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ABSTRACT

The double crises of climate change and declining biodiversity are threatening boreal forests
worldwide. We urgently need to effectively allocate resources to have more impactful
conservation outcomes. Here, we examine the optimal targeting of carbon storage and
deadwood production in forest landscapes. We specifically aim to discover (a) the regional
differences in effectiveness and (b) the influence of the timing of targets. We conducted the
study in two Finnish regions with pre-defined biodiversity hotspots. For each hotspot, the
development of the forests over the next 30 and 50 years, including carbon storage and
deadwood, was simulated. Then, mixed-integer linear programming was used to identify trade-
offs between economic revenue, carbon storage of living trees, and deadwood volume. The
cost-effectiveness varied both between and within regions, with the southern region achieving
consistently larger carbon storage and more deadwood with the same loss of revenue. The
cost-effectiveness was better in the 50-year time horizon than in 30 years, which was mainly
due to the initial forest structure. The results indicate that to allocate conservation resources
effectively, we need to consider the existing forest structure and its development, as well as
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regional differences and the time horizon of the targets.

Introduction

The double crises of climate change and declining biodi-
versity are threatening the world’s ecosystems. Climate
change-induced extreme weather events and shifts in
baseline conditions are pushing ecosystems towards
tipping points (Brando et al. 2025; Lenton et al. 2025).
To safeguard biodiversity, 44% of terrestrial areas
require conservation action - ranging from protected
areas to changes in land management (Allan et al.
2022). However, the capacity of forest ecosystems to
mitigate climate change as carbon sinks has become
uncertain (Pan et al. 2024), especially in Europe (Miglia-
vacca et al. 2025). Furthermore, biodiverse natural and
semi-natural forests have become rare both at the
global level (Watson et al. 2018) and in Northern
Europe (Ostlund et al. 1997; Kuuluvainen et al. 2015).
Forest management influences the levels of biodiversity
by changing habitat structure, habitat availability, and
abiotic circumstances (Peterken 1977, Kraus and
Krumm 2013). Northern European boreal forests are par-
ticularly impacted by intensive commercial forestry
(Kuuluvainen and Gauthier 2018), the pressure of

which is predicted to grow further due to the transition
from a fossil-fuel-based to a bio-based economy
(Warman 2014; FOREST EUROPE, 2020). There is an
urgent need to better reconcile the multiple demands
and improve climate change mitigation and biodiversity
conservation in forestry (Eyvindson et al. 2018).
Biodiversity encompasses genetic variation within
species, diversity of species, and variety of ecosystems
(Secretariat of the Convention on Biological Diversity,
2011). In Fennoscandia, the tradition of intensive silvicul-
tural practices that favor conifers and rotation forestry
has caused a decline in deadwood volume (M6nkkdnen
et al. 2022), broadleaf trees (Lindbladh et al. 2014) and
old-growth forests (Kuuluvainen and Gauthier 2018),
leading to diminishing species diversity — about 32%
of forest-dwelling species in Finland are threatened
(Hyvérinen et al. 2019). Habitat fragmentation and iso-
lation caused by forest management further exacerbate
the biodiversity loss (Gravel et al. 2016; Miller-Rushing
et al. 2019). The need to both increase areas under
strict conservation and to incorporate biodiversity into
ecosystem management is well recognized (Convention
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on Biological Diversity, 2022). However, deciding which
habitat is most valuable to be set aside based on its
location, quality (Riva et al. 2024), and cost-effectiveness
(Pienkowski et al. 2021) has proven to be difficult. The
key issues include obtaining reliable data on biodiversity
(Purvis and Hector 2000) and evaluating and interpret-
ing the available data (Ranius et al. 2019). Obtaining
comprehensive biodiversity data is time-consuming
and thus expensive (Hekkala et al. 2023), which makes
planning of the set-aside areas challenging at the
regional levels. While there is an urgent need to
develop methods that can provide reliable biodiversity
data at a landscape scale, we also need methods to
identify the locations where most additional climate
and biodiversity benefits could be acquired with the
current available data from e.g., forest models.

Forests are crucial for reaching national climate and
biodiversity targets while simultaneously having high
national and regional importance for the economy and
employment (Lipidinen et al. 2022; Raty et al. 2023).
The conflicting targets lead to trade-offs between eco-
system services. Ecosystem services are the benefits
that people obtain from nature, such as timber, nutrient
cycling and clean water (Millennium Ecosystem Assess-
ment 2005). Trade-offs between ecosystem services
arise when improving one ecosystem service leads to a
decline in another. To enable successful reconciliation
of conflicting targets and resilient multipurpose land
management, ecosystem service trade-offs and their
temporal and spatial occurrence need to be recognized
(Inostroza et al. 2017; Nikinmaa et al. 2023). Earlier
studies have focused on assessing the trade-off
between timber production and individual non-timber
ecosystem services (Trivifio et al. 2015; Luyssaert et al.
2018; Mazziotta et al. 2023), or on multi-objective maxi-
mization of ecosystem services (Eyvindson et al. 2018;
Juutinen et al. 2019; Diaz-Yanez et al. 2021; Peura et al.
2024; Rana et al. 2024) at one temporal scale. Therefore,
despite a vast literature on trade-offs in forestry, there is
a lack of studies tackling how trade-offs evolve in time
(cf. Juutinen et al. (2020) for weighting time periods
instead of setting different time spans). Understanding
how time influences the impacts of target setting is
important for long-term decision-making. Applying
alternative time horizons and interest rates (Lopez-Diaz
et al. 2018) provides a fresh angle in assessing the
trade-offs in forest management.

Here we examine the optimal targeting of forest man-
agement in landscapes inside the pre-selected biodiver-
sity hotspots. We perform landscape-level optimization
of forest management regimes, including a wide range
of options from set-aside to intensive management in
Southern and Northern Finland. The optimization

method allows assessing the trade-offs between
financial performance (expressed as net present value,
NPV, € ha™"), deadwood volume (a proxy for biodiversity,
see e.g., Jonsson et al. 2010 and Hekkala et al. 2023, m*
ha~") and average carbon storage of living trees (derived
from living tree biomass, tCO, ha™"). Our focus is on
additionality: how much it costs to produce additional
deadwood and carbon beyond the baseline economic
maximum. Furthermore, the effects of time horizon on
the trade-offs will be explored by running the compu-
tations over a 30- and 50-year horizon. To our knowl-
edge, such analysis on the cost-effectiveness of
producing additional deadwood volume and carbon
storage that cover alternative time horizons has not
been carried out before. We furthermore analyze the
impact of interest rates on the trade-offs. The objective
of this study is to identify the biodiversity hotspots
where altering forest management and creating more
set-aside areas will cost-effectively meet the target
levels for deadwood volume and carbon storage in
living trees.

In this study, we aim to answer the following
questions:

¢ Do better growth conditions indicate better cost-
effectiveness of producing additional deadwood
and carbon?

¢ How do the cost-effective solutions to produce dead-
wood and increase carbon storage of living trees
differ depending on the chosen time horizon?

Material and methods

This research consists of four phases: (i) producing the
forest stand data for the biodiversity hotspots, (ii) fore-
casting the forest development for the next 30 and 50
years, (iii) optimizing forest management for each biodi-
versity hotspot, and (iv) ranking the cost-effectiveness of
biodiversity hotspots to produce additional carbon
storage and deadwood (Figure 1).

Study area

We utilized data from two administrative regions in
Finland (Figure 2). The chosen regions represent (i)
southern boreal forests with relatively high productivity
in Southern Finland (Pirkanmaa region) with a mean
growing stock volume of 163 m> ha™' on forest land
and a mean annual increment of 7.0 m® ha™' a~’, and
(ii) central and northern boreal forests with lower-pro-
ductivity forest in Northern Finland (Northern Ostro-
bothnia region) with a mean growing stock volume of
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Figure 1. The flowchart of the different analysis phases in the methods. The terms are explained in the text in more detail.

105 m? ha™' and a mean annual increment of 4.1 m?
ha™' a~' (Forest Resources - statistics discontinued
[web publication]).

Previous to this study, the biodiversity hotspots
outside established nature protection areas in both
regions were selected by the Economic Development
Centres (previously ELY Centres) (Economic Develop-
ment Centre, 2026) in collaboration with the local stake-
holders and the Finnish Environment Institute (Finnish
Environmental Institute (Syke), 2026). The selection of
the hotspots was based on the existing information
about the regional biodiversity (e.g. Kontula et al.
2021; The Council of Tampere Region 2023), which was
updated with the most recent data on species and

habitats. The individual hotspots in these regions cover
large areas, with the smallest being 15 176 ha and the
largest 81 316 ha. A total of 10 (5 from each region)
were selected for this analysis. The initial state of
forests in these 10 biodiversity hotspots is shown in
Table 1. The distribution of different site types and
initial volume of forest for the two regions are shown
in Table 2.

Producing forest data for biodiversity hotspots

The forest parameters in the biodiversity hotspots were
assessed based on two main forest resource datasets:
the National Forest Inventory (NFI) (Korhonen et al.
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Figure 2. Study regions Pirkanmaa (green) and Northern Ostrobothnia (purple) in Finland.

