety of tree species compositions including birch. In comparison to regenerating using only spruce,
the predicted mean financial gain from the method is 1320 + 40 EUR/ha on MT and 400 to 800 EUR/ha on
OMT. Direct gains in COy removals are difficult to achieve due to prevailing management practices for infected
stands. The method offers financial and carbon-wise support for decision-making while diversifying forests and
cleansing sites of root rot disease.

1. Introduction the southern parts of Finland, but may infect spruce especially at former
pine sites (Korhonen 1978). H. parviporum is the most common root rot
causing agent in Southern Finland and becomes less common as one
moves northwards (Korhonen and Piri 1994), whereas H. annosum s.s. is
concentrated in the pine-dominated areas of Eastern Finland.

In a spruce tree infected by H. parviporum, the fungus grows from the

Heterobasidion root rot is a destructive fungal disease that causes
extensive damage to conifer forests throughout the Northern Hemi-
sphere (Korhonen and Stenlid 1998, Garbelotto and Gonthier 2013). The
disease causes annual losses estimated to exceed 1200 MEUR within the

EU only (Woodward et al. 1998). In Norway spruce (Picea abies L.
Karst.), the dominant causal agent in Finland is H. parviporum Niemela &
Korhonen (Piri et al. 1990), which can infect only species of genus Picea
and Larix in Finland. The more generalist causal agent H. annosum s.s.,
which infects also Pinus sp. and many other species, is less common in
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root system to the stem base and further upwards into the stem, with the
decay column reaching as high as 10 to 12 m in mature trees (Stenlid and
Wasterlund 1986). As the fungus grows along the stem, sawlog-quality
spruce wood is degraded to pulp or energy grade. In addition, Hetero-
basidion root rot makes infected forest stands less resistant to wind
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damage and other forest disturbances (Oliva et al. 2008, Honkaniemi
et al. 2018, Wahlman 2024). Moreover, climate change mitigation via
forest use is rendered less effective, with short-lived forest products
being produced instead of long-term products, and forest stands acting
as carbon storages with reduced stability.

H. parviporum spreads through two mechanisms, of which the first is
primary infection through airborne spores that land on stumps or
wounds in trees, colonizing stumps and eventually the roots. In addition,
H. parviporum spreads through secondary infections by vegetative
growth of mycelium along roots. This enables the fungus to spread from
the roots of an infected stump or tree to the overlapping roots of
neighboring spruce trees, leading to new infections both within and
between tree generations (Moykkynen and Pukkala 2011, Honkaniemi
et al. 2017). The warming climate will increase the spread of root rot
disease, at least in boreal conditions (Miiller et al. 2015).

Treating freshly cut stumps with urea or the biological control fungus
Phlebiopsis gigantea, or performing harvesting operations during
wintertime in the Nordic countries, are effective and established ways of
preventing the onset of new primary infections of H. parviporum. How-
ever, preventing secondary infections between tree generations has
turned out a far more difficult problem to solve.

In a stand infected by H. parviporum, after a clearcut, the fungus will
continue to live in large spruce stumps for as long as 40 to 50 years (Piri
1996). When a stand is being regenerated, if spruce is planted into the
infected regions of the stand, the new generation of trees will become
infected via the secondary infection mechanism. Different approaches to
preventing infections between tree generations have been tested over
the years. These include the removal of infected stumps and roots, or the
uprooting of infected trees along with one row of healthy trees and the
subsequent digging of deep trenches, these being approaches with
limited practical appeal due to high expenses, negative environmental
impacts, or the increased risk of primary infections (Garbelotto and
Gonthier 2013). The most successful approach to date has been chang-
ing the tree species. Birch (Betula sp.) and pine (Pinus sylvestris L.) are
resistant to H. parviporum. Planting these species into the diseased areas
of a felled stand can be used to purify the stand of root rot (Korhonen
1978, Piri 2003, Moykkynen and Pukkala 2011). During one rotation
period, the infected stumps decompose, and H. parviporum is eradicated
from the site. This however requires, that naturally regenerated spruce
saplings are removed from the stand, as these sustain the disease (Piri
and Korhonen 2001, Moykkynen and Pukkala 2011). In the healthy
parts of the stand, one can plant a new generation of spruce trees.

Regenerating a spruce-dominated stand infected by H. parviporum
through changing the tree species should provide several benefits. First,
getting rid of root rot disease could help to restore financial losses
associated with the disease in spruce trees. Second, growing healthy
spruce trees instead of diseased ones supports climate change mitigation
through producing sawlogs instead of pulp or energy wood and through
making stands more resistant to other disturbances. Third, considering
alternative species to spruce, in particular broad-leaved trees, can boost
the biodiversity of forests as well as climate-change adaptation measures
and the resistance of forests to a wide range of natural disturbances
(Griess and Knoke 2011, Pretzsch et al. 2013, Jactel et al. 2017).

So far, the main problem of implementing optimal forest manage-
ment practices based on changing tree species within infected stands has
been the lack of information on root rot distribution in forests. Detecting
Heterobasidion root rot based on visual appearance of standing trees is
not possible. However, immediately after felling the trees, root rot can
be detected from the cut surfaces with relatively high confidence (except
when the infection is recent and limited to the root system). When
recorded during the harvesting process, this presents a valuable source
of information which could be used to guide stand regeneration and
planting — and eventually root-rot eradication — in a precision-forestry
approach of managing infected forests at a scale finer than the stand
level (Holopainen et al. 2014).

Simulation studies by Aza et al. (2022) using such tree-level infection
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data in a precision-forestry framework suggest that in grid cells of low
infection levels within a stand, planting spruce is a profitable option,
whereas in cells of high infection levels, it is financially beneficial to use
pine. More recently, Lara et al. (2024) leveraged harvester-based rot
data to study the clustering of spruce trees suffering from root rot. The
authors suggested planting alternative tree species around individual
infected stumps within a radius dependent on the cluster size to disrupt
the inter-generational spread of root rot via vegetative growth. How-
ever, end-to-end precision-forestry methods for eradicating root rot
disease while optimizing stand productivity have been missing thus far.
These types of methods could be implemented in technical solutions that
operationalize harvester data for pathogen eradication and forest man-
agement optimization. This would require considering a wide range of
forest management options including tree species mixtures, as well as
assessing CO, sequestration and requiring disease eradication when
designing management plans.

In this work, we present a novel, open-source, precision-forestry
optimization pipeline for planning the regeneration of spruce stands
suffering from root rot caused by H. parviporum. The goal of the method
is to maximize either the bare land value (BLV) or net CO, removals by
the living tree biomass of the stand, under the requirement that the stand
is purified of root rot, i.e., the disease is eradicated from the site. At the
core of our approach is the segmentation of the processed stand into
microstands which delineate the healthy and infected regions of the
stand, based on either known disease centers as found directly from
harvester data, or using Bayesian modeling to predict future infection
risk within the stand. Via simulations of tree growth and Heterobasidion
dynamics, our method finds the optimal choice of tree species to plant in
each region of the stand, including the possibility of mixtures. By
applying our method on a validation dataset of recently harvested
stands, we study the distributions of the produced tree species recom-
mendations, estimate the expected benefits of the optimization, and find
whether purely financially optimal forest regeneration can be used to
eradicate root rot from infected stands. Finally, we discuss the impli-
cations and practical considerations of taking our method into opera-
tional use as well as directions for future work.

2. Materials and methods

In this section, we first give a general description of the optimization
method in Section 2.1. After this, we present each stage of the method in
more detail in Sections 2.2-2.6. Finally, we describe the dataset and
computations used to assess the optimization method in Section 2.7.

2.1. Overview of the optimization method

The purpose of our optimization method is to help the forest owner
plan the regeneration of their stand in such a way that the stand is pu-
rified of root rot disease and high economic or climate change mitigation
value is obtained. To accomplish this, we built a method pipeline con-
sisting of the following steps. The pipeline is graphically presented in
Fig. 1.

First, a root rot detection algorithm is applied to the cut-to-length
harvester data describing how the spruce stems were cut into logs, i.
e., bucked during the final felling of the stand. This harvester data is
stored in the StanForD 2010 HPR format. The analysis results in a binary
rot indicator (healthy, rotten) for each harvested spruce stem. The rot
detection algorithm is described in more detail in Section 2.2.

