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Abstract

The study focuses on the early development of planted pedunculate oak (Quercus robur L.) in
mixed broadleaf stands established on sites previously dominated by Norway spruce (Picea abies).
Following the large-scale windthrow caused by the storm Gudrun in 2005, there were strong
incentives to create more diverse and climate-adapted forests by spreading the risk among more
species than spruce and pine. As a part of this effort, Sveaskog — the Swedish state-owned forest
company — decided to plant 10% of their storm-damaged area (southern Sweden) with different
broadleaf species, among them oak.

This thesis aimed to assess how different silvicultural strategies — precommercial-thinning,
planting method (group vs. spot-wise) and fencing — influenced oak growth performance after 20
years of development. Field data were collected from a selection of Sveaskog’s stands, and oak
trees were measured for survival, growth (height, DBH, crown ratio, crown volume), and quality.
Statistical analysis included both non-parametric tests and linear mixed-effects models.

Results showed that fencing had the most consistent positive effect on growth and quality. Pre-
commercial thinning had moderate effects on DBH and crown development. The planting method
had only minimal influence on the measured variable. The most prevalent quality defects were
crooked stems and browsing damages, particularly in unmanaged and unfenced stands.

The findings of this study highlight the challenges related to oak production under mixed stand
conditions. To evaluate if these converted stands will meet their intended ecological and economic
goals, long-term monitoring and silvicultural interventions are needed.

Keywords: Gudrun, oak regeneration, conversion, reforestation, mixed broadleaf, climate
adaptation
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1. Introduction

1.1 Gudrun

Twenty years have passed since the devastating storm Gudrun swept across
southern Sweden in early January 2005. This event shook many forest owners in
the Gotaland region, where the wind hit the hardest. Approximately three years’
worth of harvest was felled, ca 75 million cubic meters (Skogsstyrelsen 2025).
Around 80% of the felled volume was Norway spruce (Picea abies L. Karst)
(Skogsstyrelsen 2005) - one of the main species favoured by the Swedish forestry
industry for the last decades (Huuskonen et al. 2021).

During Sweden’s industrialisation, factors such as early overexploitation, weak
legislation and poor forest management resulted in a severe shortage of timber. To
battle the shortages of wood supply and optimise the production, Norway spruce
and Scots pine (Pinus sylvestris L.) appeared to be the ultimate choice for the
reforestation operation (Hansen & Spiecker 2004; Lof & Oleskog 2005). The two
conifer species have numerous advantages: fast growth rates, easy establishment,
uncomplicated management, and the expectancy of high economic return (L6f et
al. 2023). Broadleaf species, on the other hand, were considered weeds and were
systematically removed using herbicides such as Hormoslyr, with conifers planted
in their place (Karlsson 1996). This practice dominated Swedish forestry until the
early 1980s, when increasing ecological awareness led to changes in forest policy.
In 1983, the Swedish Forestry Act was revised to prohibit the large-scale removal
of broadleaved trees solely to promote conifer plantations (Karlsson 1996;
Skogskunskap 2025). In 1984, a new law — the Noble Deciduous Forests Act —
was enacted to protect eight native “noble” hardwood tree species, including oak,
beech, ash, elm, small-leaved lime, wild cherry, maple and hornbeam. It prohibits
the conversion to other species in areas of at least 0.5 hectares (Sveriges riksdag
n.d.). The widespread distribution of Norway spruce today is therefore not solely
due to natural processes but also a result of human intervention (Hansen &
Spiecker 2004; Lof et al. 2010). This has resulted in today’s situation in Sweden
where the production forest is comprising approximately 39,8% Norway spruce,
39,6% Scots pine and birch (Betula spp.), 12,1% (Skogsdata 2024).

Different tree species have different susceptibility to wind damage. Broadleaves
are generally more resistant due to their deeper, more robust root systems and the
fact that they are leafless during the season when storms most often occur —
autumn and winter — which reduces the force of the wind, and unlike conifers i.e.
evergreens which keep their needles year-round and therefore pose a greater risk
for windthrows (Peterson 2007; European Forest Institute 2020). Other risk
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factors include mature age, low wood strength, greater stand height, and recent
thinning operations, which temporarily destabilise trees’ anchorage

(Bauhus et al. 2017; Valinger & Fridman 2011; Valinger et al. 2019). Naturally,
topography and elevation also play a role (Gardiner et al. 2013).

In the aftermath of Gudrun, the Swedish forestry came under increased scrutiny as
the vulnerability of conifer monocultures had been exposed, particularly Norway
spruce, prompting a re-evaluation of silvicultural strategies (Ulmanen et al. 2015;
Olsson 2014). In the years since, there has been a growing emphasis on building
more robust and resilient forests, with risk mitigation, diversification and climate
adaptation being key themes (Blennow et al. 2014). Despite the dramatic
consequences of the storm, silvicultural practices, and tree species selection
among private forest owners surprisingly did not change much, even a decade
later (Valinger et al. 2019). The interest and curiosity for broadleaf species has,
nevertheless, slowly been growing (Skogsséllskapet 2022;

Woxblom & Nylinder 2010).

1.2 Forest restoration and climate adaptation

Forest restoration is a broad concept that can include a wide spectrum of
objectives, it is for that reason that it is yet without a universally accepted
definition. However, a commonly shared goal is the restoration of ecosystem
functionality, resilience and biodiversity. In some contexts, forest restoration aims
to return a forest to a historical, assumed, natural state. In others, the focus is
rather on creating new, functional ecosystems that are better adapted to climate
change. This process is increasingly important for sustaining or enhancing forest
vitality, particularly in light of the predicted climatic shifts (Stanturf et al. 2014;
Lof et al. 2023).

Restoration can be carried out using either a passive or an active approach.
Passive restoration is a more cost-efficient strategy, relying fully or partially on
regeneration by adjacent trees as a seed source. This approach can be successful
for pioneer species such as birch (Betula spp.) and aspen (Populus tremula).
However, for slow-growing species with heavy acorns, like oak (Quercus robur),
an active approach — typically involving planting can be more suitable

(Lof et al. 2023). Active restoration also allows for the selection of planting
material with desirable traits, which may be crucial for adaptive potential
(EUFORGEN 2023) or achieving high timber quality.

With growing concerns about climatic stressors, increased storm frequency, as

well as the susceptibility of conifers to pests and pathogens, the restoration of
former broadleaved forests has become a highly topical issue. Broadleaved
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species are generally considered more resilient and better adapted to future
climate conditions (Lof et al. 2023). By increasing the use of more tree species,
the risk of total loss, both ecologically and financially, may be lowered because of
species' varying susceptibility to stressors (Bauhus et al. 2017). The main target
species for the restoration of European hardwood forests are pedunculate oak
(Quercus robur) and European beech (Fagus sylvatica) (Lof et al. 2023).

Earlier studies support the idea that tree species diversity boosts primary
production (Huang et al. 2018; Jactel et al. 2018; Liang et al. 2016) and increases
stability over time (Jucker et al. 2014; Schnabel et al. 2019). The improved
productivity is partly explained by the fact that different species use resources in
slightly different ways and can thus share water, light and nutrients more
efficiently. However, carefully matching the species composition in a mixed-
species forest is still important to facilitate rather than increase unnecessary
competition, although negative and positive interactions often occur
simultaneously (Lof et al. 2014). This could, for example, involve integrating
nurse trees (often pioneer species) alongside a slower-growing species to support
structural development (Stanturf et al. 2014). Mixed-species forests have also
been shown to support greater diversity and abundance of soil microbiota and
mycorrhizal fungi, due to the fact that different tree species host different
specialists (Huuskonen et al. 2021). These symbiotic relationships between trees
and fungi are contributing to the long-term ecosystem stability as they improve
nutrient cycling and soil structure (Martin & van der Heijden 2024), hence
strengthening the resilience to environmental stressors.