2024) sample-plot data and the Multi-source National
Forest Inventory (MSNFI) (Makisara et al. 2022) thematic
forest maps in raster format with a pixel size of 16 m. To
obtain a representative description of the current status
of the forests in the hotspots, we developed a novel
method to produce forest characteristics for each
hotspot (Figure 3). The purpose of the method was to

instead of MSNFI map pixels. The small size and high
number of pixels would have made them unfeasible as
forest development simulation units. Therefore, we uti-
lized information from the MSNFI thematic maps for cal-
culating the area weights represented by each NFI plot
within the hotspot area data sources (Tuominen et al.
Forthcoming) . The method was based on the k-

enable NFI sample plots to be used as calculation units Nearest  Neighbor  (k-NN)  estimation  method
Table 1. The characteristics of the 10 biodiversity hotspots.
Biodiversity Area Share of low productive Share of Mean stand volume  Mean stand Mean basal area
Region hotspot (ha) forest (%) peatland (%) (m>ha™) age (yr) (m?ha™")
Pirkanmaa 0 15 996 0.1 43 168 47 19
1 15176 0.8 14.5 138 50 17
2 36 318 0.2 6.4 160 44 18
3 33 066 0.4 9.3 165 51 19
4 24 532 0.9 153 141 54 17
Northern 0 18 038 12.9 56.8 70 55 1
Ostrobothnia 1 10 696 1.7 51.7 67 53 1
2 26 472 10.4 235 79 65 13
3 81316 8.0 41.2 85 54 13
4 16 115 8.0 41.8 74 53 12
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Table 2. The share of site types of mineral soil (Cajander 1949) and peatland (Laine et al. 2012) and initial total volume of growing
stock in the selected hotspots in Pirkanmaa and Northern Ostrobothnia.

Pirkanmaa Northern Ostrobothnia
Main soil type Site type Area (%) Volume (%) Area (%) Volume (%)
Mineral soil Herb-rich forest 3.8 36 0.1 0.1
Mineral soil Herb-rich and mesic heath forest 69.4 75.0 289 41.5
Mineral soil Sub-xeric and xeric heath forest 17.0 13.0 30.1 26.7
Mineral soil Barren heath forest 0.0 0.0 0.0 0.0
Mineral soil Rocky terrain 0.1 0.1 0.1 0.0
Peatland Herb-rich type of drained peatland 0.1 0.1 0.1 0.0
Peatland Herb-rich and Vaccinium myrtillus type of drained peatland 4.5 438 9.1 6.5
Peatland Vaccinium vitis-idaea and dwarf shrub type of drained peatland 49 34 304 25.0
Peatland Cladonia type of drained peatland 0.2 0.0 1.1 0.2

(Cover and Hart 1967; Kilkki and Paivinen 1987) and on a
combination of MSNFI thematic forest map variables and
measured forest variables of the NFI sample plots.

The calculation process was carried out as follows:

(1) MSNFI data in the form of a 16 x 16 m grid were
obtained from each biodiversity hotspot. Each
pixel represented an area of 256 m?.

(2) For each pixel, the most similar NFI sample plot
within a geographic range of 200 km was identified
using the k-NN method. The similarity, i.e. nearness,
was based on the volumes of the main tree species,
the mean diameter of the stand, and the forest site
type.

(3) The area represented by any NFI sample plot in the
hotspot was determined by the number of pixels for
which the plot was the nearest neighbor.

(4) Pixels with the same NFI plot as their nearest neigh-
bor constituted a virtual stand, the area and location
of which were defined by pixels. The forest attributes
for the virtual stand were defined according to the
measured variables of the NFI plot.

(5) The stand development simulations (see section 2.3)
were carried out for the NFI sample plots, and the
results were used for the corresponding pixels
forming the virtual stands.

Forecasting the development of the biodiversity
hotspot forests

We simulated alternative forest management regimes
for the NFI sample-plot stands representing forests in
the biodiversity hotspot with the Motti stand simulator.
Motti is a stand-level decision-support tool for assessing
the effects of forest management on stand dynamics
(Salminen et al. 2005; Hynynen et al. 2015; Lee et al.
2026) and, e.g. carbon sequestration, harvest revenues
and costs. The simulator covers the development of
growing stock and the accumulation and decay of

deadwood. Deadwood originates from natural mortality,
harvest residues, and high stumps left in cuttings. Pre-
dictions of natural mortality are based on mean prob-
abilities of trees surviving, excluding events regarded
as stochastic by nature, such as storms and insect out-
breaks. The decay of deadwood decreases the total
accumulated deadwood volume. The models by
Makinen et al. (2006) predict the remaining relative
mass of dead trees and the probability of snags falling.
Decaying functions depend on factors such as tree
species, stem diameter and type (snag or fallen), and
the time elapsed since tree death. A detailed description
of the framework and growth models incorporated into
Motti are presented in supplementary data in Lee et al.
(2026). Here we used Motti to simulate the future
stand attributes from present to 30 and 50 years. A
typical strategic planning horizon is approximately 30
years (Mazziotta et al. 2025), and the 50-year time
horizon was chosen to correspond to a recent study
tackling wood production, carbon sequestration, and
the produced deadwood volume under alternative man-
agement regimes in Fennoscandia (Hynynen et al. 2025).

The alternative management regimes were based on
predefined chains of silvicultural treatments and har-
vesting for different stand-characteristics groups (i.e.
dominant tree species, site type, and geographic
location). To cover a wide range of management
options for landscape-level optimization, there were
up to 99 and at least four alternative forest management
regimes for each stand, each of which resulted in
alternative harvest removals. The simulated regimes
were mainly based on rotation forestry, RF (i.e. even-
aged management) and thinnings were conducted
from below, but some options also represent continuous
cover forestry (CCF), depending on the stand-character-
istics group. A set-aside regime without any treatment
was also included. We altered timings of the thinnings
(expressed as a dominant height), intensity of the thin-
nings (expressed as a decrease in basal area), and
timing for clear cutting (expressed by stand mean
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diameter) for each stand: each one was simulated
according to altered values for the timings of thinnings,
timing of clear cutting, and the choice of regeneration
method (artificial or natural), resulting in numerous man-
agement regimes for that particular stand (for a detailed
description of identical procedure, see Haikarainen et al.
(2021)). For a similar approach, see Ahtikoski et al. (2024).

For each stand and each alternative management
regime, the Net Present Value, NPV, was assessed
according to the following equation:

T K L
NPV, =) " b" [Z pkhk;:| — > wp",
i=0 1 I=1

k=

where NPV; = net present value for stand s,
i=0, ..., T (with ty and tr denoting the beginning
and the end of the time horizon at 5-year time steps,
respectively); k denotes timber  assortments
(k =1, ..., K); and pg represents the stumpage price (€
m™) of each timber assortment k (note that there are
different tree species). Let b be the discount factor,
defined as b = 1/(1 +r), where r is the annual interest
rate in real terms (here 2%). The cost of a silvicultural
measure | is w;, € ha™' (note that L refers to the last sil-
vicultural measure within a time horizon). The removal
of each timber assortment k at year t; is denoted by
hii, expressed in m>. The NPV of the hotspot was then
transformed to per-hectare values by dividing the total
NPV of the hotspot by the area of the hotspot. For choos-
ing the time horizon and NPV, see Supplementary
Material 1. For NPV calculations, we applied a 2% interest
rate. In addition, a 4% interest rate was applied in the
sensitivity analysis. These interest rates can be inter-
preted to represent a lower and upper bound for

long-term investments in forestry, respectively (see,
e.g. Weitzman (2010) for theoretical background and
Price (2018) for empirical evidence). The stumpage
prices and silvicultural costs underlying the NPVs were
based on a time series of ten years (2014-2023)
(Official Statistics Finland (OSF): Volumes and prices in
industrial roundwood trade [web publication]). The
nominal prices and costs were deflated according to
the cost-of-living index (Official Statistics of Finland
(OSF): Consumer price index [web publication]) to
convert them into real terms. The stumpage prices and
silvicultural costs in real terms are presented in Sup-
plementary Material 2.

Optimizing forest management for each
biodiversity hotspot

To analyze the trade-offs between timber production,
carbon storage and deadwood, we focused on the cost
of producing additional carbon storage in living trees
and deadwood in comparison to the economic
maximum. We conducted a mixed-integer linear pro-
gramming task for each biodiversity hotspot as follows.
First, NPV was maximized without any constraints on
deadwood and carbon storage (unconstrained
maxNPV) to have the economic maximum as a baseline
(Luptacik 2010). Second, we optimized the additional
carbon storage and deadwood volume simultaneously
in comparison to the amounts of the two in the econ-
omically optimal solution by minimizing the loss of
NPV with the carbon storage and deadwood volume
set as constraints. Since the initial stand structures
(and therefore the average carbon storage and dead-
wood volume in absolute terms) fluctuated between



biodiversity hotspots, we applied specific additionality
levels instead of absolute values to allow comparison
between the hotspots. The additionality levels applied
were +20%, +40%, and +60% for both carbon storage
in living trees and the deadwood volume in comparison
to the baseline solution (output of Figure 1, phase 3).