Next, the stand is split into healthy and infected regions, i.e.,
“microstands,” based on the rot data on the harvested stems. We provide
two alternative approaches to this, the first of which is density-based
clustering of the rotten stump positions. The second, more involved
approach, is to use Bayesian modeling to estimate the size and shape of
the effective root systems of rotten spruce trees, and to utilize this in-
formation to predict the future risk of infection within the stand. The
process of splitting a stand into microstands through these two
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Fig. 1. The structure of the optimization pipeline.

approaches is described in more detail in Section 2.3.

Then, considering a set of 10 different regeneration alternatives, the
total BLV, i.e., the financial result for each alternative is computed as the
sum of the BLVs of the healthy and infected microstands. In addition, for
each alternative, the sum of the maximum attainable net CO, removals
by the living tree biomass during one rotation period, i.e., the maximum
of the time series of the net CO5 removals, is computed over the
microstands for each of the regeneration alternatives. The BLV and the
CO, computations for each alternative are based on simulations of forest
growth and Heterobasidion dynamics. The different regeneration alter-
natives and their rationale are described in Section 2.4. The simulations
are described in Section 2.5, and the calculation of BLV and CO, re-
movals is described in Section 2.6.

Finally, two recommendations for regenerating a given stand are
produced from the preceding analysis (Fig. 1). First, the different
regeneration alternatives are ranked according to BLV. Out of those al-
ternatives where the stand is purified of root rot, the one with the
highest BLV is presented as the regeneration recommendation. Then, the
regeneration alternatives are ranked according to net CO removals. Out
of those alternatives where the stand is purified of root rot, the one
giving the highest CO, removals is presented as the regeneration
recommendation. The forest owner may choose from these two recom-
mendations based on their preference, guided by expert evaluation and
certain practical considerations (Section 4).

The optimization code, which requires the stand data including the
rot status of the harvested spruce trees as input, is called regenopt. It has
been written in Python 3 and is available at https://doi.org/10.5
281/zenodo.13132120. The code for performing the Bayesian
modeling is available as the R package latentsn at https://doi.org/10.5
281/zenodo.13269316.

2.2. The root rot detection algorithm

The forest harvester records the bucking performed on each stem
into the StanForD 2010 HPR file. For each processed stem, the created
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logs are recorded starting from the stem base, and for each log, at least
the length, top diameter, volume, and log assortment are recorded. The
harvester bucking automation suggests to the machine operator at
which points to cross-cut the stem into logs. The operator can deviate
from this automated suggestion and choose the cutting point indepen-
dently. This is done especially because of defects and other quality-
related reasons.

Our algorithm for detecting root rot on spruce stems is based on the
interpretation of the log assortment and the location of the log on the
stem. In its simplest form, root rot detection can be summed up by the
question: has anything other than sawlogs been cut from the butt-end of
the sawlog-sized stem? More specifically, we adopt the following crite-
rion for labeling a felled spruce stem as suffering from root rot disease: If
no sawlog has been cut from the butt end of the sawlog-sized stem for a
distance of two meters, and at least one sawlog was produced from the
stem, the stem is assumed to have root rot. This definition reflects the
fact that for sawlog-sized spruce stems, root rot causes decay at the stem
base, while healthy sawlogs can be obtained from higher up along the
stem. In this work, we assume that the root rot indicated by the algo-
rithm is caused by H. parviporum. Details of the rot detection algorithm
are given in Appendix I.

2.3. Splitting the stand into infected and healthy microstands

2.3.1. Purely spatial approach using DBSCAN

From the harvester data, the position of each stump can be approx-
imately obtained by estimating the position of the harvester head at the
time of performing the felling cut for the stem. This estimation is done in
this work by using the GNSS-measured position of the harvester cabin,
the orientation of the front axle and the boom, and the boom length
(Taipale et al. 2022). By pairing the rot status of each spruce stump as
obtained from the rot algorithm (Section 2.2) with the location of each
stump, we obtain a map of the freshly felled stand which shows the rot
status of each spruce tree. For spruce stems whose dimensions do not
fulfill the requirements for a sawlog stem, the rot algorithm always
returns “false” for the rot status. The rot status of these smaller stems
must therefore be considered unknown in the tree map. The task is then
to find the infected regions of the stand, i.e., those regions where the
next generation of spruce would become infected by H. parviporum. The
regions outside of the infected regions are considered healthy, i.e., these
are regions where spruce can grow free of root rot disease.

In the purely spatial approach, we consider solely the spruce stems
for which the algorithm reported a positive rot detection result. To
derive the infected regions of the stand, we apply the scikit-learn
implementation (Pedregosa et al. 2011) of the non-parametric clus-
tering method DBSCAN to the positions of the stumps of the rotten stems
in the horizontal plane. DBSCAN is controlled by two parameters: ¢ and
n;"air’r'lples, which together determine the size of the created clusters for a
given set of points. Points outside of the clusters are labeled as outliers.
Our interpretation is that clusters describe “hotspots” of root rot, or
disease centers, whereas the outliers describe individual, isolated rotten
spruce stems.

After applying DBSCAN to the stump data, we delineate the infected
areas using alpha shapes as implemented by Bellock (2024). Considering
each rot cluster at a time, we find the optimal alpha parameter (Bellock
2024) and then perform the delineation using this value. We set an extra
buffer of 10 m for the infected delineations to make areas outside of
these delineations reasonably safe for planting a new generation of
spruce. The value of 10 m was arrived at through considering the mean
error of 4 m between the recorded and true position of the stumps
(Taipale et al. 2022) and additionally that several meters are required
between the stump of a rotten spruce tree and newly planted spruce to
avoid infection in the new tree (Piri 2003). For each of the rotten outlier
stems, we simply create a circular delineation of 10 m in radius centered
at the stump.
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Next, we delineate the entire stand, i.e., harvest area, using all the
harvested stems of all species. We then take the union of the infected
area delineations, and then the intersection of the entire stand delin-
eation polygon with this union to find the total infected region. Finally,
we take the difference of the entire stand delineation polygon and the
total infected region to find the total healthy region of the stand. The
total infected and the total healthy region constitute the splitting of the
stand into microstands. The entire process is illustrated with an example
stand in Fig. 2.

2.3.2. Probabilistic approach using Bayesian modeling

As an alternative to the purely spatial approach (Section 2.3.1), we
delineate the infected and healthy microstands using a probabilistic
algorithm. The algorithm has three major steps. First, a parametric
infection kernel, modeling the infection spread via root systems, is
estimated from the known-status, i.e., sawlog-sized spruce stems using a
purpose-built Bayesian hierarchical model. Second, using the calibrated
model and its estimate of the distribution of infected spruce trees in the
generation prior to the one just felled, we compute the (past) probability
of infection for any unknown-status spruces in the stand, and then
generate 500 stochastically imputed, pseudo-complete known-status
spruce stem datasets. Third, we apply the calibrated parametric infec-
tion kernel to each imputed dataset to create 500 (future) risk maps,
which are then pooled to create a probabilistic infection risk map for the
stand. The probabilistic infection risk map is finally binarized into
healthy/infected regions using the rule P(risk < 10%) > 95%, i.e., we
want to be highly certain (> 95%) that the infection risk for new spruce
trees is very low (< 10%) in the healthy microstand. The entire process
is illustrated with an example stand in Fig. 3. Further details on the al-
gorithm are provided in Appendix II.

2.4. The regeneration alternatives

The goal of our method is to provide the forest owner decision sup-
port when regenerating their stand after clearcutting so that root rot is
eradicated from the stand, and subject to this condition, either the
financial result or climate change mitigation value of the stand is
maximized. To produce the regeneration recommendations to achieve
this, we consider a fixed set of 10 different alternative regeneration
plans and find the best one of these, individually maximizing either BLV
or net CO, removals by living tree biomass (Section 2.1, Fig. 1). We
assume that H. parviporum is the only pathogen present at the site.

