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A B S T R A C T

The European forests are essential in achieving the land use and land-use change (LULUC) related CO2 removal 
targets. Adoption of various harvesting practices significantly influences the overall LULUC emissions and re
movals of forests. In this study, we used the life cycle assessment (LCA) approach to systematically evaluate the 
land use and land use change-related emissions and removals (GWPLULUC) of harvested wood raw material. We 
applied different case study scenarios with different forest management practices in Finland in comparison to the 
business as usual scenario (one pre-commercial thinning and two commercial thinnings): i) a scenario with no 
pre-commercial thinning, ii) a scenario with reduced thinning with longer rotation cycle, and iii) a scenario with 
collection of logging residues. We also explored the effect of management on land occupation. We modeled 
various scenarios using the MOTTI stand simulation for birch, spruce, and pine, encompassing different vege
tation types across various regions of Finland. This was followed by soil carbon modelling using the Yasso07 
model to assess the effect of residue collection for spruce. Our analysis indicated that the management effects on 
GWPLULUC emissions and removals vary across regions, vegetation types, and management practices. Especially, 
reduced thinning with longer rotation cycles results in significant carbon removals and lowest land occupation 
due to the longest rotation cycle (except for birch). The collection of residues leads to small losses of soil organic 
carbon, but the effect was a negligible factor in the overall GWP of wood raw material. These findings underscore 
the intricate interplay between regional, species-specific, and management-related factors in shaping the 
GWPLULUC of forest-based products.

1. Introduction

Forests play an important role in maintaining the balance of GHGs in 
atmosphere (GWP; IPCC, 2021; Maierhofer et al., 2024) and remove 
approximately one-fourth of the global anthropogenic CO2 emissions by 
increasing the carbon stock (Friedlingstein et al., 2023). The European 
Union (EU) has set a net GHG removal target of 310 million tonnes of 
CO₂ eq. by 2030, corresponding to the land use, land-use change, and 
forestry (LULUCF) sector’s global warming potential (GWPLULUC), 

representing a 15 % increase compared to the current removal levels 
(European Parliament, 2023). Recently, the EU also reached a provi
sional political agreement on a carbon removal certification agreement 
with corresponding units, encompassing permanent carbon removal, 
temporary carbon storage in long-lasting products, carbon farming, and 
soil emission reduction (Council of the European Union, 2024). The 
growing interest in forest-based products is particularly of prime 
importance for forest-rich countries like Finland, where forests cover 
more than 75 % of the land area, over 20 million hectares, and playing a 
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crucial role in the national economy (D’Amato et al., 2020).
In the carbon cycle of terrestrial ecosystems, plants take up CO2 from 

the atmosphere through photosynthesis and release CO2 into the envi
ronment through plant respiration, use of harvested biomass, and the 
decomposition of the biomass (Äijälä et al., 2019; Feitosa et al., 2023; 
Hansen et al., 2024). Biogenic emissions and removals on managed 
lands, i.e. changes in carbon stocks in living biomass, dead organic 
matter (DOM), and soil organic carbon (SOC), as well as CH4 emissions 
from organic soils, represent GWPLULUC emissions and removals 
(Eggleston, 2006). The organic soils also lead to N₂O emissions, which 
are included in GWPfossil in accordance with the IPCC approach (IPCC, 
2014). Hence, changes in carbon stock on mineral soil, for instance due 
to changes in land management, will only affect the GWPLULUC. In the 
European Commission’s (2021) Product Environmental Footprint 
guidance, the temporary carbon stored in forest products is not 
considered within GWPLULUC but it is included under category GWPbio

genic. The term land use (LU) refers to the management of land, such as 
forest silviculture operations, while land use change (LUC) refers to 
human-driven changes in land use categories (ISO, 2018). The GWPLU

LUC has been extensively accounted for, for instance, as part of the Na
tional GHG inventory submissions (UNFCCC, 2023). However, the 
understanding of the effect of forest silvicultural management practices 
on contributions to climate change mitigation is limited (Ameray et al., 
2021). Hence, their resulting GWPLULUC have also not usually been 
accounted for in the Life Cycle Assessment (LCA) of biobased products. 
This omission in LCA can be attributed to the complexities and dynamic 
nature of these emissions, as well as the lack of a standardized meth
odology of accounting for them (Järviö et al., 2018; Leinonen, 2022). 
Several studies have evaluated the influence the forest management 
practices on carbon dynamics of Finnish forests (Mäkelä et al., 2023; 
Mäkipää et al., 2023). For instance, Blattert et al. (2022) examined the 
effect of management practices based on various policies on forest 
ecosystem services. Akujärvi et al. (2021) studied the effect of energy 
wood collection on carbon dynamics at a landscape-level by combining 
the stand-level simulation with southern boreal landscape-level in
ventory data in Finland. Recently, Mäkelä et al. (2023) examined the 
carbon sequestration and biodiversity effects of low harvest and no 
harvest management practices compared to the business as usual sce
nario using the PREBAS simulator. While GWPLULUC removals were 
directly affected by the harvest level, biodiversity was influenced by 
other management practices and relatively unaffected by changes in 
carbon stock. Mäkipää et al. (2015) simulated conventional stem-only 
harvesting, whole-tree harvesting, and whole-tree harvesting 
excluding needles.

