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ABSTRACT

Forests provide many essential ecosystem services. In Sweden, roundwood assortments and residual
biomass are vital feedstock sources. Swedish forestry is slowly replacing conifer monocultures with
mixed conifer-broadleaf forests to enhance climate resilience. This study evaluates the economic
returns of managing mixed forest stands comprising 0.25 ha patches of individual species
compared to larger Norway spruce and silver birch monocultures. Specifically, we investigate (1)
harvesting silver birch as energy biomass in the first thinning and timber in the final felling and
(2) determining thinning timing based on stand basal area versus species-specific criteria. We
used the Heureka forest growth and development modelling software to simulate various stand
types and management strategies based on experimental forest data. Group-mixed stands were
simulated by integrating separate species’ monoculture data. Results indicate that incorporating
energy thinning into birch-spruce mixed stands can generate positive net revenues, supporting
the economic viability of biomass harvesting. Strengthening birch biomass and timber markets,
optimising thinning logistics, and refining harvesting methods will promote sustainable birch
management. Expanding these strategies could significantly enhance the economic and
ecological resilience of mixed and broadleaf-dominated forests in Sweden.
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Introduction

Increasing the use of broadleaf and broadleaf-mixed
forests in Sweden is frequently discussed as a means to
enhance biodiversity, climate resilience, pest resistance,
and recreational value (Felton et al. 2010, 2016, 2021;
Gao et al. 2014; Lindbladh et al. 2014; Holmstrom et al.
2021; Huuskonen et al. 2021). Silver birch (Betula
pendula Roth) and downy birch (Betula pubescens Ehrh.)
are Sweden’s most common broadleaf species by
volume (Skogsdata 2023) and they often grow naturally
in mixtures with conifers (Lundqvist et al. 2014; Holm-
strom et al. 2016; Lidman et al. 2021). These frequently
occur in what are known as “group mixtures” (Holmstrom
et al. 2021), where broadleaf patches at least 25 m wide
can provide suitable habitat for bird species and
promote a rich understory (French et al. 1986; Hedwall
et al. 2019; Felton et al. 2021, 2022). This patch-based
spatial arrangement may thus be an effective strategy
to increase broadleaf canopy cover, thereby achieving
associated ecological benefits. Admixture with birch can
increase spruce survival against storms and bark beetle
attacks (Griess et al. 2012).

Silver birch and Norway spruce (Picea abies (L.) Karst.)
share similar site requirements but differ markedly in
their light requirements and growth patterns (Hynynen
et al. 2010). Silver birch, a fast-growing and shade-intol-
erant pioneer species, reaches its peak height growth
within 10-20 years of planting (Hein et al. 2009;
Hynynen et al. 2010; Dubois et al. 2020; Huuskonen et
al. 2023). In contrast, Norway spruce, a late-successional
and shade-tolerant species, grows slowly during its early
stages, up to around 20 years of age (Huuskonen et al.
2023). These attributes make silver birch (hereafter
referred to as “birch”) and Norway spruce (hereafter
“spruce”) compatible in a mixed forest. However, achiev-
ing the full benefits of such mixtures requires active
management, particularly pre-commercial and commer-
cial thinnings, to maintain stand structure and produce
high-quality wood products (Hynynen et al. 2010;
Fahlvik et al. 2011; Fahlvik et al. 2015; Lidman et al.
2021; Ara et al. 2022; Huuskonen et al. 2023).

Although naturally regenerated birch is common
(Gotmark et al. 2005; Holmstrdm et al. 2016), using
improved birch planting material can increase growth
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and yield without compromising wood quality (Dunham
et al. 1999; Luostarinen and Verkasalo 2000; Liziniewicz
et al. 2022). With appropriate management, such birch
stands can produce high-quality timber in as little as
30-50 years (Hynynen et al. 2010; Dubois et al. 2020; Lizi-
niewicz et al. 2022). This timber can be processed into
high-value products, including wood veneer and non-
wood products such as sap, bark extracts, and lignin-
derived biochemicals (Verkasalo et al. 2017; Dubois et
al. 2020). As a result, group mixtures of spruce and
fast-growing birch patches could sustainably help
meet the demand for wood, non-wood products, and
lignocellulosic biomass for renewable energy and
materials. Despite these diverse opportunities, timber
production remains a central objective of well-
managed forests. However, Sweden’s birch timber
market is currently small. To fully understand the poten-
tial of birch timber as a primary product in birch-mixed
or birch-dominated stands, it is essential to carefully
evaluate its economic outcomes.

Realizing this potential requires precision in the timing
and type of thinning operations. Species within mixed
stands respond differently to thinning. Birch, for example,
is highly sensitive to early thinning, which influences its
growth trajectory and timber quality (Hynynen et al.
2010). Precision thinning, where species-specific guidelines
are applied to different patches (e.g. thinning by basal area
for spruce and by stem density for birch), could help opti-
mise the growth of both species (Hagglund 1972; Hynynen
et al. 2010; Persson et al. 2022). Birch grows faster than
spruce in the early stages, often overtopping spruce
even when both are planted at the same time. This can
happen before spruce reaches the height and basal area
needed for thinning. As a result, optimal management
requires thinning birch earlier, ideally before it exceeds
15 meters in height (Hynynen et al. 2010). In this study,
we introduced a time-sensitive precision approach by
managing group-mixed stands through species-specific
thinning within their respective patches, based on individ-
ual species’ needs over time. We refer to this approach as
“time-sensitive patch thinning”.

In parallel, the demand for forest-based biomass as a
renewable energy source is expected to continue rising
(Borjesson et al. 2017; Swedish Energy Agency 2023).
Although logging residues, such as branches and tops,
are already a common source of bioenergy whose use
may expand further, their supply potential alone is
insufficient to meet future needs (Borjesson et al. 2017;
IRENA 2019; Camia et al. 2021). Early thinnings, which
typically yield stems too small for pulpwood or timber,
could offer an additional biomass source (Fernandez-
Lacruz et al. 2015; Eggers et al. 2020). In Fennoscandia,
pulpwood procurement from the first thinning is often

unprofitable due to small stem sizes, low harvested
volumes per hectare, and high handling costs (Hakkila
2005; Heikkila et al. 2009). Consequently, thinning-to-
waste is often the default option, despite young
forests in Sweden having the potential to supply about
21 TWh of bioenergy annually (Fernandez-Lacruz et al.
2015). Under such conditions, directing these small-
diameter stems to energy biomass production can be
economically viable if the biomass-to-pulpwood price
and volume ratios are favourable (Heikkila et al. 2007;
Di Fulvio et al. 2011). In young birch stands, for
example, the volume available as energy biomass can
be up to 3.5 times greater than that of pulpwood (Di
Fulvio et al. 2011). Ensuring this energy biomass pro-
duction meets sustainability standards, such as sourcing
from well-managed forests and not diverting round-
wood-quality material, is essential (IPCC 2000, 2012,
2021; EEB 2022). If properly integrated, early thinnings
could enhance revenue streams while contributing to
national and international bioenergy targets (Heikkild
et al. 2007; Heikkila et al. 2009; Di Fulvio et al. 2011).
Studies of novel forest management systems are
required to increase the supply of sustainable energy
biomass beyond logging residues and move toward
net zero greenhouse gas emissions by 2050 (EC 2021).
In this study, we aimed to explore how patch thinning
with a precision at a temporal scale (time-sensitive patch
thinning) and the integration of energy biomass (hereafter
“biomass”) harvesting from early thinnings can be opti-
mised in different forest types to maximize economic
returns and to determine whether birch timber production
can justify the costs of active management. We have re-
evaluated contemporary, adapted, and novel forest man-
agement strategies, as well as the introduction of
biomass and birch timber into the value chain. To
achieve the aim, we addressed three research questions:

i Can biomass harvesting from first thinnings be
integrated into the Swedish forest value chain
without compromising revenue?

i Is the time-sensitive patch thinning method econ-
omically feasible for practical implementation in
forest management?

iii Can the production of birch timber from group-
mixed forests economically justify the active man-
agement costs of these forests?

Materials and methods

We used a simulation tool to model forest stand develop-
ment, costs, and revenues over time for eight sites across
Sweden. Various management scenarios were created in
order to study the objectives and to compare with



current practices, and their costs and land expectation
values (LEVs) were evaluated based on the modelled data.

Data description

Modelling data

The study area comprised eight sites across five munici-
palities in northern (>60° N) and southern (<60° N)
Sweden (Figure 1 and Table 1). Although most sites
are forest lands, Spéland and Bullstofta are former agri-
cultural lands converted to forests. All sites have mixed
mesic soils. These sites were chosen to represent
Sweden’s geographic diversity.

Plot data

We used inventory data from 45 experimental forest
plots across the selected sites (Figure 1). Birch domi-
nated 23 plots, and spruce dominated 22. All were estab-
lished as monocultures in planting trials conducted in

70°N-

65°N-

latitude

60°N-

55°N-

longitude

Figure 1. Map of Sweden, showing the locations of the eight
study sites in their respective municipalities. The three southern
sites are located in Sval6v (1) and Vaxjo (2), the two middle sites
in Mora, and the three northern sites in Vannas (1) and Vindeln

().
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1964-1968 (Siljansfors) and 1992-1995 (all other sites).
Plot sizes ranged from 0.1 to 0.15 ha, and the diameter
at breast height (DBH, cm) and height (dm) of all trees
were measured before the first thinning, with no prior
silvicultural intervention.

Modelling

Stand structure modelling

We applied a theoretical approach and systematically
designed three different stand structures, each of one
hectare, for this study (Figure 2, Table 2):

(@) spruce monoculture,

(b) birch monoculture, and

(c) spruce-birch group-mixed stand, with a checker-
board pattern of spruce and birch patches.

In the group-mixed stands, we adopted a simple
checkerboard layout to facilitate interpretation and
future field reproducibility. Each 0.25-hectare birch or
spruce patch was assumed to retain the characteristics
of its respective monoculture, producing a patchy
mixture within the stand.

