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Abstract

Forests in reserves are often left untouched to preserve biodiversity, allowing nature to shape their structure over
time. Consequently, natural forests in nature reserves and national parks tend to be denser than managed forests
under similar conditions, which can impact their ability to sequester carbon. This study examines the effects of
low-intensity forest management on carbon sequestration in temperate broadleaf forests. Simulations were
performed using Heureka’s RegWise tool with forest data from Soderdsen National Park in southern Sweden,
predominantly featuring beech trees. The management scenarios examined included no treatment, selective
fellings that removed 5—10 % of the basal area per intervention, and lower-intensity fellings that removed 25 %
of the basal area. The results showed that even minor interventions significantly increased net carbon
sequestration over the 100-year simulation period, all while preserving forest structure and avoiding drastic
disturbance to natural systems conditions. Among the three main species dominant in any plot, Fagus sylvatica
(European beech) and Picea abies (Norway spruce) showed significant improvement in carbon sequestration
after minimal intervention. In contrast, Betula pendula (silver birch) did not exhibit significant improvement
after minimal intervention when compared to an unmanaged forest. The findings indicate that tailored
management strategies, both species-specific and site-specific, can enhance carbon sequestration. Simulation
tools, such as Heureka, provide a user-friendly, site-focused strategy that can guide national park management
as well as private forest owners, particularly as the importance of carbon farming and credits increases in
European forestry policy. Through systematic data gathering and focused actions, managed forests can play a
significant role in mitigating climate change. This topic still requires additional research for a complete
understanding of how other site characteristics, or species, can influence carbon sequestration.

Keywords: Heureka, simulations, carbon sequestration, selective fellings.



Sammanfattning

Skogar i reservat lamnas ofta ordrda for att bevara biologisk méngfald, vilket gor att naturen formar deras
struktur 6ver tid. Dérfor tenderar naturliga skogar i naturreservat och nationalparker att vara titare an brukade
skogar under liknande forhallanden, vilket kan paverka deras forméga att lagra kol. Denna studie undersoker
effekterna av lagintensiv skogsskotsel pa kolinlagring i tempererade 16vskogar. Simuleringar utférdes med hjalp
av Heurekas RegWise-verktyg med skogsdata frdn Soderdsen National Park i sddra Sverige, dir boktrad
dominerar. De analyserade skotselscenarierna inkluderade ingen atgérd, selektiva uttag pa 5-10 %, och uttag
med ldgre intensitet pa 2—5 %. Resultaten visade att dven sma ingrepp forbéttrade kolinlagringen avsevirt, allt
medan skogens struktur och biologiska mangfald bevarades. Bland de tre huvudarter som dominerade ndgon
provyta visade Fagus sylvatica och Picea abies signifikant forbattring i kolinlagring efter minimal atgérd. I
kontrast visade Betula pendula ingen signifikant forbéttring efter minimal atgérd jamfort med en oskott skog.
Resultaten visar att skrdddarsydda skotselstrategier, bade art- och platsanpassade, kan forbéttra kolinlagringen.
Simuleringsverktyg som Heureka tillhandahaller anvindarvénliga, platsspecifika strategier som kan vigleda
forvaltningen av nationalparker savil som privata skogsdgare, sérskilt nir betydelsen av kolodling och krediter
véxer 1 europeisk skogspolitik. Genom systematisk datainsamling och fokuserade atgérder kan brukade skogar
spela en betydande roll i att mildra klimatforandringarna. Detta &mne kriver fortsatt forskning for full
anpassning och for att forstd hur andra stindortsfaktorer eller arter kan péverka kolinlagringen.

Nyckelord: Heureka, simuleringar, kolinlagring, selektiva uttag.
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1. Introduction

1.1 Carbon and forests

Forests in reserves are often left untouched to preserve biodiversity and can remain
undisturbed for a long time, allowing nature to shape the forest's structure. Therefore, natural
forests in nature reserves and national parks are generally denser than managed forests under
the same conditions, which can impact their ability to sequester carbon, since denser forests
tend to have lower single tree growth and vitality (Kadavy et al., 2025). While forests in
nature reserves are valued for their roles in biodiversity conservation, recreation, cultural
heritage, and as a source of valuable scientific research data, their function as carbon stores is
becoming increasingly important in the context of climate change (Sexton, 2023). It is also
believed that such forests stop being carbon sinks and begin releasing more carbon at an
earlier age than managed forests would. The carbon sequestration capacity of trees reduces
with age, thus old forest turns into a carbon source instead of a carbon sink (Leng ef al.,
2024). There are still considerable uncertainties about how forests sequester and emit carbon,
particularly under varying management practices. Forest carbon sequestration has received
increasing scientific attention, particularly regarding how forests of different ages store
carbon and how management practices influence their sequestration potential. There is no
doubt that temperate forests play an essential role in storing carbon in both trees and soil.
According to Musselman et al. (1991), harvesting plays a pivotal role in releasing carbon
back into the atmosphere. During the study period, harvesting was estimated to contribute up
to 3 gigatons of carbon emissions annually. These changes in carbon release can enhance
photosynthesis by 30 to 40 % in optimal conditions and contribute to global warming. While
forests are carbon sinks, absorbing carbon, they can also be carbon sources when
deforestation happens and through respiration. Especially when forests become old or suffer
from disturbances, like wind, pests, or diseases, they can emit more carbon than they
sequester. Due to rising CO2 levels, temperate forests will experience changes. In some
regions, forest growth is expected to increase, while in others, significant declines may occur.
Temperate forests do play a pivotal role in absorbing carbon. However, the carbon
sequestration potential of temperate forests, while substantial, remains limited in duration and
capacity (Musselman et al., 1991). In Sweden, forests, as everywhere, do their part in carbon
sequestration. Research in specific forests that serve as a representative of the region in
Uppsala County examines many differences in sequestration and other related factors
(Eriksson et al., 2007). Research in Uppsala County additionally indicates that the rotation
periods of forests and their species composition have a significant impact on carbon storage.
For instance, pure stands of Norway spruce can store as much as 85 tons C/ha over a span of
120 years, while mixed stands reach comparable levels. However, the rate of storage increase
drops significantly after 60 years, and economic viability also declines beyond this point
frame. These insights imply that determining the optimal rotation period is essential to
enhance both carbon sequestration and financial return.



Jorgensen et al. (2021) found that forest management methods such as thinning and
fertilization may produce varying impacts on CO: absorption in Scots pine forests. Thinning
typically lowers the carbon storage in trees, while the soil carbon levels tend to stay constant.
Fertilization can boost tree carbon reserves, but this effect doesn't consistently occur
alongside thinning.

Lazdins (2013) highlights that silvicultural methods like afforestation and drainage
enhance CO: storage in trees and soil. Forests hold more carbon than meadows, particularly
in deeper soil layers (40-80 cm). Additionally, drainage boosts tree growth, notably in
Norway spruce. Even following clear-cutting, CO: is retained in roots and stumps for years.

Lorenz et al. (2010) emphasize that mature forests are effective in storing carbon, but
their ability to sequester it decreases as they age because of slower growth. Although old
forests can serve as carbon reservoirs, they are not as efficient at absorbing more COx.
Effective forest management can sustain a favourable carbon balance by encouraging growth
and utilizing harvested wood in durable products.

To improve forest carbon balance, the following strategies are recommended
Lorenz et al. (2010):

o Conservation strategies for soil

o Increase the age at which trees are cut (since older trees store more CO-)

o Preferring to use selective cuttings instead of clear-cuttings (since clear-cuttings are
damaging to the soil and are significant forest disturbances)

e Reduction of harvest intensities

e Managing natural disturbances (fire management, managing pests, diseases, etc.)

o Using trees as timber products instead of firewood

It is crucial to notice how many research opinions are divided on whether management
is good for CO: sequestration or if we cannot stop managing forests. We should at least
reduce it.