The product level GWPLULUC can be evaluated using either a top- 
down or a bottom-up approach (Lehtilä et al., 2025a). The choice of 
either top-down or bottom-up approach is dependent on the goal and 
scope of the assessment. When assessing the average national or regional 
GWPLULUC emissions or removals, the top-down approach is the only 
option. The national or regional emissions or removals are a combined 
result of changes of the land use and management practices in all indi
vidual forest stands within that area, but it is not possible to quantify all 
these changes separately. Therefore, in such cases, the required 
GWPLULUC data must be obtained from national or regional inventories.

In contrast, when the effects of specific changes in the land use or 
management practices on specific forest sites are considered, the 
bottom-up approach must be used. The reason for this is that although 
the top-down approach can allocate the GWPLULUC emissions or re
movals to land-based products originating from the area of the assess
ment, that approach cannot identify separate management practices, as 
mentioned above. Therefore, such assessments need to be carried out 
using process-based analyses at a stand level. Further, since long-term 
stand-level inventory data are rarely available, modelling approaches 
are usually necessarily used to quantify the effects of each change in 
management practices. Lehtilä et al. (2025a) used a top-down approach 
(also known as “statistical LUC” in some carbon footprinting guidelines) 

allocating the total annual GWPLULUC emissions from Finnish forests to 
the total harvested biomass to estimate the GWPLULUC of harvested 
biomass in terms of kg CO₂ eq/m3 at the national level in Finland. A 
similar approach was employed by Lehtilä et al. (2025b) to assess 
GWPLULUC at the provincial level, and by Ghani et al. (2025) to evaluate 
the GWPLULUC of sawdust-based bioethanol at the national level in 
selected European countries. In contrast, the current study demon
strates, for the first time, the application of the GWPLULUC framework by 
Lehtilä et al. (2025a) using a process-based bottom-up approach to 
evaluate the effects of changes in forest management practices.

The objective of this study was to examine GWPLULUC including both 
LULUC related emissions and removals of forest-based products (i.e., 
harvested wood raw material) from mineral soils considering the effect 
of various forest management scenarios in comparison to a standard 
practice “business-a-usual” (BAU) scenario in Finland. The results of 
land occupation are also presented, considering their relevance to 
biodiversity. The effect of forest management practices considered a 
comprehensive range of silvicultural practices, including factors such as 
collecting harvesting residues during thinning, and ensuring that the 
proportion of collected harvesting residues (treetops and branches) is 
included in the assessment. The management practices were defined in 
collaboration with industry partners to better reflect what is technically 
feasible during clear-cutting and to ensure compatibility with the gen
eral forest management recommendations in Finland (known as Tapio’s 
recommendations), thereby enhancing their practical applicability. We 
focused on birch, pine, and spruce due to their prominence in Finnish 
ecosystems and their significance in timber production. Additionally, in 
one scenario, the study considered the collection of smaller-diameter 
tree parts, to be used as a raw material of renewable fuels, and there
fore included them in the total harvested wood, underscoring their 
economic and environmental importance. To our knowledge, this was 
the first time in Finland that such a comprehensive, management- 
specific assessment on the product-level GWPLULUC has been conducted.

2. Methodology

In this study, we apply the “bottom-up” approach to quantify the 
product level GWPLULUC emissions and removals. This approach is 
process-based, and it identifies the changes in land use or land man
agement that are specifically related to production of a certain product. 
The GWPLULUC emissions are accounted for only in cases where they are 
a result of changes in land use or land management, and allocated to 
products within an amortization period. In the case of forestry produc
tion, the amortization period is the whole rotation cycle, as specified by 
the PAS 2050: 2011 carbon footprinting guidelines (BSI, 2011). If there 
are no changes in land use or management, the products have zero 
GWPLULUC emissions.

This study focused on the effects of management practices consid
ering forest grown on mineral soils, and to assess the effects of such 
practices, stand-level modelling analyses were carried out. Following 
the bottom-up approach, the changes of the forest carbon stock were 
quantified when the management was changed from BAU to an alter
native management practice.

The effect of management practices on the GWPLULUC emissions and 
removals of forest products was evaluated with stand-level simulation of 
scenarios with change in forest management practices by following an 
integrated approach, as shown in the Fig. 1. Firstly, a comprehensive 
description of scenarios was created to cover the relevant practices in 
Finnish forestry. This was followed by running these scenarios with the 
MOTTI stand simulator. The collection of logging residues will also 
affect SOC stock changes; therefore, in such scenarios, the soil carbon 
model Yasso was used to evaluate the changes in the soil carbon stock. 
The GWPLULUC related to changes in forest management were quantified 
by comparing the forest carbon stock achieved with the alternative 
management practice to the carbon stock in the BAU management 
practice, and finally allocating the change in the carbon stock to the 
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harvested biomass. The details of each step are provided in Fig. 1.

2.1. Description of scenarios

A comprehensive list of scenarios was considered based on man
agement practices, tree species, and vegetation types across different 
regions of Finland to comprehensively evaluate the GWPLULUC effects of 
changes in forest management practices, as described below.

2.1.1. Management practices
Firstly, the BAU forest management scenario was considered, guided 

by Tapio’s Good Forest Management Practices (Tapio, 2023), Kemera 
regulation which enables private forest owners to receive support for 
sustainable forestry practices (Metsäkeskus, 2023), and industry stan
dards. The BAU scenario includes pre-commercial thinning, followed by 
two thinnings and then final felling.