We consider four different choices of tree species in constructing the
regeneration alternatives: spruce, birch, pine, and a 50%-50% mixture
of spruce and birch. The first four regeneration plans (alternatives 1 to 4
below) involve planting the entire stand with a single tree species. These
alternatives were chosen for their simplicity and because they serve as
useful references for the other alternatives and for the microstand
approach itself. Then, we consider three cases of cleansing the infected
areas by planting pine into these areas, and planting, in turn, each of the
three remaining choices of species outside of the diseased areas (alter-
natives 5 to 7). Finally, we consider three cases of cleansing the infected
areas by using birch in these areas and planting each of the three
remaining choices of species elsewhere (alternatives 8 to 10). In total,
the 10 regeneration alternatives that we consider are the following:

. Spruce for the entire stand

. Spruce-birch mixture for the entire stand

. Birch for the entire stand

. Pine for the entire stand

. Pine for the infected areas, spruce elsewhere

. Pine for the infected areas, spruce-birch mixture elsewhere
. Pine for the infected areas, birch elsewhere

. Birch for the infected areas, spruce elsewhere

. Birch for the infected areas, spruce-birch mixture elsewhere
. Birch for the infected areas, pine elsewhere

O 0O NOU D WN -

—_
[=}
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2.5. Simulations of forest growth and Heterobasidion dynamics

2.5.1. Forest growth on healthy sites: Motti simulations

Stand projections for healthy sites were generated with the Motti
stand simulator (henceforth Motti). Motti is a stand-level decision-sup-
port tool for assessing the effects of forest management on stand dy-
namics (e.g., Hynynen et al. 2015, Juutinen et al. 2018). Motti consists
of stand-level and individual-tree level distant-independent models.
Both the stand-level and individual-tree level models are based on an
empirical-statistical modeling approach with an extensive body of long-
term growth and yield data from managed forests covering Finland
(Matala et al. 2003, Hynynen et al. 2014). Stand-level models are
applied for natural regeneration and early growth, while individual-tree
level models are used to predict growth for mature trees, i.e., trees with
dominant height > ca. 7 m. Motti is a software package that produces
stand projections for management options based on repeated thinnings
from below and clearcutting, i.e., rotation forestry (Matala et al. 2003,
Hynynen et al. 2014). Earlier results indicate that Motti is generally a
reliable tool for comparing forest management alternatives in Finnish
conditions (e.g., Monkkonen et al. 2014, Juutinen et al. 2018).

Thus far Motti has been widely applied both at stand level (e.g.,
Hynynen et al. 2005, Haapanen et al. 2016, Ahtikoski and Hokka 2019)
and in landscape-level analyses (e.g., Monkkonen et al. 2014, Hynynen
et al. 2015, Ahtikoski et al. 2024). In this study, Motti was used to
produce stand projections according to silvicultural guidelines (Aijild
et al. 2019) specifically set for different tree species (spruce, pine, and
birch), site types (mesic heath (MT), herb-rich heath (OMT)) and for a
mixture of spruce and birch. These silvicultural guidelines are based on
socially, environmentally, and economically sustainable forest man-
agement. The silvicultural guidelines determine the timing and intensity
of thinnings so that specific basal area limits to conduct a thinning are
set as a function of dominant height, and the timing for a clearcut is
determined either by mean tree diameter or stand age (Aijili et al.
2019). The stand projections here were produced for 15 different tem-
perature sums in the range of approximately 1050 to 1350 degree days
°C (d.d.) with a 5 °C threshold.

Motti also includes empirical biomass models by Repola (2008,
2009), which provide tree level estimates for biomass by components
(stem, branches, leaves, stump, and woody roots). These biomass esti-
mates were used to estimate carbon stock dynamics of growing stands by
assuming that 0.5 (the precise value varying slightly by biomass
component) of the living tree biomass is carbon. The thus estimated
carbon mass was then converted into CO3 mass by multiplying by 44/12.
The resulting CO» mass (in units of tCO2) describes the net CO, removals
by the living tree biomass at a given point in time in the rotation period.
The obtained CO5 mass can also be taken to represent the living biomass
carbon stock of the stand through the mass of CO5 that would result from
turning the carbon present in the biomass into CO».

In assessing the BLV (based on stand projections of healthy sites),
stumpage prices and per unit silvicultural costs were derived from a time
series covering the years 2011-2020. At the time of our analyses, this
series was the most recent 10-year period available. Then, nominal
prices and costs were further 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). The rationale of using a 10-
year time series was to include peak and bottom prices and costs into
the calculation of the average to capture the effect of variation in real
terms (see Ahtikoski et al. 2024 for absolute values of prices and costs
identical to those used in this study). When computing the BLV, all
silvicultural costs except the cost of removing naturally regenerated
spruce saplings from the stand after changing the tree species from
spruce to birch or pine were taken into account. An interest rate of 2%
was used in all BLV calculations throughout this work.

2.5.2. Forest growth on infected sites: Motti-+Hmodel simulations
Stand projections with Heterobasidion root rot were simulated using
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Fig. 2. Splitting a forest stand into healthy and infected microstands using the purely spatial approach (DBSCAN). (a) The result of applying the stem-level rot
detection algorithm to the harvester data (Section 2.2). (b) Only the spruce stems with a positive rot status are used in finding the infected microstands. (c) Applying
DBSCAN to the spruce stems with positive rot status. (d) Delineating each DBSCAN cluster using a buffered alpha shape and placing a circular delineation at each
outlier stem. (e) Delineating the entire harvest area using all stems. (f) Taking the union of the infected delineations and then the intersection of this union with the
entire harvest area delineation to find the total infected region of the stand. (g) Taking the difference between the entire harvest area delineation and the total
infected region to find the total healthy region of the stand. (h) The final microstand setup for this stand, i.e., the total healthy region and the total infected region.
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Fig. 3. Splitting a forest stand into healthy and infected microstands using the probabilistic approach. The coordinates are given with respect to the center of the
stand (mean position of stems) in units of m. (a) By estimating a parametric infection kernel and the distribution of infected trees in the generation prior to the one
just felled, a map of past infection risk is created for the stand. (b) Using the map of past risk, the rot status is stochastically imputed for stems for which the status
unknown, i.e., smaller than sawlog-sized stems. (c) Using the calibrated infection kernel and the imputed and known rot values for the stems, a map of future
infection risk is created. (d) Finally, the future risk map is binarized into healthy and infected microstands.

the Motti stand simulator integrated with Hmodel, which simulates the
disease dynamics in time and space (Honkaniemi et al., 2014, 2017).
Hmodel is a spatially explicit extension to Motti that creates locations for
each stump and tree in the stand and simulates the Heterobasidion root
rot spatial spread and growth within trees, finally affecting tree growth
and yield simulated by Motti as described above (Section 2.5.1). In
Hmodel, the key processes of Heterobasidion spp. are simulated with an
annual time step starting from the initialization of a stand until the final
felling and taking all the forest management operations in adherence to
the national silvicultural guidelines into account. Hmodel has been
developed and validated by the principles of Pattern-Oriented Modeling
(Grimm and Railsback, 2012; Honkaniemi et al., 2014, 2017).

We used Hmodel to simulate the development of Norway spruce
stands and mixed spruce-birch stands in three different temperature sum
regions (1100, 1250, and 1300 d.d.) at two different site types (MT,
OMT). Due to stochasticity in the model structure related especially to
the explicit locations of trees, each simulation was repeated 10 times.
We assumed that the only causal agent of root rot disease was
H. parviporum specialized in Norway spruce, and thus change of tree
species would result in eradication of the disease over time. Hetero-
basidion dynamics were simulated assuming that the primary infections
occurred only at the stand initialization (t = 0) with varying spore
pressure, and secondary infections were initiated from previous tree
generation stumps with varying levels of disease (0%, 10%, 30% or 60%
of spruce trees of the previous generation being infected). From these
infections, the disease spreads to the living tree generation and causes
growth losses, mortality, and reduction of timber quality. The quality

reductions affect timber assortments during harvests and thus result in
economic losses compared to the abovementioned healthy stands. When
computing the BLV, all silvicultural costs were taken into account.

2.5.3. Generalizing the simulation results to arbitrary temperature sum and
rot status of the previous tree generation

The results of the Motti (Section 2.5.1) and Motti+Hmodel (Section
2.5.2) simulations for BLV and maximum net CO, removals are visual-
ized in Fig. 4. Due to differences in growth models, a corrective scaling
was required to align the Motti+Hmodel results (Section 2.5.2) with the
Motti results for healthy stands (Section 2.5.1). This was done by
multiplying, at each temperature sum, the four BLV results for infected
spruce or spruce-birch stands by the ratio of the Motti result and the
Motti+Hmodel result for the healthy stand (0% of the previous spruce
generation being infected), and similarly for the CO5 results.