The mathematical formulation of the optimization
problem can here be described as follows:

Maximize( fi(x))
subject to:

x eEX

where A represents a hotspot area, fi(x) is the objective
function, and X is the set of alternative management
regimes generated by the Motti stand simulator. Here,
the objective function is NPV (€) for all stands within a
biodiversity hotspot. The value of the objective function
depends on x, i.e. the management regime applied.
Then, let s =1, 2,..., m denote the index of forest
stands and r=1, 2,..., n the index of forest manage-
ment regimes. The decision variables x,, are binary vari-
ables belonging to {0,1}. It should be noted that the
above-mentioned equation is presented as an
unbounded notation, i.e. without any constraints. This
approach differs from, e.g. the &-constraint method,
which is usually applied to identify Pareto optimal sol-
utions (see, e.g. Miettinen 1998; Mazziotta et al. 2025).
In this study, only one objective function was solved at
a time in an unconstrained form. After that solution
(baseline), MILPs with constraints according to the addi-
tionality levels of deadwood and carbon storage were
executed. The set of feasible solutions to maximize the
objective function was defined by:

n
X =1{x=Xs)pmen € {0, 1}™"; sz, =1, foreachs=1,...,m

r=1

In other words, each feasible solution is a manage-
ment plan where one particular management regime
is chosen for each forest stand (see, e.g. Eyvindson
et al. (2024) for technical implementation). Within this
optimization framework, trade-offs between (i) NPV
and deadwood, and (ii) NPV and carbon storage could
be quantified so that, in principle, the biodiversity hot-
spots could be ranked according to the cost-effective-
ness of producing deadwood and increasing the
carbon storage.

Technically, optimizations were conducted with
Python 3.13. We applied mixed-integer linear program-
ming with PuLP (Mitchell et al. 2011) and Coin-or
Branch and Cut, CBC (Forrest et al. 2024). The code is pre-
sented in Supplementary Material 3.
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Ranking the regional biodiversity hotspots
according to their cost-effectiveness

We constructed a cost-effectiveness ranking system
between biodiversity hotspots in Pirkanmaa and in
Northern Ostrobothnia as follows. First, we applied
min-max normalization separately for additional
carbon storage and deadwood according to

(Xjp — min(Xjp))(b — a)
max(Xjp) — min(Xjp)

x,fp =a+

where xi’p is the normalized value within the range [a,
b], xj, is the original value for i (either deadwood or
carbon storage) according to the p optimal solution
(+20% optimal solution, +40% optimal solution or
+60% optimal solution), min (Xj,) is the smallest value
for Xj, in the dataset, max (Xj,) is the largest value for
Xip in the dataset. To avoid 0 coefficients (a case where
an optimal solution presents the smallest value for
both deadwood and carbon storage), a and b were set
to 1 and 2, respectively.

The next step was to use the normalized values to
modify the original NPV losses associated with the
optimal solutions. Since the normalized values were cal-
culated separately for carbon storage and deadwood,
calculating an average of the normalized values would
reflect both variables. The cost-effectiveness index was
calculated as follows:

ANPV,
CEV = 7 i ’
Xup

where CE, = cost-effectiveness metric for biodiversity
hotspot v, ANPV,,= NPV loss associated with p
optimum solution in biodiversity hotspot v, X, is the
average of normalized values (Xi’p) of carbon storage
and deadwood according to the optimal solution p in
biodiversity hotspot v. The best performer, i.e. the
most cost-effective biodiversity hotspot, has the lowest

cost-effectiveness value.

Results

The analysis shows that the chosen time horizon, region
and additionality level affect the ranking of the cost-
effectiveness of biodiversity hotspots. In both regions,
the variation in the cost-effectiveness order was sensi-
tive to additionality level (+20%, +40%, and +60%)
only in one of the chosen time horizons. For example,
in Pirkanmaa, the rank order did not change with
increasing additionality in the 30-year time horizon,
but in the 50-year time horizon at least two hotspots
changed ranks with the increasing additionality levels
(Table 3). In Northern Ostrobothnia, the situation is
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Table 3. Cost-effectiveness rankings between biodiversity hotspots (hotspotO — hotspot4) in Pirkanmaa. The cells with normal font
show the results for the 30-year time horizon, and the cells with italics show the results for the 50-year time horizon.

Additionality* Best Second Third Fourth Last
+20% hotspot2 hotspot0 hotspot3 hotspot1 hotspot4
hotspot0 hotspot2 hotspot4 hotspot1 hotspot3
+40% hotspot2 hotspot0 hotspot3 hotspot1 hotspot4
hotspot0 hotspot2 hotspot1 hotspot4 hotspot3
+60% hotspot2 hotspot0 hotspot3 hotspot1 hotspot4
hotspot2 hotspot3 hotspot1 hotspot4 **

*additional proportion, % (simultaneously, carbon storage and amount of deadwood) compared to the values corresponding to MaxNPV. ** With a 50-yr time
horizon and 2% interest rate in hotspot0 +60% additionality resulted in an infeasible optimal solution, indicating that carbon storage and the amount of
deadwood cannot be simultaneously increased by 60% (compared to the MaxNPV solution).

reversed (Table 4). In both regions, some hotspots have
constantly better cost-effectiveness: e.g. in Pirkanmaa
hotspot0 and hotspot2 alternate between the first and
second rank, and in Northern Ostrobothnia the situation
is similar with hotspot3 and hotspot4.

The chosen time horizon influenced the absolute
values of the cost-effectiveness index greatly by decreas-
ing (i.e. becoming cheaper) for the same level of addi-
tionality when moving from the 30-year to 50-year
time horizon (Figure 4). The cost-effectiveness difference
between the hotspots tended to increase with increas-
ing additionality and was, in general, higher in Northern
Ostrobothnia than in Pirkanmaa for the 30-year time
horizon (Figure 4). In Northern Ostrobothnia, the hot-
spots in which the highest relative harvest, i.e. the har-
vested amount of merchantable wood (total m* during
the time horizon) in the additionality scenario divided
by the harvested amount of merchantable wood in the
economic optimum, had the best cost-effectiveness.
This relationship was less clear in Pirkanmaa, where
the relationship between the amount of harvested mer-
chantable wood for each additionality level and the
economic optimum was more similar between the
hotspots.

Notably, there is a great difference in the possibility to
produce additional carbon storage and deadwood
between the regions. The optimal solution is achieved
when the additionality can be (i) economically (i.e., no
negative NPV values) or ecologically (i.e., the additional

amount of carbon storage or deadwood is within the
simulation results) achieved. In Pirkanmaa, in 30 years,
it was possible to achieve +60% additionality with less
than 60% reduction in the amount of harvested
timber, whereas in Northern Ostrobothnia, there was
no optimal solution for three hotspots and for two it
was achieved with more than 80% reduction in the
amount of harvested timber. The results are very
different for the 50-year time horizon: in both regions,
the difference in cost-effectiveness between the addi-
tionality levels decreases notably. Furthermore, the
two regions have similar cost-effectiveness for the
same level of additionality. The corresponding develop-
ment of mean stand volume and harvesting amounts are
shown in Supplementary Material 4.

The costs (i.e., NPV losses compared to economic
optimum) associated with alternative additionality
levels (+20%, +40%, and +60%) are presented in
Figure 5. Due to the differences in the initial stand struc-
tures between biodiversity hotspots, the same addition-
ality level resulted in slightly different absolute values of
additional carbon storage (tCO, ha™") and additional
deadwood volume (m® ha™) in different biodiversity
hotspots (Figure 5). Nevertheless, the differences
between the costs of producing additional carbon
storage and additional deadwood volume when com-
paring the two regions are clearly visible (Figure 5(a-b
vs. c-d)). For instance, for the 30-year time horizon and
interest rate of 2%, the costs of producing +20%

Table 4. Cost-effectiveness rankings between biodiversity hotspots (hotspot0 — hotspot4) in Northern Ostrobothnia. The cells with
normal font show the results for a 30-year time horizon, and the cells with italics show the results for a 50-year time horizon.

Additionality* Best Second Third Fourth Last
+20% hotspot3*** hotspot4 hotspot0 hotspot1 hotspot2
hotspot4 hotspot0 hotspot3 hotspot1 hotspot2
+40% hotspot3 hotspot4 hotspot0 hotspot2 hotspot1
hotspot4 hotspot0 hotspot3 hotspot1 hotspot2
+60% hotspot3 hotspot2 ** ** **
hotspot4 hotspot0 hotspot3 hotspot1 hotspot2

*additional proportion, % (simultaneously, carbon storage and amount of deadwood) compared to the values corresponding to MaxNPV, ** With a 30-yr time
horizon and a 2% interest rate in hotspot0 +60% additionality resulted in an infeasible optimal solutions, indicating that carbon storage and the amount of
deadwood cannot be simultaneously increased by 60% (compared to the MaxNPV solution).
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Figure 4. The effect of additionality on relative harvest and cost-effectiveness in (a) Pirkanmaa and (b) Northern Ostrobothnia for the
30-year (circle) and 50-year (triangle) time horizons at a 2% interest rate. The x-axis shows the relative harvest of the additionality
scenario to the economic optimum. The y-axis shows the cost-effectiveness index. The colors show the levels of additionality.

additional carbon storage and deadwood volume ranged
from 272.3 to -375.5 € ha™' in Pirkanmaa (Figure 5(a)).
The additional carbon storage ranged from 36.0 to -
492 tCO, ha™' and the additional deadwood volume
from 3.6 to -5.6 m> ha~'. The corresponding costs in
Northern Ostrobothnia were between 224.6 and 3154 €
ha~', and the range of additional carbon storage was
from 29.7 to -31.0 tCO, ha™' and the range of additional
deadwood was from 2.0 to -2.4 m> ha™' (Figure 5(c)).
Further, with a 50-year time horizon and 2% interest
rate, the costs of +40% additional carbon storage and
deadwood volume fluctuated between 315.4 and 516.6
€ ha~" in Pirkanmaa, with the additional carbon storage
ranging from 18.5 to -36.8 tCO, ha™' and the additional
deadwood volume from 8.8 to -13.3m> ha™". (Figure
5(b)), whereas in Northern Ostrobothnia, the correspond-
ing costs were from 140.1 to -184.7 € ha~' and the
additional carbon from 8.2 to -9.5 tCO, ha™' and the
additional deadwood from 6.1 to -6.8 m*® ha™' (Figure
5(d)). The general trend of Pirkanmaa having higher
absolute values of additional carbon and deadwood is
due to the differences in stand structures between the
regions, namely, the Pirkanmaa region possessing
higher stand volumes at the onset of the simulations.