We used Heureka-Planwise version 2.21.2.0 (hereafter
“Heureka”) to simulate the stand types and various man-
agement strategies. Heureka is an advanced decision-
support system developed with data from the Swedish
National Forest Inventory (Wikstrdom et al., 2011; Ladmas
et al. 2023). It integrates a growth simulator that predicts
stand development and an optimisation module that
aligns forest management with user-defined objectives.
The growth simulator applies empirical models to
predict tree height and diameter growth, mortality,
and ingrowth for common Swedish forest species,
including birch and spruce (Elfving and Nystrom 2010;
Fahlvik et al. 2014). These predictions incorporate
factors such as site index and climatic conditions.

Data from the experimental forest plots were
imported into Heureka to simulate future stand develop-
ment and management programmes. In the input data,
experimental plots were assigned to their original sites,
with site names used as stand names for theoretical
stand simulations. Input parameters included stand
size, plot size, inventory year, geographic coordinates
(latitude, longitude, altitude), site index, stand age,
DBH, height, species, and plot type (sapling: mean
height <7 m and DBH < 4 cm; tree: DBH > 4 cm). Simu-
lations were carried out for one-hectare stands. Mono-
cultures of birch and spruce were simulated using
species-specific data, while group-mixed stands were
modelled by combining monoculture data from the
experimental plots.
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Table 1. Site conditions at the eight study locations.

Municipality Site Latitude (ON) Longitude (DE) Altitude (m)  Average annual temperature (°C) *  Average precipitation (mm/year) **
Svalov Bullstofta 55.98 13.01 85 8 900
Véxjo Asa -1 57.13 14.78 200 7 900
Asa - 2 57.25 17.77 200 7 900
Mora Siljansfors — 1 60.90 14.37 240 4 800
Siljansfors — 2 60.91 14.38 360 4 800
Vannas Spoland 64.26 19.80 300 3 600
Vindeln Renberget 63.93 19.86 80 3 600
Manjaur 64.69 19.29 315 2 600

*(SMHI 2023a), **(SMHI 2023b).

Scenarios

To address our research questions, we developed six
management scenarios with incremental, progressive
changes rather than sharp distinctions (see also Table 3).

(1) spruceMono: spruce monoculture under business-
as-usual (BAU) management (Skogsstyrelsen 1984),
with timber and pulpwood as the harvested
assortments;

birchMonoBAU: birch monoculture managed under
recommended thinning regimes (Hynynen et al.
2010), with pulpwood as the only harvested
assortment;

birchMonoNew: birch monoculture managed under
recommended thinning regimes (Hynynen et al.
2010), but with the first thinning’s harvest directed
to energy biomass and later thinnings’ harvests to
pulpwood-only. At the final felling, birch timber
was introduced as an additional assortment along
with birch pulpwood;

mixedPatchBAU: mixed forest composed of 0.25
hectares of spruce and birch patches arranged in a
checkerboard pattern, managed under BAU

management practices (Skogsstyrelsen 1984), with
spruce timber and pulpwood, and birch pulpwood
as the only harvested assortments;
mixedPatchNew: same stand structure and man-
agement regime as mixedPatchBAU, but with the
first thinning's harvest directed to energy biomass
and later thinnings’ harvests directed to timber
and pulpwood for spruce, and to pulpwood-only
for birch. At the final felling, birch timber was intro-
duced as an additional assortment besides birch
pulpwood and spruce timber and pulpwood; and
mixedPatchTiming: same stand structure and har-
vested assortments as mixedPatchNew, but with a
time-sensitive patch thinning applied.

The spruceMono, birchMonoBAU, and mixedPatch-
BAU scenarios served as economic benchmarks, reflect-
ing typical Swedish forest conditions against which the
other scenarios were compared. The birch scenarios
and all mixed-stand scenarios addressed research ques-
tions i and iii, with all mixed-stand scenarios also addres-
sing research question ii. The spruce monoculture
served solely as an economic benchmark, reflecting

1 ha

(@)

(b)

(c)

.spruce monoculture
,:lbirch monoculture

Figure 2. Systematically designed theoretical stand types (1 ha) modelled and analysed: (a) spruce monoculture, (b) birch monocul-

ture, (c) mixed stand with spruce and birch group mixture.
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Table 2. Initial conditions in each stand type (birch monoculture, spruce monoculture, spruce-birch group mixtures) at each site at the
simulation start year. Stems per hectare values are taken from Heureka. Simulation was done for the data per plot; however, the site

properties below are shown as the site average.

Site
Svaldy Vaxjo Mora Vannis Vindeln
Stand type Conditions Unit Bullstofta Asa—-1 Asa-2 Siljansfors—1 Siljansfors—2 Spéland Renberget Manjaur
Spruce monoculture Stand density stem15 2288 2194 2101 2395 2154 1833 2479 2058
ha™
Basal area m? ha™' 42 14 29 21 24 4 18 2.25
Average DBH cm 17 10 15 12 13 6 10 54
Average m 14 9 15 12 13 4 9 3
height
Stand age year 22 26 31 49 40 19 29 28
Site index m 43 29 36 25 28 28 29 20
Birch monoculture Stand density stem15 1581 2144 2017 2164 1919 1246 2171 1930
ha™
Basal area m? ha™' 13 18 21 16 19 12 24 10
Average DBH cm 11 12 13 11 13 12 13 10
Average m 12 13 15 13 14 10 15 10
height
Stand age year 15 24 23 24 23 18 29 27
Site index m 28 23 25 23 24 25 22 19
Spruce-birch group Stand density stems 1935 2169 2059 2280 2037 1540 2325 1994
mixture ha™"
Basal area m? ha™' 31 16 25 18 22 8 21 6
Average DBH cm 16 11 14 11 13 11 12 9
Average m 13 12 15 13 13 9 12 9
height
Stand age year 19 25 27 33 32 19 29 28
Site index m 37 26 31 23 26 26 26 20

typical Swedish forest conditions against which the
other scenarios were compared.

To keep the design tractable and causal attribution
clear, we limited the analysis to six scenarios that
spanned the key management dimensions involving the
stand composition, harvested assortments, and thinning
timing, while holding other factors constant. A full factor-
ial analysis would generate an unbounded set of variants
and blurred effects. This scope necessarily omitted some
spatial configurations, management prescriptions, and
market conditions, such as price volatility. Therefore, our
findings are most robust for the specified settings and
should not be interpreted as universally optimal.

Management alternatives

Optimal management schedules for each scenario were
generated using Heureka (Table 3). The treatment sche-
dules and rotation ages were determined by maximising
net present values at a 3.5% discount rate. The only
exception is mixedPatchTiming, which was optimized
under a fixed-rotation constraint. The rotation length
was set to the mixedPatchBAU value, and thinning sche-
dules followed the corresponding monocultures. In all
cases, stands were clear-felled at the end of the rotation.
All stands were clear-felled at the end of rotation. The
group-mixed scenarios (mixedPatchBAU, mixedPatch-
New, mixedPatchTiming) shared the same initial stand
structure but differed in thinning schedules and har-
vested outputs. mixedPatchBAU versus mixedPatchNew

varies only in assortments, whereas mixedPatchTiming
differs from mixedPatchBAU in both assortments and
the timing of species-specific thinning.

All thinning was selective, from below. The thinning
plan of spruceMono, mixedPatchBAU, mixedPatchNew
and the spruce patches of mixedPatchTiming (Table 3)
followed the guidelines by (Skogsstyrelsen 1984). The
thinning plan of birchMonoBAU, birchMonoNew and
the birch patches of mixedPatchTiming (Table 3) fol-
lowed guidelines by Hynynen et al. (2010). Thinning
intensity was fixed according to the silvicultural guide-
lines and did not vary across scenarios (Table 3). The
guidelines prescribe species-specific removal ranges, so
the mandated percentages were different for the two
species. This difference reflects standard management
requirements, not a modelled variable. First thinning
products from birchMonoNew, mixedPatchNew, and
mixedPatchTiming were allocated to energy biomass.

Group-mixed stands comprised 50% birch and 50%
spruce in a checkerboard design, with species in 0.25
ha patches (Figure 2). In the group-mixed scenarios,
stand input data were created by combining original
plot-level data from the monoculture plots without aver-
aging, thereby retaining the spatial structure of the
checkerboard configuration. In both mixedPatchBAU
and mixedPatchNew, thinning operations were applied
at the same time across all species patches, with thin-
ning intensities adjusted individually at the plot level
based on BA. In contrast, the mixedPatchTiming scenario
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Table 3. Descriptions and thinning plans for the simulated scenarios. BA, Eb, P and T stand for basal area, energy biomass, pulpwood and timber, respectively.

Harvested assortments

spruce

birch

Final
Felling

P+T

Later
Thinning

Final 1st
Thinning
P+T

Felling

Later
Thinning

st

Thinning

Thinning

Thinning

intensity*

20-40%
30-40%
30-40%
20-40%

range

Description Thinning guideline

Scenario

P+T

entire stand
entire stand
entire stand
entire stand

stand mean BA
stem density

spruce monoculture (Figure 2a)

birch monoculture (Figure 2b)

spruceMono

birchMonoBAU

P+T

Eb

birch monoculture (Figure 2b) stem density

birchMonoNew

P+T

P+T

P+T

spruce-birch group mixture (Figure  stand mean BA

mixedPatchBAU

20)
spruce-birch group mixture (Figure

P+T

P+T

Eb

P+T

Eb

20-40%

entire stand

stand mean BA

mixedPatchNew

20)
spruce-birch group mixture (Figure

P+T

P+T

Eb

spruce group  20-40%

mean BA

spruce

mixedPatchTiming

group:
birch group:

20)

P+T

Eb

30-40%

birch group

stem

density

*Thinning intensity = the minimum and maximum percentage of stand BA/ stem density allowed to remove at each thinning operation; fixed according to the thinning guidelines; not varied across scenarios.

introduced species-specific management phases: birch
and spruce patches were thinned independently, allow-
ing for temporally optimised thinning schedules for each
species while maintaining the overall group-mixed
layout. However, for clarity and brevity, Table 2 reports
stand-level averages of key parameters.