During pre-commercial thinning (PCT), the trees to be removed are 
selected according to the following criteria. The timing, based on the 
size reached by the trees, depends on the site and species considered 
(usually the thinning is carried out when the trees have reached about 
3–6 m dominant height). After PCT, a maximum of 3000 trees per 
hectare is allowed to remain. In spruce stands only, the stems of the trees 
harvested were collected to be used as energy source, following Tapio’s 
forest management practices (Tapio, 2023). Commercial thinnings, or 
simply thinnings, are then usually carried out for various reasons, such 
as removing damaged trees, providing more space to remaining trees, 
and obtaining an early income. In our scenarios, the timing of the 
thinnings and the stand density targets are outlined for different tree 
species and sites, again based on the size reached by the trees. For spruce 
and pine-dominated stands, the aim is to leave between 1200 and 900 
trees per hectare; while for birch-dominated stands, the target stand 
density is set at 800–700 trees per hectare. In our scenarios, the initia
tion of the first commercial thinning occurred at the age of around 
30–40 years, and a second thinning was also required in all stands. 
Thinnings were carried out prioritizing the removal of smaller and 
suppressed trees, and resulted in removing around 30 % of the growing 
stock. Then, the final felling is implemented when either a certain mean 
diameter size or age threshold is reached, whichever first occurs, again 
depending on site and species. In our simulations, the size threshold was 
always reached first, and final felling happened consequently around at 
the age of 60–80 years. No residues were collected during the final 
felling under BAU.

Then, additional forest management scenarios were considered with 
various practices different from BAU for harvesting residue collection, 
pre-commercial thinning, and first thinning. The representative sce
narios were selected to explore options to increase the forest carbon 
stock (Luke, 2024) and to demonstrate the effect of the demand for 
additional residues to produce renewable fuels on the forest carbon 
stock (Ghani et al., 2025), as well as to demonstrate the implementation 
of the GWPLULUC framework in evaluating the effect of management 
practices at the product level. Specifically, the alternative scenarios are 
described below.

NOPCT scenario considered no pre-commercial thinning, and then 
otherwise the management practices following the same guidelines as 
BAU. RTHIN scenario considered no pre-commercial thinning followed 
by only one (spruce) or two (pine and birch) delayed and heavier 
thinning(s). On average, we considered a 10 years delay in thinning and 
40 % removals of the growing stock. In RTHIN, the final felling also was 
delayed compared to BAU in order to meet the criteria for average stand- 
size at final felling. Finally, ENW scenario is considered for spruce by 
otherwise managing the stands according to BAU but collecting 50 % of 
the logging residue treetops and branches) from the final felling. The 50 
% collection rate of the residues was selected arbitrarily for demon
stration purposes, as 100 % collection is not technically possible, and 
very low collection rates are not commercially feasible.

2.1.2. List of scenarios
For each main tree species of Finland (Puuinfo, n.d), namely Silver 

Birch (Betula pendula Roth), Norway Spruce (Picea abies Karst), and Scots 
Pine (Pinus sylvestris L.), stands were generated in two municipalities 
located in three regions: South, Central, and Northern Finland (see 
Table 1). In each municipality, two stands with different vegetation 
types were created: Myrtillus type (MT) and Oxalys-Myrtillus type 
(OMT) for spruce and birch, and Vaccinium type (VT) and Calluna type 
(CT) for pine. The list of scenarios is available in Table 1.

2.2. Forest stand and soil carbon simulations

2.2.1. MOTTI forest simulation
MOTTI is a decision-support tool that assesses the impact of forest 

management strategies on stand dynamics and financial viability of 
forestry (Hynynen et al., 2014). This tool has been employed in various 
scenario analyses to investigate the enduring effects of forest manage
ment on biomass supply and the development of forest resources in 

Fig. 1. The procedure to estimate the GWPLULUC of forest products with changes in management. BAU: business-as-usual; NOPCT: No pre-commercial thinning; 
RTHIN: No pre-commercial thinning followed by delayed and heavier thinnings; ENW: Collection of 50 % of spruce treetops and branches; MT: Myrtillus vegetation; 
OMT: Oxalys-Myrtillus vegetation; CT: Calluna vegetation; VT: Vaccinium vegetation; SOC: soil organic carbon.
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Finland (e.g., Haikarainen et al., 2021). MOTTI has been originally 
calibrated using a wide dataset of commercial stands all across Finland, 
a subset of the National Forest Inventory (NFI) from the 1970s–1990s 
covering all the combinations of site and species, and it is constantly 
recalibrated with new NFI data from the whole country (Hynynen et al., 
2014, 2015).

In the MOTTI stand simulator, various management regimes, 
including cuttings, silvicultural treatments, and no-treatments, can be 
generated, and simulated to assess stand dynamics under different sce
narios, either according to silvicultural prescriptions or manual input 
(Hynynen et al., 2014, 2015). This approach facilitates the extraction of 
data on carbon stock increase and decrease in Finnish forests over five- 
year intervals, considering various scenarios and regions (Luke, n.d.).