In optimal solutions, the shares (%) of the three forest
management regimes (RF, CCF and set-aside) varied
considerably across regions, additionality levels, and

for Northern Ostrobothnia also between 30-year and
50-year time horizons. In principle, the biggest change
was between economic optimums and +60% additional-
ity levels. For Pirkanmaa, on the 30-year time horizon,
the share of RF ranged from 95.2% to 62.9%, the share
of CCF from 19.1% to 2.3% and the share of set-aside
from 34.1% to 0.1%. The range was smaller on the 50-
year time horizon: the share of RF ranged from 95.3%
to 74.9%, the share of CCF from 19.2% to 1.0% and the
share of set-aside from 13.2% to 0.1%. For Northern
Ostrobothnia, on the 30-year time horizon, the share of
RF ranged from 86.2% to 34.2%, the share of CCF from
14.3% to 4.2%, and the share of set-aside from 61.6%
to 2.8%. In Northern Ostrobothnia, the 50-year time
horizon decreased the ranges more than in Pirkanmaa:
the share of RF ranged from 86.5% to 77.8%, the share
of CCF from 14.6% to 2.7%, and the share of set-aside
from 16.1% to 2.7%. A comparison of how forest man-
agement changes between the unconstrained solution
and the +40% additionality optimum at 30-year and
50-year time horizons is shown in Figure 6. In Pirkanmaa,
the share of set-aside areas increased substantially under
the +40% additionality level compared to the uncon-
strained solution both at 30-year and 50-year time hor-
izons, but the increase was smaller for the 50-year time
horizon, and both were clearly lower than in Northern
Ostrobothnia (Figure 6(a,b)). In Northern Ostrobothnia,
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Figure 5. A 3D graph on the costs associated with simultaneous additional deadwood and carbon storage compared to the MaxNPV, €
ha~" for (a) Pirkanmaa region, time horizon 30 yrs, interest rate 2%, (b) Pirkanmaa region, time horizon 50 yrs, interest rate 2%, (c)
Northern Ostrobothnia region, time horizon 30 yrs, interest rate 2%, and (d) Northern Ostrobothnia region, time horizon 50 yrs, inter-
est rate 2%. Additionality levels were +20%, +40%, and +60%. Note the different scales of the axes.

the share of set-aside areas rose to over +30% at +40%
additionality at the 30-year time horizon and showed a
greater variability among hotspots than in Pirkanmaa
(Figure 6(c)). The increase in set-aside areas was much
smaller at the 50-year time horizon (Figure 6(d)). The
additional carbon storage and deadwood were primarily
achieved by increasing the set-aside area, typically at the
expense of both RF and CCF.

Our analysis of using 2% and 4% interest rates in the
optimization problem resulted in a somewhat conflict-
ing outcome: it was more cost-effective to increase the
carbon storage and deadwood volume with a 4% inter-
est rate rather than with 2% (Table 5).

This contradictory result can be explained as follows.

Optimizing with 4% results in higher harvesting

removals than with 2% during the first half of the time
horizon, i.e.,, within 15 to 25 years depending on the
time horizon applied (30 or 50 years). For example, in
the Pirkanmaa region (hotspot 1 and hotspot 4),
average annual harvesting removal according to optim-
ization with a 4% interest rate was over 30 m*> ha™'
higher than the harvesting removal with a 2% interest
rate within the first two decades (results not shown). Fur-
thermore, the value (+30 m® ha™') was mainly due to
increased final harvesting associated with 4%. This, in
turn, creates conditions where clearcut stands have
more time to grow towards the end of the time
horizon. Therefore, with a 4% interest rate, there is time-
wise more potential to produce additional deadwood
and carbon storage, compared to optimization with
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Figure 6. The share of area under a specific forest management regime (RF, CCF and set aside) in Pirkanmaa at (a) 30-year and (b) 50-
year time horizon, and in Northern Ostrobothnia at (c) 30-year and (d) 50-year time horizon describing the unconstrained and +40%
additionality solutions. The x-axis shows the results for the unconstrained and +40% additionality of carbon storage and deadwood in
each biodiversity hotspot, and the y-axis shows the percentage of the area under continuous cover forestry, rotation forestry and set

aside.

2%. At the same time, the absolute economic values (i.e.
NPV expressed in euros) representing the optimal sol-
ution with 4% are considerably lower than the corre-
sponding values with 2%. These two effects (longer
time for established stands to develop after clear-cut
and drastically lower net present values in absolute
terms) associated with a 4% interest rate bring about
outcomes where it tends to be more cost-effective (i.e.,
less costs for identical additional environmental
benefits) to apply 4% than 2% interest rate.

Discussion

The need to sustainably provide several ecosystem ser-
vices in an increasingly uncertain future requires new
perspectives and better capacity to use existing infor-
mation in decision-making (Polasky et al. 2011). Here,
we provided a novel approach for forest management
optimization at different time horizons and locations
to illustrate the trade-offs between NPV, carbon
storage in living trees, and deadwood volume.

Our results show that the considerable differences in
general growing conditions and productivity between
the forests of Pirkanmaa and Northern Ostrobothnia
influence the capacity of the selected biodiversity hot-
spots to produce additional carbon storage and dead-
wood cost-effectively. In the short term, the capacity is
clearly better in Pirkanmaa than in Northern

Ostrobothnia. The growing conditions affect the
options to alter forest management: higher growth
rates in better site types in Pirkanmaa provide a
broader space of options to achieve the different addi-
tionality levels, whereas the less fertile site types and
shorter growing season in Northern Ostrobothnia limit
the options of achieving the higher additionality levels.
Both carbon stocks and deadwood are produced the
most in the short term when forests are unmanaged
(Alrahahleh et al. 2017; Petty et al. 2024). Therefore, in
Northern Ostrobothnia, more set-aside areas are
needed to achieve the same level of additionality than
in Pirkanmaa, which makes it less cost-effective.

The time horizon set to reach the targets of additional
carbon storage and deadwood matters. The better
capacity to produce additionality can be seen especially
at the 30-year time horizon, whereas it decreases when
examined at the 50-year time horizon (Figure 4). The sig-
nificant decrease in costs of producing additional carbon
storage and deadwood when moving from the 30-year
to 50-year time horizon is explained twofold. First, the
space of options is broader: more time, in general,
allows for more combinations of different management
interventions, which provide more opportunities to
produce carbon storage or deadwood. Second, the
initial stand structures influenced the timing of interven-
tions. In both regions, the final-cutting maturity of most
hotspots’ stands was not reached yet at 30 years but was
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Table 5. The results of a sensitivity analysis of cost-effectiveness using 2% and 4% interest rates for different additionality levels of

biodiversity hotspots in Pirkanmaa.

Additionality level Interest rate Mean cost-effectiveness index Standard deviation Min Max
+20% 2% 213.71 39.77 169.71 272.24
4% 73.03 14.70 54.40 91.60
+40% 2% 835.78 173.31 633.47 1067.19
4% 267.14 53.59 200.02 332.17
+60% 2% 1972.45 336.75 1550.67 2425.22
4% 577.7 11417 425.65 719.02

at 50 years (Supplementary Material 4). Due to the initial
stand structure, the harvesting possibilities (cuttings
simulated according to the management guidelines)
were relatively low for 30 years, but clearly higher in
the late part of the 50-year time horizon (Supplementary
Material 4). This, combined with the NPV-maximizing
optimization that tends to lead to harvesting and clear-
cutting earlier (Amacher et al. 2009), results in a lower
level of stand stocking at the end of the period. This indi-
cates that any additionality at the 30-year time horizon
would require setting aside forests close to final-
cutting maturity, which would result in a high loss of
NPV. At the 50-year time horizon, however, there will
be a high share of young forests that have inherently
smaller carbon storage than older forests (Harmon
et al. 1990; Luyssaert et al. 2008) and have less dead-
wood (Siitonen 2001). The additional carbon storage
and deadwood would then require setting aside
younger forests, which is less expensive as the trees
are not yet economically so valuable, and less in absol-
ute terms as the additionality is always counted in
relation to the economic maximum of that time point.
This highlights the importance of time in cost-effective-
ness analysis, as longer time horizons show a more com-
plete picture of the long-term consequences of
decisions (O’'Mahony 2021). An earlier study in boreal
forests (Mazziotta et al. 2016) demonstrated that a
cost-effective strategy for forest conservation varies
with the budget limit, discount rate (under economic
and ecological time) and the time horizon applied (Maz-
ziotta et al. 2016). Further, time horizon plays a crucial
role in adaptive forest management against natural dis-
turbances (Mazziotta et al. 2026).

When comparing the hotspots within a region, the
sensitivity of cost-effectiveness ranking to the level of
additionality shows that the level of additionality can
influence the cost-effectiveness ranking. These findings
are supported by Juutinen et al. (2008), who found
that the level of biodiversity indicator targets matters
in reaching the conservation goals under budget con-
straints, as the availability of suitable sites might be
insufficient for achieving the targets. Therefore, an
examination of the ranges of target levels and their
influence on the cost-effectiveness at different time

horizons is an important consideration in nature conser-
vation target setting, e.g. at national scale, when
budget allocations for regions are decided.