What eventually follows after a conversion from conifer monoculture to a mixed
species forest is ecosystems better adapted to withstand climate changes, while
also supporting diverse wildlife, enhancing biodiversity (above as well as below
ground). Nevertheless, full restoration of ecosystems that once were might not be
possible due to changed climate conditions (Lof et al. 2019); therefore, having the
primary goal of restoring functionality in forms of ecosystem sustainability,
economic efficiency, and social values might be more achievable (Stanturf 2014).
There is, however, limited knowledge about what outcomes can be expected after
conversion from a monoculture into a mixed forest in terms of wood production,
economic outcome and forest structure (Reventlow et al. 2021).

1.3 Sveaskog'’s reforestation after Gudrun

Sveaskog, the Swedish state-owned forestry company, is Sweden’s largest forest
owner, managing about 14% of the country’s productive forest land

(Sveaskog 2025). Sveaskog was left with large areas of damaged forest following
Gudrun. The total amount of storm-felled forest on Sveaskog's land reached 2.6
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million m*fub, which corresponds to 1.5 annual felling in the area (Gotaland)
(Sveaskog 2024). After Gudrun, Sveaskog decided to take steps towards more
diversified forests, by reforesting (and by that, also converting) 10% of the
devastated forest area with different, suitable native broadleaves instead of
replanting with Norway spruce. The selected species included: pedunculate oak
(Quercus Robur), black alder (4lnus glutinosa), silver birch (Betula pendula),
small-leaved lime (7ilia cordata) and bird cherry (Prunus avium). These were
planted in various combinations, often in mixtures, some of which with two
species or more. These broadleaves have varying management requirements,
which call for a more complex silvicultural strategy compared to what Norway
spruce demands. Mixed-species stands with oak were the foundation of this study.

1.4 Challenges with oak management

Growing oak is a long-term and costly investment that requires decades of careful
management if the primary goal is to produce high-quality wood

(Skogskunskap 2025; Skogsstyrelsen 2015). Oak wood can be used for various
purposes, for instance, construction, flooring, furniture and veneer — being the
best paid assortment, hence, requiring the highest wood quality. Its versatility and
strength make oak one of the most valuable woods for both practical and
decorative uses (Attocchi 2015). Ideal, final oak stands are typically characterised
by 50-70 future crop trees per hectare, reaching heights between 20-30 meters
(depending on site index) (Carbonnier 1975), and a target diameter at breast
height (DBH) of approximately 70 cm by the age of 120 years. These trees are
expected to have developed straight, knot-free logs measuring between 2.6 and
2.9 meters in length (in line with industrial standards such as those of Kéhrs —a
leading Swedish manufacturer of wood flooring that sources a significant portion
of the timber from Sweden (Kéhrs 2025).

Equally critical to management to attain high quality, however, is the careful
selection of a suitable site (Skogsstyrelsen 2015). Pedunculate oak thrives on deep
soils with a fine-loamy texture, where both water and nutrient availability are
sufficient (Skogskunskap 2025). The optimal soil pH ranges between 4.5 and 7
(Forest Research, n.d).

One of the biggest challenges with producing oak is the issue of browsing. Oaks
are highly palatable for ungulates (Lof et al. 2021). Browsing on terminal shoots
and fraying on stems can result in severe damage that disqualifies the tree from
producing high-quality timber. Therefore, fencing with high-quality material is a
necessity to prevent browsing and fraying. The challenge is also becoming
increasingly difficult as populations of roe deer (Capreolus capreolus), fallow
deer (Dama dama), and red deer (Cervus elaphus) continue to grow in Sweden
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(Jarnemo u.a.; Lof et al. 2023). Fences are costly to install, maintain and
eventually remove (Skogsstyrelsen 2015), however, 80% of the costs can be
covered by subsidies from Skogsstyrelsen (including costs for fencing, planting,
clearing and thinning) (Skogssallskapet 2025).

One approach that may reduce the costs of regenerating oaks is direct seeding,
where acorns are sown directly into the soil, compared to conventional planting
with nursery-grown seedlings. However, this approach does not come without
challenges, competition from natural vegetation can hinder the early growth of
oak seedlings (Lof et.al 2021); therefore, removal, i.e. cleaning, is often
necessary. Predation from rodents of the buried acorns is another problem that
remains hard to combat in an efficient way (L6f & Birkedal 2009;

Manson et al. 2001).

An overstorey of fast-growing pioneer nurse trees could potentially address some
of the challenges with oak regeneration, especially in the early developmental
stages. Having nurse trees can provide benefits such as improving survival, stem
form and growth (Lof et al. 2014). However, this requires that balance is achieved
regarding stem density and spatial arrangement, to promote straight growth and
still leave enough space to let the oaks develop large and symmetric crowns.
Therefore, pre-commercial thinnings and commercial thinnings are crucial
operations to regulate light and space (Skogskunskap 2025). In addition to the
performance benefits nurse trees can offer, they can also provide early financial
returns (Lof et al. 2014) from thinning operations, due to their shorter rotation
period compared to oaks.

Epicormic branches (dormant buds on the trunk) are another common problem; if
not removed, they can eventually be considered a timber defect. Epicormic
branches must, for example, not occur in veneer wood (Skogskunskap 2025;
Attocchi 2015). Although it is partly genetic, they are thought to also occur when
the crown and root system are out of balance (Rytter 2019). To produce a knot-
free bole, regular pruning of epicormic shoots is often a necessary measure
(Attochi 2015). While the primary silvicultural goal is to achieve straight and
knot-free timber for the future crop trees, some imperfections like crookedness
and knots may be seen as decorative elements and even desirable for specific
architectural or design purposes (Larsen & Aagaard, 2020).

1.4.1 Market for oak

The Swedish oak market in recent years has experienced both promising
developments as well as notable challenges, depending on the segment. The
demand for oak has remained strong in furniture, joinery and flooring industries.
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Furthermore, in southern Sweden, new producers focusing on solid oak flooring
have been established, and the market is showing signs of continued growth
(Ekframjandet, 2024).

Companies as Kéhrs and Berg & Berg (another Swedish manufacturer
specializing in high-quality, sustainably produced wood flooring),

(Berg & Berg n.d.) reported a high need for oak logs for their production (S6dra
2020). Despite domestic production, Sweden is not able to fully meet the
industry's needs. In the first half of 2019, for example, imports of oak logs from
Germany to Sweden more than doubled, which indeed emphasises the lack of
locally produced oak wood (Skogsaktuellt 2025). As global interest in sustainably
produced and renewable building materials is steadily growing

(Vergarechea et al. 2023), oak with its many qualities is likely to play a part.
Overall, the situation for oak in Sweden is creating good opportunities for forest
owners who can supply high-quality timber.

1.5 Objectives of the thesis

The aim of my thesis is to study the performance (survival, growth and stem
quality) of young oaks, 20 years after being planted at storm-felled sites following
the storm Gudrun in southern Sweden. Establishing oak plantations faces several
challenges, and the management is often costly and intensive. In light of the
growing need to adapt forest management to climate change and extreme weather
events, a better understanding of how to optimise mixed broadleaf plantations and
management is highly relevant today.