The data in Fig. 4 are used in the regeneration optimization to esti-
mate the BLV and CO3 result for each considered regeneration alterna-
tive (Section 2.4). For this purpose, the simulation results of Fig. 4
needed to be generalized to produce the BLV and maximum attainable
net CO, removals (C) for any of the four tree species selections, per ha, at
any desired temperature sum (Ty,,) and fraction of rotten spruce trees in
the previous generation (rot fraction, f;). To achieve this, for each site
type considered in this work (MT, OMT), we smoothed the simulation
data for each species selection to produce functions for the BLV and CO5
results with Ty, and f;, as the independent variables. More formally, we
produced the functions
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Fig. 4. Results from the Motti and Motti+Hmodel simulations for BLV (upper row) and maximum net CO, removals (bottom row) for each tree species on each site
type (mesic heath (MT), herb-rich heath (OMT)). Each point in the presented Motti+Hmodel results is an average over four different spore pressures and 10 random
initializations for each spore pressure, i.e., 40 individual simulations. Rot fraction is the fraction of spruce trees of the previous generation that were infected by

H. parviporum. The interest rate for the BLV results is 2%.

BLV = BLV_;:(Tsum?me) (1)
C= C]l (Tsum7frot) (2)
where i € {birch, pine, spruce, spruce-birch mixture} and

j € {MT, OMT}.

To do the smoothing, we used LOESS as implemented by Cappellari
et al. (2013). For birch and pine, the BLV and CO; results are indepen-
dent of the infection status of the previous tree generation. Therefore,
for these species, we performed LOESS in one dimension to find BLV =
BLV}:(Tmm) and C = CJ‘:(Tsum). For spruce and the spruce-birch mixture,
we performed LOESS in two dimensions to find BLV}(TmW frot) and
C}(Tsum, fmt). In the local regression, we used a first-degree polynomial
for the one-dimensional case, and a first-degree bivariate polynomial, i.
e., a plane, for the two-dimensional case.

The LOESS smoothing is controlled by the size of the local neigh-
borhood (Njy), i.e., the number of the nearest points to x used to

perform the local regression at x. To find the optimal choice of Ny, we
considered the values Njy .y = 5,10,15 for the univariate case and
Niea = 10,15, 24 for the bivariate case, here the number of points in the
full simulation data being 15 for the former and 24 for the latter. By
visually assessing the resulting smoothings against the simulation data,
we chose Ny = 10 for the univariate case and Ny = 24 for the
bivariate case. We produced the smoothing at intervals of 1 d.d. for Ty
and 0.01 for f,,. Visualizations of the final functions for both the BLV
and CO; results are given in Appendix III.

2.6. Computing the BLV and the maximum of net CO, removals for each
regeneration alternative

To find the optimal regeneration plan out of the 10 alternatives for
the stand (Section 2.4), we use the regression functions of Section 2.5.3
to estimate the BLV and CO; result for each alternative. This is done as
follows.

The total BLV of the stand, for a given regeneration plan, is computed
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as the sum of the BLVs of the individual microstands. The calculation is
done using the per ha values of the BLV of the different tree species and
the areas of the microstands:

Nmicrostands
BLV =Y BLV(Tumfi) ® Ai 3)

i=1

where Npicrostands 15 the number of microstands, BLVfi" is the function of
Eq. (1) in units of EUR/ha, d is the site type, i.e., the most frequent
fertility class under the stems of the stand (Section 2.7), s; is the species
planted into microstand i, and A; is the area of the microstand in ha. Here
microstand can mean either the entire stand, the total healthy region, or
the total infected region. The fraction of rotten sawlog spruce stems in
the previous generation (f,,) is computed from the harvester data for the
microstand in question. The temperature sum (Ty,,) is obtained from a
pre-computed database of the mean annual temperature sum in the
period 1971 to 2000 formed using the methodology of Ojansuu and
Henttonen (1983). The set of pre-computed temperature sums is visu-
alized in Appendix IV. The temperature sum of the stand being processed
is set to the temperature sum of the geographically closest point (by
Euclidean distance) in the pre-computed data.

We assume that f,; = 0 outside of the infected areas, and that stump
treatment during the management of the stand (i.e., thinnings) is done
sufficiently well to prevent new Heterobasidion infections from appear-
ing into the healthy area. This approach to computing the BLV of the
stand corresponds to permanent establishment of the stand using the
given regeneration plan for an infinite number of rotation periods. The
calculation of the total BLV for the stand is illustrated in Fig. 5 for two
examples of regeneration plans.

When computing the BLV (or CO») result for spruce or spruce-birch
using the Hmodel results, a small discrepancy is introduced due to the
previous generation of trees in the Hmodel simulations being almost
purely spruce, whereas when computing the BLV (or CO2) result for
alternatives 1 and 2 (Section 2.4) using our method, the previous gen-
eration of trees of the actual harvested stand may have included other
trees besides spruce. Our method can therefore be considered more ac-
curate the closer the felled stand being regenerated was to a pure spruce
stand.

Computing the maximum net CO; removals for a given regeneration
plan is done completely analogously to the BLV calculation (Eq. (3)).
The only difference is that instead of a BLV function, we use the relevant
COs, function (giving the maximum attainable net CO, removals per ha):

Nmicrostands

C= Z C;i(Tsum7

i=1

) L] Ai (4)

ot
This approach to computing the net CO5 removals by the stand living

(@)
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tree biomass produces, in practice, an estimate for the value to which the
total net CO, removals by the stand saturate towards the end of the
rotation period using the given regeneration plan. This is because for
each tree species, the net CO2 removals per ha, or equivalently, the
living tree biomass carbon stock as expressed in tCO,/ha, saturates to its
maximum value towards the end of the rotation period.

2.7. Assessing the optimization method on a validation dataset of stands

To study the distribution of recommendations that our optimization
method produces for real forest stands, to estimate the potential benefits
of using our method, and to find out whether purely economically
optimal regeneration eradicates root rot from infected stands, we
applied the method to a set of 269 clear-cut stands with varying degrees
of root rot in the previous generation of spruce trees. The stands were
selected based on the following criteria from a much larger set of mainly
spruce-dominated stands from Southern and Central Finland.

First, as our BLV and CO, models are only applicable on mineral
soils, it was required that most of the stems in each stand are located on
mineral soil according to the Finnish Forest Centre open soil type data
(Finnish Forest Centre 2024). Second, the most frequent site type (i.e.,
fertility class) under the stems of each stand was required to be either
OMT or MT, according to the Finnish Forest Centre open fertility class
data (Finnish Forest Centre 2024). Third, stands with less than 100 stems
and stands containing no rotten sawlog-sized spruce stems were dis-
carded. The resulting 269 stands were harvested between January 2019
and December 2021. Distributions of the key stand-level properties for
the stands at the time of harvesting are given in Fig. 6. In the following,
we refer to this set of stands as our validation set.

As described in Section 2.3, we considered two different approaches
to splitting a stand into the healthy and infected regions. The DBSCAN-

based approach is controlled by the parameters ¢ and n;“ai,’,‘,ples,

which can
be tuned to perform delineations from extremely fragmented (i.e., each
rotten spruce stem constituting its own circular delineation) to broader
and smoother delineations (i.e., a low amount of large rot clusters).
Moreover, in the Bayes approach, the imputing of rot values for the
unknown cases, i.e., below sawlog-sized harvested stems, can be
switched on or off when producing the infected area delineations. As the
BLV and CO; results for a regeneration plan can be expected to vary
depending on the areas of the delineations, we processed the full set of
269 stands using five different delineation approaches. There were three
varieties of the purely spatial approach: “DBSCAN, fragmented”

(¢ = 0.001 and njim -

stem as an individual outlier, “DBSCAN, average” (¢ = 30 and n?:zT‘Lples =

4), which produced fairly large clusters of rotten stems and some out-

liers, and “DBSCAN, broad” (¢ = 40 and n;";:mles = 3) which produced

= 999), which considered each rotten spruce

(b)

&
‘-\4&5 As

Fig. 5. Schematic example of a stand and computing the BLV for two of the 10 alternative regeneration plans (Section 2.4). (a) Alternative no. 2: planting a spruce-
birch mixture for the entire stand. In this plan, the stand consists of a single “microstand” which is the stand itself. The area of the single microstand is A;. The overall
rot fraction fo of the stand is used in computing the BLV via Eq. (3). (b) Alternative no. 5: planting pine into the infected areas and spruce elsewhere. Here the stand
consists of two microstands. The first microstand is the total infected region, which is the union of the violet, green, and red delineations with areas A1, A2 and A3,
A4 and A5, respectively. The second microstand is the total healthy region, i.e., the grey region, which has an area of A6. In the infected microstand, the BLV
contribution is independent of f;,, because the BLV result for pine does not depend on f,. In the healthy microstand, we assume f;,; = 0 when computing the BLV

contribution that comes from spruce.
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Fig. 6. Distributions of key properties and the positions of the stands of our validation set of 269 clear-cut stands in Finland. The background raster map of Finland is

distributed by the National Land Survey of Finland under the CC BY 4.0 license.

even larger rot clusters. In addition, we considered the Bayes approach
with or without imputing for the unknown rot states of stumps. For each
delineation approach, the optimized solutions, i.e., regeneration rec-
ommendations, were determined for each of the 269 stands. In addition,
the gain in BLV or net CO5 removals per ha was computed for each stand
with respect to regenerating the stand with only spruce, as well as with
respect to regenerating the stand with the best single-species alternative
that purifies the stand.