Recently, many studies have analyzed the trade-offs
between different objectives in forest management
(Trivino et al. 2015; Diaz-Yanez et al. 2021; Rana et al.
2024). The overarching consensus is that diversifying
forest management from the current RF regime is the
optimal way to reach the objectives with limited econ-
omic losses. However, these optimizations were done
mostly for a 100-year period (except Trivifio et al. 2015,
who used a 50-year period), which indicates that the
time to reach the objective levels of desired ecosystem
services is considerable. Our results indicate that, in
the relatively short term, the increase of both carbon
storage in living trees and the deadwood volume is
mainly achieved by increasing the share of set-aside
areas in biodiversity hotspots (Figure 6), which,
especially in Northern Ostrobothnia, is a substantial
share of the area of biodiversity hotspots. This insight
is important for resource allocation decisions in nature
conservation, as providing the decision-makers with a
diverse and sufficiently comprehensive set of solutions
to choose from facilitates better decisions (Hwang and
Masud 1979; Navarro-Cerrillo et al. 2025). The results pre-
sented here provide decision-makers with not only more
information on the level of carbon storage and dead-
wood reachable with different temporal scales but also
on the economic implications of each choice. Further-
more, while not shown here, the results can be trans-
ferred to maps to illustrate how the additionality
influences forest management spatially. Therefore, the
method could help to identify forest areas important
for connectivity also outside the biodiversity hotspots
(Wang et al. 2025). The new ability of projecting the
optimal forest management solutions into maps is an
important development that has practical benefit for
decision makers who plan restoration and conservation
policies. Such “theme maps” could concretely demon-
strate different areas to be allocated to, e.g. set aside,
intensive and extensive management, as well as their
cost-effectiveness.

As most of the forest considered in this study is pri-
vately owned, the increase in the additionality levels



would result in a loss of income for forest owners. While
the forest owners could technically be obliged to set
aside forest through legislation changes, this would
likely not be socially accepted. Therefore, a compen-
sation scheme would be needed. The scheme could,
e.g. take the form of a Payments for Ecosystem Ser-
vices (PES) scheme in which the selection criteria
would consider both biodiversity values and carbon
storage (Kangas and Ollikainen 2022). The fact that
the compared regions have different outcomes in
cost-effectiveness indicates that homogeneous com-
pensation for increasing an identical deadwood
volume or carbon storage is neither cost-nor
budget-effective and that we should rather consider
output-based or differentiated compensation
schemes for forest owners (Harzer and Quaas 2026).
Differentiated compensation schemes could also
address the issue of local benefits of conservation
being inferior to national benefits (Kniivild et al.
2002; Naidoo and Ricketts 2006): the compensation
schemes could be designed to mitigate the effect of
increased set-aside areas on local economies.
However, the actual design and implementation of a
compensation scheme would need to tackle several
issues that remain beyond the scope of this article,
such as a broader spectrum of biodiversity indicators,
ownership structure, landowner behavior, transaction
costs, compatibility with legal frameworks, and
leakage potential (cf. Assmuth et al. (2024) on
implementation challenges of forest carbon payment
schemes). Hence, the prioritization method presented
in this article cannot be the sole basis of conservation
decision-making but can support it considerably.

An argument could be made that our optimization
approach is a rather simple one. The rationale for the
chosen approach was to create a single optimization
problem with constraints representing environmental
and climate benefits (carbon storage and deadwood
volume). Had we chosen, e.g. assessing Pareto frontiers
would have required a multi-objective optimization
approach (see, e.g. Miettinen 1998; Eyvindson et al.
2023; Mazziotta et al. 2025). For the scope of this
study, a single optimization problem is adequate since
the focus here was to assess trade-offs between
financial performance and the deadwood volume and
carbon storage in living trees in different time horizons.
Furthermore, simultaneous increments for deadwood
and carbon storage were assumed to empbhasize
synergy between biodiversity and climate change miti-
gation (Smith et al. 2022; Assmuth et al. 2026). Had we
applied different additionality levels for deadwood and
carbon storage, it would have resulted in more combi-
nations for deadwood and carbon storage values. This
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would have distinctly hampered the interpretations of
the optimal solutions.

We do recognize that the results presented here are
subject to the assumptions that (i) carbon storage is
only increased in living trees and not, e.g. in soils, and
(ii) the deadwood volume alone is a comprehensive indi-
cator of biodiversity. Previous studies on especially bio-
diversity have shown that the cost-effectiveness of
conservation depends on the chosen indicators (e.g.
Juutinen and Monkkénen 2007; Wiersma and Sleep
2018). It is well known that in boreal forests, soils can
be a large carbon storage and sink, which tends to
increase if the forest is not harvested (Lindroos et al.
2022). Therefore, it could be that the area needed to
be set aside is an overestimation. For deadwood, we
only considered the modeled deadwood volume, not
e.g. the measured deadwood in a landscape, deadwood
diversity or the different decay stages. Estimates of
deadwood volume derived from the simulations are
subject to uncertainty, which, in turn, may have
influenced the cost-effectiveness index. However, as
the same model was applied to all hotspots, the com-
parison of the hotspots is unlikely to change. Further-
more, as deadwood volume correlates with its diversity
(Peura et al. 2024), on a coarse scale it can be said that
higher volumes of deadwood imply a more diverse spec-
trum of, e.g.,, decay stages. However, even the most
accurate estimations of deadwood volumes and proper-
ties alone are not adequate to comprehensively assess
biodiversity. To have a fully comprehensive strategy for
increasing carbon storage and biodiversity, this analysis
could be conducted with several alternative indicators to
analyze the cost-effectiveness of the strategy combined
with other biodiversity mapping strategies.

It is important to note that as we focused on identify-
ing where it would be the most cost-effective to create
additional carbon storage and deadwood in comparison
to the economic maximum, we did not place any value
on existing carbon storage or deadwood and therefore
did not create constraints that would have preserved
existing valuable sites. With these results, we do not
mean to indicate that current old-growth-type forests
should be harvested, but rather we provide a method
to identify areas where creating additional carbon
storage and deadwood, when the known ecologically
important sites have been protected, is cost-effective.
To halt biodiversity loss, we need to increase conserva-
tion efforts for remaining forest habitats cost-effectively
to reduce the potential negative impact on the
economy. The results of our analysis clearly indicate
that the different capacities of areas to produce
different biodiversity or climate benefits should be expli-
citly considered when targets for these are set.



14 (&) NIKINMAAET AL

Acknowledgements

Laura Nikinmaa acknowledges that this research was part of
the Postdoctoral Programme for Research Institutes in
Finland, funded by the Finnish Government.

Author contributions

CRediT: Laura Nikinmaa: Conceptualization, Formal analysis,
Investigation, Visualization, Writing — original draft, Writing —
review & editing; Soili Haikarainen: Investigation, Method-
ology, Resources, Validation, Writing — review & editing;
Sakari Tuominen: Methodology, Resources, Software;
Mika Lehtonen: Resources, Software; Aino Assmuth: Formal
analysis, Writing - review & editing; Hannu Salminen:
Resources, Software; Anssi Ahtikoski: Conceptualization,
Formal analysis, Funding acquisition, Methodology, Supervi-
sion, Visualization, Writing - review & editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research was part of the Postdoctoral Programme for
Research Institutes in Finland, funded by the Finnish Govern-
ment; European Union Life+ project Priodiversity [grant
number 101104217].

ORCID

Laura Nikinmaa
Soili Haikarainen
Sakari Tuominen
Mika Lehtonen
Aino Assmuth
Hannu Salminen
Anssi Ahtikoski

http://orcid.org/0000-0003-4020-1045
http://orcid.org/0000-0001-8703-3689
http://orcid.org/0000-0001-5429-3433
http://orcid.org/0009-0008-7493-753X
http://orcid.org/0000-0003-4219-9030
http://orcid.org/0000-0002-6019-8165
http://orcid.org/0000-0003-1658-3813

References

Ahtikoski A, Honkaniemi J, Holmstrom E, Peltoniemi M. 2024.
Optimal species composition for stand establishment in
root-rot infected forest areas. New For. 55(5):1425-1438.
https://doi.org/10.1007/511056-024-10046-w

Allan JR et al. 2022. The minimum land area requiring conser-
vation attention to safeguard biodiversity. Science.
376(6597):1094-1101. https://doi.org/10.1126/science.
abl9127

Alrahahleh L et al. 2017. Effects of forest conservation and
management on volume growth, harvested amount of
timber, carbon stock, and amount of deadwood in Finnish
boreal forests under changing climate. Can J For Res.
47(2):215-225. https://doi.org/10.1139/cjfr-2016-0153

Amacher G, Ollikainen M, Koskela EA. 2009. Economics of forest
resources. The MIT Press.

Assmuth A et al. 2024. Forest carbon payments: A multidisci-
plinary review of policy options for promoting carbon

storage in EU member states. Land Use Policy. 147:107341.
https://doi.org/10.1016/j.landusepol.2024.107341

Assmuth A et al. 2026. Biodiversity implications of forest
carbon payments. Can J For Res. 56:1-16. in press. https://
doi.org/10.1139/¢jfr-2025-0184

Brando PM et al. 2025. Tipping points of Amazonian forests:
beyond myths and toward solutions. Annu Rev Environ
Resour.  50(1):97-131.  https://doi.org/10.1146/annurev-
environ-111522-112804.