In this thesis, I aim to answer the following questions:
1. Is there a difference in survival and size of young oaks between stands that
have been managed (pre-commercial thinning) and left unmanaged (no

pre-commercial thinning)?

2. Is there a difference in survival and size of young oaks between those
which were planted in groups and those that were planted spot-wise?

3. Is there a difference in survival, size of young oaks between those which
were planted with protective fences and those without protective fences?

4. Do the frequencies of quality defects of young oaks differ depending on
management, fencing and planting methods?

15



2. Materials and methods

2.1 Study area

This study was conducted in forests owned by Sveaskog, located in Goétaland, in
southern Sweden. The study sites span two distinct vegetation zones: the nemoral
zone, with a mean annual temperature approximately 7 — 9 °C and annual
precipitation ranging from 600-1000 mm and the boreonemoral zone, with a mean
annual temperature of 5 — 7 °C and annual precipitation between 500-900 mm
(SMHI, 2020; Annual Precipitation Map for the Normal period 1991-2020). Due
to these climatic and ecological differences, the growing conditions for the oaks
may vary considerably between sites.

Several of the study sites were located within Sveaskog’s Ecopark “Omberg” — a
multifunctional forest landscape situated between Lake Vittern and Takern. The
ecopark combines production forestry with high conservation ambitions and
recreational values. Within the park, high biodiversity, old-growth forest
remnants, rare species of fungi, insects and lichens can be found. The park is not
legally protected as a nature reserve would be, however, it is governed by a long-
term ecological management plan. Historically, much of Omberg consisted of
open pastoral landscapes, where oaks were given space to develop into large,
long-lived individuals. Today, there are approximately 400 of these large-sized
oaks, but Sveaskog’s long-term goal is to increase that number to 5000. Sveaskog
aims to restore diverse broadleaf forests in the park, and following the storms
Gudrun in 2005 and Per in 2007, many of the spruce forests have been replaced
with birch (Betula pendula), oak (Quercus robur) and beech (Fagus sylvatica)
(Sveaskog 2025).

2.2 Site selection and treatments

The stands were selected from Sveaskog’s register of broadleaved plantations
established on areas affected by the storm Gudrun. Although multiple species
were planted, this study focused exclusively on pedunculate oak (Quercus robur).

In total, 33 mixed plantations with oaks were included in the study, distributed
across several regions in Gdtaland (Figure 1). The majority of the stands had
undergone one or more pre-commercial thinnings (PCT), of which 22 had
production goals (PG/PF) and only two with conservation goals (NO/NS) (Table
2). However, 9 stands had not been managed at the time of data collection. Of
these, 8 are nature conservation with management (NS), meaning they are
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managed for enhancing or maintaining biodiversity and not for production goals.
Only one stand was designated as a production goal site (PG). Of the 33 sites, 18
had not been fenced, while 15 were fenced at the time of planting. By the time the
measurements were conducted, all fences had been removed except for one. In
total, 1137 oaks were measured, 230 in the unmanaged stands and 907 in the
managed stands. The other tree species measured totalled 2888 trees.

”~e
.‘-(‘ ..
%

4

. Goteborg

o

Helsingborg

Malma 0 50 100 km

Figure 1. Map showing dispersal of all 33 surveyed sites in Gétaland, southern Sweden
(dots); Municipalities: Aneby, Falkoping, Gislaved, Halmstad, Horby, Olofstrém, Skara,
Ulricehamn, Vadstena, Vixjo, Ydre, Odeshc')'g, Ostra Goinge. Map created by the author
using basemap from Simplemaps and QGIS (2024).

The stands were planted between the years 2005 — 2009, making them 16 to 20
years old as of 2025. The stand size ranged from less than 1 hectare to 13 hectares
(Table 2). All the stands consisted of 100% broadleaf, although they were planted
with varying mixtures, where Quercus robur was not always the dominant
species. Mixtures including birch were the most common. The stands also differed
in planting density and the method used for planting. They were either planted in
groups, typically four to eight oaks planted close together (1-2 m) without other
species as part of the group, or spot-wise planted throughout the stand. Sites could
consist of both planting methods. See Table 2 with compiled details about the
surveyed sites.
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Figure 2. Example from study sites. Spot-wise planted (left), Group planted oaks (right).

Measurement plots were initially distributed systematically on a map for each site,
using a grid layer, and the number of plots was determined according to the size
of the stand. Measurements were only conducted where oaks were present; no
data were collected if the pre-determined plot did not contain oaks. Due to the
large variation in the size of the sites as well as the distribution of oaks, it was
sometimes necessary to adjust the placement of the plot to the closest group of
oaks. At times, the oaks were concentrated in only a part of the site, consequently,
the number of plots was adjusted to the estimated area where there were oaks.
Plots were carefully placed to ensure no overlap occurred.

The data were collected in circular plots with a 10-meter radius, an area of
approximately 314 m?. The number of measurement plots per stand was adjusted
according to stand size, as outlined in Table 1. One plot was added for every
additional two hectares of stand area.
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Table 1. Number of plots carried out per site, based on stand size.

Plot Area Stand size (ha) 0-1 2 3 4 5 6.
10 m radius
(=314 m? Number of Plots 3 3 4 4 5 5.

2.3 Field survey

Data collection took place throughout February 2025.

Within each measurement plot, all tree stems of all species that met a minimum
height of 1.3 meters and a DBH of at least 4 cm were counted. For all oaks, the
following variables were measured: diameter at breast height (at 1.3 m) was cross-
measured, for accuracy, with a calliper. Total tree height, defined as the length of
the tree from the ground to the top of the tree, was measured with a Haglofs
Vertex V hypsometer. The same was done for the height of the lowest branch, i.e.
the distance along the stem from the soil surface to the point of attachment of the
lowest green branch, which is a part of the crown - epicormic branches were not
included. Crown width was roughly assessed in all four cardinal directions (north
— east — south — west), to later use these values for crown volume estimation. This
was done by standing directly beneath the lowest branch and measuring the
horizontal distance to the stem using a BOSCH laser distance measurer. Every
oak’s planting method was recorded as either “spot-wise” or “group”.

Figure 3. The crown volume was estimated using a formula for the volume of an
ellipsoid, assuming this is similar to the crown shape of the young oaks. lllustrated in
Canva by the author.

Quality Assessment
The quality of the oaks was assessed by visual wood defects based on several
criteria that degrade the timber quality (Figure 4). These defects may reduce the
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growth and make the wood difficult to further process in the industry,
consequently resulting in low-quality timber.

e Crooked — noticeable deviation from vertical stem alignment.

e Fork — presence of two dominant stems situated below 3 meters on the

stem.

e Angled sprout - strongly upward-pointing, <30°, often bark-pulling twig in
trunk.

e Evidence of ungulate damage - either browsing on the crown or fraying on
the trunk.

Figure 4. Examples of external defects: Angled branch (4), Crooked stem (B), Fork <3 m
(C). Different types of browsing damage, to stems: (D), (E), to branches: (F). Photo by
the author.

Other tree species

DBH was subsequently measured for all other tree species within the plot (with a
DBH of at least 4 cm). In addition, the height of the two thickest individuals of
each species was measured. To capture height variability, at least five additional
trees were selected across the diameter range in the plot to represent the overall
size distribution.