Virtual forest stands were created with the MOTTI stand simulator 
over their rotation cycle, considering the scenarios mentioned in Table 1
(Hynynen et al., 2014). The software generates forest regeneration, with 
soil preparation methods and type of regeneration specific for each 
geographical location (i.e., municipality) and site characteristics (i.e., 
vegetation type specified by Cajander (1949). Further management ac
tivities were implemented as described earlier.

2.2.2. Yasso soil carbon modelling for residue collection
Yasso07 is a dynamic model that simulates SOC cycling in mineral 

soils (Tuomi et al., 2009). The input data needed for Yasso07 modelling 
includes air temperature, precipitation, and litter input from plant 
above-ground and below-ground residues – including foliage, fine roots, 
branches, coarse roots, stems, stumps, and ground vegetation. As an 
output, Yasso07 provides the annual changes in soil carbon stock in a 
soil layer of 1 m, considering weather impact and the different decom
position rates of litter and humus SOC fractions (Tuomi et al., 2009). 
Yasso07 has been used widely in research and also in the National 
Greenhouse Gas Inventory of Finland (Statistics Finland, 2023).

In this study, Yasso07 was applied to estimate the effect of man
agement changes in the SOC of forest land. The modelling was con
ducted only for a representative set of spruce, grown in Municipality 1: 
Äänekoski (Central Finland, C1), (Supplementary information SI 1; 
Table 1). Both vegetation types (OMT and MT) were included in Yasso07 
modelling. The scenarios BAU and ENW were compared with Yasso07 
modelling.

The Yasso07 model was run by specifying constant input variables; 
that is, only the litter input from final felling was changed, while other 
inputs, such as litter from the upper 1 m of soil, existing soil carbon, and 
litter input during the rotation cycle, were assumed to remain constant. 
The model simulations were then repeated for multiple years using these 
variables. The weather data used was the average annual temperature 
(2.9 ◦C) and annual precipitation sum (609 mm) in Finland in 
1990–2010 (FMI, 2024). The objective of the study was to evaluate only 
the effect of management change, i.e., the impact of residue collection, 

Table 1 
Description of scenarios of simulated stands on different locations.

Location Municipality Species Vegetation/ 
management

Abbreviation

Central

Äänekoski 
(C1)

Spruce 
Birch

MT/BAU C1-MT_BAU
MT/NOPCT C1-MT_NOPCT
MT/RTHIN C1_MT_RTHIN
OMT/BAU C1-OMT_BAU
OMT/NOPCT C1-OMT_NOPCT
OMT/RTHIN C1_OMT_RTHIN

Spruce

MT/BAU/ENW C1-MT-BAU-ENW

OMT/BAU/ENW
C1-OMT-BAU- 
ENW

Pine

CT/BAU C1-CT_BAU
CT/NOPCT C1-CT_NOPCT
CT/RTHIN C1_CT_RTHIN
VT/BAU C1-VT_BAU
VT/NOPCT C1-VT_NOPCT
VT/RTHIN C1_VT_RTHIN

Suonenjoki 
(C2)

Spruce 
Birch

MT/BAU C2-MT_BAU
MT/NOPCT C2-MT_NOPCT
MT/RTHIN C2_MT_RTHIN
OMT/BAU C2-OMT_BAU
OMT/NOPCT C2-OMT_NOPCT
OMT/RTHIN C2_OMT_RTHIN

Pine

CT/BAU C2-CT_BAU
CT/NOPCT C2-CT_NOPCT
CT/RTHIN C2_CT_RTHIN
VT/BAU C2-VT_BAU
VT/NOPCT C2-VT_NOPCT
VT/RTHIN C2_VT_RTHIN

North

Kajaani 
(N1)

Spruce 
Birch

MT/BAU N1-MT_BAU
MT/NOPCT N1-MT_NOPCT
MT/RTHIN N1_MT_RTHIN
OMT/BAU N1-OMT_BAU
OMT/NOPCT N1-OMT_NOPCT
OMT/RTHIN N1_OMT_RTHIN

Spruce

MT/BAU/ENW N1-MT-BAU-ENW

OMT/BAU/ENW
N1-OMT-BAU- 
ENW

Pine

CT/BAU N1-CT_BAU
CT/NOPCT N1-CT_NOPCT
CT/RTHIN N1_CT_RTHIN
VT/BAU N1-VT_BAU
VT/NOPCT N1-VT_NOPCT
VT/RTHIN N1_VT_RTHIN

Paltamo 
(N2)

Spruce 
Birch

MT/BAU N2-MT_BAU
MT/NOPCT N2-MT_NOPCT
MT/RTHIN N2_MT_RTHIN
OMT/BAU N2-OMT_BAU
OMT/NOPCT N2-OMT_NOPCT
OMT/RTHIN N2_OMT_RTHIN

Pine

CT/BAU N2-CT_BAU
CT/NOPCT N2-CT_NOPCT
CT/RTHIN N2_CT_RTHIN
VT/BAU N2-VT_BAU
VT/NOPCT N2-VT_NOPCT
VT/RTHIN N2_VT_RTHIN

South

Heinola 
(S1)

Spruce 
Birch

MT/BAU S1-MT_BAU
MT/NOPCT S1-MT_NOPCT
MT/RTHIN S1_MT_RTHIN
OMT/BAU S1-OMT_BAU
OMT/NOPCT S1-OMT_NOPCT
OMT/RTHIN S1_OMT_RTHIN