Cajander A. 1949. Forest types and their significance.
Acta Forestalia Fennica. 56(5):1-71. https://doi.org/10.
14214/aff.7396.

Convention on Biological Diversity. 2022. Decision adopted by
the conference of the parties to the convention on biologi-
cal diversity: 15/4. Kunming-Montreal global biodiversity
framework. United Nation Environment Programme.

Cover T, Hart P. 1967. Nearest neighbor pattern classification.
IEEE Trans Inf Theory. 13(1):21-27. https://doi.org/10.1109/
TIT.1967.1053964

Diaz-Yanez O et al. 2021. Multi-objective forestry increases the
production of ecosystem services. Forestry: Int J For Res.
94(3):386-394. https://doi.org/10.1093/forestry/cpaa041

Economic Development Centre. 2026. Luonnon monimuotoi-
suusohjelmat; [accessed date 2026 May 25]. https://
elinvoimakeskus.fi/luonnon-monimuotoisuusohjelmat?
categoryld=18766104#Alueellista-tietoa

Eyvindson K et al. 2023. Trade-offs between greenhouse gas
mitigation and economic objectives with drained peatlands
in Finnish landscapes. Can J For Res. 53(6):444-454. https://
doi.org/10.1139/cjfr-2022-0101

Eyvindson K et al. 2024. Multioptforest: an interactive multi-
objective optimization tool for forest planning and scenario
analysis. Open Res Eur. 3:103. https://doi.org/10.12688/
openreseurope.15812.2

Eyvindson K, Repo A, Mdnkkdnen M. 2018. Mitigating forest
biodiversity and ecosystem service losses in the era of bio-
based economy. For Policy Econ. 92:119-127. https://doi.
org/10.1016/j.forpol.2018.04.009

Finnish Environmental Institute (Syke). 2026. Website of
Finnish Environment Institute (Syke); [accessed date 2026
March 17]. https://www.syke.fi/en

FOREST EUROPE. 2020. State of Europe’s Forests 2020. https://
foresteurope.org/state-of-europes-forests/

Forest Resources — statistics discontinued [web publication].
Helsinki: Natural Resources Institute Finland [referred: 2026
February 4]. Access method: https://www.luke.fi/en/
statistics/forest-resources-statistics-discontinued

Forrest J et al. 2024. coin-or/Cbc: Release releases/2.10.12.
https://doi.org/10.5281/ZENODO.13347261

Gravel D, Massol F, Leibold MA. 2016. Stability and complexity
in model meta-ecosystems. Nat Commun. 7(1):12457.
https://doi.org/10.1038/ncomms12457

Haikarainen S et al. 2021. Does juvenile stand management
matter? Regional scenarios of the long-term effects on
wood production. Forests. 12(1):84. https://doi.org/10.
3390/f12010084

Harmon ME, Ferrell WK, Franklin JF. 1990. Effects on carbon
storage of conversion of old-growth forests to young
forests. Science. 247(4943):699-702. https://doi.org/10.
1126/science.247.4943.699

Harzer S, Quaas MF. 2026. Differentiated vs. homogeneous
payments for biodiversity conservation — microeconomic


http://orcid.org/0000-0003-4020-1045
http://orcid.org/0000-0001-8703-3689
http://orcid.org/0000-0001-5429-3433
http://orcid.org/0009-0008-7493-753X
http://orcid.org/0000-0003-4219-9030
http://orcid.org/0000-0002-6019-8165
http://orcid.org/0000-0003-1658-3813
https://doi.org/10.1007/s11056-024-10046-w
https://doi.org/10.1126/science.abl9127
https://doi.org/10.1126/science.abl9127
https://doi.org/10.1139/cjfr-2016-0153
https://doi.org/10.1016/j.landusepol.2024.107341
https://doi.org/10.1139/cjfr-2025-0184
https://doi.org/10.1139/cjfr-2025-0184
https://doi.org/10.1146/annurev-environ-111522-112804
https://doi.org/10.1146/annurev-environ-111522-112804
https://doi.org/10.14214/aff.7396
https://doi.org/10.14214/aff.7396
https://doi.org/10.1109/TIT.1967.1053964
https://doi.org/10.1109/TIT.1967.1053964
https://doi.org/10.1093/forestry/cpaa041
https://elinvoimakeskus.fi/luonnon-monimuotoisuusohjelmat?categoryId=1876610#Alueellista-tietoa
https://elinvoimakeskus.fi/luonnon-monimuotoisuusohjelmat?categoryId=1876610#Alueellista-tietoa
https://elinvoimakeskus.fi/luonnon-monimuotoisuusohjelmat?categoryId=1876610#Alueellista-tietoa
https://doi.org/10.1139/cjfr-2022-0101
https://doi.org/10.1139/cjfr-2022-0101
https://doi.org/10.12688/openreseurope.15812.2
https://doi.org/10.12688/openreseurope.15812.2
https://doi.org/10.1016/j.forpol.2018.04.009
https://doi.org/10.1016/j.forpol.2018.04.009
https://www.syke.fi/en
https://foresteurope.org/state-of-europes-forests/
https://foresteurope.org/state-of-europes-forests/
https://www.luke.fi/en/statistics/forest-resources-statistics-discontinued
https://www.luke.fi/en/statistics/forest-resources-statistics-discontinued
https://doi.org/10.5281/ZENODO.13347261
https://doi.org/10.1038/ncomms12457
https://doi.org/10.3390/f12010084
https://doi.org/10.3390/f12010084
https://doi.org/10.1126/science.247.4943.699
https://doi.org/10.1126/science.247.4943.699

theory and systematic literature review. Ecol Econ.
241:108847. https://doi.org/10.1016/j.ecolecon.2025.108847

Hekkala A-M, Jénsson M, Kdarvemo S, Strengbom J, Sjégren J.
2023. Habitat heterogeneity is a good predictor of boreal
forest biodiversity. Ecol Indic. 148:110069. https://doi.org/
10.1016/j.ecolind.2023.110069.

Hwang C-L, Masud ASMD. 1979. Multiple objective decision
making — methods and applications. Springer Berlin
Heidelberg (Lecture Notes in Economics and Mathematical
Systems). https://doi.org/10.1007/978-3-642-45511-7

Hynynen J et al. 2015. Long-term impacts of forest manage-
ment on biomass supply and forest resource development:
a scenario analysis for Finland. Eur J For Res. 134(3):415-431.
https://doi.org/10.1007/s10342-014-0860-0

Hynynen J et al. 2025. Can extended rotations promote the
reconciliation of multiple management goals set for pro-
duction forests in Nordic countries? Scandinavian J Forest
Res. 40(3-4):153-167. https://doi.org/10.1080/02827581.
2025.2481834

Hyvarinen E et al. 2019. Red list of Finnish species.
Ymparistdministerid & Suomen ympadristokeskus. www.
ymparisto.fi/punainenlista%5Cnwww.environment.fi/redlist

Inostroza L et al., editors. 2017. Putting ecosystem services into
practice: trade-off assessment tools, indicators and decision
support systems. Ecosyst Serv. 26:303-305. https://doi.org/
10.1016/j.ecoser.2017.07.004

Jonsson M, Ranius T, Ekvall H, Bostedt G. 2010. Cost-effective-
ness of silvicultural measures to increase substrate avail-
ability for wood-dwelling species: a comparison among
boreal tree species. Scandinavian J Forest Res. 25(1):46-60.
https://doi.org/10.1080/02827581003620347.

Juutinen A et al. 2019. Trade-offs between economic returns,
biodiversity, and ecosystem services in the selection of
energy peat production sites. Ecosyst Serv. 40:101027.
https://doi.org/10.1016/j.ecoser.2019.101027

Juutinen A et al. 2020. Cost-effective land-use options of
drained peatlands- integrated biophysical-economic mod-
eling approach. Ecol Econ. 175:106704. https://doi.org/10.
1016/j.ecolecon.2020.106704

Juutinen A, Luque S, Monkkdnen M, Vainikainen N, Tomppo E.
2008. Cost-effective forest conservation and criteria for
potential conservation targets: a Finnish case study.
Environ Sci Policy. 11(7):613-626. https://doi.org/10.1016/j.
envsci.2008.05.004

Juutinen A, Monkkdnen M. 2007. Alternative targets and
economic efficiency of selecting protected areas for biodi-
versity conservation in boreal forest. Environ Resource
Econ. 37(4):713-732. https://doi.org/10.1007/510640-006-
9064-5

Kangas J, Ollikainen M. 2022. A PES scheme promoting forest
biodiversity and carbon sequestration. For Policy Econ.
136:102692. https://doi.org/10.1016/j.forpol.2022.102692

Kilkki P, Paivinen R. 1987. Reference sample plots to combine
field measurements and satellite data in forest inventory.
Department of Forest Mensuration and Management,
University of Helsinki, Research Notes, (19), 210-215.

Kniivila M, Ovaskainen V, Saastamoinen O. 2002. Costs and
benefits of forest conservation: regional and local compari-
sons in Eastern Finland. J Forest Econ. 8(2):131-150.
https://doi.org/10.1078/1104-6899-00008

Kontula T et al. 2021. Pirkanmaan uhanalaiset lajit ja luontotyy-
pit. Suomen ympadristokeskuksen raportteja. 20. Finnish

SCANDINAVIAN JOURNAL OF FOREST RESEARCH . 15

Environmental Institute
10138/328936

Korhonen KT et al. 2024. Forests of Finland 2019-2023 and
their development 1921-2023. Silva Fenn. 58(5):1-47.
https://doi.org/10.14214/sf.24045.