20



2.4 Site description

Table 2. Overview of surveyed sites, sorted by site number, including municipality, initial

planting density ha™ of oaks, stand size and management (pre-commercial thinning).
Coordinates are given in SWEREF 99 TM (EPSG:3006).

Site Coordinates Municipality Size Year of Planted Management Fence
nr X,Y) (ha) planting ha™
1 465963, 6240 617 Olofstrom 1.5 2007 1500 Unmanaged No
2 495607, 6324652 Aneby 1.9 2007 100 Unmanaged No
3 479 235,6465 949 Odeshog 1.2 2005 500 Unmanaged No
4  419832,6417 001 Ulricehamn 0.3 2008 1200 Unmanaged Yes
5 480275, 6469 434 Vadstena 6.1 2009 500 Unmanaged No
6 480397, 6469 854 Vadstena 3.1 2006 500 Unmanaged No
7  480890,6470 712 Vadstena 1.4 2008 980 Unmanaged No
8 480709, 6470526 Vadstena 0.8 2008 980 Unmanaged No
9 480894,6470 771 Vadstena 1.1 2008 980 Unmanaged No
10 434 148,6 181 759 Horby 1 2009 1500 PCT No
11 453 508, 6 243 860 Ostra Goinge 1 2009 1600 PCT Yes
12 385950, 6 335 099 Gislaved 4.8 2008 908 PCT Yes
13 387046, 6 335917 Gislaved 0.9 2008 908 PCT Yes
14 388499, 6 338 207 Gislaved 1.6 2008 950 PCT Yes
15 388772,6338209 Gislaved 4.1 2008 750 PCT Yes
16 422431, 6 404 049 Ulricehamn 0.8 2007 305 PCT No
17 419 837,6417 004 Ulricehamn 6.2 2008 1000 PCT Yes
18 421436, 6 406 427 Ulricehamn 1.9 2007 1500 PCT Yes
19 419 218,6417 459 Ulricehamn 2.5 2007 1000 PCT Yes
20 495222,6323793 Vixjo 6 2006 1200 PCT Yes
21 496 024, 6 323 334 Vixjo 9.6 2007 950 PCT No
22 496422, 6 323 581 Vixjo 6.2 2006 1200 PCT No
23 479 561, 6 462 215 Vixjo 1.5 2006 1200 PCT Yes
24 485629, 6332291 Vixjo 1 2007 700 PCT No
25 485383,6332585 Vixjo 3.2 2007 700 PCT Yes
26 523 513,6410 007 Ydre 0.9 2008 750 PCT No
27 479577, 6462 244 Odeshog 6.5 2008 1280 PCT No
28 480 327,6 466 577 Odeshog 3.7 2007 500 PCT Yes
29 480 827,6 470 525 Vadstena 13.1 2008 980 PCT No
30 480 395, 6 468 632 Vadstena 2.1 2005 2000 PCT Yes
31 384807, 6286263 Halmstad 3.7 2008 500 PCT Yes
32 410786, 6453 476 Falkoping 1.7 2008 789 PCT No
33 403 922, 6 467 028 Skara 1.1 2008 900 PCT No
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2.5 Data analysis

The collected data was analysed in RStudio (version 4.3.3) using R (version 4.3.3)

A Shapiro-Wilk test was conducted to assess the distribution of the growth
variables: height, diameter at breast height (DBH), crown ratio and crown
volume. All variables showed strong deviation from normality (p< 0.001).
Therefore, the non-parametric Wilcoxon Rank Sum Test (Mann-Whitney U test)
was used henceforth to test for statistical significance comparisons between two
groups (e.g., managed vs. unmanaged, fenced vs. unfenced, group vs. spot-wise
planting). A significance level of a = 0.05 was used throughout all statistical
analyses; p-values below this threshold were considered statistically significant.
The test was using tree-level data to enable direct comparisons of the individual
measurements between groups and the full resolution of the dataset.

For all of the oaks, the following variables were calculated;

Survival

Survival rates of the oaks were assessed per site for the Management and Fencing
comparisons. The number of observed oak individuals within each circular plot
was scaled up to stems per hectare, based on the 314.16 m? plot area. This value
was then divided by the known initial planting density (in stems per hectare) to
get a proportional survival rate, making comparisons across treatments.

(M

Oaks observed/hectare
Oaks originally planted /hectare

Survival Rate =

The survival comparison between oak Group plantations and oaks planted Spot-
wise required a different approach due to the lack of information on how many
oaks were initially planted using each method. As a result, survival could not be
calculated separately for each planting method. Instead, a site-level analysis with
Spearman’s rank correlation was conducted to examine whether a higher
proportion of group planting was associated with higher or lower survival across
sites. This non-parametric method was chosen because the data were bounded
proportions and not normally distributed.

Stem density and survival.

A Shapiro-Wilk test was used to test for normality of the distribution of survival
rate across sites, which showed significant deviation from normality (p < 0.05),
however, a visual inspection of residuals from the linear models supported the use
of linear regression. Therefore, to evaluate how planting density and treatment
factors (management, planting method and fencing) influenced oak survival, three
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linear models were fitted at the site level. Individuals of all tree species within the
plots were accounted for when calculating mean stem density. The models were
calculated separately to clarify whether any treatment had an additional effect on
survival beyond stem density. The models were run using R’s Im() function and
interpreted based on adjusted R? and the p-values of individual predictors.

The crown lengths were calculated as the difference between total tree height (the
distance from the ground to the top of the tree) and the height to the lowest living
branch as part of the crown.

@)

Crown Length = Total Tree Height (m) — Height to Lowest Living Branch (m)

3)

Crown Length (m)
Tree Height (m)

Crown Ratio =

. 4)
Crown Volume = §7T ‘a*b-c

Where:
e a =radius in the North—South direction
e b =radius in the East—-West direction
e ¢ =vertical crown radius (i.e., half the crown length)

Mixed-Effects Models

Linear mixed-effects models (LMMs) were used to assess the effects of stand-
level treatments — management and fencing — on oak growth, specifically for
height, DBH, crown ratio, and crown volume. The planting method was excluded
from the mixed models due to a lack of significant effects observed in the earlier
non-parametric tests (Wilcoxon rank sum).

Management treatment (PCT conducted or not) and tree age were included as
fixed effects, while plot nested within site was modelled as a random effect to
account for the hierarchical structure of the data and nested variation at plot and
site levels.

The general model structure for crown ratio, DBH and height was:
response_variable ~ Treatment + tree_age + (1 | Site_nr/Plot_ID)
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Here, the crown volume was not included as a response variable but instead, DBH
was used as a predictor for crown volume because of its known correlation with
crown dimensions in pedunculate oak (Dubravac et al., 2009) and other hardwood
species (Lockhart et al., 2005):

crown_volume _ellipsoid ~ Treatment + Dbh_cm + (1 | Site_nr/Plot_ID)

To evaluate the effect of fencing on crown volume, a separate LMM was used
where the Fenced / Unfenced groups and DBH were included as fixed effects, and
plot nested within site again served as the random effect:

crown_volume _ellipsoid ~ Fence_group + Dbh_cm + (1 | Site_nr/Plot_ID)

Analysis of Quality Defects

To assess the quality of the oaks, data recorded on four types of defects were
used: Crooked Stem, Angled Branch, Fork below 3 meters and Browsing
(different damages caused by ungulates), see Figure 4 above. The occurrence of
each defect was summarised as a percentage of affected trees per treatment
category, and comparisons were made between managed and unmanaged, fenced
and unfenced and group-planted and spot-wise planted oaks.

