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Oaks under continuous cover forestry —
Recruitment challenges and biodiversity
implications

Abstract

Oak forests provide essential ecosystem services and support a disproportionate
share of forest biodiversity in temperate regions, yet their long-term persistence is
increasingly limited by insufficient recruitment. Although regeneration failure is
well documented, comparatively little is known about growth of oak recruits in
intermediate size classes (dbh 5-20 cm), particularly near the northern distribution
limit. Continuous cover forestry (CCF) is increasingly promoted as a management
approach to reconcile timber production, biodiversity conservation, and climate
adaptation, with selective cutting as a management tool. This thesis investigated how
selective cutting, stand structure, and climate affect oak recruitment and oak-
associated biodiversity by combining long-term observational data from the Swedish
National Forest Inventory with field experiments across southern Sweden. Across
studies, oak recruitment was consistently constrained by competitive stand
conditions, particularly high stand basal area, stem density, and proportions of
shade-tolerant species. Selective cutting showed no short-term effect on oak recruit
density but was associated with increased diameter growth of oak recruits after a
sixteen-year period. Selective cutting also supported epiphytic lichen species
richness and evenness, while unmanaged stands showed declines, although foliose
lichens decreased across treatments which could not be fully explained. Long-term
inventory data further revealed a pronounced decline in growth of oak recruits over
the past four decades that persisted even after accounting for stand structure, site
conditions, and climatic variability. Overall, our results show that successful oak
recruitment under CCF requires balancing continuous forest cover with sufficiently
strong or repeated interventions to reduce competition and maintain light
availability. Integrating recruitment objectives with biodiversity goals is therefore
essential to ensure the long-term persistence of oak-dominated forests under ongoing
climate change.

Keywords: Quercus, pedunculate oak, sessile oak, oak recruitment, selective cutting,
national forest inventory, stand structure, epiphytes, temperate forests



Ekar under kontinuitetsskogsbruk —
utmaningar for rekrytering av unga ekar och
konsekvenser for biologisk mangfald

Abstract

Skogar dominerade av ek tillhandahaller viktiga ekosystemtjénster och hyser en
oproportionerligt stor andel av den biologiska mangfalden i tempererade regioner,
men deras langsiktiga fortlevnad begrinsas i allt hogre grad av bristande féryngring
och rekrytering. Trots att misslyckad foryngring &r vl dokumenterad ar kunskapen
fortfarande begrinsad om tillvixten hos unga ekar i mellanliggande storleksklasser,
sa kallade rekryter (dbh 5-20 cm), sdrskilt nira ekens nordliga utbredningsgréns.
Kontinuitetsskogsbruk lyfts allt oftare fram som ett sétt att forena virkesproduktion,
biologisk méngfald och klimatanpassning, dir plockhuggning utgdr ett centralt
verktyg. Denna avhandling underséker hur plockhuggning, bestandsstruktur och
klimat paverkar rekrytering av ek och associerad biologisk mangfald genom att
kombinera langsiktiga data fran Riksskogstaxeringen med faltexperiment i sddra
Sverige. Sammantaget begransades rekryteringen av ek konsekvent av konkurrens i
bestdnden, sirskilt vid hdg grundyta, hog stamantalstdthet och en stor andel
skuggtoleranta tridslag. Plockhuggning gav inga kortsiktiga effekter pé titheten av
rekryter av ek, men var kopplad till 6kad diametertillvéxt efter sexton ar. Samtidigt
gynnade plockhuggning artrikedom och jamnhet hos epifytiska lavar, medan
minskningar observerades i obehandlade bestand, 4ven om foliosa lavar minskade i
bada behandlingarna av orsaker som inte fullt ut kunde forklaras. Langsiktiga data
fran Riksskogstaxeringen visade dessutom en tydlig nedgang i tillvéxten hos rekryter
av ek under de senaste fyra decennierna, som kvarstod dven efter att
bestédndsstruktur, standortsforhallanden och klimatvariation beaktats. Sammantaget
visar resultaten att framgangsrik rekrytering av ek under kontinuitetsskogsbruk
kréver en avvigning mellan att bibehalla krontdckning och att genomfora tillrackligt
kraftiga eller upprepade atgarder for att minska konkurrens och sikerstilla goda
ljusforhallanden. Att integrera mal for rekrytering av ekmed mal for biologisk
mangfald dr darfor avgorande for att sékerstdlla den langsiktiga fortlevnaden av
skogar dominerade av ek i ett fordnderligt klimat.