The debated fact is about when trees stop sequestering CO» and when their carbon
balance becomes negative. This was also the main topic in research by Jansons et al. (2016).
The research concluded that even at the age of 250, the Norway spruce forest stands are still
sequestering more carbon than emitting, even in quite dense forests, as the Basal area in these
forests was from 27 to 36 m? per ha. Although there is a considerable variation between
same-age forests, in some cases, the forests emit more carbon than they sequester. Scots
pines' balance was quite neutral in old age, with few stands emitting more than sequestering.
The basal area for pine in this research was from 17 to 27 m? per ha. For silver birch in the
old age from 80 to 100 years, the study points out that sequestration is not as positive
anymore because of its rapid decomposition cycle (Jansons ef al., 2016). More studies have
showcased that old forests are still actively sequestering carbon. In an article by (Carey et al.,
2001), it is showcased how older models often miss the importance of how effective trees can
be in carbon sequestration even after 100 years. Emphasizing the value of keeping forests
even after 475 years, they still provide more benefits related to carbon sequestration than
drawbacks.

As many researchers emphasize that trees should be left even in old age due to their
continued ability to sequester carbon, many sources argue the opposite. Greenfield (2025)



states that one-third of Arctic tundra forests face the opposite effect. According to the article,
these forests have become a source of carbon emissions. The leading cause in this case is the
climate warming, which leads to permafrost melting as the soil becomes warmer. Another
thing is the mortality of trees, with old-age trees becoming more susceptible to pests,
diseases, and natural hazards. At that point, trees can again become carbon emission sources.
According to (Woods et al., 2021), the stand tree mortality rate has grown compared to the
past in temperate forests. The difference is as big as 0,7 to 2,5 % per year on average. The
most significant difference is in unlogged forests, as trees may have been left in more
significant densities, and their individual tree health and vitality have not been increased with
thinning (Woods et al., 2021). There is much more evidence pointing to similar things.
Research by (Petit-Cailleux et al., 2021) has modeled the future scenarios for Europe,
pointing out that more extreme climate scenarios may cause high mortality rates for tree
species. In worst-case scenarios, by 2100, up to 90 % of Europe's protected forest gene pools
could be at risk of extinction. Even in best-case scenarios, 38 % of these forests could be lost,
threatening the carbon balance of forests, as one of many things caused by these changes
(Petit Cailleux et al., 2021). The old tree's carbon balance and mortality in the future are very
controversial subjects, even among scientists, and need more research in the future.

1.2 Technologies and models in forestry

Fewer people choose to work in the forestry sector, and there is a decline in the number
of people working there, so there is a need for work to be automated (VMD, 2021).
Nowadays, thanks to technology, many things can be done precisely with technology's help,
such as models and simulations to help with forest data calculations, and drones to gather
data. Nonetheless, several questions come to mind: is it sufficiently accurate, and do these
factors cause people to lose money over time? A study tested the accuracy of
photogrammetric models for counting trees in Scots pine stands. The main conclusion is that
these models can achieve over 90% accuracy, but issues still arise (Dzenis, 2023).

For a long time, to get forest models to work, and to be precise, they were used in the
stands where one species was dominant, and not in mixed forests. Now that technologies,
modelling, and simulations have come a long way, they are also expected to deliver precise
results in mixed stands.(Porté et al., 2002). Most commercial forest areas may grow in the
same-age monocultures, as it is easier to establish and tend. In Sweden, 83 % of forests are
coniferous forests, 5 % are pure broadleaf, and only 12 % are mixed forests (Agren, 2025).
Even in those forests, some mixture is inevitable, as some mixture between conifers or some
broadleaves growing in the middle of a conifer forest is entirely usual. Between the
broadleaves, a mixture is also widespread and tends to happen. These things also point to the
need for advanced models and simulations in the case of mixtures. Many models are very
precise with standards in monoculture. Still, in mixed species stands they may need human
invention and changes in some things to give accurate results and reliable data that can be
used in the future (Dzenis, 2023). So, for many different models and simulation tools, it is
crucial to understand what they excel at and what they are not as good at. For example, the
experiment analyzed many differences to see their weaknesses and strengths. Distance-



dependent models struggled with modeling 3D stands over longer times and areas. Gap
models were better in such regions, mainly including the ecosystems' ecological functions.
Mechanistic models were not as precise as empirical models, but empirical models were more
dependent on parameterization data (Porté ez al., 2002). It only further proves the need to
know in which situation which model should be used, and to be flexible and knowledgeable.
It has been tested by Ekuzis (2024) that only processing of data using models can be 30 %
faster than manually calculating everything, saving a lot of crucial time. Also, using drones
and models with DTM (Digital Terrain Model) and DSM (Digital Surface Model), it is
possible to get forest inventory data with an accuracy of 97 % (Ekuzis, 2024).

In another research, the Heureka system was analyzed. Heureka is a forest planning and
analysis tool that can help balance the goals of profit-making and including biodiversity.
Heureka works at the stand and regional levels and uses simulation, optimization, and multi-
criteria decision-making, which can be set with the user's desired settings. Heureka is still
under development and requires further tests and research to become better
(Lamas et al., 2023). Modern technologies, models, and simulations can significantly
improve the efficiency of forest work and reduce its labor intensity. So, assessing the
accuracy of Heureka simulations would significantly improve how forest management
practices are planned in the future.

1.3 Objectives of the thesis

This thesis aims to assess if low-intensity forest management can boost carbon
sequestration in protected forest areas while minimizing disruption to natural ecological
processes. The research employs simulations using the Heureka RegWise model to analyze
the impact of limited interventions, like selective felling, on carbon uptake across various tree
species, particularly emphasizing European beech, Norway spruce, and silver birch. This
thesis aims to address some of these questions. Simulation models provide one of the most
efficient ways, in terms of both time and accuracy, to predict how forest management can
impact carbon sequestration and gather all other essential data about the forest. It is possible
to simulate various scenarios and determine which can help achieve all the owners' goals
(Ekuzis, 2024). Simulation tools like Heureka can simulate long-term forest dynamics by
incorporating management interventions at the owners' specified times and illustrating
changes in carbon dynamics. Heureka is an advanced forest management tool developed by
SLU. It is extensively utilized in both research and forestry companies for forest management
planning (Ladmas ef al., 2023). Thus, accurately evaluating the accuracy of Heureka
simulations would substantially enhance the planning of future forest management practices.

Hence, the main research questions are:

. Can minimal intervention in nature reserves extend the duration of carbon
sequestration and prolong its capacity to act as a carbon sink?

. Compare the carbon dynamics of different tree species under various management
scenarios.

The aims of this study are:



1. Analyze how management scenarios can influence the future forest carbon

sequestration ability of nature reserves.
2. Analyze how varying management scenarios and tree densities influence the carbon

dynamics of different tree species in Soderdsen National Park.

A central hypothesis is proposed to guide the research. With minimal interventions,
such as selective tree felling, it is possible to prolong the period during which these forests
maintain a positive annual carbon balance and enhance their carbon sequestration. The main
trends in carbon dynamics and responses to low-intensity management are consistent across

various species, showing similar characteristics.
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2. Materials and methods.

2.1 Study Area

Established in 2001, S6derdsen National Park is situated in southern Sweden and spans
1,625 hectares of continuous ridge terrain (Léansstyrelsen Skéne, 2024). Soderasens National
Park experiences an average temperature of 7 to 8 °C, with the warmest month being July,
with an average of 18 °C, and the coldest month being January, with an average of 0 °C. The
average annual precipitation is 800 to 1000 mm per year. In Soderasen National Park, the
elevation varies significantly due to its ridge and valley landscape, with the highest point
being 212 m above sea level and the lowest point being 60 m above sea level. Soderasen
National Park is recognized as the largest continuous deciduous forest in Northern Europe.
The majority of its area is designated under the NATURA 2000 network. The park represents
southern Sweden's characteristic flora, fauna, and climate. It holds ecological and economic
importance, serving as a habitat for numerous endangered species while attracting
approximately 500,000 visitors annually. The dominant natural habitats include the Fagus
sylvatica (European beech) forest, covering 856 hectares, followed by the Alnus glutinosa
(black alder) forest, with 148 hectares, and the birch forest occupying 133 hectares. The
dominant age for beech forests is 90 to 120 years (Schroder, 2024). Before the establishment
of the national park, the area now comprising Soderdsen National Park was used for
agriculture and forestry. The presence of pastures, clearings, single-layered forest stands, and
the introduced species, such as thuja, evidences this historical land use in this area. The
current management plan aims to preserve native vegetation types, support their natural
development, and gradually restore the landscape by converting coniferous stands into
deciduous forests to eliminate traces of past forestry activities (Schroder, 2024).