Chi-squared (¥?) test was used to check whether the frequency of defects differed
significantly between different treatment groups. The test was based on
categorical count data, comparing the number of damaged and undamaged trees in
each treatment group. Significance levels were marked using standard thresholds
(p <0.05,<0.01,<0.001).
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3. Results

The distribution of heights of oaks and other tree species for all 33 sites is shown
in Figure 5. Oaks (blue dots) are generally lower than other tree species (red dots)
and the variance is high both within plots and between sites. The three most
common species within each site are listed in Appendix 3.
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Figure 5. Height distribution of oaks (blue) and other tree species (ved) across sites.
Large dots mark the median height for each site.

3.1 Survival

Management and Fencing

The median survival rates were generally low (below 40%), although slightly
higher in unmanaged and unfenced sites (Table 3); however, the Wilcoxon rank
sum test did not show any statistically significant differences in survival between
either treatment group (p > 0.05).
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Table 3. Survival of oaks per site, comparing the groups (Managed versus Unmanaged,
Fenced versus Unfenced), the number of oak plants planted per hectare and the current
number of oaks per hectare.

Managed Unmanaged Fenced Unfenced
Median survival 34.6% 39.0% 33.2% 39.5%
(%)
Sites (n) 24 9 15 18
Plots sampled 79 25 46 58
Planting method

The Spearman’s rank correlation test showed no significant association between
the proportion of group-planted oaks and site-level survival rates (p = -0.026, p =
0.90). The test did not explain any meaningful variation in survival. Thus, no
observable impact on oak survival rates could be found for the proportion of
group plantings.

3.1.1 Survival and stem density

Linear regression models showed that survival decreased with increasing stem
density (all species included), and the negative effect was significant in all three
models.

In the model including management, stem density had a statistically significant
negative effect on oak survival (B =-0.00025, p = 0.003). This means that for
each additional tree per hectare, survival decreased by approximately 0.025%.
The model explained about 21.3% of the variation in survival (adjusted R* =
0.213).

In the model including fencing, stem density remained significant, with a negative
effect on oak survival (§ =—0.00022, p = 0.009). This indicates that each
additional tree per hectare was associated with a decrease in survival of 0.022%.
The model accounted for 19.8 of the variation in survival (adjusted R?= 0.198).

In the model including planting method, stem density again had a statistically
negative effect on oak survival (f =—-0.00024, p = 0.004). For each additional tree
per hectare, survival decreased by 0.024%. The model explained about 19.9% of
the variation in survival (adjusted R*= 0.199).
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However, consistent with the Wilcoxon rank sum tests, none of the treatment
variables (management, planting method or fencing) showed a significant effect
on oak survival when accounting for stem density in the linear models (p > 0.05).

3.2 Size of oaks: Managed — Unmanaged stands

The Wilcoxon rank sum tests revealed a significant difference in stem diameter at
breast height (DBH) and crown volume between managed and unmanaged oak
stands. DBH was significantly higher in managed plots (p = 0.024), with a median
of 5.5 cm in managed plots compared to unmanaged plots with a median of 5.0
cm. Crown volume also differed significantly between the two groups (p = 0.014),
with managed plots showing a higher median crown volume (2.04 m?) than
unmanaged plots (1.48 m?). Tree height did not show a significant difference (p =
0.585). Crown ratio likewise showed no significant difference (p = 0.777) (Figure
6).
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Figure 6. Boxplots of oak growth variables in managed and unmanaged stands. The
figure compares individual tree height (A), diameter at breast height (DBH) (B), crown
volume (C), and crown ratio (D) between oaks in managed and unmanaged plots. The
median is shown as the horizontal line within each box. P-values are from Wilcoxon rank
Sum tests.

3.2.1 Management effects on growth — Mixed-effect models

The mixed-effect model for crown volume showed that DBH was a strong and
significant positive predictor (p < 0.001) (Table 4). Although oaks in managed
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sites tended to have larger crown volumes, the effect of management was,
however, not statistically significant (p = 0.117). Similarly, neither management
nor tree age significantly affected height (p = 0.530 and 0.815), DBH (p = 0.147
and 0.358), or crown ratio (p = 0.568 and 0.240) in the studied stands.

The marginal and conditional R? values showed that the models differed in how
much variation they explained. The marginal R reflects the variance explained by
fixed effects (such as DBH and treatment). The conditional R includes both fixed
and random effects (site and plot variation). The values below should be
interpreted as a percentage.

e Crown volume: marginal R? = 0.590; conditional R* = 0.681
o Height: marginal R* = 0.050; conditional R? = 0.497

o DBH: marginal R? = 0.046; conditional R? =0.389

o Crown ratio: marginal R* = 0.050; conditional R*=0.306

The random effects (standard deviations) in the models accounted for variation at
the site- and plot-level.

e Crown volume: SD = 1.04 (site), 0.62 (plot)
e Height: SD = 1.62 (site), 0.77 (plot)

o DBH: SD = 1.74 (site), 0.87 (plot)

e Crown ratio: SD =0.074 (site), 0.047 (plot)

Table 4. Summary of mixed-effects model results assessing the effect of management on
crown volume, tree height and DBH. Tree age was included as a covariate in the models.
Significant results (p < 0.05) in bold letters.

Response Variable Predictor Estimate p-value Significant
Crown Volume DBH 0.996 <0.001 Yes
Crown Volume Management -0.785 0.117 No
Height Management -0.453 0.530 No
Height Tree Age -0.072 0.815 No
DBH Management -1.164 0.147 No
DBH Tree Age -0.309 0.358 No
Crown Ratio Management -0.020 0.568 No
Crown Ratio Tree Age -0.018 0.240 No
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3.3 Size of oaks Group - Spot-wise planting

According to the Wilcoxon rank sum test for planting method (group vs. spot-
wise) crown ratio was significantly lower in group-planted oaks (p = 0.002), with
a median crown ratio of 0.600 compared to spot-wise, 0.624. Crown volume
showed a marginal trend towards larger crowns in spot-wise planted oaks (p =
0.079). No significant effect could be found for height (p = 0.216) or DBH (p =
0.614) (Figure 7).
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Figure 7. Boxplots of oak growth variables under different planting strategies. The figure
compares individual tree height (A), diameter at breast height (DBH) (B), crown volume

(C), and crown ratio (D) between group-planted and spot-wise planted oaks. The median
is presented as a horizontal line in each plot. P-values are from Wilcoxon rank sum tests.

3.4 Size and browsing of oaks Fenced - Unfenced

Wilcoxon rank sum test for fencing revealed statistically significant differences in
all four measured variables between fenced and unfenced oaks.

Oaks in fenced stands were significantly taller than unfenced oaks (median = 6.1
mvs. 5.4 m, p <0.001). Fenced oaks also had greater DBH (5.8 cm vs. 5.1 cm, p
=0.003), larger crown volume (2.32 m?® vs. 1.53 m?, p <0.001), and higher crown
ratio (0.637 vs. 0.607, p <0.001). These results suggest that fencing has a
consistent positive effect on early oak development (Figure 8).
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Figure 8. Boxplots of oak growth variables comparing fenced and unfenced plots:
Tree height (m) (A), DBH (cm) (B), Crown volume (m?®) (C), and Crown ratio (D).
Points represent individual trees. The median is presented as a horizontal line in each
plot. P-values are from Wilcoxon rank sum tests.