Keywords: Quercus, skogsek, bergek, ekrekrytering, selektiv avverkning,
Rikskogstaxeringen, bestandstruktur, epifyter, tempererade skogar
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1. Introduction

Forest ecosystems worldwide are increasingly affected by climate change
and anthropogenic pressures, including large-scale deforestation, forest
degradation, and profound alterations of historically prevailing disturbance
regimes. The expansion of production forests and forest plantations has
contributed to substantial losses of forest biodiversity, while simultaneously
increasing the reliance on remaining, more structurally diverse forest
ecosystems to buffer biodiversity decline. Globally, forests cover more than
four billion hectares of land, of which temperate forests account for
approximately 17 percent (FAO, 2025). In Europe, forests cover about 35
percent of the land surface, with Sweden exhibiting one of the highest forest
cover proportions at approximately 69 percent (Forest Europe, 2020).

Climate change has been shown to exert strong impacts on forest ecosystems,
primarily through an increasing frequency and intensity of drought events,
heat waves, and extreme precipitation (Seidl et al., 2017; Spioni et al., 2018,
Hari et al., 2020). These abiotic stressors are often compounded by biotic
disturbances, including insect outbreaks, fungal pathogens, and secondary
pest infestations, which can further increase forest vulnerability (Meyer et
al., 2015). Increasing evidence indicates that some foundational tree genera,
including Fraxinus spp., Ulmus spp., and Quercus spp., have already
experienced substantial declines under interacting abiotic and biotic
stressors, with documented negative consequences for associated
biodiversity that may, in turn, compromise the long-term resilience of forest
ecosystems (Martin et al., 2010; Mitchell et al., 2019; Hultberg et al., 2020;
Mitchell et al., 2022). In response, forest management strategies increasingly
emphasize enhancing forest resilience and adaptive capacity to maintain
ecosystem functioning under changing environmental conditions, a priority
that is explicitly highlighted at the European level in the EU Biodiversity
Strategy for 2030 through the promotion of biodiversity-oriented sustainable
forest management practices (European Commission, 2021; Felton et al.,
2024).

Within this context, oak forests represent multifunctional ecosystems that
deliver a wide range of ecosystem services, including timber production,
watershed protection, recreational opportunities, and a disproportionate
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contribution to forest biodiversity (Norman et al., 2010; Stavi et al., 2022).
Oak-dominated systems are often characterized by high structural
complexity, a feature that has been associated with increased resilience to
climatic variability and disturbances (Felton et al., 2024). Despite these
attributes, the long-term persistence of oak forests is increasingly threatened
by insufficient regeneration and recruitment, which limits the development
of future canopy trees and compromises the capacity of these ecosystems to
maintain their ecological functions over time.

1.1 Oaks

The genus Quercus (hereafter referred to as oak) comprises approximately
435 species, with some estimates suggesting up to 600 species, divided into
the two subgenera Quercus and Cerris, which include five and three sections,
respectively (Denk et al., 2017). As a result, oak is among the most species-
rich genera of temperate trees in the Northern Hemisphere (Gil-Pelegrin et
al., 2017), with Mexico alone harbouring 65 percent of the world’s oak
species (Hipp et al., 2017). Oaks are currently distributed from equatorial
regions to approximately 60°N latitude in Europe and occur across a wide
elevational range, from sea level to approximately 4000 m in China (Yang et
al., 2020). Their habitats encompass a wide ecological range, extending from
dense bottomland forests to open grasslands and savannas, and from alkaline
to acidic soils (Abrams, 1992), where they occur either as large canopy trees
or as small shrubs (Nixon, 2006).

In Europe, the sections Quercus, Ilex, and Cerris are represented, with
Quercus being widely distributed across the continent and //lex and Cerris
occurring predominantly in southern Europe. Together, these sections
comprise between 22 (Median et al., 2024) and 30 (Lyubenova et al., 2024)
oak species, of which pedunculate oak (Q. robur L.) and sessile oak (Q.
petraca (Matt.) Liebl.) are the most widespread (Nicolescu et al., 2025).
These two species are ecologically and morphologically similar and are
known to hybridize (Truffaut et al., 2017). Both are long-lived trees, with
documented lifespan exceeding 1000 years, and can attain heights of up to
40 m and stem diameters ranging up to four meters. Pedunculate oak has a
slightly broader geographic distribution, whereas sessile oak extends to
higher elevations, exceeding 2000 m in some regions (Eaton et al., 2016).
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Although both species occupy a wide range of habitats, pedunculate oak
typically favours wetter and heavier soils, while sessile oak exhibits greater
drought tolerance and is more commonly found on lighter, well-drained soils
(Eaton et al., 2016). Both species are predicted to retain substantial portions
of their current distribution ranges under future climate change scenarios,
with potential expansion at their northern limits (Dyderski et al., 2025).