Kraus D, Krumm F, editors. 2013. Integrative approaches as an
opportunity for the conservation of forest biodiversity.
European Forest Institute.

Kuuluvainen T, Bergeron Y, Coates KD. 2015. Restoration and
ecosystem-based management in the circumboreal forest:
background, challenges, and opportunities. In: Stanturf JA,
editor. Restoration of boreal and temperate forests. CRC
Press, Taylor and Francis Group; p. 250-270. https://doi.
org/10.1201/b18809.

Kuuluvainen T, Gauthier S. 2018. Young and old forest in the
boreal: critical stages of ecosystem dynamics and manage-
ment under global change. Forest Ecosystems. 5(1):26.
https://doi.org/10.1186/540663-018-0142-2

Laine J et al. 2012. Suotyypit ja turvekankaat — opas kasvupaik-
kojen tunnistamiseen. Helsinki.

Lee D et al. 2026. Economic analysis comparing continuous
cover forestry and rotation forestry with genetic gain in
Norway spruce stands. Forestry: an international journal of
forest research. 99(2):1-14.  https://doi.org/10.1093/
forestry/cpaf068.

Lenton TM et al., editors. 2025. The global tipping points report
2025. University of Exeter, Exeter. https://global-tipping-
points.org/

Lindbladh, M et al. 2014. From broadleaves to spruce — the bor-
ealization of southern Sweden. Scand J For Res. 29(7):686—
696. https://doi.org/10.1080/02827581.2014.960893

Lindroos A-J, Makipaa R, Merila P. 2022. Soil carbon stock
changes over 21 years in intensively monitored boreal
forest stands in Finland. Ecol Indic. 144:109551. https://doi.
org/10.1016/j.ecolind.2022.109551

Lipidinen S et al. 2022. Future of forest industry in carbon-
neutral reality: Finnish and Swedish visions. Energy Rep.
8:2588-2600. https://doi.org/10.1016/j.egyr.2022.01.191

Lopez-Diaz MC, Lopez-Diaz M, Martinez-Fernandez S. 2018. A
stochastic order for the analysis of investments affected by
the time value of money. Insur: Math Econo. 83:75-82.
https://doi.org/10.1016/j.insmatheco.2018.08.001

Luptacik Mikulas. 2010. Mathematical Optimization and
Economic Analysis. Springer Optimization and Its
Applications. Vol. 36. Springer New York https://doi.org/10.
1007/978-0-387-89552-9.

Luyssaert S et al. 2008. Old-growth forests as global carbon
sinks. Nature. 455(7210):213-215. ://doi.org/10.
1038nature07276

Luyssaert S et al. 2018. Trade-offs in using European forests to
meet climate objectives. Nature. 562(7726):259-262. https://
doi.org/10.1038/541586-018-0577-1

Makinen H et al. 2006. Predicting the decomposition of Scots
pine, Norway spruce, and birch stems in Finland. Ecol
Appl.  16(5):1865-1879.  https://doi.org/10.1890/1051-
0761(2006)016%5B1865:PTDOSP%5D2.0.CO;2

Makisara K, Katila M, Perdsaari J. 2022. The multi-source
national forest inventory of Finland — methods
and results 2017 and 2019. Nat Resour Bioecon Stud. 90/
2022:73.

Mazziotta A et al. 2016. Optimal conservation resource
allocation under variable economic and ecological time

(Syke).  http://hdl.handle.net/


https://doi.org/10.1016/j.ecolecon.2025.108847
https://doi.org/10.1016/j.ecolind.2023.110069
https://doi.org/10.1016/j.ecolind.2023.110069
https://doi.org/10.1007/978-3-642-45511-7
https://doi.org/10.1007/s10342-014-0860-0
https://doi.org/10.1080/02827581.2025.2481834
https://doi.org/10.1080/02827581.2025.2481834
www.ymparisto.fi/punainenlista%5Cnwww.environment.fi/redlist
www.ymparisto.fi/punainenlista%5Cnwww.environment.fi/redlist
https://doi.org/10.1016/j.ecoser.2017.07.004
https://doi.org/10.1016/j.ecoser.2017.07.004
https://doi.org/10.1080/02827581003620347
https://doi.org/10.1016/j.ecoser.2019.101027
https://doi.org/10.1016/j.ecolecon.2020.106704
https://doi.org/10.1016/j.ecolecon.2020.106704
https://doi.org/10.1016/j.envsci.2008.05.004
https://doi.org/10.1016/j.envsci.2008.05.004
https://doi.org/10.1007/s10640-006-9064-5
https://doi.org/10.1007/s10640-006-9064-5
https://doi.org/10.1016/j.forpol.2022.102692
https://doi.org/10.1078/1104-6899-00008
http://hdl.handle.net/10138/328936
http://hdl.handle.net/10138/328936
https://doi.org/10.14214/sf.24045
https://doi.org/10.1201/b18809
https://doi.org/10.1201/b18809
https://doi.org/10.1186/s40663-018-0142-2
https://doi.org/10.1093/forestry/cpaf068
https://doi.org/10.1093/forestry/cpaf068
https://global-tipping-points.org/
https://global-tipping-points.org/
https://doi.org/10.1080/02827581.2014.960893
https://doi.org/10.1016/j.ecolind.2022.109551
https://doi.org/10.1016/j.ecolind.2022.109551
https://doi.org/10.1016/j.egyr.2022.01.191
https://doi.org/10.1016/j.insmatheco.2018.08.001
https://doi.org/10.1007/978-0-387-89552-9
https://doi.org/10.1007/978-0-387-89552-9
://doi.org/10.1038nature07276
://doi.org/10.1038nature07276
https://doi.org/10.1038/s41586-018-0577-1
https://doi.org/10.1038/s41586-018-0577-1
https://doi.org/10.1890/1051-0761(2006)016%5B1865:PTDOSP%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B1865:PTDOSP%5D2.0.CO;2

16 (&) NIKINMAAETAL.

discounting rates in boreal forest. J Environ Manag.
180:366-374.  https://doi.org/10.1016/j.jenvman.2016.05.
057

Mazziotta A et al. 2023. Spatial trade-offs between ecological
and economical sustainability in the boreal production
forest. J Environ Manag. 330:117144. https://doi.org/10.
1016/j.jenvman.2022.117144

Mazziotta A et al. 2025. Integrating spatial aspects in forest
planning: optimizing boreal forest landscapes reveals
trade-offs between timber and grouse habitats at multiple
scales. J Environ Manag. 390:126409. https://doi.org/10.
1016/j.jenvman.2025.126409

Mazziotta A et al. 2026. Management approaches in decision
support systems to mitigate the risk of natural disturbances
in European temperate and boreal forests —a review. Ecol
Modell. 516:111565. https://doi.org/10.1016/j.ecolmodel.
2026.111565

Miettinen K. 1998. Nonlinear multiobjective optimization.
Springer US (International Series in Operations Research &
Management Science). https://doi.org/10.1007/978-1-4615-
5563-6

Migliavacca M et al. 2025. Securing the forest carbon sink for
the European Union’s climate ambition. Nature. 643(8074):
1203-1213. https://doi.org/10.1038/s41586-025-08967-3

Millennium Ecosystem Assessment. 2008. Ecosystems and
human well-being: synthesis. Island Press. https://doi.org/
10.1196/annals.1439.003

Miller-Rushing AJ et al. 2019. How does habitat fragmentation
affect biodiversity? A controversial question at the core of
conservation biology. Biol Conserv. 232:271-273. https://
doi.org/10.1016/j.biocon.2018.12.029

Mitchell S, O'Sullivan M, Dunning I. 2011. PuLP: A linear pro-
gramming toolkit for Python. optimization online
[Preprint]. https://optimization-online.org/?p=11731

Monkkdnen M et al. 2022. More wood but less biodiversity in
forests in Finland: a historical evaluation. Memoranda Soc.
Fauna FI Fenn. 2022(98):1-11. https://journal.fi/msff/article/
view/120306/71798.

Naidoo R, Ricketts TH. 2006. Mapping the economic costs and
benefits of Conservation. PLoS Biol. 4(11):2153-2164.
https://doi.org/10.1371/journal.pbio.0040360.