3.4.1 Fencing effects on growth — Mixed-effect models

The mixed-effect model for crown volume showed that DBH had a strong and
positive effect (p < 0.001), indicating that for each 1 cm increase in DBH, crown
volume increased by nearly 1 m® (Table 5).

Fencing had a significant positive effect on crown volume (p = 0.032), with
unfenced oaks having smaller crowns. Fencing also had a significant positive
effect on height (p = 0.017), with fenced oaks being taller on average than
unfenced ones. DBH was likewise significantly greater in fenced sites compared
to unfenced sites (p = 0.032). For the crown ratio, fencing had a significant effect
(p = 0.014). Tree age did not have a significant effect on either height (p = 0.632),
DBH (p = 0.343) or crown ratio (p = 0.116).

The marginal and conditional R? values showed that the models differed in how
much variation they explained.

e Crown volume: marginal R? = 0.598; conditional R* = 0.682

o Height: marginal R* = 0.07; conditional R* = 0.497
e DBH: marginal R? = 0.046; conditional R* =0.389
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o Crown ratio: marginal R = 0.050; conditional R* = 0.306

The random effects in the models accounted for differences between sites and
plots:

Crown volume: SD = (0.99 site), 0.62 (plot)
Height: SD = 1.46 (site), 0.77 (plot)

DBH: SD =1.66 (site), 0.87 (plot)

Crown ratio: SD = 0.065 (site), 0.047 (plot)

Table 5. Summary of mixed-effects model results assessing the effect of fencing on crown
volume, tree height and DBH. Tree age was included as a covariate in the models.
Significant results (p < 0.05) in bold letters.

Response Variable Predictor Estimate p-value Significant

Crown Volume DBH 0.998 <0.001 Yes
Crown Volume Fenced/Unfenced -0.922 0.032 Yes
Height Fenced/Unfenced -1.425 0.017 Yes
Height Tree Age -0.131 0.632 No
DBH Fenced/Unfenced -1.457 0.032 Yes
DBH Tree Age -0.301 0.343 No
Crown Ratio Fenced/Unfenced -0.071 0.014 Yes
Crown Ratio Tree Age -0.021 0.116 No
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3.5 Quality assessment

The most recorded defect among the surveyed oaks was Crooked Stem (39%),
followed by Browsing (22.6%) and Fork <3 m (19.5%). The least frequent defect
was Angled Branch (18.4%) (Figure 9).
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Figure 9. Percentage of oak trees affected by different types of defects
across all sampled individuals (n = 1137).

A series of Chi-square tests revealed significant differences in the occurrence of
all defects across the groups: management, fencing and planting method (Figure
10).

Management

All four defect types differed significantly between managed and unmanaged
stands. Angled branches were more frequent in unmanaged stands (y* =43.2, p <
0.001). Crooked stems were much more common in unmanaged stands (> = 74.0,
p <0.001). Forks were more prevalent in unmanaged stands (y*> = 69.3, p <
0.001). However, browsing showed to be higher in managed stands (%> = 125, p <
0.001).

Planting Method

Significant differences were also found for all defects between the group and
spot-wise planted oaks. Angled branches were slightly more frequent in group-
planted trees (x> = 61.1, p <0.001). Browsing was more common in group
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plantings (%* = 28.1, p < 0.001). Crooked stems were significantly more frequent
in spot-wise planted trees (x> = 98.6, p <0.001). Fork <3 m were more frequent in
group plantings (x> =43.3, p <0.001).

Fencing

All defect types showed significant differences between fenced and unfenced
stands, however, at varying significance levels. Angled branches were slightly
more common in unfenced stands (> = 6.55, p = 0.011). Browsing was
significantly reduced in fenced plots (%> = 32.2, p <0.001). Crooked stems were
more common in unfenced plots (3> = 16.3, p <0.001). Fork <3 m were slightly
more common in unfenced stands (y*> = 4.61, p = 0.032).
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Figure 10. Percentage of oak trees affected by four types of defects: Angled Branch,
Browsing, Crooked Stem and Fork <3 m, across three groups: Management, Planting
and Fencing. Significant levels indicated by asterisks (* =p < 0.05, ** =p < 0.01, ¥** =
p < 0.001) based on Chi-square tests.
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4. Discussion

My study focused on investigating the development of 20-year-old oaks that were
planted as part of a conversion from Norway spruce stands following the storm
Gudrun. The aim was to evaluate how different silvicultural strategies
(management, planting method and fencing) have influenced the performance in
terms of survival, growth, browsing damage and stem quality.

My main findings were:

Fencing had the most consistent and positive impact on both oak growth and
quality. Management (pre-commercial thinning) had some positive effect on DBH
and crown volume, but was not significant in multilevel models. Stem density had
a consistent negative effect on oak survival across all treatment models. DBH had
a strong and positive relationship with crown volume across all treatments, in all
models. The planting method (Group vs. Spot-wise) had a limited impact on
survival and growth, but did affect crown shape and defect frequency, where
group-planted oaks had lower crown ratios and overall smaller crown volume.
Regarding quality defects, they were more prevalent in unfenced and unmanaged
sites, and browsing and forks were more common in group settings.

4.1 Survival

The median survival in both the management and fencing groups fell below 50%,
indicating a rather high level of mortality among the planted oaks and highlights
the challenges of oak regeneration even when actively managed. However, such
high levels of mortality of young oaks are not uncommon. A study by

Jensen & Lof (2017) reported similar outcomes, with survival dropping to similar
levels or lower, 8 years after planting, likely due to competition from woody
vegetation that limits the availability of light. As seen in Figure 5, the oaks were
clearly suppressed by other species in the overstorey, and this may be one
explanation for the high mortality rate.

In line with this, the linear models in this study showed a clear and consistent
pattern showing that higher total stem densities (including all species) were
associated with lower oak survival, regardless of management, fencing and
planting method. The R? values (~ 20%) are relatively high when considering the
consistency across the models, and it emphasises that stem density (competition),
particularly for light, is a critical driver of mortality for oaks in these stands.
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Contrary to expectation, survival was not significantly higher in fenced or
managed stands, suggesting that neither pre-commercial thinning nor fencing had
any clear effect on the survival of the oaks within this study. The slightly higher
survival observed in unmanaged sites may be explained by the fact that severely
damaged individuals were likely removed during PCT, whereas damaged
individuals in unmanaged sites may have persisted, leading to an apparent
increase in survival. Furthermore, fences do not always manage to keep ungulate
browsers outside, and this could also be a possible explanation for similar
mortality rates. These results suggest that other factors beyond browsing or
competition played a role in limiting the establishment of the oaks, such as the
timing of interventions or climatic factors. That fenced sites did not show higher
survival rates than unfenced ones is in line with results from Lof et al. (2021),
where fencing also turned out to have little effect on survival and establishment.

Additionally, a higher proportion of group plantings within a site was not found to
affect the survival of the oaks. However, this might be due to the limited number
of sample plots and the variability within the groups, regarding size and the
influence of different species compositions — why significance was not detected.
These findings raise important questions, such as, how survival can be improved.
As fencing has shown not to be sufficient alone, what other measurements are
needed? Furthermore, although not directly investigated here, understanding the
role of species composition and mixture proportion could be critical to improve
survival.