Spruce

MT/BAU/ENW S1-MT-BAU-ENW

OMT/BAU/ENW
S1-OMT-BAU- 
ENW

Pine

CT/BAU S1-CT_BAU
CT/NOPCT S1-CT_NOPCT
CT/RTHIN S1_CT_RTHIN
VT/BAU S1-VT_BAU
VT/NOPCT S1-VT_NOPCT
VT/RTHIN S1_VT_RTHIN

Tammela 
(S2)

Spruce 
Birch

MT/BAU S2-MT_BAU
MT/NOPCT S2-MT_NOPCT
MT/RTHIN S2_MT_RTHIN
OMT/BAU S2-OMT_BAU

Table 1 (continued )

Location Municipality Species Vegetation/ 
management 

Abbreviation

OMT/NOPCT S2-OMT_NOPCT
OMT/RTHIN S2_OMT_RTHIN

Pine

CT/BAU S2-CT_BAU
CT/NOPCT S2-CT_NOPCT
CT/RTHIN S2_CT_RTHIN
VT/BAU S2-VT_BAU
VT/NOPCT S2-VT_NOPCT
VT/RTHIN S2_VT_RTHIN

Note: BAU: business-as-usual; NOPCT: No pre-commercial thinning; RTHIN: No 
pre-commercial thinning with delayed and heavier thinnings; ENW: Collection 
of 50 % of spruce treetops and branches; MT: Myrtillus vegetation; OMT: Oxalys- 
Myrtillus vegetation; CT: Calluna vegetation; VT: Vaccinium vegetation. Central 
Finland: C1: Äänekoski; C2: Suonenjoki; Northern Finland: N1: Kajaani; N2: 
Paltamo; South: S1: Heinola; S2: Tammela.
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not the effect of different climate conditions; therefore, average Finnish 
meteorological data were used. The litter inputs from branches and 
stems (as kg/ha/yr) were calculated based on MOTTI data. The amount 
of dry matter (m3/ha) of the branches and stems of MOTTI clear felling 
data was first divided by the number of years of the rotation period to get 
the average annual litter input as per the Yasso’s requirement. Then, the 
volume was converted to mass by multiplying it with the average density 
of coniferous sawlogs and pulplogs (405 kg/m3) (UNECE, 2010). Litter 
input was considered only from branches and stems, while other sources 
of litter input were excluded, as the effect of management change in 
branch and living stem carbon inputs was estimated. The carbon content 
of 0.50 was assumed for all litter inputs (IPCC, 2006). The chemical 
quality of litter input (AWEN fractions) was based on Akujärvi et al. 
(2014). The assumed average diameter of the logging residues was 
considered as 3 cm based on discussion with industry experts.

The Yasso07 simulations based on the described constant annual 
input data were run for each scenario listed in Supplementary infor
mation (please refer to SI 1: Table 1 and 2) until a steady-state carbon 
stock (kg C/ha) was reached (i.e., equilibrium, no more changes in SOC 
between the years). The steady-state SOC stocks between the scenarios 
were compared, and the predicted increase or decrease in SOC (ΔCSOC, 

mineral) was allocated to total harvested biomass (HB) within a single 
harvest rotation following PAS2050:2011 (BSI, 2011), as follows: 

ΔCSOC,mineral =
(SOCBAU − SOCBAU− ENW)

HB
(
kg C

/
m3) (1) 

2.3. Calculation of GWPLULUC emissions and removals

In this study, GWPLULUC emissions and removals were evaluated 
using a mass balance-based approach, where changes in steady-state 
carbon (C) stock are allocated to harvested products, aligning with 
established guidelines such as ISO14067:2018 (ISO, 2018). We have 
considered forest stands on mineral soils; therefore, GWPLULUC results 
solely from carbon stock changes, with no CH₄ emissions. The functional 
unit is defined as the production of 1 m3 of harvested wood in Finland. 
This harvested wood serves as the raw material for subsequent products 
and facilitates comparison and interpretation of the results by relevant 

stakeholders.
The modelling principle is demonstrated in Fig. 2. The temporary 

fluctuation of carbon stock is indicated by the solid blue line and the 
average carbon stock over the rotation cycle is shown by the broken red 
line. In this example, the carbon stock changes are allocated to all the 
products which are obtained within the period from T1 to T3. For 
instance, the initial carbon stock (e.g., natural vegetation) of a forest 
stand is C0 and the average carbon stock after a land use change activity 
is denoted as C1 and the emissions related to this change of the carbon 
stock are allocated to products harvested at the point T1. Assuming that 
there are no further changes in the management practices (e.g. between 
time points T1 and T2), there will be no management-related changes in 
the carbon stock either, so the GWPLULUC for this period would be zero. 
In contrast, if there are subsequent changes in the management practices 
that would further change the carbon stock (e.g. from C1 to C2), these 
changes would need to be taken into account and the related emissions 
or removals should be allocated to products obtained at the harvest at 
point T3.

GWPLULUC emissions and removals of products are evaluated by 
equally allocating the carbon stock changes to the products obtained 
within a fixed-term amortization period, the length of which is a single 
harvest rotation (more details on fixed-term amortization period avail
able in Lehtilä et al. (2025a). The base case time period was defined as 
the average carbon stock under the BAU scenario. GWPLULUC was 
calculated using the Eq. (2) given below. 