The maximum height was 16 m for the first thinning
in spruceMono, mixedPatchBAU, mixedPatchNew, and
the spruce patches of mixedPatchTiming. In birchMono-
New and in the birch patches of mixedPatchTiming, the
maximum height was 15 m for the first thinning. Data on
harvested products (Table 3), except birch at final felling,
were extracted from Heureka. Economic analyses were
conducted separately for each scenario.

Economic evaluation

As Heureka's default settings estimate birch volume
using only Brandel’s volume function and form factors
(Brandel 1990), and do not include a birch taper func-
tion, birch timber volumes from final felling were
excluded from its outputs. Instead, data on birch pulp-
wood and timber from final felling were optimised sep-
arately using DBH (cm) and height (dm) values exported
from Heureka and processed in R version 4.3.2 (R Core
Team 2023). Machine productivity and costs were recal-
culated using the models by Eriksson and Lindroos
(2014) and Ackerman et al. (2014), respectively, by com-
bining and harmonising the two approaches (equation
5). All remaining data were sourced from Heureka
simulations.

We estimated planting and soil scarification costs (€
ha™), net revenue from harvested stems (€ ha™"), and
machine costs both per hectare (€ ha™") and per cubic
meter (€ m™) for each treatment. Harvest revenues
were based on prices at landing (forest roadside).
These values were then used to calculate discounted
net cash flow in perpetuity, i.e. the land expectation
value (LEV), for all stands and scenarios. Additionally,
we assessed differences in first thinning and energy thin-
ning costs across scenarios, as well as the contribution of
biomass and birch timber to LEV. All economic calcu-
lations used 2023 as the base year, with inputs adjusted
for inflation (SCB 2023) and an exchange rate of 1 €=
11.48 SEK (Exchange-Rates.org 2023).

Birch timber and pulpwood assortment

estimations

We used Heureka-simulated DBH (cm) and height (dm) of
individual birch trees to calculate timber and pulpwood
volumes, maximizing revenue for each assortment. Total
volumes and revenues for pulpwood and timber were
then summed for each site and scenario to estimate



birch volume and revenue per hectare. Minimum top
diameter thresholds were set at 14 cm under bark for
timber and 5 cm under bark for pulpwood.

As we did not have inventory data for the diameter at
20% of tree height, we based calculations on DBH (cm)
using the taper function by Laasasenaho (1982), recali-
brated by Kangas et al. (2023). The adapted model
required DBH (cm), tree height (m, converted from
dm), and taper height (m) as inputs, as described by
equation 1 - 3.

di= dag x byl + o> + bsP + balP + bsl® + bgl"™
+ by * + bl (1)

dbh
= — 2
dxo o (2)

Cabh = bildon + b2l%y + 635y, + baliyy, + bsl%,

where d; (cm) is the diameter at the taper height, dy is
the diameter at 20% of the total tree height, / is the rela-
tive distance of the taper height to the tree top, dbh is
the diameter at breast height (1.3 m above ground),
Cabn is the taper function for dbh, based on dyg, I is
the relative distance of the dbh height to the top, and
b; — bg are empirically determined parameters (Kangas
et al. 2023).

Machine productivity

Harvester and forwarder productivity (m? solid under
bark per productive machine hour, referred to as m?
PMH™" hereafter) for each management intervention
was estimated using the models by Eriksson and Lin-
droos (2014). For both thinning and final felling, mean
tree volume (m? stem™') was the primary input,
derived from scenario - and site-specific simulated
data. Forwarder loading capacities and forwarding dis-
tances (Table 4) were also used to calculate forwarder
productivity; these were fixed across all scenarios. In
the absence of reliable data on how species-specific
thinning schedules affect forwarding distance, we
kept the forwarding distance the same across all
scenarios.

Table 4. Assumptions in forwarder productivity (m® PMH™Y)
calculations, based on Eriksson and Lindroos (2014).

Property Unit Value
Thinning forwarder load capacity m> 10
Final-felling forwarder load capacity m? 15

Forwarding distance m (one way) 150

SCANDINAVIAN JOURNAL OF FOREST RESEARCH . 7

Machine cost per hectare
Harvester and forwarder costs per hectare (€ ha™') were
used to estimate total machine cost per hectare (€ ha™":
equation 4 and 5). Table 5 summarises the values
applied in the machine cost estimation for thinning
and final felling operations.

The machine utilisation rate was equal across all scen-
arios. Certain variables were assumed (Table 5) and
plugged into the cost model. The remaining parameters
in the business model by Ackerman et al. (2014) were
unchanged, except for inflation adjustments (SCB
2023), where necessary.

Cha = Cn X Vpg (4)
C _ CP 'MH parvester CP MH forwarder
= + (5)
Pharvester P forwarder

where Cp, is the machine cost per hectare (€ ha™), Cnis
the machine cost per cubic meter (€ m~3), and Vpq is the
total harvested volume per hectare (m® ha™") simulated
for each treatment. Copuparvester aNA Copitorwarder are the
harvester and forwarder costs per productive machine
hour (€ PMH™"), while Phanester aNd Proywarder are their
respective productivities (m> PMH™").

Due to the structure of the available data, the
machine cost per cubic meter was calculated based
solely on forest operations, i.e. cutting and forwarding
logs and biomass to the forest roadside. Costs such as
machine relocation between harvesting sites and other
overhead expenses were not included.

Land expectation value

The land expectation value (LEV) was calculated from
net harvesting revenues, machine costs, and planting
and soil scarification costs (Table 6), with the latter
assigned to year 0. Revenues included timber, pulp-
wood, and energy biomass.

Spruce and birch timber were assumed to be dis-
tributed among two quality classes: 86% in class 1
and 14% in class 2, each priced according to the
respective timber price lists. Spruce timber prices
were based on the 2023 Swedish average (Skogsstyrel-
sen 2023b). As Sweden does not have a well-estab-
lished birch-timber market, we used Finnish data to
assess the price difference relative to spruce timber,
setting birch timber prices approximately 9% lower
(Luonnonvarakeskus 2024). For birch at final felling,
Heureka's simulated roundwood and revenue
outputs were replaced by our own calculations for
birch timber and pulpwood. Swedish average pulp-
wood prices for spruce and birch were applied to esti-
mate the pulpwood revenue (Skogsstyrelsen 2023b).
In birchMonoNew, mixedPatchTiming, and



8 e S. CHAKRAVORTY ET AL.

Table 5. Assumptions used to calculate costs (€ m™) using the cost model by Ackerman et al. (2014).

Variables Unit Value

Assumptions Working days a year days year™ 210
Scheduled machine hours (SMH) hours year‘1 3360

Productive machine hours (PMH; 85% of SMH) hours year™ 2856

Expected economic life year 5

Machine insurance %o 6

Salvage value % of base machine purchase 10

Machine maintenance cost % base machine of base machine purchase 80

Machine utilisation rate % 85

Contractor’s profit margin % 5

Diesel price e’ 2

Operator wage € SMH™! 16

Thinning harvester purchase price k€ 444

Final felling harvester purchase price ke 479

Thinning forwarder purchase price k€ 366

Final felling forwarder purchase price k€ 392

Machine costs (estimated) Thinning harvester cost € PMH™" 209
Final felling harvester cost € PMH™! 225

Thinning forwarder cost € PMH™ 172

Final felling forwarder cost € PMH™ 184

mixedPatchNew, all first thinning harvest was con-
sidered biomass (hereafter biomass thinning).
Biomass revenues in these scenarios were calculated
using the assumed biomass price (Table 6).

Net revenue for each treatment year was calculated
by subtracting total costs from total revenues, then dis-
counting to year 0 using a 3.5% discount rate. LEV was
then calculated according to Equation 6:

Z;:O {(Ry - Cy)* (1 + I)y} - Ci
&lecub; (1 + iy — 1&rcub;

LEV = (6)
where r is the rotation length in years, y is the year in
which a treatment took place, Ry is the revenue at year
y (€ ha™), G, is the cost (€ ha™") at year y, G; is planting
and soil scarification cost (€ ha™') at year 0, and i is the
discount rate.

Sensitivity analysis

To address uncertainties in key assumptions, such as
price levels, we performed a one-at-a-time sensitivity
analysis on biomass price, diesel price, discount rate,
and birch timber price. A linear model (Equation 7)
was used to assess the significance of differences

between each variable change, followed by an ANOVA
test.

Y = 1+ OXpio + bXdiesel + CXdisc + AXp timber + & (7)

where u is the overall mean, Xpjo, Xdiesetr Xdisc aNA Xp timper
represent biomass price, diesel price, discount rate and
birch timber price, respectively. LEV sensitivity was ana-
lysed for a + 30% variation in all variables except for the
discount rate, which was tested across a 1-5% range. All
linear model fitting and ANOVA tests were performed
using R version 4.3.2 (R Core Team 2023).

Results
Stem size, growth, and rotation age

The average stem size at first thinning ranged from 0.06
to 0.11 m® per stem (Table 7), influencing harvest cost
per cubic meter. For instance, in the birch scenarios,
the average harvested stem size was 60% of that in spru-
ceMono, resulting in higher costs per cubic meter.
However, the total harvest cost per hectare was more
strongly influenced by harvested volume than by stem

Table 6. Assumptions for planting and soil scarification costs, and product revenues (base year 2023).