1.2 Multifunctional importance of oak forests

Oak forests have played a central role throughout human history and have
been culturally and economically associated with societies for millennia.
Acorns have been used as a food source since the Palaeolithic period
(Chassé, 2016) and have even been referred to as the “bread of life”
(Anderson, 2007). In North America, California black oak (Q. kelloggii
Newb.) has been described as a “cultural keystone” species for indigenous
communities in California and Oregon (Long et al., 2016), while in the
Central Himalaya, banj oak (Q. leucotrichophora A.Camus) has been
characterized as the “people’s species” due to its importance for local
livelihood (Singh and Singh, 1986). In these regions, oak woodlands provide
multiple ecosystem services, including forage for livestock, firewood,
timber, erosion control, and watershed protection. Similarly, on the Iberian
Peninsula, holm oak (Q. rotundifolia Lam.) and cork oak (Q. suber L.) form
characteristic woodlands known as “montado” in Portugal and “dehesa” in
Spain, which are primarily managed for pig grazing and cork production
(Lopes-Fernandes et al., 2024).

Historically, oak has been extensively used as a source of firewood and
timber (Ruiz-Alonso et al., 2017). Coppicing was a widespread management
practice, particularly in southern Europe, taking advantage of the strong
resprouting capacity of oaks following cutting (Giovannini et al., 1992).
With the decline in demand for firewood and charcoal, this traditional
practice has largely been abandoned, resulting in many overaged coppice
stands currently undergoing conversion to high forest systems. Oak timber
has also played a crucial role in naval construction in many countries
(Reboredo and Pais, 2014; Wing, 2012; Lindbladh and Foster, 2010).
Another important use of oak wood is cooperage for wine and whiskey
production, with white oak (Q. alba L.), pedunculate oak, sessile oak, and

19



Pyrenean oak (Q. pyrenaica Willd.) being among the most commonly used
species. In addition, oak timber has long been valued for construction,
veneer, and furniture due to its hardness and resistance to decay (Riesco
Muioz et al., 2014).

Currently in Europe, pedunculate and sessile oak rank among the most
economically valuable and ecologically important deciduous tree species
(Eaton et al., 2016). They provide a wide range of ecosystem services,
including high quality timber, recreational opportunities, watershed
protection, and potentially climate-resilient options for future forest
management (Stavi et al., 2022). Oaks also function as keystone and
foundation species in temperate forest ecosystems (Lindbladh and Foster,
2010; Franzén et al.,, 2024), exerting a disproportionate influence on
biodiversity and ecosystem functioning (Ellison et al., 2019). Their long
lifespan allows the development of stable habitats that can persist for
centuries, including in the form of standing and downed dead wood (Paltto
et al., 2008). Consequently, oaks support numerous threatened organisms,
including invertebrates, lichens, bryophytes, fungi, and birds (Mdlder et al.
2019). Although oak forests occupy a small proportion of Sweden’s forest
area and standing volume, they play, as mentioned, a very important role in
biodiversity conservation and recreation. For example, 561 red-listed species
are associated with oak in Sweden, of which 326 depend on oak as a key host
(SLU Artdatabanken). Because most Swedish forest land is intensively
managed for timber production, forests with high conservation value, i.e.,
many oak-dominated forests, are often set aside, creating ongoing challenges
in reconciling biodiversity conservation with the production of high-value
timber (Gotmark, 2009).

In Sweden, oak forests are largely restricted to the southern temperate region
(Figure 1), where they currently account for only 2.4 percent of the total
standing volume (Skogsdata, 2025) and are far less abundant than during the
previous two millennia (Lindbladh and Foster, 2010). Historical expansion
of conifer plantations and intensive agricultural land use has substantially
reduced oak-dominated forests (Lindbladh et al., 2014; Bobiec et al., 2018).
Consequently, southern Swedish forests are dominated by Norway spruce
(Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.), which comprise
42 percent and 36 percent of the standing volume, respectively, while birch
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(Betula spp.) is the most abundant broadleaved genus at 11 percent
(Skogsdata, 2025). Oaks are particularly underrepresented in recruitment
size classes, accounting for only one percent of the standing volume in the
10 —19 cm diameter class, whereas most oak biomass is concentrated in large
trees exceeding 45 cm in diameter (Skogsdata, 2025). Petersson et al. (2019)
reported that, although the density of large oak trees increased over time,
smaller trees, particularly saplings, did not exhibit a corresponding increase.