From all gathered data in the Soderasen National Park, the most dominant tree was beech,
followed by oak and birch, as shown in Figure 1. There is a wide age distribution, with the
dominant tree age mainly between 105 and 120 years (Figure 2). Beech tends to live for
about 150 to 300 years, depending on conditions, and sometimes reaches even 500 years
(Packham et al., 2012).
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Figure 1. Tree species distribution by volume. (Dzenis, J. (2025) [Chart] RegWise).
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Figure 2. Volume Distribution by Tree Age Class. (Dzenis, J. (2025) [Chart] RegWise).

In S6derasen National Park, the most frequent age was from 90 to 120 years old, as seen
in Figure 2, and almost 80 % of all tree species were beech. The age of this tree species is still
not reaching its peak, but if it lives for 100 years more without any interventions, the beech

tree ages will start to become old.
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2.2 Data Collection Methodology

This study collected data from 64 randomly generated points within Soderasen National
Park using Python, as illustrated in Figure 3. Due to the randomization process, the
distribution of points may not proportionally represent all forest types, as some may be over-
or underrepresented by chance.

Figure 3. Map of Séderdsen National Park with randomly generated sampling points. (Dzenis, J.
(2025)[Screenshot] Apple Maps).

For data collection, circular plots with a radius of 9 meters were used, corresponding to a
0.1% sampling intensity. This approach resulted in the selection of 64 plots, representing a
total area of 1625 hectares. The plot locations were randomly generated using Python, based
on the provided map of Sdderasen National Park. Each plot was georeferenced, and the
coordinates were used for field navigation via mobile GPS. At each plot, the following data
were collected:

e Species name of each tree

e Diameter at breast height (DBH) 1.3m for each tree above 2m

e Height of the 3 dominant trees of each species

13



e Soil moisture determination
e Basal area
e Representative area picture

Out of the total of sixty-four plots, in six plots, data collection was impossible due to reasons
like high slope, fence around the area, or location being in the middle of a meadow. In a total
of 58 sample plots, data were gathered and further used in Heureka simulations.

For data collection tools used were a tree caliper for DBH measurements, a measuring
tape for distance measurements, colorful paper ribbons for tree marking, Haglof Vertex 5
(Vertex further in the text), and a Transponder T3 for tree height measurements, and for basal
area measurements, an angle gauge.

Figure 4. Transponder T3 (on the left) and Vertex 5 (on the right). (Hagléf. (N/A) Vertex 5.
[Screenshot] https://haglofsweden.com/project/vertex-5/ [01.04.2025]).

The first step in collecting data was to find a place for the sample plot coordinates in the
field. For this step, a mobile phone with Google Maps was used. Once the coordinates' center
was reached, the middle tree was taped with the colorful paper ribbon. From the center, 9 m
was measured in each direction, and borders were marked with a ribbon. Then, in the plot,
each tree's DBH was measured with a caliper at 1.3 m height or breast height, and its species
was noted down. Each measured tree was marked with a colorful ribbon to ensure no tree was
skipped or counted twice. From the center of the plot, the basal area was measured using an
angle gauge. The next step was to measure each species' top three tree heights. For this step,
Vertex was used. With the on button, the Vertex was turned on, and in settings, the distance
from the tree was set to 15 meters. Using the hook that the Transponder T3 was equipped
with, Transponder T3 was put on a tree at a height of 1.3 m. Then, with a measuring tape, 15
meters were measured from the tree, and the Vertex was turned on the measuring mode. First,
the height of Transponder T3 was calibrated to see the angle and check if the height was
correct. After that, Vertex is aimed at the top of the tree, and its height is measured. This
process repeats for each species' 3 tallest trees, and all measurements are noted on a mobile
phone. The next step is to determine how wet the area is, which was determined with a
number from 1 to 5, with 1 being completely dry and 5 areas with standing water and damp.
The last step was to represent the area to see the ground vegetation and the area’s

14



characteristics, and to take a screenshot of the area coordinates to remember when the data
gets processed. From all the coordinates gathered, the NATURA 2000 website is accessed,
and it checks what kind of vegetation type grows at each coordinate location.

2.2.1 Heureka Model

Once the data is gathered from the Heureka official website, Excel templates for
RegWise are downloaded. RegWise is a large-scale forestry scenario simulation and analysis
tool. Heureka is an advanced Decision Support System (Ldmaés et al., 2023), used by many
large forest companies in Sweden. The growth simulator includes a set of empirical models
for tree growth and establishment, in-growth, and mortality of the commercially important
tree species. All these are regression models fitted to data from the National Forest Inventory
(Fahlvik et al., 2014). In these templates, the necessary fields are filled with data from
sample plots, and other essential fields like volume, tree number per hectare, and quadratic
mean diameter get calculated from the data.

InventoryY: OwnerType EvenAged( DGV DG H MeanAge N G v CAl PropPine PropSpruc PropBirch PropAsper PropOak PropBeec
2025 34.1 32 120 511 18.5 3256 1
2025 46.47 28 120 314 13 200.2 1
2025 25.73 25 80 747 25 343.75 1
2025 19.47 28 100 1375 16.5 254.1 1
2025 15.61 23 80 1022 18 227.7 0.308 0.423
2025 60.86 34 120 157 15 280.5 1
2025 50.31 27 110 236 16 2376 1
2025 16.83 19 60 1965 31 323.95 0.14 0.86
2025 24.13 26 100 1179 22 3146 0.966
2025 23.41 29 120 747 17 271.15 0.028 0.972
2025 30.18 27 110 1415 25 371.25 1
2025 19.64 22 70 552 19 229.9 1
2025 30.19 19 100 629 21 219.45 0.125 0.688
2025 15.75 20 70 1729 25 275 0.227 0.75
2025 35.88 28 120 432 17 261.8 1

2025 11.85 16 60 2083 15 132 0.019 0.472
2025 33.29 26 100 550 28 400.4 0.214 0.071 0.571

Figure 5. Example of a part in the RegWise Excel template for stand data. (Dzenis, J. (2025)
[Screenshot] Excel template).

Once the data was all transferred to Excel templates, these templates were imported into
Heureka RegWise to see the data and to be able to do simulations for all regions and specific
stands. For the primary research, RegWise version 2.23.0.2 will be used, where forest
inventory data will be uploaded as “Tree List”. For the “Tree List”, individual tree-level data,
such as individual tree DBH and height, was used.

2.2.2 Management Scenarios

Data were analyzed over 100 years, and simulations will be conducted using scenario
settings with Uneven-aged (CCF) forestry. To determine if minimal interventions can
increase carbon levels in the park, simulations will be conducted for the entire area. There
was a test using the Nature Conservation Forest as scenario settings, but since mainly all trees
are big and of too much conservation value, with this scenario, no interventions were done.
There were three different management methods in the simulations, one with no interventions
(unmanaged) and two management scenarios with varying intensity of selective felling. Both
low intensities, where the basal area removed during each selective felling was around 5 to 10
% and 2 to 5 %, respectively. Further in results, selective fellings with 5 to 10 % intensity
will be called “Treatment 17 and selective fellings with 2 to 5 % intensity will be called
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“Treatment 2”, while “No Treatment” is an unmanaged forest. First, the tree age and the
things that can be done, and the max height is extended to match the tree ages of trees in the
national park, and how much they would change, and the max height is increased to match
the highest trees in the park. Therefore, the selective fellings were accurately simulated to see
if they would have any positive changes. It varied how many selective fellings were done in
each plot-designed area, as it could be zero or multiple. For analysis, “Total carbon in living
trees (above and below ground) in ton C/ha” was selected. From this, the average carbon
sequestration for all forests in each period could be calculated.