Variables Unit Value Reference
Seedling purchase price, birch € seedling_1 0.61 Svenska Skogsplantor (2023)

Seedling purchase price, spruce € seedling™ 0.35 Svenska Skogsplantor (2023)

Planting density stems ha~' 2000 Collected data

Number of seedlings in a mixed stand, spruce stems ha™"' 1000 Collected data

Number of seedlings in a mixed stand, birch stems ha™" 1000 Collected data

Spruce monoculture planting cost €ha™’ 700 No. of seedlings x seedling purchase price
Birch monoculture planting cost €ha”' 1220 No. of seedlings x seedling purchase price
Mixed stand planting cost €ha”’ 960 No. of seedlings x seedling purchase price
Soil scarification cost € ha™’ 280 Skogsstyrelsen (2023a)

Average timber price, spruce em™ 62 Skogsstyrelsen (2023b)

Average pulpwood price, birch em3 43 Skogsstyrelsen (2023b)

Average pulpwood price, spruce em 4 Skogsstyrelsen (2023b)

Average biomass price €m3 32 Average of the prices from Mellanskog (2023) and Norraskog (2023)
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Table 7. Average rotation age, mean annual increment, harvested stem volume, and total harvested feedstock in the scenarios

(standard deviation in the parentheses).

Scenario
Parameter Treatment  spruceMono  birchMonoBAU  birchMonoNew mixedPatchBAU  mixedPatchNew mixedPatchTiming
Rotation time (years) - 72 (14) 53 (1) 53 (1) 60 (10) 60 (10) 60 (10)
Mean annual increment (MAl) - 5.5 (3.0) 1.6 (0.3) 1.6 (0.3) 5.3 (24) 49 (1.7) 4.1 (1.7)
(m® ha™" year™)
Average harvested stem 1st Thinning ~ 0.10 (0.02) 0.06 (0.02) 0.06 (0.02) 0.11 (0.05) 0.11 (0.05) 0.08 (0.02)
volume (m? stem™") Later 0.10 (0.13) 0.06 (0.06) 0.06 (0.06) 0.07 (0.11) 0.07 (0.11) 0.06 (0.07)
Thinning
Final Felling 0.47 (0.37) 0.32 (0.12) 0.32 (0.12) 0.32 (0.20) 0.32 (0.20) 0.32 (0.15)
Biomass (m> ha™") 1st Thinning - - 28 (12) - 46 (17) 38 (15)
Later - - - - - -
Thinning
Final Felling - - - - - -
Pulpwood (m> ha™") 1st Thinning 38 (15) 28 (12) - 36 (9) - 3(8)
Later 21 (25) 37 (12) 37 (12) 13 (19) 13 (19) 22 (12)
Thinning
Final Felling 102 (20) 167 (26) 76 (21) 168 (37) 128 (21) 88 (9)
Timber (m® ha™") 1st Thinning 13 (9) - - 10 (9) - -
Later 33 (43) - - 15 (29) 15 (29) 10 (21)
Thinning
Final Felling 298 (172) - 91 (24) 123 (90) 185 (92) 185 (89)

size. Thus, while smaller stems raise the costs per cubic
meter, stand-level volume is the primary cost driver
within this size range.

Mean annual increment (MAI) varied as expected with
site index (SI). In birch scenarios, MAI remained consist-
ent between northern and southern sites, whereas spru-
ceMono showed an 80m? ha™' year' difference
between the northernmost (24 m* ha™' year™') and
southernmost (10.8 m® ha™' year™") locations. mixed-
PatchTiming had a lower MAI among the mixed scen-
arios due to more frequent thinnings and higher
volume removal.

Rotation time followed the expected pattern of
longest rotation at the least fertile northern site
(Manjaur), and shortest at the most fertile southern site
(Bullstofta). SpruceMono had the highest average
rotation age, while birch scenarios had the lowest
(Table 7).

Harvested volumes of feedstock

The birchMonoNew scenario yielded a lower average
biomass volume at first thinning compared to mixed-
PatchTiming and mixedPatchNew. Nevertheless, in
some mixedPatchNew sites, there was insufficient
stand basal area growth for a thinning, making birchMo-
noNew and mixedPatchTiming consistently reliable for
biomass production.

At final felling, birchMonoNew produced on
average 42% and 31% more birch timber than mixed-
PatchTiming and mixedPatchNew, respectively.
However, at the northernmost sites (Manjaur and
Renberget), mixedPatchNew outperformed birchMo-
noNew in both timber and total harvested volume.

These differences can be explained by the longer
rotation time at these locations, and by the additional
thinnings in the birch patches under mixedPatchTim-
ing, potentially reducing its average pulpwood
volume at final felling.

Overall, harvested feedstock volumes (biomass,
pulpwood, timber) depended on site index, rotation
age, and management strategy. birchMonoNew
stood out regarding total birch timber on average,
but site-specific conditions sometimes favoured
mixed stands.

Costs and revenues from first thinning and
biomass thinning

The costs and revenues from first thinning (spruceMono,
birchMonoBAU, mixedPatchBAU) and biomass thinning
(birchMonoNew, mixedPatchTiming, mixedPatchNew)
are presented per hectare in Figure 3 and per cubic
meter in Figure 4. Although spruceMono, birchMono-
BAU and mixedPatchBAU are included in the Figure 4,
they do not generate biomass revenue from the first
thinning (Table 3). Therefore, the line for the biomass
revenue (€ m3)in Figure 4 does not apply to these scen-
arios. However, their thinning costs (€ m™) are included
to allow for comparison.

All scenarios, except birchMonoNew, achieved net
profit from the initial thinning (Figure 3). BirchMono's
negative net revenue primarily stemmed from its rela-
tively low harvested volume. MixedPatchNew also
experienced reduced revenue from the first thinning
because both spruce and birch harvests were sold as
biomass rather than higher-value pulpwood or timber,
particularly for spruce. Although mixedPatchTiming



10 e S. CHAKRAVORTY ET AL.

2500
2000 ]
1500
1000

500

= !

-1500

First Thinning: Cost and Revenue (€ ha™)

g Q
° 5\‘*& & &

Scenario
D Gross Revenue . Forwarding Cost Harvesting Cost D Net Revenue

Figure 3. First thinning (mixedPatchBAU, spruceMono, birchMonoBAU) and biomass thinning (birchMonoNew, mixedPatchTiming,
mixedPatchNew) costs, gross revenues and net revenues per hectare of forest stands.
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Figure 4. First thinning (in mixedPatchBAU, spruceMono, birchMonoBAU) and biomass thinning (birchMonoNew, mixedPatchTiming,
mixedPatchNew) costs per cubic meter. The solid red line represents the assumed biomass price per cubic meter (Table 6), and the
dashed red line represents Sweden'’s average cost for all types of thinnings in 2023 (Skogsstyrelsen 2023b).



approximately 50% and 38%, respectively. This is mainly
due to smaller average harvested stems. Meanwhile, the
costs of the other mixed scenarios and spruceMono
exceeded the Swedish average by only 7%. This
smaller deviation likely reflects their more standard
species composition and management, aligning better
with typical thinning conditions in Sweden. Additionally,
the Swedish average thinning cost represents all thin-
ning operations, while in first thinning, the costs tend
to be higher than later thinnings due to dense stands
and small average stem sizes.

Land expectation value

Figure 5 shows that site variability had a higher impact
on LEV than the scenario variability, as the site index
influenced basal area growth, thinning decision and
product revenue. While birchMonoNew was profitable
in 50% of the stands, it performed poorly in others. At
Manjaur, this could be due to climatic and site con-
ditions, while Spoland, despite being a fertile site, had
a low initial number of birch stems due to storm
damage. Conversely, Asa-1 and Siljansfors-1 had lower
site indexes than the corresponding Asa-2 and Siljans-
fors-2 sites, resulting in lower initial basal area, average
stem volume, and harvested volume.
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On average, adding birch timber in the final felling
increased stand LEVs. Despite a net gain at the first thin-
ning in birchMonoBAU and an average net loss in birch-
MonoNew, birchMonoNew ultimately outperforms
birchMonoBAU across all sites due to the addition of
timber in the harvest assortments. Similarly, mixedPatch-
New achieved 9% higher LEV than mixedPatchBAU,
while mixedPatchTiming was only 4% below mixed-
PatchBAU, despite more frequent, costlier thinnings. At
Bullstofta, however, mixedPatchNew and mixedPatch-
Timing underperformed compared to mixedPatchBAU,
likely because large-sized stems were sold as biomass
at initial thinning - an unprofitable approach on this
highly fertile site. When excluding Bullstofta, mixed-
PatchNew and mixedPatchTiming thus exhibited even
larger LEV gains over mixedPatchBAU (36% and 25%
higher, respectively).

Overall, the frequent thinnings in mixedPatchTiming
raised harvesting costs, resulting in lower LEV, but at
certain sites they enabled timely stand interventions
that increased revenues.

Sensitivity analysis

In the sensitivity analysis (Figure 6), the discount rate
was the only variable that significantly affected the
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Figure 5. Land expectation value (LEV) for all sites and scenarios.

Note the break in scale on the y-axis (2021). The x-axis represents the sites, with site indices for different scenarios shown in parentheses. The indices are

arranged in the order of birch stands — group-mixed stands — spruce stands.
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Figure 6. Sensitivity analysis of impact of discount rate on LEV.
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LEV, while changes in biomass price, diesel price, and
birch timber price had negligible impact on overall
profitability (data not shown). At higher discount rates,
mixedPatchBAU, with earlier thinnings and shorter
rotations, became more attractive. Both the birch scen-
arios remained unprofitable at discount rates over 3%,
largely due to higher operational costs. However, as dis-
cussed above, at the discount rate of 3.5% used in our
study, LEV outcomes depended primarily on the site
conditions. Therefore, birch scenarios made a positive
LEV in some sites and did not in others.

Overall, those results underscore that discount rate is
crucial for long-term profitability, and that it outweighs
moderate changes in biomass or birch timber prices,
as well as in diesel price. This indicates that many of
the tested management strategies can remain economi-
cally viable unless interest rates climb significantly.