3. Results

In this section, we present the results of applying our optimization
method on the validation set of 269 recently clear-cut stands in Finland
(Section 2.7). In Section 3.1, we give examples of microstand de-
lineations, i.e., splitting of the stands into healthy and infected regions.
In Section 3.2, we present the distributions of the regeneration plans in
terms of tree species selection. In Section 3.3, we present the benefits of
the optimization in terms of financial and carbon results. In Section 3.4,
we assess the financial cost of eradicating root rot using our method.

3.1. Microstand delineations

Examples of the results of splitting stands into the healthy and
infected delineations using the five different approaches on the valida-
tion set, i.e., three DBSCAN approaches and two Bayes approaches
(Section 2.7), are shown in Fig. 7. As can be seen by comparing these
examples, the Bayes approach typically produces smaller infected areas
than the DBSCAN approach does. Delineations produced using DBSCAN
also appear smoother, even for the extreme case of “DBSCAN,
fragmented.”

A key difference between the Bayes and DBSCAN approaches is that
the DBSCAN approach operates solely on stumps with known positive
rot status, whereas in the Bayes approach, the unknown values, which
are associated with all smaller than sawlog-sized spruce stumps, can also
be taken into account. As can be expected, this sometimes leads to sit-
uations where for a given stand, the Bayes approach identifies as
infected regions within the stand that the DBSCAN approach, even with
the “DBSCAN, broad” variant, delineates into the healthy region. Ex-
amples of this are shown in Fig. 8.
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Fig. 7. The final delineation into healthy and infected regions for two example stands, for all the five considered delineation approaches.
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Fig. 8. Since the DBSCAN delineation approaches are based purely on the spatial configuration of known rotten stumps of sawlog-sized spruce trees, they do not take
into account the unknown status of smaller-than sawlog-sized spruce trees. The Bayes approach, on the other hand, can take these unknown values into account
through imputing values for the unknown rot states of stumps. This can lead to predictions for new infected areas that the DBSCAN approach does not capture, as
shown for two example stands here.
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3.2. Optimal choice of tree species

When applying our optimization method to the validation set
(Section 2.7), we find that when optimizing for BLV, the recommended
tree species on MT type sites is practically always pine for the entire
stand. On OMT sites, the solution is universally to plant pine for the
infected areas and spruce outside of the infected areas. When optimizing
for net CO, removals, the solutions on both site types are more diverse
and they often include birch. The recommendations for optimizing COy
removals vary with the temperature sum of the stand. A more detailed
analysis is presented in the following two sections.

Computers and Electronics in Agriculture 232 (2025) 110134

3.2.1. Free optimization

We present the distribution of the optimal regeneration plans over
the validation set in terms of tree species selection in Fig. 9, separately
for MT and OMT sites. In addition to showing the results for the opti-
mization subject to the condition that the stand is purified of root rot,
which constitute the ultimate recommendations produced by our
method, we present the corresponding results also for the case of “free
optimization,” where cleansing of the stand is not required. The optimal
regeneration plan in this free optimization is simply that, out of the 10
considered alternatives, which maximizes the BLV or CO; result. The
results in Fig. 9 are shown for the “DBSCAN, average” delineation
approach, because for all cases except BLV maximization in free opti-
mization on OMT, the distribution of the optimal choice of tree species
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Fig. 9. Distributions of the optimal choice of tree species for the two considered site types (mesic heath (MT), herb-rich heath (OMT)) and the two separate
optimization metrics (BLV, net CO, removals) for the “DBSCAN, average” delineation approach on the validation set. The results are presented for “free optimi-
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and the behavior of the optimal choice of tree species as a function of
temperature sum are independent of the delineation method.

First, considering the case of free optimization, when maximizing
BLV, the recommended tree species choice on practically all MT sites is
“pine for the entire stand” (Fig. 9). This result clearly reflects the
simulation data underlying the optimization (Fig. 4), where it is evident
that pine provides the highest EUR/ha, regardless of rot fraction, for
virtually the entire range of temperature sums. The situation is different
on OMT sites. The regeneration plan “pine for the infected areas, spruce
elsewhere” makes up the majority of the optimized plans (77.5% of
cases). In the remaining 22.5% of cases, the strongest option is “spruce
for the entire stand.” By examining the simulation data of Fig. 4 and the
list of possible regeneration alternatives, one could indeed expect that
these two options dominate the free optimization results.

Since at any given temperature sum on OMT sites, the spruce result
for EUR/ha crosses the pine result as the rot fraction is increased (Fig. 4),
it follows that the rot fraction of the stand, as well as the size of the total
infected area relative to the stand area, determine which of the two
options, “spruce for the entire stand” or “pine for the infected areas,
spruce outside of rot areas” gives the highest total BLV for the stand. By
choosing “pine for the infected areas, spruce elsewhere,” the overall
EUR/ha of the solution will settle somewhere between that of pure pine
and healthy spruce. The overall EUR/ha varies linearly as a function of
the ratio of the infected area to the full stand area. If this ratio is close to
zero, then the EUR/ha will be close to that of healthy spruce. If the ratio
is close to one, then the EUR/ha will be close to that of pure pine.

Therefore, when the rot fraction is high enough that the spruce EUR/
ha is below the pine function, the best solution of the two is always “pine
for the infected areas, spruce elsewhere.” But when the rot fraction is
low enough that the spruce BLV function is between those of pine and
healthy spruce, then the rot fraction and the ratio of the infected area to
the full stand area determine whether it is better to stay with “spruce for
the entire stand” or to use “pine for the infected areas, spruce else-
where.” In the OMT stands of our validation set, for each delineation
method, the average rot fraction is lower for stands where the best op-
tion is “all-spruce” when compared to stands where the best option is
“pine for the infected areas, spruce elsewhere.” When comparing results
between the different delineation approaches, the larger the share of
infected area, the more cases appear where “all spruce” is the best so-
lution (Table 1).

When maximizing the net CO, removals by the stand, “spruce for the
entire stand” is the dominating solution on both MT and OMT sites,
being the optimal solution for 62.6% and 95.8% of stands, respectively
(Fig. 9). On MT sites, the other realized solution is “pine for the entire
stand,” whereas for OMT it is “birch for the entire stand.” These results,
along with the dependence of the optimal solution on temperature sum,
again clearly reflect the simulation results (Fig. 4).

3.2.2. Optimization when requiring eradication of root rot

When performing the BLV optimization subject to the requirement
that the stand is cleansed of root rot disease, the optimal tree species
selection for MT sites is nearly always “pine for the entire stand” (Fig. 9).
On OMT sites, the recommendation is now “pine for the infected areas,
spruce elsewhere” for all stands. However, when maximizing net CO5
removals of the stand, the results are more diverse. Depending on the
temperature sum, the optimal solution on MT sites varies between “pine
for the infected areas, spruce elsewhere,” “pine for the entire stand,” and
“birch for the infected areas, spruce elsewhere.” On OMT sites, the
optimal solution in terms of tree species is “pine for the infected areas,
spruce elsewhere,” “birch for the infected areas, spruce elsewhere,” and
“birch for the entire stand,” depending on the temperature sum. These
results and the choice of optimal species as a function of temperature
sum again clearly reflect the underlying simulation data (Fig. 4).
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Table 1

The percentage of “spruce for the entire stand” in the set of optimal solutions
when doing “free optimization” of BLV on OMT sites of the validation set, given
separately for each delineation approach. The complement fraction of the so-
lutions is “pine for the infected areas, spruce elsewhere” in all cases of OMT. The
mean of the share of the total infected area out of the total stand area is given
also. The error is the standard error of the mean.