The other thing to compare is carbon sequestration changes between species in
Soderasen National Park. While there are many different species, as shown in Figure 1, such
as beech, oak, aspen, birch, and spruce, not all were dominant in any plots, as they may have
had an occasional appearance. Like oak, which accounts for 7 % of all trees collected, its
prevalence was largely due to the appearance of a few trees in many plots, while spruce was
4 %, but it was the most dominant tree in the plots. This comparison applies to tree species
identified and predominant in one or more sample plots, including beech, spruce, and birch.
The same simulation parameters were applied, and the dominant species—European beech,
Norway spruce, and silver birch—were analyzed individually to assess their unique responses
to light selective thinning treatment. This allowed for a comparison of species-level
differences in carbon sequestration over the full 100-year duration.

2.2.3 Variables and Calculations

The difficulty was with stand age as tools like increment borer could affect the health
of trees in the national park, the age class of 90 to 120 years was given for mature forests.
Judging from the forest soil fertility, from the NATURE 2000 website, soil moisture, tree
height, mixture, and DBH, the age estimations were done for trees in each plot. In each
sample plot, the three highest trees of each species were measured, so the rest were
calculated. A tree's height (measured in decimeters) is estimated using a multiple regression
model, which connects tree height to multiple stand and site variables according to the height
function developed by Soderberg (1992).

(1
In(th) = c + bl*m + by - Akl + bz * AkI®> + b, * (lat * alt) + bs* gp + be * sost

+ b, * reg5 + bg* delyta

Where:
e h: Estimated tree height, in decimeters (dm). Converted to meters after calculation.
e In(h): Natural logarithm of the tree height.
e d: Diameter at breast height (DBH), in centimeters (cm).
e AKkl: Tree age, typically measured in years.
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e lat-alt: Product of latitude and altitude, used to capture geographic effects.

e gp: Proportion of conifers in the stand (ranges from 0 to 1). For pure beech stands,
this is 0.

e sost: Dummy variable for Southeastern Sweden (1 if true, 0 otherwise).

e reg5: Dummy variable for Region 5 (1 if applicable, 0 otherwise).

e delyta: Dummy variable indicating shared stand type (1 if shared, 0 if single species).

e c: Intercept (constant term), set to 5.2974 in this model.

e b to bs: Regression coefficients derived from empirical data.

Exponentiate to get the height in decimeters:
)
h_dm = e
Where:
e h dm = estimated tree height in decimeters (dm)
¢ In(h) = log-transformed height value derived from the regression model
e ¢ = Euler’s number (the base of the natural logarithm, approximately 2.71828)

Carbon sequestration will be calculated for each time period based on the total carbon to see
the differences.

3)
CSy = Ce — Cpy

Where:
e (S = Carbon sequestration during period t (tons C/ha)
e (= Total carbon stored at the end of period t in living trees (tons C/ha)
e (i1 = Total carbon stored at the end of the previous period in living trees (tons C/ha)

Furthermore, there will be three specific tree simulations with tree species that have
dominated any plot, being the main species in it. The remaining settings in the simulations
will be the same. Carbon sequestration was assessed as the net change in total carbon stored
in living trees over successive periods. For each plot, the change in carbon sequestration for
each period was calculated by subtracting the total carbon value of the previous period from
that of the current period, such as Period 1 - Period 0, Period 2 — Period 1, up to Period 20 —
Period 19. This approach yielded estimated carbon fluxes for each period, facilitating the
analysis of both short-term and long-term sequestration trends under different management
alternatives. Data for this calculation was derived directly from the "Total Carbon in Living
Trees ton C/ha" column in the Heureka RegWise simulation output. One period spans 5
years, and with a total of 21 periods (from Period 0 to Period 20), these periods collectively
represent 100 years. To evaluate the similarity in carbon stock levels between treatment and
unmanaged (no treatment) scenarios, the Percent Similarity (%) was calculated for each
period using this formula:

17



(4)

Ctrea tment

Percent Similarity = ( ) * 100

CTLO treatment

Where:
o  Cyeatment = Total carbon stock in the managed scenario (Treatment 1), (tons C/ha)

®  Cho treatment = Total carbon stock in the unmanaged scenario (No Treatment), (tons
C/ha)

To maintain consistency in species age structures, a filtered dataset was developed
specifically for beech-dominated plots. In this version, known as "updated beech", only
mature beech stands (around 90-120 years old) are included, while plots with significantly
younger beech trees are omitted. This modification allows for a more equitable comparison of
carbon sequestration trends among similarly aged stands of birch, spruce, and beech.
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3. Results and analysis

3.1 Forest-Wide Carbon Sequestration Simulations Under
Different Management Intensities
The simulations are conducted for all parks, including all sample plots, which produce
results that illustrate the difference between No Treatment and Treatment 1, characterized by

selective fellings of 5 to 10% of the intestines. This shows the differences between the two
treatments in Table 1.

Table 1. Comparison of total carbon stock among all living trees.

Year 10 20 30 40 50 60 70 80 90 100
No Treatment, 137 | 149 | 158 | 167 [173 |178 | 181 | 184 | 186 | 187
ton C/ha

Treatment 1, 133 | 139 | 145 [ 149 | 154 | 157 | 159 | 162 | 165 | 166
ton C/ha

Numeral 4 10 13 18 19 21 22 22 21 21
deviation, ton

C/ha

Percent 97 93 92 89 89 88 88 88 89 89
Similarity,

%

It can be seen that the differences are not very big in Table 1, considering that a lot of
harvested wood would still store carbon from selective felling, and since harvested wood’s
carbon stock is not included, showing just living trees and not considering trees that are
harvested to see actual forest carbon storage. Furthermore, to see more effects, the thinning
and selective felling grade was reduced by 5 % at max and 2 % min. With a lower thinning
grade, the interventions would be less harmful, especially in national parks; yet, they might
be performed more frequently in simulations.
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Figure 6. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation,
under different forest management intensities. "No Treatment" signifies unmanaged forest
conditions. "Treatment 1" implements low-intensity selective felling at a rate of 5-10%, while
"Treatment 2" applies this practice at a lower rate of 2-5%. (Dzenis, J. (2025) [Chart] RStudio).

While examining average carbon sequestration throughout the park, it becomes apparent that
it does not drop below zero, even over 100 years, but instead approaches zero. Therefore, it is
plausible that the trend will continue, and the park will eventually begin to emit carbon.
Figure 6 illustrates that intervention through selective felling, even at low intensities, can
alter the amount of carbon sequestered. From the figure, it is evident that without
interventions, the average sequestered carbon from all sampled areas at period 10 was already
below 3. The line with Treatment 1 remains higher at period 20, which is 50 years later.
Additionally, both methods exhibit lower carbon sequestration compared to the No Treatment
method, but they subsequently show positive differences. The average carbon sequestration
for no interventions was 2.38 tons C/ha lower than that of the selective felling intervention.
Lastly, the mean difference ranged from -2.25 to -2.52 tons C/ha, indicating that the
intervention of selective fellings consistently leads to higher estimates of carbon
sequestration across all periods. A very important aspect is not only how much carbon is
sequestered in the forest each period, but also how much carbon is stored in each period
compared to the no-treatment method and Treatment 1 with selective fellings at intensities
ranging from 5 to 10 %. With lower intensity rates of selective fellings (2 to 5%), the average
carbon sequestration remains higher than in the case where no action is taken. Still, it is
slightly lower than in the case of selective felling intensities of 5 to 10 %. For the minimal-
intensity selective felling method (2-5%), the average carbon sequestration per 5-year period,
calculated over 20 periods (100 years), was 4.63 tons C/ha for low-intensity selective felling,
while without any treatment it was 3.11 tons C/ha. While the difference ranged from 0.47 to
2.58 tons C/ha. This further supports the notion that improvement in carbon sequestration is
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statistically significant and practically meaningful. It can be concluded that minimal selective
fellings significantly increase carbon sequestration compared to unmanaged forests.
Comparing the differences between the two methods of selective fellings of 2 to 5% (very
light selective thinning) and selective fellings with the intensity of 5 to 10% (light selective
thinning) also showed differences. For very light selective thinning, the mean carbon
sequestration per period was 4.63 tons C/ha, which was -0.86 tons C/ha lower than the mean
carbon sequestration light selective thinning had. The results indicate that light-selective
thinning has a slightly higher carbon sequestration rate.