Discussion
Thinning costs

Among the scenarios, spruceMono exhibited the lowest
thinning costs, followed by mixedPatchBAU and mixed-
PatchNew. This aligns with expectations; the spruceMono
scenario benefited from economy of scale due to a larger
harvested volume per hectare (Table 7), despite having an
average stem volume similar to the mixed scenarios. This
finding indicates that if the total harvested volume per

hectare could be increased in the mixed scenarios, e.g.
by using improved birch varieties, the harvesting cost
could be lower than shown in this study.

The relatively small average stem sizes in the birch
scenarios led to a limited harvested volume per
hectare, increasing the cost per unit harvested. Accord-
ing to Karha et al. (2005), mechanized harvesting
becomes unprofitable when the average stem size is
below 0.03 m? and the total harvest volume is below
30 m® ha~'. Although the average thinned stem
volume in the birch scenarios did exceed 0.03 m?, the
total volume harvested per stand remained below 30
m3 (Table 7), likely contributing to higher harvesting
costs. This emphasizes the importance of timing in thin-
ning to ensure sufficient stem diameters, while still
keeping the stand within the recommended first thin-
ning height range. Timing issues emerge as a main chal-
lenge to cost-effective biomass harvesting of birch in
both monocultures and group-mixed forests. Addition-
ally, the initial planting density in the birch scenarios
(around 2000 stems ha~') exceeded the 1600 stems
ha~' recommended by Hynynen et al. (2010). Higher
early-stage competition can reduce diameter growth
and average stem volume, further complicating efforts
to maintain favourable harvesting conditions.

In mixedPatchTiming, having two separate first thin-
nings (one for each species patch) contributed to
higher costs. However, without real-time machine work
data or patch-thinning productivity models, we relied



on mean stem volume to estimate costs. The pro-
ductivity would likely fluctuate with machine driving
time and biomass distribution in the stand. We expect
that an integrated harvesting system (Jylha and Jylha
2007; Heikkila et al. 2009; Karha 2011; Karha et al.
2011) could increase average harvested volume per
hectare, thus lowering unit costs. As we did not
include detailed cost metrics, such as machine loading-
unloading time or biomass density, our results may not
fully capture potential efficiency improvements.
Additionally, variation in the spatial arrangement of
birch patches within mixed stands would likely affect
costs, which we did not account for in this study.
Overall, on average, in the mixedPatchTiming scen-
ario, the first thinning of spruce occurred 10-15 years
after the first thinning of the birch, and the rest followed
accordingly. The northernmost site, Manjaur, had the
highest first thinning cost, while the southernmost site,
Bullstofta, had the lowest. Costs also appeared to vary
with site fertility as the site fertility was represented
through mean stem size and total harvested volume.

Biomass thinning revenue

Both mixedPatchTiming and mixedPatchNew generated
positive net revenue from first thinning at the applied
biomass price (32 € m~3). However, the practicality of
these results for mixedPatchTiming remains uncertain.
We assumed a 150 m forwarding distance, but, particu-
larly in time-sensitive patch-thinned stands, forwarding
distances and costs could be higher, rendering biomass
revenues insufficient to ensure profitability. For instance,
Eliasson et al. (2021) found that patch-cutting in final
felling can increase forwarding distance by 29%, leading
to an 18% increase in total harvesting costs. Their
average stem size was also about 6-11% higher than in
our mixedPatchTiming scenario, suggesting that our
cost estimate for biomass thinning could be conservative.
Further research into optimising forwarding distances,
strip road layouts, and machine-route planning is necess-
ary before recommending this approach.

Although mixedPatchNew attained the highest
biomass revenue at the applied price, there are sustain-
ability concerns under current regulations (EEB 2022) as
many stems would qualify as pulpwood or timber rather
than energy biomass. Without integrated harvesting
systems or adjusted cutting strategies, mixedPatchNew
may not meet sustainable biomass sourcing require-
ments. By contrast, birchMonoNew, despite lower profit-
ability at present, features a consistent thinning regime
that can reliably produce biomass under existing rules.

Site selection also proved crucial. At Manjaur, the
least fertile site, first thinning costs were roughly
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double those at other sites. Thus, biomass thinning at
medium to high-fertility sites appears more cost-
effective. However, high site index stands are typically
more profitable when focusing on higher-priced pro-
ducts (pulpwood or timber) rather than biomass. More-
over, the selective thinning method applied in this
study contributed to higher costs by yielding a lower
total volume per PMH in stands with low site index or
sites with a high number of small-diameter trees. A sys-
tematic thinning method could potentially increase the
harvested biomass volumes and reduce costs (Berg-
strom et al. 2010; Bergstrom et al. 2022).

These thinning cost and revenue patterns strongly
influence overall stand profitability, as reflected in the
LEV.

Effects on land expectation value

We initially expected that introducing birch timber (mix-
edPatchNew) would generate a significantly higher LEV
than that of mixedPatchBAU. While the results revealed
an overall insignificant difference, mixedPatchNew still
achieved a 9% higher LEV, even with 42% lower first
thinning revenue. On most sites, mixedPatchNew
improved LEV, but at Bullstofta, Asa-2, and Siljansfors-
1, mixedPatchBAU performed better. Notably, Bullstofta’s
high site index (Table 2) meant that trees qualifying as
pulp or timber were sold as biomass, thus forfeiting
potential pulpwood or timber revenue. Unless biomass
prices increase significantly or integrated harvesting is
practised, utilizing roundwood-size stems as biomass is
not optimal, especially as this might conflict with the sus-
tainable energy directive (EEB 2022), as discussed above.
Therefore, the potential of pre-commercial biomass thin-
ning in high-fertility sites should be explored.

Conversely, at Asa-2 and Siljansfors-1, the pulpwood-
only management for birch in mixedPatchBAU yielded
higher returns than splitting into pulpwood and
timber, as in mixedPatchNew. This suggests that if top
diameters are too small to fetch good timber prices,
pulpwood-only approaches may be preferable. Future
changes in birch timber markets could, however, alter
this outcome.

Although mixedPatchTiming had a lower LEV on
average than mixedPatchNew and mixedPatchBAU, it
outperformed both at specific sites (Siljansfors-1, Asa-1,
Asa-2; Figure 5). Since thinning in mixedPatchNew and
mixedPatchBAU was based on BA targets, areas with
insufficient BA growth were not thinned. For example,
in Asa-2, spruce had good basal area development, but
birch did not. As a result, areas occupied by birch were
left unthinned, generating no birch pulpwood revenue.
However, mixedPatchTiming allowed thinning in birch
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patches based on stem density, enabling pulpwood
revenue from birch and leading to a higher LEV than
mixedPatchBAU and mixedPatchNew in Asa-2. This
suggests that mixedPatchTiming could be a viable
alternative for group-mixed stands, allowing birch to
be thinned when stem density, rather than basal area,
meets the criteria. This approach may enable timely thin-
ning in both birch and spruce patches. Further studies
are needed to evaluate the logistics, economic feasi-
bility, and ecological impacts of timed patched thinning,
particularly regarding repeated machine interventions.

The birchMonoNew scenario demonstrated higher
LEVs than previously reported birch-spruce mixtures
(Lidman et al. 2021), although direct comparisons are
complicated by differences in stand structure and man-
agement. With consistent thinning based on stem
density, birchMonoNew may reliably produce biomass,
pulpwood, and timber. birchMonoNew outperforms
birchMonoBAU, indicating a more economically attrac-
tive broadleaf management option in Swedish forestry,
provided the development of a substantial market for
birch timber.

We also found potential to obtain, on average, 8
oven-dried tonnes per hectare (OD t ha™") of birch
bark during thinning and 13 OD t ha™' during final
felling (data not shown). This additional yield could
offset costs, although its viability depends on future
market demand and the establishment of relevant
industries and logjistics.

Our analysis further indicates that harvesting biomass at
the first thinning while excluding birch timber and relying
only on biomass and pulpwood yields an LEV approxi-
mately 171% lower than that of birchMonoNew. While a
roundwood-only strategy could theoretically surpass
birchMonoNew, the growing demand for renewable and
sustainable energy underscores the need to explore
alternative assortments from forest woody biomass.

Although variability in site characteristics can hinder
direct comparisons, it also validates the robustness of
these observed trends across diverse contexts. Another
notable point is that birch often regenerates naturally
on moist or wet sites, eliminating planting costs and
potentially raising LEVs for the birchMonoNew, mixed-
PatchTiming, and mixedPatchNew scenarios.

Finally, since biomass costs were estimated at the
landing, actual costs at the power plant gate may be
higher, depending on transportation distances and
volumes. Addressing logistical challenges, improving
site selection, and fostering robust markets for birch
timber and biomass products will be essential to fully
realize the economic potential of these strategies.

In summary, the choice between these scenarios may
hinge on site fertility, regulatory constraints, and

whether a market for birch timber develops. Under the
right conditions, group-mixed approaches can outper-
form pure stands, but cost uncertainties and potential
operational complexities remain. However, this study
did not account for the ecological and economic resili-
ence benefits that mixed forest management can offer.
Incorporating these aspects in future research would
be essential for developing a more comprehensive
understanding of the system.

Sensitivity analysis revisited

The sensitivity analysis indicated that only the discount
rate significantly influenced LEV (Figure 6). According
to our results, mixedPatchBAU became the most favour-
able option at higher discount rates, likely because it had
earlier thinning and final felling than spruceMono. Mix-
edPatchNew might be the best choice at high discount
rates if pulpwood and timber were the primary harvest
products from first thinning. Although mixedPatchTim-
ing involves higher operational costs, it remained econ-
omically viable up to a 5% discount rate, which can be
explained by the birch timber at final felling. By contrast,
the operational costs of birch scenarios were too high for
profitability at discount rates above 3%. However, we
did not re-optimize each scenario for different discount
rates; instead, we only adjusted the discount rate during
the final LEV calculation. Since higher discount rates
typically lead to earlier thinnings and final fellings
when optimization is applied, our sensitivity analysis
reflects changes in LEV only under the assumption that
treatment schedules remain unchanged.