GWPLULUC = rc×
44
12

(
kg CO2 eq.

/
m3) (2) 

where GWPLULUC is the GWP associated with LULUC and rc is the ratio 
between change of forest carbon stocks and harvested biomass which is 
used to determine the change in forest carbon stocks per unit volume of 
harvested biomass. Eq. (3) below is used to calculate the rc. 

rc =
ΔC
HB

(
kg C

/
m3) (3) 

Here, ΔC (units: kg C/ha/rotation) represents the change in forest C 
within a harvest rotation, and is the difference between the C stocks at 
the beginning of the harvest rotation (C1) and at the end of the harvest 

Fig. 2. Management induced changes in carbon stock of a forest stand (based on Leinonen, 2022). T: Time period; C: Carbon stock.
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rotation (C2). HB (units: m3/ha/rotation) represents the total harvested 
biomass within one harvest rotation. ΔC encompasses changes in carbon 
stocks in living biomass, DOM, and SOC stocks, calculated using Eq. (4). 

ΔC = ΔCLB +ΔCDOM +ΔCSOC (kg C/ha/rotation cycle) (4) 

where ΔCLB is the carbon stock change in living biomass, ΔCDOM is the 
net carbon stock change in DOM, and ΔCSOC is the net SOC stock change 
in mineral and organic soils within a harvest rotation. More detailed 
formulas for the compounds of ΔC are presented in Lehtilä et al. 
(2025a).

Overall, the changes in management practices from BAU to NOPCT 
or RTHIN, considering different regions, species and vegetation as 
described in the scenarios would affect the ΔCLB while ENW scenarios 
would impact the ΔCSOC. Other parameters would remain the same. We 
have presented the results of carbon stock changes with changes in 
management practices in terms of GWPLULUC to make it easier for 
readers and LCA practitioners to apply the same method with different 
practices regardless of changes in any carbon pool. Furthermore, this 
approach enhances compatibility for presenting GWPLULUC results from 
changes in management practices in combination with GWPLULUC results 
at regional or landscape levels.

3. Results

3.1. GWPLULUC results with change in management practices

The GWPLULUC of 1 m3 of harvested spruce wood for different sce
narios with change in forest management practices is illustrated in 
Fig. 3. In comparison to the BAU scenario, spruce wood harvested with 
NOPCT exhibits mainly a minimal effect only with no apparent trend, 
while scenarios involving RTHIN result in significant GWPLULUC re
movals across all scenarios in both municipalities. Specifically, NOPCT 
leads to emissions of approximately 50 kg CO2 eq/m3 in only one sce
nario (N1-MT), while in other cases (C1-OMT, N1-OMT, and S1-MT, C2- 
OMT, and N2-OMT), it results in smaller emissions ranging from 
approximately 3 to 10 kg CO2 eq/m3. Conversely, in the other spruce 
scenarios NOPCT results in GWPLULUC removals ranging from around 
− 10 kg CO2 eq/m3 (i.e., in C1-MT scenario) to around − 51 kg CO2 eq/ 

m3 (i.e., in S1-OMT scenario). Spruce RTHIN consistently results in 
GWPLULUC removals across all scenarios, ranging from approximately 
− 26 kg CO2 eq/m3 to − 206 kg CO2 eq/m3 of harvested wood.

In the case of birch (please refer to Fig. 4), NOPCT scenarios gener
ally lead to GWPLULUC removals, except for the N1-MT and S2-OMT 
scenario where it resulted in emissions for approximately 14 kg CO2 
eq/m3 of harvested wood and 56 kg CO2 eq/m3 of harvested wood, 
respectively. The GWPLULUC removals for other NOPCT scenarios ranges 
from − 19 to − 73 kg CO2 eq/m3 of harvested wood. Conversely, RTHIN 
results in substantial GWPLULUC removals, for both municipalities 
ranging from approximately − 26 to − 103 kg CO2 eq/m3 of harvested 
wood.

For the NOPCT scenarios, harvesting pine wood generally results in 
removals or small emissions, except for S2-CT and S2-VT where it 
resulted emissions of around 22 kg CO2 eq/m3 of harvested wood 
(Fig. 5). However, the removals for NOPCT are relatively modest, 
ranging from − 5 to − 33 kg CO2 eq/m3 of harvested wood, compared to 
the more substantial removals observed in RTHIN scenarios, which vary 
from − 24 to − 193 kg CO2 eq/m3 of harvested wood.

3.2. Effect of residue collection on GWPLULUC results

Considering GWPLULUC, the collection of residues, as exemplified in 
the ENW collection for spruce, results in losses of SOC resulting in 
GWPLULUC emissions ranging from 29 to 30 kg CO2 eq/m3 of harvested 
wood (please refer to Fig. 6). However, the removal of logging residuals 
results in only a nominal reduction of the forest’s carbon stock. This 
GWPLULUC emission is also negligible at the product level, especially 
when comparing biobased and fossil products, such as fuels. In such 
cases, the emissions from carbon stock change are small compared to the 
climate benefits that can be obtained when replacing fossil materials 
with biobased ones. For example, the GWPLULUC emissions due to the 
losses of SOC, as mentioned above, will result in only around 0.05 to 
0.06 kg CO₂ eq./l of E20 (i.e., 20 % blend of bioethanol with gasoline) 
fuel use. The use of E20 would therefore still result in around 14 % lower 
fossil GHG emissions and 13 % lower overall GHG emissions (Ghani 
et al., 2025; Lehtilä et al., 2025b).