Navarro-Cerrillo RM et al. 2025. A bi-objective mixed-integer
linear programming model to optimize thinning schedules
in wildfire-prone pinus canariensis forests. Sci Total
Environ. 980:179528. https://doi.org/10.1016/j.scitotenv.
2025.179528

Nikinmaa L et al. 2023. A balancing act: principles, criteria and
indicator framework to operationalize social-ecological resi-
lience of forests. J Environ Manag. 331:117039. https://doi.
org/10.1016/j.jenvman.2022.117039

Official Statistics Finland (OSF): Volumes and prices in industrial
roundwood trade [web publication]. Helsinki: Natural
resources institute Finland [referred: 3rd of March 2026].
Access method: https://www.luke.fi/en/statistics/volumes-
and-prices-in-industrial-roundwood-trade

Official Statistics of Finland (OSF): Consumer price index [web
publication]. ISSN=1799-0254. Helsinki: Statistics Finland
[referred: 2026 March 3]. Access method: https://stat.fi/en/
statistics/khi

O’'Mahony T. 2021. Cost-Benefit analysis and the environment:
the time horizon is of the essence. Environ Impact Assess
Rev. 89:106587. https://doi.org/10.1016/j.eiar.2021.106587

Ostlund L, Zackrisson O, Axelsson A-L. 1997. The history and
transformation of a Scandinavian boreal forest landscape
since the 19th century. Can J For Res. 27(8):1198-1206.
https://doi.org/10.1139/x97-070

Pan Y et al. 2024. The enduring world forest carbon sink.
Nature. 631(8021):563-569. https://doi.org/10.1038/
s41586-024-07602-x

Peterken GF. 1977. Habitat conservation priorities in British and
European woodlands. Biol Conserv. 11(3):223-236. https://
doi.org/10.1016/0006-3207(77)90006-4

Petty A et al. 2024. Effects of forest management intensity and
climate change severity on volume growth, timber yield,
carbon stocks, and the amount of deadwood in Scots
pine, Norway spruce, and silver birch stands in boreal con-
ditions. Can J For Res. 54(9):1032-1047. https://doi.org/10.
1139/cjfr-2023-0295

Peura M et al. 2024. Cost-effective biodiversity protection
through multiuse-conservation landscapes. Landsc Ecol.
39(3):48. https://doi.org/10.1007/510980-024-01803-5

Pienkowski T, Cook C, Verma M, Carrasco LR. 2021.
Conservation cost-effectiveness: a review of the evidence
base. Conserv Sci Pract. 3(5):e357. https://doi.org/10.1111/
csp2.357.

Polasky S et al. 2011. Decision-making under great uncertainty:
environmental management in an era of global change.
Trends Ecol Evol. 26(8):398-404. https://doi.org/10.1016/j.
tree.2011.04.007

Price C. 2018. Declining discount rate and the social cost of
carbon: forestry consequences. J Forest Econom. 31(1):39-
45, https://doi.org/10.1016/j.jfe.2017.05.003.

Purvis A, Hector A. 2000. Getting the measure of biodiversity.
Nature. 405(6783):212-219. https://doi.org/10.1038/35012221

Rana P, Juutinen A, Eyvindson K, Tolvanen A. 2024. Cost-efficiency
analysis of multiple ecosystem services across forest manage-
ment regimes. J Environ Manag. 370(1):122438. https://doi.
org/10.1016/j.jenvman.2024.122438.

Ranius T, Sndll T, Nordén J. 2019. Importance of spatial
configuration of deadwood habitats in species conservation.
Conserv Biol. 33(5):1205-1207. https://doi.org/10.1111/cobi.
13387

Raty M, Juutinen A, Korhonen KT, Syrjanen K, Kéarkkdinen L.
2023. EU wood production vs. biodiversity goals — possible
reconciliation in Finland? Scandinavian J Forest Res. 38(5):
287-299. https://doi.org/10.1080/02827581.2023.2229732.

Riva F, Haddad N, Fahrig L, Banks-Leite C. 2024. Principles for
area-based biodiversity conservation. Ecol Lett. 27(6):
€14459. https://doi.org/10.1111/ele.14459.

Salminen H, Lehtonen M, Hynynen J. 2005. Reusing legacy
FORTRAN in the MOTTI growth and yield simulator.
Comput Electron Agric. 49(1):103-113. https://doi.org/10.
1016/j.compag.2005.02.005

Secretariat of the Convention on Biological Diversity. 2011.
Convention on biological diversity - text and annexes.

Siitonen J. 2001. Forest management, coarse woody debris and
saproxylic organisms: Fennoscandian boreal forests as an
example. Ecol Bull. 49(2001):11-41.

Smith P et al. 2022. How do we best synergize climate mitiga-
tion actions to co-benefit biodiversity? Glb Chg Bio.
28(8):2555-2577. https://doi.org/10.1111/gcb.16056

The Council of Tampere Region. 2023. Selvitys uhanalaisten
lajien ja luontotyyppien keskittymistd Pirkanmaalla -
Pirkanmaan elonkirjon ja energian vaihemaakuntakaava.


https://doi.org/10.1016/j.jenvman.2016.05.057
https://doi.org/10.1016/j.jenvman.2016.05.057
https://doi.org/10.1016/j.jenvman.2022.117144
https://doi.org/10.1016/j.jenvman.2022.117144
https://doi.org/10.1016/j.jenvman.2025.126409
https://doi.org/10.1016/j.jenvman.2025.126409
https://doi.org/10.1016/j.ecolmodel.2026.111565
https://doi.org/10.1016/j.ecolmodel.2026.111565
https://doi.org/10.1007/978-1-4615-5563-6
https://doi.org/10.1007/978-1-4615-5563-6
https://doi.org/10.1038/s41586-025-08967-3
https://doi.org/10.1196/annals.1439.003
https://doi.org/10.1196/annals.1439.003
https://doi.org/10.1016/j.biocon.2018.12.029
https://doi.org/10.1016/j.biocon.2018.12.029
https://optimization-online.org/?p=11731
https://journal.fi/msff/article/view/120306/71798
https://journal.fi/msff/article/view/120306/71798
https://doi.org/10.1371/journal.pbio.0040360
https://doi.org/10.1016/j.scitotenv.2025.179528
https://doi.org/10.1016/j.scitotenv.2025.179528
https://doi.org/10.1016/j.jenvman.2022.117039
https://doi.org/10.1016/j.jenvman.2022.117039
https://www.luke.fi/en/statistics/volumes-and-prices-in-industrial-roundwood-trade
https://www.luke.fi/en/statistics/volumes-and-prices-in-industrial-roundwood-trade
https://stat.fi/en/statistics/khi
https://stat.fi/en/statistics/khi
https://doi.org/10.1016/j.eiar.2021.106587
https://doi.org/10.1139/x97-070
https://doi.org/10.1038/s41586-024-07602-x
https://doi.org/10.1038/s41586-024-07602-x
https://doi.org/10.1016/0006-3207(77)90006-4
https://doi.org/10.1016/0006-3207(77)90006-4
https://doi.org/10.1139/cjfr-2023-0295
https://doi.org/10.1139/cjfr-2023-0295
https://doi.org/10.1007/s10980-024-01803-5
https://doi.org/10.1111/csp2.357
https://doi.org/10.1111/csp2.357
https://doi.org/10.1016/j.tree.2011.04.007
https://doi.org/10.1016/j.tree.2011.04.007
https://doi.org/10.1016/j.jfe.2017.05.003
https://doi.org/10.1038/35012221
https://doi.org/10.1016/j.jenvman.2024.122438
https://doi.org/10.1016/j.jenvman.2024.122438
https://doi.org/10.1111/cobi.13387
https://doi.org/10.1111/cobi.13387
https://doi.org/10.1080/02827581.2023.2229732
https://doi.org/10.1111/ele.14459
https://doi.org/10.1016/j.compag.2005.02.005
https://doi.org/10.1016/j.compag.2005.02.005
https://doi.org/10.1111/gcb.16056

https://pirkanmaajulkaisu.triplancloud.fi/ktwebscr/fileshow?
doctype=3&docid=204122

Trivino M et al. 2015. Managing a boreal forest landscape for
providing timber, storing and sequestering carbon. Ecosyst
Serv. 14(August 2015):179-189. https://doi.org/10.1016/j.
ecoser.2015.02.003.

Tuominen S et al. Forthcoming. A combined-methods
approach for producing forest development forecasts
across multiple target areas, unpublished manuscript.

Wang X et al. 2025. Where to restore: connectivity forest for
spatial prioritization in forest landscape restoration.
iScience. 28(9):113263. https://doi.org/10.1016/j.isci.2025.
113263

SCANDINAVIAN JOURNAL OF FOREST RESEARCH 17

Warman RD. 2014. Global wood production from natural
forests has peaked. Biodivers Conserv. 23(5):1063-1078.
https://doi.org/10.1007/s10531-014-0633-6

Watson JEM et al. 2018. The exceptional value of intact forest
ecosystems. Nat Ecol Evol. 2(4):599-610. https://doi.org/10.
1038/541559-018-0490-x

Weitzman ML. 2010. Risk-adjusted gamma discounting. J
Environ Econ Manage. 60(1):1-13. https://doi.org/10.1016/j.
jeem.2010.03.002

Wiersma YF, Sleep DJH. 2018. The effect of target setting on
conservation in Canada’s boreal: what is the right amount
of area to protect?. Biodivers Conserv. 27(3):733-748.
https://doi.org/10.1007/s10531-017-1461-2


https://pirkanmaajulkaisu.triplancloud.fi/ktwebscr/fileshow?doctype=3&docid=204122
https://pirkanmaajulkaisu.triplancloud.fi/ktwebscr/fileshow?doctype=3&docid=204122
https://doi.org/10.1016/j.ecoser.2015.02.003
https://doi.org/10.1016/j.ecoser.2015.02.003
https://doi.org/10.1016/j.isci.2025.113263
https://doi.org/10.1016/j.isci.2025.113263
https://doi.org/10.1007/s10531-014-0633-6
https://doi.org/10.1038/s41559-018-0490-x
https://doi.org/10.1038/s41559-018-0490-x
https://doi.org/10.1016/j.jeem.2010.03.002
https://doi.org/10.1016/j.jeem.2010.03.002
https://doi.org/10.1007/s10531-017-1461-2

	Abstract
	Introduction
	Material and methods
	Study area
	Producing forest data for biodiversity hotspots
	Forecasting the development of the biodiversity hotspot forests
	Optimizing forest management for each biodiversity hotspot
	Ranking the regional biodiversity hotspots according to their cost-effectiveness

	Results
	Discussion
	Acknowledgements
	Disclosure statement
	ORCID
	References