It was unexpected that LEV showed no major sensitivity
to biomass, diesel or birch timber price changes, even
though these factors affect machine costs and revenues.
While diesel price strongly affected forwarding costs per
cubic meter (data not shown), careful planning and optim-
isation (e.g. stand-based strip road design) can mitigate this
cost effect. This finding is presumably more relevant to
machine work contractors than forest owners or managers.

Finally, our £30% variations in biomass and birch
timber prices did not noticeably shift LEV, but extreme
price fluctuations could yield different outcomes, neces-
sitating further investigation.

Conclusion

This study has explored whether time-sensitive patch
thinning and the integration of energy biomass harvest-
ing from early thinnings can be economically viable in
different forest types, and whether birch timber pro-
duction can justify the costs of active management.
Our findings show that incorporating energy thinning



in birch-spruce group-mixed stands can yield positive
net revenues, provided site conditions (e.g. fertility) are
favourable. Under these circumstances, biomass harvest-
ing can be integrated into Swedish forest value chains
without substantially compromising economic returns.

By contrast, birch monocultures face revenue losses if
early-thinning harvests are sold solely as energy biomass
at current prices. Including birch timber as a harvested
product offsets these thinning costs, as is evident from
the improved LEVs of the mixedPatchNew scenario com-
pared to mixedPatchBAU. Developing markets and man-
agement practices for birch timber is imperative to
encourage forest owners to actively manage both
birch monocultures and birch patches in mixed forests.

Finally, although the mixedPatchTiming scenario
showed promise, particularly where basal area growth
was too low for conventional mixed-stand thinning,
further studies on logistical aspects (e.g. machine-route
planning) are necessary before it can be recommended
for practical implementation in Swedish forestry.
Future efforts should focus on optimising the forest
value chain to capture both biomass and roundwood
assortments from birch, while also adhering to sustain-
ability guidelines. A better understanding of birch
timber markets and improvements in thinning oper-
ations and logistics will be vital to ensuring economically
and ecologically sustainable management strategies for
birch in Swedish forestry.

Disclosure statement

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

Funding

This research was conducted within Trees For Me, a centre of
excellence supported by the Swedish Energy Agency [grant
number P2021-90272] and almost 50 stakeholders. Bio4E-
nergy, a strategic research environment supported by the
Swedish government’s strategic research area initiative, pro-
vided additional funding. We appreciate the dedicated
efforts of the field-based research unit in managing and con-
ducting the experiment measurements used in this study. Dr.
Emma Holmstrom of the Swedish University of Agricultural
Sciences is acknowledged for valuable discussions during the
work.

Declaration of generative Al and Al-assisted
technologies in the writing process

During the preparation of this manuscript, the authors used
the ChatGPT-40 tool to receive suggestions aimed at improv-
ing the readability and language of parts of the text. After
using the tool, the authors thoroughly reviewed and edited

SCANDINAVIAN JOURNAL OF FOREST RESEARCH 15

the content as necessary and take full responsibility for the
final content of the article.

ORCID

Narayanan Subramanian
3241

http://orcid.org/0000-0003-2777-

References

Ackerman P et al. 2014. The COST model for calculation of
forest operations costs. Int J For Eng. 25(1):75-81. https://
doi.org/10.1080/14942119.2014.903711.

Ara M, Berglund M, Fahlvik N, Johansson U, Nilsson U. 2022.
Pre-commercial thinning increases the profitability of
Norway spruce monoculture and supports Norway spruce-
birch mixture over full rotations. Forests. 13(8):1156.
https://doi.org/10.3390/f13081156.

Bergstrom D, Bergsten U, Bergstrdm TN. 2010. Comparison of
boom-corridor thinning and thinning from below harvest-
ing methods in young dense Scots pine stands. Silva Fenn.
44(4):669-679.

Bergstrom D et al. 2022. Effects of boom-corridor thinning on
harvester productivity and residual stand structure. Int J
For Eng. 33(3):226-242. https://doi.org/10.1080/14942119.
2022.2058258.

Borjesson P, Hansson J, Berndes G. 2017. Future demand for
forest-based biomass for energy purposes in Sweden. For
Ecol Manag. 383(2017):17-26. https://doi.org/10.1016/j.
foreco.2016.09.018.

Brandel G. 1990. Volume functions for individual trees; Scots
pine (Pinus sylvestris), Norway spruce (Picea abies) and
birch (Betula pendula & Betula pubescens). Rapport -
Sveriges Lantbruksuniversitet, Institutionen for
Skogsproduktion (Sweden). 26:183. Swedish.

Camia A et al. 2021. The use of woody biomass for energy pro-
duction in the EU. Publications Office of the European
Union. https://doi.org/10.2760/831621.

Di Fulvio F, Kroon A, Bergstrom D, Nordfjell T. 2011.
Comparison of energy-wood and pulpwood thinning
systems in young birch stands. Scandinavian J For Res.
26(4):339-349.

Dubois H, Verkasalo E, Claessens H. 2020. Potential of Birch
(Betula pendula Roth and B. pubescens Ehrh.) for forestry
and forest-based industry sector within the changing cli-
matic and socio-economic context of Western Europe.
Forests. 11(3):336. https://doi.org/10.3390/f11030336

Dunham RA, Cameron AD, Petty JA. 1999. The effect of growth
rate on the strength properties of sawn beams of silver birch
(Betula pendula Roth). Scand J For Res. 14(1):18-26. https://
doi.org/10.1080/02827589908540805

EC. 2021. European climate law, ((EU) 2021/1119). https://
climate.ec.europa.eu/eu-action/european-climate-law_en

EEB. 2022. RED lIl: taking the Paris Agreement Compatible
(PAC) energy scenario to the next level. https://eeb.org/
library/eeb-policy-brief-on-the-renewable-energy-directive-
red-iii/

Eggers J, Melin Y, Lundstrém J, Bergstrém D, Ohman K. 2020.
Management strategies for wood fuel harvesting-trade-offs
with  biodiversity and forest ecosystem services.


http://orcid.org/0000-0003-2777-3241
http://orcid.org/0000-0003-2777-3241
https://doi.org/10.1080/14942119.2014.903711
https://doi.org/10.1080/14942119.2014.903711
https://doi.org/10.3390/f13081156
https://doi.org/10.1080/14942119.2022.2058258
https://doi.org/10.1080/14942119.2022.2058258
https://doi.org/10.1016/j.foreco.2016.09.018
https://doi.org/10.1016/j.foreco.2016.09.018
https://doi.org/10.2760/831621
https://doi.org/10.3390/f11030336
https://doi.org/10.1080/02827589908540805
https://doi.org/10.1080/02827589908540805
https://climate.ec.europa.eu/eu-action/european-climate-law_en
https://climate.ec.europa.eu/eu-action/european-climate-law_en
https://eeb.org/library/eeb-policy-brief-on-the-renewable-energy-directive-red-iii/
https://eeb.org/library/eeb-policy-brief-on-the-renewable-energy-directive-red-iii/
https://eeb.org/library/eeb-policy-brief-on-the-renewable-energy-directive-red-iii/

16 (&) S.CHAKRAVORTY ET AL.

Sustainability. 12(10):4089.
su12104089.

Elfving B, Nystrom K. 2010. Growth modelling in the Heureka
system. Department of Forest Ecology and Management,
Swedish University of Agricultural Sciences.

Eliasson L, Grénlund O, Lundstrém H, Sonesson J. 2021.
Harvester and forwarder productivity and net revenues in
patch cutting. Int J For Eng. 32(1):3-10. https://doi.org/10.
1080/14942119.2020.1796433.

Eriksson M, Lindroos O. 2014. Productivity of harvesters and
forwarders in CTL operations in northern Sweden based
on large follow-up datasets. Int J For Eng. 25(3):179-200.
https://doi.org/10.1080/14942119.2014.974309

Exchange-Rates.org. 2023. World currency exchange rates and
currency exchange rate history. https://www.exchange-
rates.org/

Fahlvik N, Agestam E, Ek6 PM, Lindén M. 2011. Development of
single-storied mixtures of Norway spruce and birch in
Southern Sweden. Scand J For Res. 26(SUPPL. 11):36-45.
https://doi.org/10.1080/02827581.2011.564388.

Fahlvik N, Ek6 PM, Petersson N. 2015. Effects of precommercial
thinning strategies on stand structure and growth in a
mixed even-aged stand of scots pine, Norway spruce and
birch in Southern Sweden. Silva Fenn. 49(3):1-17. https://
doi.org/10.14214/sf.1302

Fahlvik N, Elfving B, Wikstrom P. 2014. Evaluation of growth
functions used in the Swedish Forest Planning System
Heureka. Silva Fenn. 48(2):1013. https://doi.org/10.14214/
sf.1013.

Felton A et al. 2022. Forest biodiversity and ecosystem services
from spruce-birch mixtures: the potential importance of tree
spatial arrangement. Env Chall. 6(2022):100407. https://doi.
org/10.1016/j.envc.2021.100407.

Felton A et al. 2021. From mixtures to monocultures: bird
assemblage responses along a production forest conifer-
broadleaf gradient. For Ecol Manag. 494(2021):119299.
https://doi.org/10.1016/j.foreco.2021.119299.

Felton A, Lindbladh M, BrunetFritz, O J, Fritz O. 2010. Replacing
coniferous monocultures with mixed-species production
stands: an assessment of the potential benefits for forest
biodiversity in northern Europe. For Ecol Manag.
260(6):939-947.  https://doi.org/10.1016/j.foreco.2010.06.
011.

Felton A et al. 2016. Replacing monocultures with mixed-
species stands: ecosystem service implications of two pro-
duction forest alternatives in Sweden. Ambio. 45(2):124-
139. https://doi.org/10.1007/s13280-015-0749-2.