3.2 Species-Specific Responses to Low-Intensity Forest
Management

The management method used in simulations is selective fellings with an intensity of
5 to 10 %, as it showed the best results. In comparison, intensity-selective fellings with a 3 to
5 % intensity won’t be tested since there is no significant difference; therefore, the method
with the highest increase will be tested, allowing for the study of trends. They all will be
tested in RegWise to see if there is any trend of differences between species and if there is a
statistically significant difference in how species react to management regarding carbon
sequestration.
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Figure 7. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation of
unmanaged forests characterized by various tree species. The graph illustrates the carbon uptake of
European beech (Fagus sylvatica), silver birch (Betula pendula), and Norway spruce (Picea abies) as

they develop naturally without management interventions. (Dzenis, J. (2025) [Chart] RStudio).

As shown in Figure 7, the average carbon sequestration for spruce is consistently
below 0 per period. In contrast, while spruce stands were old, a variety of younger and older
stands were present for beech. To do an accurate comparison, the young beech stands will be
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removed, allowing us to compare full-growth stands with other full-growth stands. Since the
average difference is 0.93 ton C/ha, from old beech stands and all beech stands, and the
interval ranges from 0.64 to 1.23 ton C/ha. This shows that in 20 periods, or approximately
100 years, younger beech stands help sequester significantly more carbon, whereas in older
stands, carbon sequestration decreases, and therefore older stands are chosen in the future.
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Figure 8. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation for
unmanaged birch, spruce, and updated beech data. The updated beech curve includes only mature,
fully-grown stands, omitting younger beech sample plots. This analysis ensures consistency across
species age structure when assessing long-term carbon dynamics. (Dzenis, J. (2025) [Chart] RStudio).

Still, even with older stands, carbon sequestration remains positive, never reaching the point
of emitting more carbon than sequestering (Figure 8). Initially, it can be observed that while
spruce and beech are approximately 100 to 120 years old, they exhibit the same sequestration.
However, as both stand age and spruce sequestration decrease, they go very low, to the point
where they emit carbon. Beech, on the other hand, remains positive, but also at a very low
level. Birch has the most positive carbon sequestration early on, but over 100 years, it drops
the most.
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Figure 9. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation for

birch-dominated stands under managed versus unmanaged conditions. "Managed Birch" refers to

areas undergoing low-intensity selective felling (5—10%), while "Unmanaged Birch" indicates areas
allowed to grow naturally without interventions (Dzenis, J. (2025) [Chart] RStudio).

For birch, it can be seen in Figure 9 that, with management at the beginning, the impact is
negative, as it sequesters less carbon when left unmanaged. Still, as it reaches older age and
its sequestration rates drop, with selective felling rates of 5 to 10 % in intensity, the carbon
sequestration rates remain higher. The mean difference between these two treatments is
approximately 0.28 ton C/ha. The difference interval ranged from -0.54 to 1.10 tons C/ha.
These results indicate that managing birch stands does not result in a significant difference
compared to unmanaged birch stands.
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Figure 10. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation for
spruce-dominated regions under both managed and unmanaged conditions. "Managed Spruce"
denotes areas exposed to low-intensity selective felling (5—-10%), while "Unmanaged Spruce" pertains
to regions that are allowed to grow naturally without any interventions (Dzenis, J. (2025) [Chart]
RStudio).

For spruce, it can be seen in Figure 10 that management of selective felling with an intensity
of 5 to 10 % yields more positive results, as the average carbon sequestration is higher. Big
drops could be explained if selective felling is done during these periods, so carbon
sequestration would decrease as trees in the forest are removed. Ultimately, even if an
unmanaged spruce forest emits carbon, if these areas are managed, carbon sequestration
remains positive. The average carbon sequestration increase for managed spruce was
approximately 2.12 tons C/ha, with a difference interval of 1.40 to 2.85 tons C/ha. These
results further indicate that managing spruce stands through low-intensity selective felling of
5 to 10% can significantly enhance carbon sequestration compared to unmanaged spruce
stands.
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Figure 11. Average carbon sequestration (ton C/ha) per 5-year period over a 100-year simulation in
beech-dominated regions, both managed and unmanaged. "Managed Beech" indicates areas
undergoing low-intensity selective felling (5—-10%), whereas "Unmanaged Beech" signifies regions
allowed to evolve naturally without any interventions (Dzenis, J. (2025) [Chart] RStudio).

Beech is similar at the beginning; however, as it ages, there is a clear difference in the
amount of carbon sequestered through selective felling at intensities of 5 to 10% compared to
doing nothing, and it grows larger with each subsequent period Figure 11. Still, in both cases,
the graph indicates a downward trend, but with management, carbon sequestration is both
prolonged and enhanced. The mean difference in carbon was 1.11 tons C/ha, indicating that
managed beech sequesters more carbon than unmanaged beech, while the difference interval
ranged from 0.64 to 1.59 tons C/ha. These results demonstrate that managing beech through
selective felling at low intensity significantly increases carbon sequestration in beech stands.
After comparing all three species that dominated each plot, two out of three species showed
statistically significant differences between treatments, and all species secreted more carbon
with low-intensity selective fellings.

Table 2. Forest management impact on different species.

Species Cumulative carbon sequestered Numeral Percentage
(living + harvested), ton C/ha deviation, ton deviation, %
Unmanaged Managed C/ha

Birch 96.93 104.22 7.29 7.52
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Continuation of Table 2.

Species Cumulative carbon sequestered Numeral Percentage
(living + harvested), ton C/ha deviation, ton deviation, %
Unmanaged Managed C/ha

Spruce 26.77 172.24 145.47 543.37

Beech 64.46 114.08 49.62 76.98

This further demonstrates the significant impact of low-intensity forest management on the

carbon sequestration of different species. For birch (Table 2), it changes by only 7.52 %,

while for beech, the difference between unmanaged and managed forests’ carbon
sequestration is already 76.98 %, and for spruce, the difference is quite substantial at

543.37 %. This indicates that spruce responded more robustly to low-intensity management

than birch, whereas the differences with beech were less distinct. This reinforces the

necessity for species-specific management to optimize carbon sequestration. The heightened

response noted in spruce may be due to its quicker growth dynamics and increased sensitivity

to competitive release after thinning. At the same time, birch and beech might need different

structural or intensity thresholds to achieve similar carbon gains.
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4. Discussion

4.1 Enhancing Carbon Sequestration: Forest Management
and Modelling Approaches

The results clearly showed that with minimal interventions, it is possible to enhance
the carbon sequestration of forests (Figure 6). While carbon sequestration is enhanced, a
downward trend persists as the amount being sequestered declines each period for the forest,
raising the question of how long it will last before it starts emitting carbon. The primary
reason more carbon is sequestered with minimal interventions is that new space becomes
available for trees, even with minimal actions, thereby enhancing the growth of existing trees.
(Peng et al., 2022).

Minimal interventions, such as low-intensity selective felling, strike a balance between
passive conservation and active management. They primarily aim to enhance carbon
sequestration without significantly altering the forest's natural makeup, structure, or
biodiversity (Lindenmayer ef al., 2006). In protected areas like Soderasen National Park,
maintaining ecological integrity is crucial, making low-impact approaches preferable to
intensive forestry. Research shows that high-intensity logging can negatively affect species
diversity, soil health, and ecosystem functions (Paillet e al., 2010). On the other hand,
minimal interventions help conserve old-growth features and enable forests to serve as carbon
sinks, avoiding the ecological costs of large-scale disturbances (Bauhus et al., 2009). The
objective is therefore not just to maximize carbon capture but to enhance sequestration with
minimal impact on biodiversity and ecosystem resilience.