Bayes, no
imputing

Bayes,
with
imputing

DBSCAN,
fragmented

DBSCAN,
average

DBSCAN,
broad

Percentage of 0.0 1.4 4.2 225 31.0
“spruce for
the entire
stand” in
the optimal
solutions
(OMT sites)

Ratio of
infected

area to

0.34 +-
0.02

0.41 +-
0.03

0.53 +-
0.02

0.64 +-
0.03

0.69 +-
0.03

total stand
area (OMT
sites)
Ratio of
infected
area to
total stand
area (MT
and OMT
sites
pooled)

0.307 +-
0.012

0.373 +-
0.013

0.502 +-
0.012

0.621 +-
0.015

0.679 +-
0.014

3.3. Benefits of the optimization in terms of the BLV and CO2 removals

3.3.1. Benefits with respect to regenerating with spruce only

The benefits of performing the optimization, with respect to regen-
erating each stand using only spruce, are given in Fig. 10 as histograms
and as a function of temperature sum for “DBSCAN, average.” When
maximizing BLV and requiring eradication of root rot, we find the mean
gain in BLV on MT sites of the validation set (Section 2.7) to be
approximately 1300 EUR/ha with respect to the standard practice of
planting spruce for the entire stand (Table 2). The optimal tree species
selection is virtually always “pine for the entire stand,” and therefore
these benefit results are independent of the microstand delineation
approach. The distribution of the BLV gains is fully on the positive side,
and there is possibly a weak positive trend with respect to the temper-
ature sum, as shown for “DBSCAN, average” in Fig. 10.

On OMT sites, the mean gain in BLV is positive but depends strongly
on the delineation method (Table 2). The mean gain drops from
approximately 800 to 400 EUR/ha as the fraction of the infected area of
the total stand area increases from approximately 0.34 to 0.69. This is
because the optimal tree species selection here is “pine for the infected
areas, spruce elsewhere,” and the larger the share of infected area of the
entire stand, the less area is left for the highly productive spruce in the
healthy region (Fig. 4), and the closer the overall BLV in terms of EUR/
ha for the stand drops to that of pine. Negative benefit values in the
distribution are due to “spruce for the entire stand” being the optimal
solution in free optimization on OMT in many cases (Table 1). There
appears to be no clear trend in the BLV gain as a function of temperature
sum, as is seen for “DBSCAN, average” in Fig. 10.

When maximizing net CO, removals and requiring eradication of
root rot, the mean gain in CO, removals with respect to regenerating
with spruce only is negative on both MT and OMT sites, for all delin-
eation approaches (Table 2). This reflects the simulation results, which
show that spruce stands are strong binders of carbon even when infected
(Fig. 4). The explanation for this lies mainly in that the management of
infected spruce stands entails less thinnings than usual, which leads to a
high overall volume of wood in these stands.

For MT sites, the histogram of benefits in net CO, removals has a
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Fig. 10. Benefits of the optimization, when requiring eradication of root rot, with respect to regenerating each stand using only spruce. The benefits are given as
histograms and as a function of temperature sum for BLV (red) and net CO, removals (blue) for the “DBSCAN, average” delineation approach. A positive gain means
higher BLV or higher net CO, removals for the optimized solution as compared to using spruce only. The results are given separately for the two studied site types
(mesic heath (MT), herb-rich heath (OMT)). The BLV results are for the case of maximizing BLV, the CO, results are for the case of maximizing net CO, removals.
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Table 2

Difference in the BLV and net CO, removals of the optimal solution, when
requiring eradication of root rot upon regeneration, with respect to the “all-
spruce” solution. The BLV results are for the case of maximizing BLV, the CO,
results are for the case of maximizing net CO, removals. The mean of the share of
the total infected area out of the total stand area on OMT sites is given also. The
error is the standard error of the mean.

Bayes, no Bayes, DBSCAN, DBSCAN, DBSCAN,
imputing with fragmented average broad
imputing
Ratio of 0.34 +- 0.41 +- 0.53 +- 0.64 +- 0.69 +-
infected 0.02 0.03 0.02 0.03 0.03
area to
total stand
area
(OMT
sites)
Mean gain 1320 +- 1320 +- 1320 +- 40 1320 +- 1320 +-
in BLV, 40 40 40 40
MT (EUR/
ha)
Mean gain 810 +- 710 +- 560 +- 70 420 +-70 360 +- 80
in BLV, 70 60
OMT
(EUR/ha)
Mean gain —3.9 +- —5+-2 —7 +-2 -9 +-2 —10 +-2
in CO, 1.5
removals,
MT
(tCO5/ha)
Mean gain —15.6 +- —-19 +-2 —24 +-2 -29 -2 —-31+-2
in COy 1.5
removals,
OMT
(tCOy/ha)

notable positive contribution (Fig. 10), which originates from the tem-
perature sum region of approximately 1100 to 1200 d.d. where “pine for
the entire stand” is the optimal solution even in free optimization (Fig. 4,
Fig. 9). For other temperature sums, “spruce for the entire stand” is the
optimal solution in free optimization, leading to the negative gains, i.e.,
losses in terms of net CO5 removals.

On OMT sites, the histogram of benefits is practically fully on the
negative side, but there is a clear positive trend in the CO2 benefit results
with growing temperature sum (Fig. 10). This is because the advantage
of spruce over other tree species shrinks as the temperature sum grows
(Fig. 4). However, for almost all stands (95.8%), “spruce for the entire
stand” is the optimal tree species in free optimization, leading to the
negative CO» gains, i.e., losses when requiring cleansing of the stand.

3.3.2. Benefits with respect to regenerating with the best single-species
solution

Comparing the optimized solutions to planting the entire stand with
spruce is interesting because the “all-spruce” solution is largely the
established default solution in Finland on both MT and OMT sites.
However, it is also of interest to compute the optimization benefits with
respect to the best single-species solution for the entire stand, when
requiring purification of the stand, as this reflects how much benefit the
splitting of the stand into the healthy and infected microstands brings.
For BLV optimization on MT, these gains with respect to the best single-
species choice vanish for all delineation methods, because the optimal
solution is “pine for the entire stand,” a single-species solution itself. On
OMT sites, the gains run from approximately 900 EUR/ha to 400 EUR/
ha as the share of infected area of the entire stand increases from
approximately 0.34 to 0.69, i.e., when the delineation method goes from
“Bayes, no imputing” to “DBSCAN, broad.” For net CO, removal opti-
mization, the mean gain is approximately 5 to 11 tCOy/ha on MT sites
and 14 to 29 tCOy/ha on OMT sites, depending on the delineation
method.
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3.4. The financial cost of eradicating root rot

Our results show that financially optimal forest regeneration does
not always eradicate root rot from infected stands, as “all-spruce” is the
strongest choice financially in free optimization on many OMT sites
(Fig. 9). It is therefore interesting to estimate the financial cost of the
eradication on our validation set (Section 2.7), i.e., the difference in the
BLV between the financially optimal regeneration plan and the finan-
cially best regeneration plan that cleanses the site of root rot disease. On
MT sites, the difference in mean BLV between the optimal solution in
free optimization and the best solution when requiring eradication is
0 EUR/ha, as on MT sites, the economically optimal regeneration always
eradicates root rot. However, on OMT type sites, this difference ranges
from O to 57 EUR/ha over the different delineation methods, as the ratio
of the infected area to the total stand area increases.

4. Discussion

The regeneration of a forest stand infected by H. parviporum is a
challenging task in forest management. To tackle this issue, we created
an optimization pipeline to guide the planning of the regeneration in
terms of tree species selection and the spatial distribution of seedlings
within a stand. By running our method on a set of 269 recently harvested
stands in Finland, we assessed the variety of tree species recommenda-
tions and the financial and carbon-wise benefits produced by our
method. We also probed the effect of varying the approach to delin-
eating infected and healthy areas within a stand on the optimized rec-
ommendations and benefits of the optimization. Our results highlight
the complex nature of the problem and demonstrate the need for deci-
sion support to guide the regeneration of infected stands. In the
following, we discuss our results and their impact, considerations when
applying our optimization method, and give suggestions for future work
on this topic.