1953-1957 1973-1977 1993-1997

Share of oak in
standing volume
0-0.02
0.02 - 0.05
P 0.05-0.1
B 0.1-0.2
I o2-1

Figure 1. The share of oak (%) in total forest standing volume for 1953-1957,
1973-1977, 1993-1997, 2009-2013, and 2020-2024 in the study area of southern
Sweden (National Forest Inventory, 2026).
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1.3 Oak forest management

Oak forests represent multifunctional ecosystems that provide ecological,
economic, and social values, necessitating management strategies tailored to
specific objectives. Historically, high demand for wood and timber was met
through coppice and coppice with standards systems (Nicolescu et al., 2025).
Coppice-with-standards is a two-layer system characterized by an even-aged
coppice understorey and an uneven-aged overstorey managed through single
tree selection. Where the primary objective is the production of high-quality
timber, shelterwood systems have commonly been applied, for example in
France, Germany and Scandinavia (Carbonnier, 1975). These systems
typically involve pre-commercial thinning to remove undesired trees, the
selection of future crop trees, and repeated thinning to promote their
development (Attocchi, 2015). Progressive canopy opening under
shelterwood management creates light conditions that facilitate gradual
natural regeneration beneath the remaining overstorey, with rotation periods
generally ranging from 120 to 200 years depending on species and site
quality (von Liipke, 1998; Attocchi, 2015).

In Europe, semi-open woodlands were also used for centuries as grazing
areas for livestock and for production of timber and non-timber forest
products (Kirby and Watkins, 2015). As mentioned, these old management
systems have declined markedly over the past centuries, and many former
coppice areas and wood pastures are now in many cases unmanaged (Gil-
Pelegrin et al., 2017). Many oak stands are currently designated as set aside
areas for biodiversity conservation, managed with minimal human
interventions. However, increasing competition and excessive shading have
been shown to negatively affect oak crowns, even for large, mature trees
(Spector and Putz, 2006). The widespread suppression of grazing, selective
cutting, and low-intensity fires has favoured shade-tolerant and pioneer tree
species that compete with and progressively replace oak in the understorey
and midstorey, a process described as mesophication (Alexander et al.,
2021). Consequently, historical shifts in land tenure and forest management
have fundamentally altered the environments that led to oak development.
Oak-dominated forests that were formerly maintained as semi-open systems
through recurring disturbances such as grazing, selective cutting, and low-
intensity fires have increasingly transitioned into dense, closed-canopy
forests. In these conditions, oak is frequently underrepresented or entirely
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absent from younger size classes. These changes raise concerns regarding
the long-term persistence of oak populations and the ecosystem functions
they support. As a result, minimal intervention strategies have been
increasingly debated over the last decade (Molder et al., 2019). Several
studies indicate that active management can help maintain structural
diversity and biodiversity in these high values forests (Rohner et al., 2012),
while reducing crown shading and thereby improving oak vitality and
longevity (Spector and Putz, 2006; Gétmark, 2009).

1.3.1 Continuous cover forestry

One approach to reconciling the multifunctionality of oak forests is
continuous cover forestry (CCF). CCF is referred by several related terms,
including close-to-nature forestry (Mason et al., 1999; Larsen et al. 2022),
ecological silviculture (Benecke, 1996; Lahde et al., 1999; Palik et al., 2021),
and nature-based forestry (Diaci, 2006), each with its own specific definition.
Despite some differences, the concepts share several core principles. These
include continuity of forest cover, reliance on natural processes such as
natural regeneration, and the promotion of vertical and horizontal structural
diversity while accounting for site limitations and maintaining species, size,
and genetic diversity. In addition, they emphasize selective individual-tree
silviculture, the conservation of old trees and deadwood, protection of
endangered species, the promotion of native tree species and provenances,
environmentally sensitive harvesting and wildlife management, and the
establishment of forest margins (Pommerening, 2023).