Harvested wood can still serve as a carbon sink, unless used as firewood, enhancing
also the total carbon stored (Lorenz et al., 2010). Simulations can aid decision-making by
guiding forest management strategies that focus on maximizing carbon sequestration and
enhancing long-term carbon stocks. Simulations and models can be quite accessible and help
simplify complex concepts for people without a deeper knowledge of the subject. If there is a
possibility of simulating how to manage their forest while still generating income, it could
become a desirable option even for private owners. Currently, models and simulations are
making significant advancements, becoming more precise and accessible to a broader
audience. If, with a single forest visit and brief simulated data processing, it is possible to
obtain 97 % accurate forest data regarding tree DBH, then, of course, the aim should also be
to apply this to other inventory data, such as vitality, height, and carbon, making it easier as
well. (Ekuzis, 2024). Data gathering remains the most significant challenge for simulations,
due to its time-consuming and expensive/cost-inefficient nature. With Heureka, simulations
can be run for the entire forest or divided into sample plots, and mean stand variables can be
calculated using tree-level data. Furthermore, choosing appropriate management methods can
help understand how various scenarios affect forests, the processes within them, and the
income that can be generated. If people have an easy way to calculate their expenses and see
a steady income, they are also likely to show interest in ecological factors like carbon
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sequestration and enhancing their forest in a nature-friendly way. Research shows that people
are willing to pay more for certified or nature-friendly wood products (Cai et al., 2013).

4.2 Impacts of Management Intensity on Forest-Wide Carbon
Sequestration

Heureka simulation results with RegWise indicate a notable rise in carbon
sequestration when comparing unmanaged forests to those managed through low-intensity
selective felling. However, decreasing the selective felling intensity from 5-10% to 2—5% led
to only a minor reduction in average carbon sequestration, suggesting diminishing benefits at
lower thinning levels. Table 1 and Figure 6 illustrate two interconnected yet distinct aspects
of forest carbon dynamics. Table 1 presents the total carbon stored in living trees at specific
time points (e.g., 10, 20, ..., 100 years), representing the cumulative above-ground biomass
carbon. This accounts for both gains through growth and losses from activities such as
harvesting and natural mortality under various management practices. Conversely, Figure 6
illustrates the average carbon sequestration over 5-year intervals, with each period
corresponding to a simulation span of five years (e.g., Periods 1-2 for Year 10, Periods 3—4
for Year 20, and so on). This figure highlights only the incremental gains—how much new
carbon was captured during each period, averaged across all plots. The difference between
the two arises because:

* The graph focuses only on growth, without subtracting carbon removed by harvest or
lost to mortality.

* The table includes both accumulation and reductions, offering a more complete view
of the net carbon stock.

*» The graph reflects averages per plot, while the table shows totals at a landscape level
at decadal intervals.

These two visuals combined offer a clearer picture: the graph shows short-term carbon
accumulation trends, while the table displays the long-term net effects of forest dynamics and
management practices. Utilizing low intensities is crucial in cases of national parks, where
strict rules dictate the types of management allowed, typically permitting low-intensity
management to a certain extent. Significant improvements in carbon sequestration models
and simulations could influence future national park management, especially as the world
seeks methods to reduce atmospheric carbon. Furthermore, an essential aspect revealed by
these results is that with low-intensity interventions, it is possible to maintain forests with
great age and biodiversity while simultaneously achieving substantial carbon sequestration.
This could transform our perspective of national parks in the future, viewing them not only as
areas for recreation, nature, and science but also as significant carbon sinks that contribute to
carbon sequestration, while still sequestering carbon (Lemelin, 2020). While nature reserves
are already seen as places that store carbon, no interventions have been done to increase their
capacities and sequestration. To make it happen, it is crucial to have simulation tools like
Heureka that can simulate and demonstrate which methods would be most beneficial for each
species to achieve the goals of all involved parties. Of course, there are difficulties in
managing many parts of the national park since they are often left to natural processes
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through views that these areas should be left to minimal to no interventions (Gissibl, 2014).
Still, it is possible to change long-held beliefs and views by presenting new research and data
that support the idea that minimal interventions, at least in some areas, can be beneficial.
With the changing global situation, sequestration and storing carbon may sooner or later
become priorities, prompting the search for new solutions that could address many of these
questions. This data is useful not only for national parks but also for other forest owners,
demonstrating how management can aid in carbon sequestration and that managing forests is
not necessarily detrimental to the carbon balance. As the new popular topic of carbon farming
and carbon credits in European forestry (Naumann ef al., 2021) suggests, simulation tools
like Heureka could become crucial in assessing carbon in forests and determining how forest
owners can enhance carbon stocks in their forests. Moreover, carbon sequestration should be
considered an essential factor, as harvested wood often stores carbon (Lorenz et al., 2010).
By increasing the sequestration potential of remaining forests, the total carbon stored in
forests and harvested wood can be greater, and these aspects should be considered.

4.3 Species-Specific Reactions to Low-Intensity Management

The other crucial part is assessing how different species react to management and how
the effect of management changes over time. One of the aspects that is often examined is the
increase in species DBH after management; however, the change in carbon sequestration is
also of great importance, particularly in national parks or when aiming to increase carbon
credits. The results showed that there can be three completely different outcomes from
minimal management of three different species (Figures 9, 10, 11, and Table 2). While birch
seemed not to be welcoming towards management in earlier stages and became more
welcoming later on, for spruce, management changed the amount of carbon sequestered by
145.47 tons C/ha. Two of the three species exhibited a noticeable rise in carbon sequestration
when comparing the simulations without management to those with low-intensity
management, such as selective tree removals at rates of 5 to 10%. This also suggests that not
all species should be treated with a single method and model, and species-specific approaches
may be necessary. This is not the only thing that should be considered, as species growth can
also change in different places (Umafa ef al., 2019). Depending on the site, several factors
can change, like vitality, height, DBH, crown, and leaf thickness, which impact how trees
sequester and store carbon. Models like Heureka can simulate site-specific scenarios and how
each management change impacts the reactions of specific trees and their capacity to
sequester carbon at different ages and levels. This could also help determine which parts of
national parks can be left unaltered and which parts can be left with minimal intervention,
thereby providing the best benefit for nature and the fight against increasing carbon
emissions. This would require further research to determine how different site conditions
affect tree carbon sequestration and how mixing tree species alters the carbon sequestration
dynamics compared to pure stands. So far, the conclusion is that low-intensity management
has a statistically significant increase in carbon sequestration for spruce and beech-dominated
stands, and management should be considered for them if carbon storage and sequestration
are prioritized. This would also require intensive inventories to gather accurate data about
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trees and sites for the best simulations. Data gathering can be time-consuming and requires
specific knowledge, making it challenging for individuals without prior knowledge in the
forestry field (Ma et al., 2021). This could be facilitated by using drones and prebuilt models,
which can help gather forest inventory data much faster and with great accuracy. Still, this
process is also very dependent on weather, such as fog, wind, and rain, which can crucially
decrease accuracy and lead to a loss of foliage for broadleaf trees (Ekuzis, 2024), (Dzenis,
2023).

4.4 Generalisability of Findings to Other Protected Forests

The results of this study, based on simulations in Soderasen National Park, suggest
that low-intensity management, which is more environmentally friendly than larger-scale
management, can enhance carbon sequestration. These results also demonstrate that using
species-specific management can benefit all species. However, when considering how well
these findings can be applied to other protected areas, several factors must be taken into
account. Some of these factors are species composition, site productivity, disturbance
regimes, and existing management policies, and these factors are usually very place-specific,
like, for example, S6derdsen National Park being on continuous rocky and ridge terrain.
Protected forests in similar temperate regions, with species such as beech, spruce, and birch,
as well as comparable stand structures, could react similarly to low-intensity interventions.
However, in areas with different ecological features or conservation goals—such as
maintaining pristine wilderness or protecting rare habitats—the use of such interventions
might be more restricted or need adjustments. Furthermore, site productivity has a significant
influence on tree growth. Soderasen National Park typically has soil that is not highly
productive, and applying the same management practices to different soils can yield very
different results.