4.2 Size of oaks

4.2.1 Managed versus Unmanaged

Both the non-parametric Wilcoxon tests and the linear mixed-effects models were
used to evaluate the influence of PCT on oak growth. The Wilcoxon results
showed that diameter at breast height as well as the crown volumes in the
managed stands were significantly larger compared to the unmanaged ones, which
aligns with expectations that PCT reduces competition for essential resources
such as light and space, hence promoting tree growth. Interestingly, height and
crown ratio did not differ between the two groups. This might indicate that when
given more space, oaks prioritise allocating their resources on stem growth (DBH)
and crown expansion rather than on height, which aligns with the morphological
strategy of light-demanding species (Bartkowicz & Paluch 2023). Alternatively,
the lack of difference in crown ratio may suggest that under high competition,
crowns are first compromised in width rather than in length.
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To complement the Wilcoxon tests and account for the nested data structure (trees
within plots, plots within sites), mixed-effect models were applied. These
confirmed that DBH was a strong and significant predictor of crown volume, with
each additional centimetre in diameter associated with a nearly 1 m® increase in
crown volume. However, in contrast to the Wilcoxon tests, the models did not
detect a statistically significant effect of management on any of the growth
variables once site- and plot-level variation was accounted for. This suggests that
while PCT appears beneficial at the plot level, its overall effect across varied site
conditions is less pronounced. Factors like environmental conditions were likely
more important in determining how the young oaks developed. As pointed out by
Eko & Johansson (2022), site quality is a decisive factor, and on poor sites, the
prospects of producing valuable oaks are minimal, at least within a reasonable
time span.

Even though the oaks varied with a few years in age, age did not explain the
variation in growth, nor in height, DBH, crown ratio or crown volume. This
suggests that a slight age difference does not provide a significant growth
advantage at this stage of the oaks development.

4.2.2 Group versus Spot-wise

Crown ratios were found to be significantly higher in spot-wise planted oaks, and
crown volume showed a weak trend towards bigger volumes in spot-wise planted
oaks. This may indicate that the oaks in group settings were subjected to more
intraspecific competition, likely hindering crown development due to restricted
light availability. This interpretation is consistent with findings from a study on
morphological plasticity in European deciduous forests, which observed that
light-demanding species like oaks develop smaller crowns under denser stand
conditions due to the competition for light (Bartkowicz & Paluch 2023). No
significant difference was found for height or DBH when comparing the two
planting methods. This could imply that these growth variables are less sensitive
to planting pattern at this juvenile stage, or that height growth is prioritised to
outcompete neighbours for light. Furthermore, the absence of height and DBH
differences points again to the crown architecture being more plastic and
responsive than these variables, and can indicate early if the competition is
balanced or too high (Bartkowicz & Paluch 2023).

Although it appears as if spot-wise planting favours crown development in oaks,
there might instead be quality trade-offs of growing more freely. As some
competition can improve stem form and reduce the growth of epicormics
(Attochi 2015), trees growing freely may develop poorer stem form, and the
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natural pruning of low branches might decrease if light availability remains high.
See further discussion under 4.3 Quality of Oaks.

4.2.3 Fenced versus Unfenced

Regarding the analysis for fenced and unfenced stands, all the measured variables
— height, DBH, crown ratio and crown volume were significantly improved by a
protective fence. The Wilcoxon test showed clear differences between the two
groups, and the mixed-effect models confirmed that these patterns held even when
accounting for nested data structure. These findings strongly agree with the notion
that fencing has an important positive effect on early oak development. The
results are consistent with the expected outcome, as fencing is widely recognised
as essential for protecting young oaks from browsing and fraying by ungulates
(Lof et al. 2021; Valkonen 2008). Nevertheless, identifying the optimal
combination of fencing method and planting strategy (planting method and
species composition) to reduce overall costs is crucial. As Bolibok et al. (2021)
point out, more research is needed to develop effective regeneration strategies,
especially for oaks under high browsing pressure.

Tree age was not a significant factor in any of the models, which again confirms
that fencing effects were robust and not merely a byproduct of local site
conditions or tree age. However, the mixed-effect model revealed that random site
effects still played a considerable role and suggests that the choice of site is
crucial even if all protective measures are taken.

4.3 Quality of oaks

Quality-wise, a large proportion of the surveyed oaks had some form of
morphological defect. The most prevalent defect type in total was crooked stems,
following browsing, forks below 3 m and angled branches. Stem deformation and
forking are common challenges in young oak stands (Skrzyszewski & Pach 2015),
and as noted by Drossler et al. (2017), achieving high-quality timber requires
intensive early management. The forming of high-quality timber oaks starts early
on, such as with formative pruning, leader shoot correction (removal of forks),
and removal of angled branches, which are crucial to ensure high quality. Angled
branches, if not removed early, become difficult for the harvester to remove
cleanly (Sodra 2020), and the likelihood of resulting in mechanical defects may
increase, consequently leading to downgrading of the timber. Crooked stems are
not always considered undesirable. In fact, in some markets — interior design,
furniture, special products, etc. — irregular stems can be seen as aesthetically
appealing. However, for the production of high-value timber products such as
veneer logs, a straight stem is a critical quality criterion.
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Browsing damage represents a more serious risk to timber quality. Not only can it
cause distorted apical growth, perhaps leading to the formation of forks, but it can
also introduce fungal pathogens (Marciulynas et al. 2023) or decay organisms,
lowering wood quality. While oaks have a high ability to eventually heal
(overgrow) minor wounds with time, a knot will likely form, another cause of
downgrading. While earlier studies have reported that oaks planted in groups
reduced browsing pressure compared to traditional planting, however, the groups
in the study by Bolibok et al. consisted of 18 — 27 oaks in each cluster, and
therefore, it might not be completely comparable to the present study (Bolibok et
al. 2021).

Forks below 3 meters are also a serious quality defect in oak timber, since it limits
usable length and the typical timber quality standards require a minimum of 3
meters of branch-free, straight stem (Kéhrs 2025). Ultimately, oak trees with
serious defects will affect the economic returns. They are either left in the forest
for ecological purposes or harvested as firewood, both of which become a
substantial economic loss compared to their potential.

Importantly, fencing significantly reduced the occurrence of all defect types, as
indicated by Chi-square analysis. This could mean that browsing in many cases
was the original cause that led to the formation of other defects, such as two top
shoots (forks) and crookedness. Furthermore, angled branches, crooked stems,
and forks were significantly lower in the managed stands, suggesting that PCT
had positive effects on the oaks' development quality wise.

4.4 Study limitations and future directions

The sample sizes between the different groups were uneven; for example, while
23 managed stands were included, only 9 unmanaged stands were available. Such
an imbalance can skew comparisons, since smaller groups are more sensitive to
outlier, hence it could distort group-level summaries.

Another key limitation was the lack of records on the initial planting number with
different planting methods (group and spot-wise), which limited the survival
analysis between these groups. Furthermore, the variability of species mixtures,
planting spacing and oak proportion per site added more complexity. These stand-
level differences likely influenced both growth and quality outcomes but could
not be fully controlled for in the analysis.

Due to the data structure, the Chi-square test results should not be overinterpreted

as it assumes that observations are independent — a condition that was only partly
met here, since trees within the same plots are influenced by the same local
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conditions like soil, climate and browsing pressure. Therefore, these results
should rather be seen as indicative patterns.

The surveyed sites were distributed in a rather large geographic area (Gotaland),
spanning different vegetation zones and environmental conditions. For example,
variation in temperature, precipitation, soil characteristics and browsing pressure,
all of which can impact the growth and survival of the oaks. The use of the mixed-
effects models did account for some of this variability; however, there may still be
potential sources of noise in the data.