4.1. Tree species recommendations and benefits of using the method

In our method, the optimal regeneration plan, i.e., recommendation
is produced subject to the condition that root rot is eradicated from the
site. The “free optimization” approach, in which this constraint is not
present, was done only for purposes of understanding the functioning of
the optimization method and the results that it produces (Sections 3.2,
3.3, and 3.4).

In terms of optimal tree species to plant upon regeneration, the
recommendations produced by our method are straightforward when
optimizing BLV. The recommendation for MT sites is to plant pine for the
entire stand, whereas the recommendation for OMT sites is to plant pine
into the infected areas and spruce elsewhere. When maximizing the net
CO4 removals by the living tree biomass of the stand, the recommended
choice of species is dictated by the temperature sum. The solutions then
consist of pine, spruce, and birch in various configurations. These rec-
ommendations of tree species selection are independent of the chosen
approach to delineating the healthy and infected microstands, for both
MT and OMT.

When maximizing BLV, following the optimized recommendations
brings significant financial gains on both MT and OMT sites with respect
to regenerating with spruce only. Comparison of the financially optimal
BLV in “free optimization” with the highest attainable BLV when
requiring root rot eradication shows that the “cost” of cleansing the
stand of root rot is negligible (Section 3.4).

When optimizing net CO, removals, i.e., total living tree biomass
carbon stock, following the optimized regeneration plans brings small
but consistent losses instead of gains in CO, removals. An exception to
this is the case of intermediate temperature sums of approximately 1100
to 1200 d.d. on MT sites, where planting pine for the entire stand is the
recommended solution. The explanation for the absence of CO gains in
the optimized results lies in the competitiveness of current management
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best practices for spruce in terms of carbon accumulation, where spruce
stands are grown dense and with one thinning only (Aijili et al. 2019).
However, our result of carbon losses when eradicating root rot from the
stand may well be overturned when including the following wider
considerations.

First, when computing the carbon content of trees based on the
Motti+Hmodel simulations, carbon losses due to the wood material
decaying because of root rot disease are not included, which means our
net CO; removal results for infected spruce are somewhat over-
estimated. Second, root rot in spruce increases the risk of other forest
damages, such as wind damage (Oliva et al. 2008, Honkaniemi et al.
2018) and mortality due to Ips typographus (Wahlman 2024), which
makes the tree biomass carbon storage less stable. Third, rotten logs
from infected stems will be used for pulp or energy wood instead of
sawlogs, which may weaken the climate benefits of forest utilization.
Fourth, only the carbon content of living tree biomass is considered in
our analysis. Soil carbon may have a significant effect on the total car-
bon balance, although the direction of this effect may depend on the
time span considered. Incorporating these four considerations into the
analysis might well show that in comparison to growing healthy stands,
growing stands suffering from Heterobasidion root rot is detrimental
from the viewpoint of net CO, removals.

Moreover, forests are facing new growth conditions in the warming
climate, including the increasing occurrence of summer droughts across
Europe (Venalainen et al. 2022). Dry conditions will favor spruce bark
beetle outbreaks (Venadldinen et al. 2022), and drought together with
bark beetle damage may constitute a significant cause of tree mortality,
especially in spruce-dominated stands (Junttila et al. 2024). To maintain
tree vigor despite these challenges, one should attempt to limit other
factors of stress, such as Heterobasidion root rot.

A more straightforward approach would be to simply reduce the use
of spruce and favor other tree species, and create mixed species stands
and landscapes instead (Griess and Knoke 2011, Pretzsch et al. 2013,
Jactel et al. 2017). Our results for optimizing BLV on MT sites recom-
mend avoiding spruce and using pine instead. Also, many of our realized
recommendations entail more than one tree species, with solutions for
maximizing net CO, removals often including birch. When requiring
eradication of root rot, our approach of splitting the stand into micro-
stands and considering different tree species for the different micro-
stands is predicted to bring significant gains in BLV and net CO,
removals with respect to regenerating the entire stand with a single tree
species. Favoring pine and broad-leaved trees at the expense of spruce
and diversifying the tree species composition appears a sound strategy
for the future. As illustrated by these results, our optimization method
can clearly support this effort.

4.2. Comparison to previous work

Aza et al. (2022) proposed a precision-forestry approach for opti-
mizing the regeneration of stands suffering from Heterobasidion root
rot. One difference to our work is that in Aza et al. (2022), the stand was
broken down into pixels of 16 m by 16 m in size, each with its own
fertility index and rot fraction. They then chose the optimal tree species
for each pixel, optimizing the entire stand regeneration, including the
length of the rotation period, to maximize the BLV of the stand. Similarly
to Aza et al. (2022), we find that spruce can be the optimal choice at low
rot levels (Section 3.2, Fig. 9). As candidate tree species, we considered
birch and a spruce-birch mixture in addition to spruce and pine, but
spruce and pine consistently ended up as the winning choices in maxi-
mizing BLV. The mean gain in BLV with respect to the best single-species
solution when doing “free optimization” using our method, i.e., not
requiring cleansing of the stand, is 0% on the MT sites and 3 to 8% on the
OMT sites of our validation set, depending on the delineation approach.
Over all the sites pooled, the mean gain in BLV is approximately 1 to 2%,
depending on the delineation approach. This is of the same order but
somewhat lower than the 6% reported by Aza et al. (2022). Considering
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that the optimization in our work is more coarse-grained spatially, this
can be expected.

However, fine-grained regeneration plans, involving units as small as
grid cells of 16 m by 16 m, may be difficult to realize in practice. Also, in
our approach, the eradication of root rot disease from the stand is the
precondition for the optimization when providing the regeneration
recommendation to the forest owner. Segmenting out the entire infected
area from the stand is an attempt to accomplish this with confidence. In
contrast, with a pixel-based approach, the peril exists that one plants
spruce in an originally healthy pixel which is next to an infected pixel,
and then the healthy pixel becomes infected during the rotation period.
Choosing a larger pixel size might be a means to control the infection
risk from neighboring pixels.

Lara et al. (2024) recently analyzed the clustering of diseased spruce
trees and discussed the prospect of using harvester-based stump posi-
tioning and rot data for planning regeneration to manage root rot dis-
ease. The single-stump delineations they envision, into which to plant
species resistant to root rot disease, qualitatively resemble the DBSCAN
delineations given by our method at the limit of treating each infected
stump as an outlier. Whereas we set the radius, i.e., buffer of our
DBSCAN delineations based on considerations of stump positioning ac-
curacy and earlier experimental work (Piri 2003), Lara et al. (2024)
propose using the size of the estimated tree clusters to guide setting of
the buffer size. This approach could in principle be used to tune the
buffer size separately for each stand, given the harvester data on the
felled trees.

4.3. Choosing and tuning the delineation method

We assume in the calculations of the total BLV or maximum net CO5
removals by the stand that in the area delineated as “healthy,” the next
generation of spruce trees can grow practically free of root rot (Section
2.6). However, as the Bayes approach with imputing shows, this may not
always be the case with the DBSCAN approach, which operates solely on
the sawlog-sized spruce trees identified as rotten in the harvester data
(Fig. 8). Therefore, the BLV results of the DBSCAN approach on OMT
sites in Table 2 should be considered somewhat optimistic. Furthermore,
the corresponding Bayes results on OMT sites in Table 2 should be
considered somewhat optimistic, because the mean error of 4 m between
the recorded and true position of the stumps (Section 2.3.1) is currently
not taken into account in the modeling, and this uncertainty would
likely increase the size of the infected area delineations in the Bayes
approach.

Still, through offering a quantitative approach to predicting future
infection risk (Section 2.3.2), and when taking into account the un-
known infection states of spruce stumps, the Bayes approach with
imputing could be used to produce highly optimized stand delineations
with very low risk of infection in the next generation of trees. Using the
DBSCAN delineations may put the next generation of spruce trees at risk
of infection, because the method considers only the sawlog-sized spruce
stumps identified as rotten in the harvester data.

However, increasing the area of the infected microstand delineations
by varying the DBSCAN parameters might be considered a way of
reducing the risk of infection from the known rotten stumps. Moreover,
the DBSCAN approach is transparent and simple to run. The overall
smoother DBSCAN delineations may also be more realistic to implement
in practice when planting the new generation of trees.