The findings can be applied to other protected areas that share similar ecological
characteristics and have a similar species composition and age. This includes temperate
forests with moderate productivity, featuring mixed-species stands—mainly beech, spruce, or
birch—and shaped by past management practices that have affected their current structure.
Notably, protected areas that permit some active intervention, such as those managed with
close-to-nature silviculture principles, could benefit from light selective fellings. These
practices can help maintain or enhance carbon sequestration while protecting biodiversity.
Areas that are interested in preserving their old-looking forests while showing a wish to
increase global factors of higher carbon sequestration, for sure, can find this method to be
very beneficial. While these results are directly applicable to Soderdsen National Park, they
can still serve as a helpful starting point for understanding how low-intensity management
affects carbon in forests and for planning management in specific areas.
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4.5 Possible Errors and Further Recommendations

Forest inventory can be a time-consuming process and requires prior knowledge. The
accuracy of inventory data can significantly impact subsequent simulation results. There may
be errors in accessing tree height and DBH, as well as in ensuring that the plot is exactly 9 m
in radius. The data management process is quite time-consuming, as each Heureka simulation
requires a template to be filled out, regardless of the simulation's specificity level. Human
error can significantly reduce accuracy, as highlighted by research showing that, on average,
there is a 1% error in manual input (Thompson, 2025). Furthermore, a significant learning
curve is associated with simulations like RegWise. Simulations are still a developing subject,
so the results should not be taken as 100 % accurate and immediately applied; instead, they
should be analyzed and then utilized. Furthermore, the age provided for each place was
approximate. While it was specified that the main age in a particular location was, for
example, 120, determining the age of each tree can introduce an error.

It is recommended that future studies of this nature be conducted to assess how
different tree species respond to minimal interventions aimed at enhancing carbon
sequestration. Additionally, research should focus on how site conditions influence results
and how these variables may change over time. It would be beneficial to evaluate the
accuracy of Heureka simulations by comparing them with manually collected data and
analyzing the evolution of this data over the years. A comparison of Heureka simulations
using historical management methods should also be performed to determine whether the
outcomes are consistent or vary significantly. Furthermore, it is crucial to investigate how
low-intensity interventions impact forests in terms of species composition. Providing accurate
results regarding species, age, and density will help clarify how changes in carbon
sequestration and other factors affect these variables.
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5. Conclusions

In conclusion, it is clear that low-intensity forest management can improve carbon
sequestration in Soderdsen National Park. The simulations run with Heureka RegWise
indicate that low-intensity management through selective felling, at levels of 2 to 5% and 5 to
10%, can raise carbon sequestration by an average of 1.52 and 2.38 tons C/ha, respectively,
compared to unmanaged forests. In both scenarios, the results were consistent across different
simulation periods. Additionally, although the 5 to 10% selective felling intensity led to
higher carbon sequestration, the difference compared to the 2 to 5% scenario was relatively
small.

The research indicates that low-intensity management affects carbon sequestration
differently depending on tree species, highlighting the importance of tailored approaches.
Results show a significant impact on beech and spruce forests, with these areas sequestering
more carbon than unmanaged ones. The research confirms the hypothesis that minimal
interventions, such as selective tree felling, can enhance carbon sequestration and prolong the
period during which these forests maintain a positive annual carbon balance. The results also
refute the hypothesis that the main trends in carbon dynamics and responses to low-intensity
management are consistent across various species, as they exhibit different patterns. Notably,
birch displayed a markedly different response to low-intensity forest management regarding
carbon sequestration compared to spruce.

The findings indicate that even in protected forest areas, well-planned and minimal
silvicultural practices can significantly boost carbon sequestration while still achieving
conservation objectives. The varied responses among species underscore the importance of
developing species-specific management strategies rather than adopting universal solutions.
This study proposes that forest carbon storage can be enhanced in production forests and
within nature reserves by using a light-touch, scientifically grounded method. Future studies
should investigate the effectiveness of these techniques under climate change conditions and
their potential integration into national carbon offset initiatives or EU biodiversity goals.

32



References

Agren, A.R. (2025) The forest and sustainable forestry, Swedish Wood. Available at:
https://www.swedishwood.com/wood-facts/about-wood/wood-and-sustainability/the-forest-and-
sustainable-forestry/ (Accessed: 24 March 2025).

Bauhus, J., Puettmann, K. and Messier, C. (2009) ‘Silviculture for old-growth attributes’, Forest
Ecology and Management, 258(4), pp. 525-537. Available at:
https://doi.org/10.1016/j.foreco.2009.01.053.

Cai, Z. and Aguilar, F.X. (2013) ‘Meta-analysis of consumer’s willingness-to-pay premiums for
certified wood products’, Journal of Forest Economics, 19(1), pp. 15-31. Available at:
https://doi.org/10.1016/j.jfe.2012.06.007.

Carey, E.V., Sala, A., Keane, R. and Callaway, R.M. (2001) ‘Are old forests underestimated as global
carbon sinks?’, Global Change Biology, 7(4), pp. 339-344. Available at:
https://doi.org/10.1046/j.1365-2486.2001.00418 .x.

Dzenis, J. (2023) Koku skaita precizitates novértejums parastas priedes (Pinus sylvestris L.)
mezaudzes.

Ekuzis, R. (2024) Taksacijas raditaju novértejums parastas priedes (Pinus sylvestris L.) mezaudzés,
izmantojot bezpilota gaisa kugi.

Eriksson, E. and Berg, S. (2007) ‘Implications of environmental quality objectives on the potential of
forestry to reduce net CO2 emissions - a case study in central Sweden’, Forestry, 80(2), pp. 99-111.
Available at: https://doi.org/10.1093/forestry/cpm008.

Fahlvik, N., Elfving, B. and Wikstrom, P. (2014) ‘Evaluation of growth functions used in the Swedish
Forest Planning System Heureka’, Silva Fennica, 48(2). Available at:
https://www.silvafennica.fi/article/1013?utm_source=chatgpt.com (Accessed: 19 May 2025).

Gissibl, B. (2014) A Laboratory for the Implementation of ‘Wilderness’ in Central Europe—The
Bavarian Forest National Park, Environment & Society Portal. Available at:
https://www.environmentandsociety.org/arcadia/laboratory-implementation-wilderness-central-
europe-bavarian-forest-national-park (Accessed: 8 May 2025).

Greenfield, P. (2025) ‘A third of the Arctic’s vast carbon sink now a source of emissions, study
reveals’, The Guardian, 21 January. Available at:
https://www.theguardian.com/environment/2025/jan/21/third-of-arctic-carbon-sink-now-a-source-of-
emissions-study (Accessed: 15 March 2025).

Jansons, A., Seénhofa, S., Dzerina, B., Katrevics, J., Lazdins, A. and Donis, J. (2016) ‘2016-LVM-
Jansons-siltumnicefekts-vecas-mezaudzes-parskats.pdf’. Latvijas Valsts mezzinatnes institiits
‘Silava’.

Jorgensen, K., Granath, G., Lindahl, B.D. and Strengbom, J. (2021) ‘Forest management to increase
carbon sequestration in boreal Pinus sylvestris forests’, Plant and Soil, 466(1-2), pp. 165-178.
Available at: https://doi.org/10.1007/s11104-021-05038-0.

Kadavy, J., Kneifl, M. and Uherkova, B. (2025) ‘Comparison of selected structural elements of

managed and unmanaged forest to guide integrated forest management’, Forest Ecology and
Management, 576, p. 122405. Available at: https://doi.org/10.1016/j.foreco.2024.122405.