This master's thesis focused on early-stage growth, survival and form, but oak’s
actual timber value is realised much later. A follow-up in future studies in these
stands is needed to assess how the early defects, management and planting
method influenced the final timber product and the economic return. Lastly, as
these converted stands are a part of a broader climate adaptation strategy, and
have now reached around 20 years of age, future research should shift focus
toward evaluating their long-term resilience to climate-related stressors, such as
storm damage, drought and possibly pest outbreaks — since one of the central
motives for establishing these broadleaf mixtures was to create more robust and
diverse forest systems that will better withstand such disturbances.
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Conclusions

In conclusion, this study investigated early oak development in mixed broadleaf
stands established following the storm Gudrun in 2005. The findings showed that
high mortality of oaks can be an issue even in fenced and managed stands.
However, fencing consistently benefited oak development as it reduced browsing
damage and significantly improved growth in all measured aspects. PCT had a
modest but positive effect on crown development and DBH, while the planting
method only showed weak and varied trends. The most prevalent defects were
crooked stems and forks below 3 meters, both of which are detrimental to future
timber value. These defects were especially common in unmanaged and unfenced
plots. Although Chi-square tests indicated significant differences in defect
frequencies between groups, these should be interpreted with caution due to non-
independence among trees within plots.

The results of this study, taken together, show the complexity and costs
accompanying the production of high-quality oak under mixed stand conditions.
To encourage more forest owners to establish oaks, cost-effective establishment
strategies that provide a balance between cost and high-quality oak production in
mixed species stands are an important topic to be explored. Long-term monitoring
will be needed to assess whether these stands ultimately will fulfil their intended
ecological and economic purposes over time, and provide a more robust climate-
adapted alternative to Norway spruce.
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Battre rustade for klimatforandringar - och
nasta storm

Utveckling av planterade ekar i blandskogar, 20 ar efter Gudrun

Stormen Gudrun orsakade omfattade skador nir hon drog in dver sddra Sverige
2005. Vad som stod klart var att gran — vart mest planterade trddslag — inte star
pall for starka vindar. Héndelsen vickte insikter om att det svenska skogsbruket
star infor utmaningar i takt med klimatforandringarna — om vi vill fortsétta driva
ett hdllbart och 16nsamt skogsbruk krédvs nya 16sningar.

Sveaskogs strategi blev att dterbeskoga tio procent av den stormhirjade arealen
med inhemska 16vtrad, daribland ek — ett mer stormfast alternativ som bade kan
producera hogkvalitativt virke och bidra till biologisk méngfald. Hur vi bast ska
balansera ekonomiska, sociala och ekologiska vérden i blandskogar har vi &nnu
mycket kvar att utforska. Granen forblir ett av vdra ekonomiskt viktigaste triadslag
och kommer sannolikt spela en central roll dven i framtidens skogsbruk. Men
kanske inte overallt, och kanske inte ensam.

Detta mastersarbete har utforts i samarbete med Sveaskog, med deras
skogsbestand som utgéngspunkt for studien. Jag har undersokt hur dessa
blandskogar har utvecklats efter 20 ar, med fokus pa tradslaget ek. Jag har jamfort
ekarna utveckling och kvalitet 1 olika bestand: rojda och ordjda, olika
planteringssitt (i grupp och utspritt), samt hiignade och ohiignande bestind. Aven
ekarnas 6verlevnad samt kvalitet har undersokts.

Resultaten visade att det var relativt 1ag 6verlevnad i samtliga grupper. Hégn hade
positiv effekt - ekarna var hogre, grovre och hade férre kvalitetsdefekter.
Ungskogsrojning gav viss positiv inverkan framforallt pa kronutvecklingen, men
effekten var mindre dn forvéntat. Planteringsséttet — om ekarna véxte 1 grupp eller
utspritt visade sig ha liten pdverkan pa tillvixt och dverlevnad. Kvalitetsdefekter
som viltskador, krokighet, 1aga klykor och sprétkvistar noterades och forekomsten
av dessa var hog — framforallt 1 ordjda och ohdgnade bestind.

Huruvida dessa bestand i lingden kommer att leva upp till férhoppningarna, bade

vad géller l6nsamhet och motstandskraft mot ett fordndrat klimat och stormar
aterstar att se.
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Appendix 1

A list of p-values from Chi-squared tests evaluating associations between oak
quality defects and treatment variables (management, fencing, planting method).

Defect Group p-value
Angled Branch ~ Management <0.001
Browsing Management <0.001
Crooked Stem Management <0.001
Fork <3 m Management <0.001
Fork >3 m Management <0.001
Angled Branch ~ Fencing 0.0105
Browsing Fencing <0.001
Crooked Stem Fencing <0.001
Fork <3 m Fencing 0.0317
Fork >3 m Fencing 0.9060
Angled Branch ~ Planting <0.001
Browsing Planting <0.001
Crooked Stem Planting <0.001
Fork <3 m Planting <0.001
Fork >3 m Planting 0.0241
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Appendix 2

R packages used. All statistical analyses and visualisations in this thesis were
conducted using R version 4.4.3. The following packages were used for data
handling, modelling, and graphics:

R package Description

tidyverse (dplyr, ggplot2, tidyr, readr, etc.) For preparing data, generating

exploratory graphics

ggpubr, patchwork, ggsignif, ggpp For enhanced plotting and figure
layout

Ime4, ImerTest, performance, insight For linear mixed models and
diagnostics
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Appendix 3

The three most common species at each site, in descending order.

Site number The three most common Species
1 Birch, Oak, Rowan

2 Birch, Aspen, Oak

3 Oak, Silver birch, Larch

4 Birch, Ash, Oak

5 Rowan, Oak, Goat willow
6 Sweet cherry, Goat willow, Oak
7 Oak, Hazel, Birch

8 Silver birch, Rowan, Oak
9 Hazel, Silver birch, Oak
10 Oak, Birch, Alder

11 Oak, Birch, Aspen

12 Birch, Oak, Goat willow
13 Birch, Oak, Goat willow
14 Birch, Oak, Rowan

15 Birch, Rowan, Oak

16 Birch, Oak, Spruce

17 Birch, Oak, Rowan

18 Birch, Oak, Rowan

19 Birch, Oak, Rowan

20 Birch, Oak, Goat willow
71 Birch, Oak, Goat willow
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22

23

24

25

26

27

28

29

30

31

32

33

Birch, Oak, Rowan

Oak, Birch, Goat willow
Birch, Oak, Aspen
Birch, Oak, Spruce

Oak, Birch

Oak, Larch, Birch
Birch, Oak, Goat willow
Oak, Rowan, Birch

Oak, Birch, Rowan
Birch, Oak

Birch, Oak

Birch, Oak, Pine

52



Publishing and archiving

Approved students’ theses at SLU can be published online. As a student you own
the copyright to your work, and in such cases, you need to approve the
publication. In connection with your approval of publication, SLU will process
your data (name) to make the work searchable on the internet. You can revoke
your consent at any time by contacting the library.

Even if you choose not to publish the work or if you revoke your approval, the
thesis will be archived digitally according to archive legislation.

You will find links to SLU's publication agreement and SLU's processing of
personal data and your rights on this page:

e https://libanswers.slu.se/en/faq/228318

YES, I/we have read and agree to the agreement for publication and the
personal data processing that takes place in connection with this

L1 NO, I/we do not give my/our permission to publish the full text of this work.
However, the work will be uploaded for archiving, and the metadata and summary
will be visible and searchable.

53


https://libanswers.slu.se/en/faq/228318