Fernandez-Lacruz Raul, Di Fulvio Fulvio, Athanassiadis Dimitris,
Bergstrom Dan, Nordfjell Tomas. 2015. Distribution, charac-
teristics and potential of biomassdense thinning forests in
Sweden. Silva Fenn. 49(5): 1377. http://dx.doi.org/10.
14214/s£.1377.

French DD, Jenkins D, Conroy JWH. 1986. Guidelines for mana-
ging woods in Aberdeenshire for song birds. In: Jenkins D.,
editor. Trees and wildlife in the Scottish uplands. NERC/
ITE; p 129-143.

Gao T, Hedblom M, Emilsson T, Nielsen AB. 2014. The role of
forest stand structure as biodiversity indicator. For Ecol
Manag. 330(2014):82-93. https://doi.org/10.1016/j.foreco.
2014.07.007.

Gotmark F, Fridman J, Kempe G, Norden B. 2005. Broadleaved
tree species in conifer-dominated forestry: Regeneration

https://doi.org/10.3390/

and limitation of saplings in southern Sweden. For Ecol
Manag. 214(1-3):142-157. https://doi.org/10.1016/j.foreco.
2005.04.001.

Griess VC, Acevedo R, Hartl F, Staupendahl K, Knoke T. 2012.
Does mixing tree species enhance stand resistance against
natural hazards? A case study for spruce. For Ecol Manag.
267(2012):284-296.  https://doi.org/10.1016/j.foreco.2011.
11.035.

Hagglund B. 1972. Site index curves for Norway spruce in
southern Sweden, Report 21. University of Agricultural
Sciences. Department of Forest Yield Research.

Hakkila P. 2005. Fuel from early thinnings. Int J For Eng.
16(1):11-14. https://doi.org/10.1080/14942119.2005.
10702503

Hedwall PO, Holmstrom E, Lindbladh M, Felton A. 2019.
Concealed by darkness: How stand density can override
the biodiversity benefits of mixed forests. Ecosphere. 10(8):
e02835. https://doi.org/10.1002/ecs2.2835.

Heikkild J et al. 2009. Energy wood thinning as a part of the
stand management of Scots pine and Norway spruce. Silva
Fenn. 43(1):129-146.

Heikkila J, Sirén M, Aijala jO. 2007. Management alternatives of
energy wood thinning stands. Biomass Bioenergy.
31(5):255-266. https://doi.org/10.1016/j.biombioe.2007.01.
013

Hein S, Winterhalter D, Wilhelm GJ, Kohnle U. 2009.
Wertholzproduktion mit der sandbirke (Betula pendula
roth):  Waldbauliche  moglichkeiten und  grenzen.
Allgemeine Forst-und Jagdzeitung. 180:206-219.

Holmstrém E, Carlstrom T, Goude M, Lidman FD, Felton A.
2021. Keeping mixtures of Norway spruce and birch in pro-
duction forests: insights from survey data. Scandinavian J
For ~ Res.  36(2-3):155-163.  https://doi.org/10.1080/
02827581.2021.1883729.

Holmstrom E et al. 2016. Pre-commercial thinning, birch admix-
ture and sprout management in planted Norway spruce
stands in South Sweden. Scand J For Res. 31(1):56-65.
https://doi.org/10.1080/02827581.2015.1055792.

Huuskonen S et al. 2021. What is the potential for replacing
monocultures with mixed-species stands to enhance eco-
system services in boreal forests in Fennoscandia?. For
Ecol Manag. 479(2021):118558. https://doi.org/10.1016/j.
foreco.2020.118558.

Huuskonen S et al. 2023. Growth dynamics of young mixed
Norway spruce and birch Stands in Finland. Forests.
14(1):56. https://doi.org/10.3390/f14010056.

Hynynen J et al. 2010. Silviculture of birch (Betula pendula
Roth and Betula pubescens Ehrh.) in Northern Europe.
Forestry. 83(1):103-119. https://doi.org/10.1093/forestry/
cpp035.

IPCC. 2000. Land-use change, and forestry: a special report of
the IPCC. Intergovernmental Panel on Climate Change
(IPCC); [accessed 2025 Sep 26]. https://www.ipcc.ch/report/
land-use-land-use-change-and-forestry/

IPCC. 2012. Renewable energy sources and climate change
mitigation: Special report of the Intergovernmental Panel
on Climate Change, Intergovernmental Panel on Climate
Change (IPCC). Cambridge University Press; [accessed 2025
Sep 26]. https://www.ipcc.ch/report/renewable-energy-
sources-and-climate-change-mitigation/

IPCC. 2021. Climate Change 2021: The Physical Science Basis.
In: Masson-Delmotte Valérie, Zhai Panmao, Piran Anna,


https://doi.org/10.3390/su12104089
https://doi.org/10.3390/su12104089
https://doi.org/10.1080/14942119.2020.1796433
https://doi.org/10.1080/14942119.2020.1796433
https://doi.org/10.1080/14942119.2014.974309
https://www.exchange-rates.org/
https://www.exchange-rates.org/
https://doi.org/10.1080/02827581.2011.564388
https://doi.org/10.14214/sf.1302
https://doi.org/10.14214/sf.1302
https://doi.org/10.14214/sf.1013
https://doi.org/10.14214/sf.1013
https://doi.org/10.1016/j.envc.2021.100407
https://doi.org/10.1016/j.envc.2021.100407
https://doi.org/10.1016/j.foreco.2021.119299
https://doi.org/10.1016/j.foreco.2010.06.011
https://doi.org/10.1016/j.foreco.2010.06.011
https://doi.org/10.1007/s13280-015-0749-2
http://dx.doi.org/10.14214/sf.1377
http://dx.doi.org/10.14214/sf.1377
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.1016/j.foreco.2005.04.001
https://doi.org/10.1016/j.foreco.2005.04.001
https://doi.org/10.1016/j.foreco.2011.11.035
https://doi.org/10.1016/j.foreco.2011.11.035
https://doi.org/10.1080/14942119.2005.10702503
https://doi.org/10.1080/14942119.2005.10702503
https://doi.org/10.1002/ecs2.2835
https://doi.org/10.1016/j.biombioe.2007.01.013
https://doi.org/10.1016/j.biombioe.2007.01.013
https://doi.org/10.1080/02827581.2021.1883729
https://doi.org/10.1080/02827581.2021.1883729
https://doi.org/10.1080/02827581.2015.1055792
https://doi.org/10.1016/j.foreco.2020.118558
https://doi.org/10.1016/j.foreco.2020.118558
https://doi.org/10.3390/f14010056
https://doi.org/10.1093/forestry/cpp035
https://doi.org/10.1093/forestry/cpp035
https://www.ipcc.ch/report/land-use-land-use-change-and-forestry/
https://www.ipcc.ch/report/land-use-land-use-change-and-forestry/
https://www.ipcc.ch/report/renewable-energy-sources-and-climate-change-mitigation/
https://www.ipcc.ch/report/renewable-energy-sources-and-climate-change-mitigation/

Connors Sarah L., Péan Clotilde, Chen Yang, Goldfarb Leah,
Gomis Melissa I, Matthews J.B. Robin, Berger Sophie, ed-
etal, editors. Contribution of working group | to the sixth
assessment report of the Intergovernmental Panel on
Climate Change, Intergovernmental Panel on Climate
Change (IPCC). Cambridge University Press; p. 214-309.
https://doi.org/10.1017/9781009157896.

IRENA. 2019. Bioenergy from boreal forests: Swedish approach
to sustainable wood use. International Renewable Energy
Agency.

Jylhd P, Jylhd JL. 2007. Energy wood and pulpwood harvesting
from young stands using a prototype whole-tree bundler.
Silva Fennica. 41(4):763-779. www.metla.fi/silvafennica-http://
www.metla.fi/silvafennica/full/sf41/sf414763.pdf.

Kangas A, Pitkdnen TP, Mehtatalo L, Heikkinen J. 2023. Mixed
linear and non-linear tree volume models with regional par-
ameters to main tree species in Finland. Forestry. 96(2):188-
206. https://doi.org/10.1093/forestry/cpac038.

Kérhd K. 2011. Integrated harvesting of energy wood and pulp-
wood in first thinnings using the two-pile cutting method.
Biomass Bioenergy. 35(8):3397-3403. https://doi.org/10.
1016/j.biombioe.2010.10.029

Karha K, Jouhiaho A, Mutikainen A, Mattila S. 2005. Mechanized
energy wood harvesting from early thinnings. Int J For Eng.
16(1):15-25. https://doi.org/10.1080/14942119.2005.
10702504.

Karha K, Jylhd P, Laitila J. 2011. Integrated procurement of
pulpwood and energy wood from early thinnings using
whole-tree bundling. Biomass Bioenergy. 35(8):3389-3396.
https://doi.org/10.1016/j.biombioe.2010.08.068

Laasasenaho J. 1982. Taper curve and volume functions for
pine, spruce and birch. Communicationes Instituti
Forestalis Fenniae. 108(108):74. https://urn.fi/URN:ISBN:951-
40-0589-9

Ldmas T et al. 2023. The multi-faceted Swedish Heureka forest
decision support system: context, functionality, design, and
10 years experiences of its use. Frontiers in Front For Global
Change. 6(2023):1163105. https://doi.org/10.3389/ffgc.2023.
1163105.

Lidman FD, Holmstrom E, Lundmark T, Fahlvik N. 2021.
Management of spontaneously regenerated mixed stands
of birch and Norway spruce in Sweden. Silva Fenn.
55(4):10485. https://doi.org/10.14214/sf.10485.

Lindbladh M et al. 2014. Short-rotation bioenergy stands as an
alternative to spruce plantations: implications for bird biodi-
versity. Silva Fenn. 48(5):1135. https://doi.org/10.14214/sf.
1135.