Fig. 3. GWPLULUC of 1 m3 of harvested wood due to ΔCLB when changing the management practices from BAU to alternative scenarios.
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Fig. 4. GWPLULUC of 1 m3 of harvested wood for different scenarios due to ΔCLB when changing the management practices from BAU to alternative scenarios.

Fig. 5. GWPLULUC of 1 m3 of harvested wood for different scenarios due to ΔCLB when changing the management practices from BAU to alternative scenarios.

Fig. 6. GWPLULUC of 1 m3 of harvested wood for different scenarios due to ΔCSOC when changing the management practices from BAU to ENW.
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3.3. Land occupation

The study investigated the land required to produce 1 m3 of wood 
annually, highlighting its inverse relationship with the average annual 
harvest rate per hectare. This land occupation metric is vital for 
assessing biodiversity impact, a key indicator of sustainability 
(Semenchuk et al., 2022). Fig. 7 shows that when involving the same 
regional factors, vegetation types, and management practices, pine 
required the most land, while spruce required the least across all sce
narios. The BAU scenarios typically showed the smallest harvested 
volumes and, consequently, the highest land occupation, whereas the 
RTHIN scenarios often resulted in the lowest land occupation.

4. Discussion

The NOPCT, RTHIN, and ENW practices for different species and 
regions in Finland were selected to assess the effects of increased 
biomass harvesting in light of declining carbon sinks in Finland (Luke, 
2024) and rising raw material demand (Luke, 2023). Overall, our find
ings show that the effect of the management practices considered in this 
study on GWPLULUC is quite consistent, although there is some variation 
depending on different regions and forest site types, even within the 
same species. On average, changes in management practices from BAU 
to NOPCT and RTHIN improve the carbon sequestration potential and 
land-use efficiency of forest-based products.

Implementing RTHIN scenarios proved to result in consistent and 
significant GWPLULUC removals (− 24 to − 206 kg CO₂ eq/m3 of harvested 
wood), making it an effective method for increasing carbon removals 
from the atmosphere. This is primarily due to differences in biomass 
growth patterns and silvicultural activities over the forest rotation cycle. 
An increased carbon sink is expected with delayed thinning, particularly 
due to the resulting delayed final felling. The latter was not an explicitly 
requested feature of the scenario but rather a natural consequence of the 
delayed thinning. For example, in MT spruce forests in Municipality 1 of 
the Central Region, biomass accumulation is nearly identical up to year 
30. However, by age 49, the RTHIN scenario results in 74 % more 
biomass than BAU. By the end of the rotation cycle (62 years for BAU 
and 80 years for RTHIN), RTHIN yields approximately 61 % more 
biomass overall. A similar pattern was observed for both Birch and 
Spruce as well, for example when comparing MT and CT vegetation 
types in Municipality 1 of the central region (please refer to Supple
mentary information SI 1: Table 4).

However, the other less intensive management NOPCT scenarios 
results in relatively small and inconsistent sequestration. For example, 
in most cases, it resulted in GWPLULUC removals (− 5 to − 73 kg CO₂ eq/ 

m3 of harvested wood), while in other cases, there were small GWPLULUC 
emissions (3 to 56 kg CO₂ eq/m3 of harvested wood). This trend can also 
be illustrated using the example of spruce forests in a municipality 1 of 
the Central Region. In this case, growth remains nearly the same for the 
first 40 years. However, by age 52, the NOPCT scenario shows 7 % more 
growth than BAU. By the end of the rotation cycle (62 years for NOPCT 
and 65 years for BAU), growth in NOPCT decreases by around 11 %. This 
decline is due to an additional thinning in NOPCT at age 52, which also 
leads to around a 2 % increase in average biomass compared to BAU. 
This additional biomass explains the slight net sequestration observed in 
NOPCT spruce forests in Municipality 1 of the Central Region. However, 
this pattern does not hold for NOPCT spruce in Municipality 1 of the 
Northern Region, where average biomass is around 11 % lower than in 
the BAU scenario, leading to overall emissions instead of sequestration. 
Confounding effects may arise from naturally regenerated species that 
are not removed during the juvenile phase. These species, which vary in 
occurrence depending on region and site, may have different growth 
patterns from the main species and may be removed during later thin
ning. Similar to the RTHIN scenarios, Birch and Pine showed trends 
comparable to Spruce when considering MT and CT vegetation in the 
municipalities of the central region (see Supplementary information SI 
1: Table 4).

These findings are important, especially in light of recent concerns 
about declining carbon sinks in Finland (Luke, 2024), and could support 
improved carbon sequestration, for example by applying RTHIN prac
tices, particularly in regions where the GWPLULUC of forest products 
currently results in emissions rather than sequestration (Lehtilä et al., 
2025b).

The central region showed predominant sequestration, with some 
scenarios resulting in negligible emissions, while the southern and 
northern regions also showed sequestration, though some scenarios 
resulted in significant emissions.

Considering the species perspective, pine showed the highest land 
occupation. The southern region is the most efficient in terms of land 
occupation, while the northern region requires the most land to produce 
the same amount of wood.