4.4. Guiding the forest owner

In addition to the recommended choice of tree species and the
microstand delineations, i.e., the optimal regeneration plan, our method
outputs the BLV and maximum of the net CO, removals for each of the
10 regeneration alternatives (Fig. 11). This is potentially useful in
guiding the decision-making of forest owners and managers. First, this
allows the user to gauge, e.g., the predicted gain or loss in terms of BLV
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Fig. 11. The BLV results for the 10 regeneration alternatives for an example stand (f;o; = 0.35, Tsym = 1237.8 d.d., site type OMT, total stand area 1.80 ha, delineation

method “DBSCAN, average”). Top: The absolute BLV results (EUR). Bottom: The difference (in EUR/ha) of the BLV of each regeneration plan to the plan with the

highest BLV.
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or CO, removals when choosing the recommended option in place of the
largely established approach of regenerating the entire stand using
spruce.

Second, having access to the full set of BLV results allows considering
the effect of wood quality in choosing the regeneration plan. The BLV
calculations (Fig. 11) are based on the volume and dimensions of logs
that can be produced from the stems and the realized bulk prices (EUR/
m?>) for pulp and sawlogs representing the years 2011-2020 in Finland.
This means that the effect of wood quality, e.g., knottiness, is not
considered when predicting the BLV for a given tree species, although in
the current system, quality does have some impact on sawlog pricing.
Therefore, the BLV values for, e.g., pine planted onto an OMT site are
likely somewhat overestimated in our results. When considering a rec-
ommended solution that contains pine on an OMT site, such as in the
case of BLV optimization, the forest owner can estimate whether the
drop in price due to decreased wood quality, as realized 50-70 years into
the future, will be enough to push the financial result of the pine solution
below one containing, e.g., birch. In this way, the recommended
regeneration plan may be fine-tuned by the user.

Third, the full set of BLV or CO5 results may be used to answer
questions such as how much would it cost (in terms of BLV or net CO5
removals) to use, e.g., a spruce-birch mixture instead of spruce in a given
spatial solution. Or how much would the cost of using birch instead of
pine be when cleansing the infected areas. The boost in biodiversity
when adding broad-leaved trees to the tree species distribution of the
stand could then be given an estimated price.

4.5. Practical considerations

Our optimization method assumes that H. parviporum is the only
pathogen present at the site. When applying our method in practice,
should the observed root rot be caused by Armillaria spp. or Stereum
sanguinolentum, their effect would be to increase the infected microstand
areas and subsequently to reduce the area for planting spruce, a
reasonable strategy in the long term (Section 4.1). Should there be
H. annosum s.s. present at the site, we recommend regenerating the stand
using birch only.

In addition to H. annosum s.s., the possibility of other pine-infecting
pathogens on fertile sites should be kept in mind. One should also assess
the actual fertility class and soil type as well as the topographical fea-
tures of the stand, along with the within-site variation of wetness.
Moreover, on sites that are plagued by several different disturbances, e.
g., wind and insects in addition to root rot, the harvester-based esti-
mation of the rot status of the trees may not be reliable. Furthermore, a
large local moose population may prohibit the planting of birch. And
while stump treatment to prevent new infections by Heterobasidion
spores is legally obligatory during the risk period in Finland, a generally
large level of infections in the broader region and consequently a high
spore load may pose a risk for planting spruce. This is because thinnings
introduce the possibility for new infections if stump treatment is done
imperfectly in such areas. For these reasons, applying our method in
practice to guide the regeneration of a stand always requires expert
evaluation of the feasibility of the recommended plan on-site.

Implementing the microstand setups recommended by our method
may require seedlings in different proportions of tree species than what
is normally available from producers. For instance, when maximizing
BLV on OMT sites, the mean fraction of pine seedlings out of all provided
seedlings would be around 50% (Fig. 9, Table 1), the rest of the seedlings
being spruce. The actual rot status of the previous generation of spruce
trees is revealed only after the harvest, which is late in terms of changing
the species composition of the seedlings for the regeneration to any
notable degree. However, predictive root rot risk maps (Suvanto et al. in
review) could be used to indicate the likely need for other tree species
besides spruce well in advance of harvesting a stand. Regardless, in the
long term, a more responsive seedling market would be helpful and
perhaps even necessary for this and many other precision-forestry
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applications.

Another aspect of applying our method in practice is related to
economies of scale: one might argue that planting microstands instead of
a whole stand is more costly since smaller quantities of different seed-
lings (i.e., tree species) are required for an area which could have been
planted with a large quantity of seedlings consisting of merely one tree
species (see Rautio et al. 2023 for a discussion on the costs of artificial
regeneration). This could shrink interest in our method. On the other
hand, the financial benefit of applying our method was eminent (400 to
1300 EUR/ha), thus leaving some “reserve” for increased costs due to
planting scattered microstands. Moreover, our method provides well-
grounded guidelines for establishing mixed stands, which might other-
wise be established on a more ad hoc basis. Planting with microstands
entails proactive planning, but the process could probably be cost-
efficiently merged into the existing forest planning environment.

4.6. Future work and extending the scope of the method

When estimating the value of different regeneration alternatives
from the viewpoint of climate change mitigation, the entire lifespan of
the wood, the stability of the tree biomass carbon stock with respect to
damage by wind and Ips typographus, and the soil carbon stock should be
considered for more accurate results. In addition, the lower carbon
content per volume of rotten wood compared to healthy spruce wood
should be taken into account in the modeling. These steps would provide
a more realistic comparison of different regeneration plans in terms of
climate effects.

When computing BLV in the present approach, a stand is perma-
nently established with the chosen regeneration plan for an infinite se-
ries of rotation periods. However, after cleansing the site of root rot
disease, planting spruce for the entire site, now free of root rot, will be
the financially optimal choice for all OMT sites and for some MT sites.
Such chains of regeneration plans could be even better performers in
terms of BLV and climate change mitigation than the ones presented in
this study.

We have built and validated our method for optimizing the regen-
eration of spruce-dominated stands infected by H. parviporum on data
from Finland. Extending our approach to other Nordic countries should
be straightforward to achieve by replacing the BLV and carbon estimates
(per ha) for spruce, pine, and birch with their local versions. When
moving beyond the Nordic countries, one should first map the pre-
dominant local tree species and their susceptibility to H. parviporum
(Garbelotto & Gonthier 2013) in formulating the different regeneration
alternatives, and then produce the required BLV and carbon estimates
(per ha). Other pathogens of the species complex H. annosum s.1., which
all show the same vegetative mechanism of secondary infections
(Garbelotto & Gonthier 2013), could also be tackled using our approach,
provided again that local tree species variety and susceptibility are
considered when forming the alternative regeneration plans and esti-
mates of BLV and carbon (per ha).

Finally, to take our optimization method into use as a decision sup-
port tool for forest owners, a more user-friendly user interface in place of
the current one based on the command line may be required.

5. Conclusions

We introduced a precision-forestry method for optimizing the
regeneration of spruce-dominated forest stands suffering from root rot
caused by H. parviporum in Finland. The method aims at eradication of
the disease from the site and either high financial or climate change
mitigation value for the forest owner. The method uses harvester-based
data on the disease status of felled spruce stems to map the positions of
infected stumps at the time of clearcut. We consider both a purely spatial
approach identifying known disease centers, as well as a probabilistic
approach predicting future infection risk to delineate the stand into
infected and healthy microstands. An extensive set of simulations of
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forest and Heterobasidion dynamics is then used to find the best choice of
tree species for each microstand to achieve either the highest BLV or net
CO, removals, under the requirement that the stand is purified of root
rot. Our method provides a novel way of controlling root rot disease
while bringing financial gains to the forest owner. Due to recommended
management practices for infected spruce forests, the overall CO; re-
movals when using species different from spruce is often slightly lower.
However, this should be reassessed after considering the forest carbon
stock stability, soil carbon, and the full lifespan of the harvested wood.
Through offering optimized solutions with microstands of different tree
species and avoiding root rot in spruce, our method constitutes a tool for
diversifying forestry and improving the resilience of forests to a range of
disturbances. The approach could be extended beyond Finland and
H. parviporum with reasonable effort. Our work is an important step in
linking a new type of field data to practical forestry planning. An open-
source implementation of the method is provided to enable integration
with existing forestry planning systems.
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