33



Lamas, T., Siangstuvall, L., Ohman, K., Lundstrém, J., Arevall, J., Holmstrom, H., Nilsson, L.,
Nordstrom, E.-M., Wikberg, P.-E., Wikstrom, P. and Eggers, J. (2023) ‘The multi-faceted Swedish
Heureka forest decision support system: context, functionality, design, and 10 years experiences of its
use’, Frontiers in Forests and Global Change, 6, p. 1163105. Available at:
https://doi.org/10.3389/ffgc.2023.1163105.

Linsstyrelsen Skane (2024) Soderdsens nationalpark: breathtaking heights. Available at:
https://www.sverigesnationalparker.se/globalassets/soderasen/filer/soderasens-nationalpark-folder-en-
2024.pdf (Accessed: 28 March 2025).

Lazdins, A. (2013) ‘Mezsaimniecisko darbibu ietekme uz CO2 piesaisti’. Latvijas Valsts mezzinatnes
instittts ‘Silava’.

Lemelin, M. (2020) 5 Benefits of Protected Areas, Rainforest Trust. Available at:
https://www.rainforesttrust.org/our-impact/rainforest-news/5-benefits-of-protected-areas/ (Accessed:
10 May 2025).

Leng, Y., Li, W, Ciais, P., Sun, M., Zhu, L., Yue, C., Chang, J., Yao, Y., Zhang, Y., Zhou, J., Li, Z.,
Wang, X., Xi, Y. and Peng, S. (2024) ‘Forest aging limits future carbon sink in China’, One Earth,
7(5), pp. 822-834. Available at: https://doi.org/10.1016/j.oneear.2024.04.011.

Lindenmayer, D.B., Franklin, J.F. and Fischer, J. (2006) ‘General management principles and a
checklist of strategies to guide forest biodiversity conservation’, Biological Conservation, 131(3), pp.
433-445. Available at: https://doi.org/10.1016/j.biocon.2006.02.019.

Lorenz, K. and Lal, R. (2010) Carbon Sequestration in Forest Ecosystems. Dordrecht: Springer
Netherlands. Available at: https://doi.org/10.1007/978-90-481-3266-9.

Ma, B., Hauer, R.J., Ostberg, J., Koeser, A.K., Wei, H. and Xu, C. (2021) ‘A global basis of urban
tree inventories: What comes first the inventory or the program’, Urban Forestry & Urban Greening,
60, p. 127087. Available at: https://doi.org/10.1016/j.ufug.2021.127087.

Musselman, R.C. and Fox, D.G. (1991) ‘A Review of the Role of Temperate Forests in the Global
CO, Balance’, Journal of the Air & Waste Management Association, 41(6), pp. 798—807. Available
at: https://doi.org/10.1080/10473289.1991.10466876.

Naumann, S., Noebel, R., Fuchs, G. and Roscher, S. (2021) ‘Carbon farming in the European forestry
sector’.

Packham, J.R., Thomas, P.A., Atkinson, M.D. and Degen, T. (2012) ‘Biological Flora of the British
Isles: Fagus sylvatica’, Journal of Ecology, 100(6), pp. 1557-1608. Available at:
https://doi.org/10.1111/j.1365-2745.2012.02017 .x.

Paillet, Y., Berges, L., Hjiltén, J., Odor, P., Avon, C., Bernhardt-Rémermann, M., Bijlsma, R.-J., De
Bruyn, L., Fuhr, M., Grandin, U., Kanka, R., Lundin, L., Luque, S., Magura, T., Matesanz, S.,
Mészaros, 1., Sebastia, M.-T., Schmidt, W., Standovar, T., Téothmérész, B., Uotila, A., Valladares, F.,
Vellak, K. and Virtanen, R. (2010) ‘Biodiversity Differences between Managed and Unmanaged
Forests: Meta-Analysis of Species Richness in Europe’, Conservation Biology, 24(1), pp. 101-112.
Available at: https://doi.org/10.1111/j.1523-1739.2009.01399.x.

Peng, P.-H., Pan, H.-L., Tang, S.-L., Chiu, C.-M., Chiang, H.-L., Zhan, Y.-X., Hsieh, Y.-T. and Chen,

J.-C. (2022) “Effects of Thinning on the Growth and Relative Change in the Diameter of a Mahogany
Plantation’, Forests, 13(2), p. 213. Available at: https://doi.org/10.3390/f13020213.

34



Petit-Cailleux, C., Davi, H., Lefévre, F., Verkerk, P.J., Fady, B., Lindner, M. and Oddou-Muratorio,
S. (2021) ‘Tree Mortality Risks Under Climate Change in Europe: Assessment of Silviculture
Practices and Genetic Conservation Networks’, Frontiers in Ecology and Evolution, 9. Available at:
https://doi.org/10.3389/fevo.2021.706414.

Porté, A. and Bartelink, H.H. (2002) ‘Modelling mixed forest growth: a review of models for forest
management’, Ecological Modelling, 150(1-2), pp. 141-188. Available at:
https://doi.org/10.1016/S0304-3800(01)00476-8.

Singstuvall, L., Lamas, T. and Ohman, K. (2023) ‘Spatial aspects in the Heureka forest decision
support system - an overview’.

Schroder, A. (2024) A Structural Comparison of Two Nature Conservation Categories in Sdderdsen
National Park (Sweden)’.

Sexton, C. (2023) Protected forests offset a year’s worth of global fossil fuel emissions. Available at:
https://air.arizona.edu/news/protected-forests-offset-years-worth-global-fossil-fuel-emissions
(Accessed: 23 April 2025).

Umafa, M.N. and Swenson, N.G. (2019) ‘Intraspecific variation in traits and tree growth along an
elevational gradient in a subtropical forest’, Oecologia, 191(1), pp. 153—164. Available at:
https://doi.org/10.1007/s00442-019-04453-6.

‘Vertex 5 | Haglof Sweden AB’ (2021), 25 February. Available at:
https://haglofsweden.com/project/vertex-5/ (Accessed: 1 April 2025).

VMD (2021) ‘Darbibas stratégija 2021-2027°.

Woods, K.D., Nagel, T.A., Brzeziecki, B., Cowell, C.M., Firm, D., Jaloviar, P., Kucbel, S., Lin, Y.,
Maciejewski, Z., Szwagrzyk, J. and Vencurik, J. (2021) ‘Multi-decade tree mortality in temperate old-
growth forests of Europe and North America: Non-equilibrial dynamics and species-individualistic
response to disturbance’, Global Ecology and Biogeography, 30(6), pp. 1311-1333. Available at:
https://doi.org/10.1111/geb.13291.

35



Popular science summary

Forests in nature reserves often develop through natural processes, permitting nature
to determine how the forest will grow and which species will inhabit it. Unmanaged forests
tend to be denser than those managed under similar conditions. This research seeks to address
the question of whether, with minimal management that would not significantly disrupt
nature, it is possible to enhance the amount of carbon trees absorb and extend the period
before they begin releasing carbon. To observe these changes, simulations are conducted to
model different scenarios.

Results indicated that with minimal tree removals, it is possible to increase the forest's
carbon absorption over a century. This could help address atmospheric carbon issues more
effectively. Results also revealed that minimal tree removals in the park impact different
species in varying ways. Birch did not experience much benefit from minimal tree removals,
as its carbon intake initially declined, showing only at a later stage a higher intake than if the
forest had been left to its natural processes. In contrast, the improvement was significant for
beech and spruce, with a rapid increase in carbon intake following minimal tree removals.
This illustrates that each species should be managed individually and that distinct
management plans are necessary.

These findings demonstrate that it is possible to enhance carbon absorption in nature
reserves without disturbing nature much by removing just a few trees and allowing more
space for the remaining ones, achieving both high conservation values and increased carbon
intake simultaneously. Additionally, removed trees can be utilized in ways that allow them to
continue storing carbon for an extended period.

Can simply removing a few trees aid in our fight against climate change? These
results suggest — yes.
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