Liziniewicz M et al. 2022. Production of genetically improved
silver birch plantations in southern and central Sweden.
Silva Fenn. 56(1):10512. https://doi.org/10.14214/sf.10512.

Lundqvist L, Mérling T, Valinger E. 2014. Spruce and birch
growth in pure and mixed stands in Sweden. The Forestry
Chronicle. 90(1):29-34.

Luonnonvarakeskus. 2024. Natural Resources Institute Finland.
https://www.luke.fi/fi

Luostarinen K, Verkasalo E. 2000. Birch as sawn timber and in
mechanical further processing in Finland. A literature
study. Silva Fennica [Preprint].

Mellanskog. 2023. Virkeprislistor - Mellanskog, Mellanskog,
Vastmanland; [accessed 2024 Feb 6]. https://eur02.
safelinks.protection.outlook.com/?url=https%3A%2F%

SCANDINAVIAN JOURNAL OF FOREST RESEARCH 17

2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%
2Fvirkesprislistor-mellanskog%2F&data=05%7C02%
7Cswastika.chakravorty%40Itu.se%7C200230f09e9e473
473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500
fb544e%7C0%7C0%7C638427228413106117%7CUnknown
%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAWMDAIL
CJQljoiV2IuMzIliLCIBTil6lk1haWwiLCIXVCI6EMNn0%3D%7C0%
7C%7C%7C&sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%
2FFnP7QCWhPz63dPFHzCF8%3D&reserved=0

Norraskog. 2023. Prislistor, Norraskog, Ume3; [accessed 2024
Feb 6]. https://eur02.safelinks.protection.outlook.com/?url=
https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%?2Fsalja-
virke%2Fprislistor&data=05%7C02%7Cswastika.chakravorty
%40Itu.se%7C200230f09e9e473473c408dc262e835f%
7C5453408ba6cd4c1e8b1018b500fb544e€%7C0%7C0%
7C638427228413113163%7CUnknown%7CTWFpbGZsb3d
8eyJWIljoiMC4wLjAwMDAILCJQIjoiV2IuMzIliLCJBTil6lk
ThaWwiLCJXVCI6MNn0%3D%7C0%7C%7C%7C&sdata=
7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJI8YA3XCHSz%2Bx2w
%3D&reserved=0

Persson M et al. 2022. Precision thinning — a comparison of optimal
stand-level and pixel-level thinning. Scand J For Res. 37(2):99-
108. https://doi.org/10.1080/02827581.2022.2044902.

R Core Team. 2023. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing.
https://www.R-project.org/

SCB. 2023. Official statistics of Sweden. https://www.scb.se/

Skogsdata. 2023. Aktuella uppgifter om de svenska skogarna fran
SLU Riksskogstaxeringen 2023, Sveriges officiella statistik.

Skogsstyrelsen. 1984. Skogsstatistisk arsbok (Official statistics
of Sweden. Statistical year book of forestry), Sveriges
officiella statistik.

Skogsstyrelsen. 2023a. Costs for measures in large-scale for-
estry.  Sveriges  officiella  statistik.  https://www.
skogsstyrelsen.se/en/statistics/economy/costs-in-large-
scale-forestry/#:~:text=Costs%20for%20silvicultural%
20measures%20and%20pre%2Dcommercial%
20thinning&text=scarification%20has%20increased%20by
%202,SEK%207%20480%20per%20hectare

Skogsstyrelsen. 2023b. Volymvagda genomsnittspriser (kr/m3f
ub) pa leveransvirke efter landsdel och sortiment. Ar 2019-
2023, Sveriges officiella statistik; [accessed 2025 Sep 26].
https://www.skogsstyrelsen.se/statistik/ekonomi/
rundvirkespriser/

SMHI. 2023. Arsmedeltemperatur; [accessed 2024 Feb 21].
https://www.smhi.se/data/meteorologi/kartor/medel/
arsmedeltemperatur-medel.

SMHI. 2023. Arsnederbord; [accessed 2024 Feb 21]. https:/
www.smhi.se/data/meteorologi/kartor/medel/
arsnederbord-medel.

Svenska Skogsplantor. 2023. Prislista Plantor 2023, Svenska
Skogsplantor; [accessed 2023 Jun 27]. https://www.
skogsplantor.se/sv-se/plantor/priser-och-villkor/

Swedish Energy Agency. 2023. Energy in Sweden: Facts and
figures - 2023. https://www.energimyndigheten.se/en/
news/2023/energy-in-sweden—facts-and-figures-2023/

Verkasalo E et al. 2017. Current and future products as the basis
for value chains of birch in Finland. In: Motténen Veikko,
Heinonen Emilia, editors. 6th International Scientific
Conference on Hardwood Processing proceedings. Natural
Resources Institute Finland; p. 81-96.


https://doi.org/10.1017/9781009157896
www.metla.fi/silvafennica&middot;http://www.metla.fi/silvafennica/full/sf41/sf414763.pdf
www.metla.fi/silvafennica&middot;http://www.metla.fi/silvafennica/full/sf41/sf414763.pdf
https://doi.org/10.1093/forestry/cpac038
https://doi.org/10.1016/j.biombioe.2010.10.029
https://doi.org/10.1016/j.biombioe.2010.10.029
https://doi.org/10.1080/14942119.2005.10702504
https://doi.org/10.1080/14942119.2005.10702504
https://doi.org/10.1016/j.biombioe.2010.08.068
https://urn.fi/URN:ISBN:951-40-0589-9
https://urn.fi/URN:ISBN:951-40-0589-9
https://doi.org/10.3389/ffgc.2023.1163105
https://doi.org/10.3389/ffgc.2023.1163105
https://doi.org/10.14214/sf.10485
https://doi.org/10.14214/sf.1135
https://doi.org/10.14214/sf.1135
https://doi.org/10.14214/sf.10512
https://www.luke.fi/fi
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mellanskog.se%2Fvara-tjanster%2Fsalja-virke%2Fvirkesprislistor-mellanskog%2F%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413106117%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=GE%2B%2FYqoBIWbcjRaYpAEi5c%2FFnP7QCWhPz63dPFHzCF8%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.norraskog.se%2Fdin-skog%2Fsalja-virke%2Fprislistor%26data=05%7C02%7Cswastika.chakravorty%40ltu.se%7C200230f09e9e473473c408dc262e835f%7C5453408ba6cd4c1e8b1018b500fb544e%7C0%7C0%7C638427228413113163%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C%26sdata=7ybVH9q5VZqUdQsfuc%2B8F7zuKZFEJl8YA3xCHSz%2Bx2w%3D%26reserved=0
https://doi.org/10.1080/02827581.2022.2044902
https://www.R-project.org/
https://www.scb.se/
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/en/statistics/economy/costs-in-large-scale-forestry/#:~:text=Costs%20for%20silvicultural%20measures%20and%20pre%2Dcommercial%20thinning%26text=scarification%20has%20increased%20by%202,SEK%207%20480%20per%20hectare
https://www.skogsstyrelsen.se/statistik/ekonomi/rundvirkespriser/
https://www.skogsstyrelsen.se/statistik/ekonomi/rundvirkespriser/
https://www.smhi.se/data/meteorologi/kartor/medel/arsmedeltemperatur-medel
https://www.smhi.se/data/meteorologi/kartor/medel/arsmedeltemperatur-medel
https://www.smhi.se/data/meteorologi/kartor/medel/arsnederbord-medel
https://www.smhi.se/data/meteorologi/kartor/medel/arsnederbord-medel
https://www.smhi.se/data/meteorologi/kartor/medel/arsnederbord-medel
https://www.skogsplantor.se/sv-se/plantor/priser-och-villkor/
https://www.skogsplantor.se/sv-se/plantor/priser-och-villkor/
https://www.energimyndigheten.se/en/news/2023/energy-in-sweden%E2%80%94facts-and-figures-2023/
https://www.energimyndigheten.se/en/news/2023/energy-in-sweden%E2%80%94facts-and-figures-2023/

18 (&) S.CHAKRAVORTY ET AL.

Wikstrom P et al. 2011. The Heureka forestry decision support
system: an overview. Math Comput For Nat Resour Sci.
(MCFNS). 3(2):87-94. https://research.ebsco.com/
linkprocessor/plink?id=4642e8b1-b6fc-35ea-ac4a-
8defc0calb27.

Xu S et al. 2021. Use ggbreak to effectively utilize plotting
space to deal with large datasets and outliers. Front For

Global Change. 12(2021):774846. https://doi.org/10.3389/
fgene.2021.774846.

Xu S, Chen M, Feng T, Zhan L, Zhou L, Yu G. 2021. Use ggbreak
to Effectively Utilize Plotting Space to Deal With Large

Datasets and  Outliers.  Frontiers in  Genetics.
12(2021):774846. https://doi.org/10.3389/fgene.2021.
774846.


https://research.ebsco.com/linkprocessor/plink?id=4642e8b1-b6fc-35ea-ac4a-8defc0ca0b27
https://research.ebsco.com/linkprocessor/plink?id=4642e8b1-b6fc-35ea-ac4a-8defc0ca0b27
https://research.ebsco.com/linkprocessor/plink?id=4642e8b1-b6fc-35ea-ac4a-8defc0ca0b27
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.3389/fgene.2021.774846

	Abstract
	Introduction
	Materials and methods
	Data description
	Modelling data
	Plot data

	Modelling
	Stand structure modelling
	Scenarios
	Management alternatives

	Economic evaluation
	Birch timber and pulpwood assortment estimations
	Machine productivity
	Machine cost per hectare
	Land expectation value
	Sensitivity analysis


	Results
	Stem size, growth, and rotation age
	Harvested volumes of feedstock
	Costs and revenues from first thinning and biomass thinning
	Land expectation value
	Sensitivity analysis

	Discussion
	Thinning costs
	Biomass thinning revenue
	Effects on land expectation value
	Sensitivity analysis revisited

	Conclusion
	Disclosure statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	ORCID
	References