Overall, it can be noted that the RTHIN scenarios are the most 
beneficial case of the both environmental indicators considered in this 
study, offering potential advantages in terms of both higher carbon 
sequestration and more efficient land use, while also resulting in the 
highest total wood harvest compared to the other management practices 
(see Supplementary information SI 1: Table 3).

The European Union has set a target of 5.5 % for biofuels from non- 
food and synthetic sources as part of renewable energy use in the 
transport sector (European Union, 2023). One option for producing 

Fig. 7. Simulated land occupation of birch, pine, and spruce in different regions under selected vegetation types and management practices.
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biofuels is to use the by-products of forest industry as raw materials. 
However, Ghani et al. (2025) have shown that bioethanol from sawdust 
can meet only 0.5 % of the sector’s total fuel consumption in the Eu
ropean Union. Therefore, additional raw material is needed from other 
sources, including forest residues that are not currently used for com
mercial purposes. Both the residues from final felling and the small- 
diameter stems from the precommercial thinning could be considered 
a promising raw material option for example for bioethanol production 
or for sustainable aviation fuels, to help meet the renewable energy 
targets. Although residue collection or the precommercial thinning 
typically reduce forest carbon stocks, the resulting LULUC emissions per 
cubic meter of harvested wood are negligible compared to the climate 
benefits achieved by replacing fossil fuels with biofuels (Lehtilä et al., 
2025b; Ghani et al., 2025).

From a species and site perspective, the GWPLULUC results show some 
variation, suggesting the need for stand-specific evaluation at the 
highest level of aggregation possible. However, considering the complex 
nature of natural forest processes, it was not possible to pinpoint the 
reasons behind the variable behavior, especially for the outliers or 
different behavior in different municipalities of same region, and this 
was considered outside the scope of the study. In any case, the results of 
a bottom-up approach, as followed in this study, should be interpreted 
separately and not combined with top-down approaches, which already 
account for all practices in a region, in order to avoid double counting.

The forest modelling as applied in this study is based on steady-state 
climate conditions, without accounting for changes in CO₂ concentra
tion, nutrient availability, climatic extremes, or disturbances affecting 
forest carbon stocks. Therefore, the carbon stock accounting results may 
differ from real-world conditions. Furthermore, for SOC modelling in 
Yasso, we have used average Finnish meteorological data for different 
sites in Finland, instead of site-specific data.

The MOTTI stand simulation categorizes harvested wood into saw
logs and pulpwood, allocating the share between these categories solely 
on the tree’s diameter. Therefore, our calculations are based on biomass 
volume and harvested wood quantity, without considering quality. In 
this study, only the total volume of wood and corresponding carbon 
stock was considered, and the subsequent use of the wood products was 
not taken into account. However, one of the ideas of thinning is to in
crease the share of large diameter logs used for construction. Wood 
construction is one way to increase the carbon stocks of products. 
Therefore, if reduced thinning also reduces the production of wood 
suitable for construction, that could partly reverse the positive climate 
impact achieved through reduced thinning. This aspect requires further 
research.

It should also be noted that the Yasso07 model applies only for 
mineral soils, so no effect on organic soils is estimated with Yasso07. 
Furthermore, the Yasso modelling only considers changes in litter input 
from final felling, while litter inputs during the rotation cycle were 
assumed to remain constant. The carbon soil emissions from drained 
organic soils are highly different compared to mineral soils, as the 
decomposition of peat is the highest source of the soil emissions in 
Finland (Gerin et al., 2023). However, similarly as in the case of mineral 
soils, the organic soil emissions can be affected by management, and this 
also requires further studies.

5. Conclusions

In this study, we have applied a methodological framework that 
enables the evaluation of GWPLULUC emission and removals of forest 
products with change in forest management practices. The effect of 
changes in forest management practices is evaluated by using a bottom- 
up approach integrating MOTTI forest stand simulation, Yasso soil car
bon modelling, and evaluating the GWPLULUC emissions and removal. 
This approach allows us to evaluate the effects of change in forest 
management practices. This framework can be applied to diverse con
texts such as biofuels, bioelectricity, construction materials, enabling 

the calculation of the carbon footprint for each.
Considering the effect of change in management at stand level, 

GWPLULUC emissions and removals demonstrate variability across re
gions and vegetation types. No pre-commercial thinning results in 
GWPLULUC removal in most cases; however, it also results in emissions in 
some cases, with the total effect being rather negligible. The application 
of no pre-commercial thinning followed by delayed and heavier thin
nings considerably improves GWPLULUC removal. The collection of res
idues leads to a reduction in SOC. However, at the product level, this 
impact, similarly as the effect of pre-commercial thinning, is rather 
minimal and does not significantly affect the climate benefits of bio
based products substituting fossil products. Land occupation varies with 
different species and management practices, and minimizing land 
occupation for forest production can be considered to have a positive 
impact on biodiversity. These findings underscore the intricate interplay 
between regional, species-specific, and change in forest management- 
related factors in shaping the GWPLULUC emissions and removals of 
forest-based products. LCA practitioners are therefore suggested to 
evaluate the GWPLULUC under management changes using species- 
specific and site-specific data as average data may not accurately cap
ture the actual situation.

For the future research, we suggest performing the simulations and 
calculating the GWPLULUC for additional plots and locations, as well as 
assessing additional management practices to evaluate their potential 
effects.
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