In Europe, approximately 22 to 30 percent of forests are managed under
some form of CCF (Mason et al., 2022). In Sweden, even-aged clear-cut
forestry dominated by Norway spruce and Scots pine remains the prevailing
management system, and CCF is still a niche practice (Hertog et al., 2022).
Public interest in alternative forestry strategies is nonetheless increasing,
driven by the need to balance ecological, economic, and social goals under
changing environmental conditions. In Sweden, the Swedish Forest Agency
refers to CCF as “clear-cut-free forestry” (hyggesfritt skogsbruk), which is
currently applied on less than five percent of forest land (Skogsstyrelsen,
2023). In contrast, the Forest Stewardship Council (FSC) Sweden defines
CCF (kontinuitetsskogsbruk) as management aimed at maintaining or
developing forest stratification (FSC Sweden, 2020). Hertog et al. (2022)
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identified several barriers to wider implementation of CCF in Sweden,
including the dominance of traditional forestry regimes in timber markets,
legislation, education, sectoral culture, and research priorities, as well as
limited economic incentives.

In essence, CCF aims to maintain a continuous, structurally heterogeneous
forests ecosystem that relies on natural regeneration, self-thinning, and the
co-existence of multiple native or site-adapted tree species across all size
classes, while minimizing silvicultural interventions and conserving
associated biodiversity. Although CCF is not a new silvicultural approach
but has been practiced for centuries, it has gained renewed interest as a
potential strategy to enhance climate resilience, maintain biodiversity, and
ensure economic viability (Pommerening, 2023). One key intervention
within CCF is selective cutting, in which individual trees are harvested based
on species, size, or quality, rendering the traditional concept of a fixed
rotation period largely obsolete and enabling more targeted, site-adapted
management aligned with specific objectives (Pommerening, 2023).

Many oak-dominated forests are characterized by high structural complexity,
a strong association with biodiversity conservation values. Sustaining the
continuity of these systems therefore often depends on targeted silvicultural
interventions that maintain ecosystem functioning while supporting long-
term stand development. Continuous cover forestry therefore represents a
potential management framework for reconciling economic objectives, such
as the production of high-quality timber, with biodiversity conservation in
structurally complex oak forests. However, this approach requires a careful
balance between maintaining low intervention intensity, which may
inadvertently favour shade-tolerant competitors, and applying sufficient
interventions to create the light conditions necessary to promote oak
recruitment.

1.4 Oak recruitment challenges

Despite the broad ecological amplitude, functional diversity, and adaptive
capacity of oaks, their regeneration and recruitment into the canopy have
declined across much of their natural range (for example Watt, 1919;
Gotmark et al., 2005; Dey, 2014). Historical and ongoing changes in forest
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management have promoted denser, closed-canopy forest conditions
increasingly dominated by shade-tolerant tree species (Lindbladh et al.,
2014; Bobiec et al., 2018). Under such conditions, oaks often persist as
dominant or co-dominant components of the overstorey, while being largely
absent from the understorey and midstorey, indicating a pronounced
bottleneck in regeneration and recruitment. This pattern has been
documented across temperate regions, where species such as European beech
(Fagus sylvatica L.), Norway spruce, red maple (4Acer rubrum L.), and
yellow-poplar (Liriodendron tulipifera L.) frequently outcompete oak during
early developmental stages (Rohner et al., 2012; Dey, 2014).

Oak regeneration and recruitment represent two closely linked stages in the
progression from seedling establishment to the development of mature
canopy trees and are governed by a complex interplay of abiotic and biotic
factors, including light availability, stand structure, site conditions, soil
properties, competing vegetation, herbivory, and pathogen pressure (Kohler
et al., 2020). While natural regeneration ensures the establishment of oak
seedlings and saplings, recruitment refers to the subsequent transition of
established individuals into pole-sized trees and intermediate or codominant
positions in the overstory. Therefore, recruitment is an essential process for
sustaining the oak component in a stand. Although oak seedlings may
establish under a broad range of environmental conditions, successful oak
recruitment into larger size classes is highly contingent on sufficient light
availability and release from competition. In many current forest systems,
particularly those managed without clear-cutting, understorey light levels
remain below the threshold required for sustained oak growth. Oak seedlings
typically require at least 20 percent of full light to maintain positive height
and diameter growth (von Liipke, 1998; Lof et al., 2007). However, light
requirements increase with tree size and age, suggesting that oak recruits
may benefit from substantially higher light availability than seedlings (von
Liipke and Hauskeller-Bullerjahn, 1999). Even at these levels, shrubs and
more shade-tolerant tree species can suppress oak regeneration through
competitive exclusion (Leonardsson et al., 2015; Kohler et al., 2020). As a
result, although oak regeneration may be present, recruitment into the canopy
often remains limited or fails entirely (Petersson et al., 2019).
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These challenges are further compounded under continuous cover forestry
(CCF), which aims to maintain permanent forest cover, promote structural
diversity, and rely on natural regeneration through selective cutting. While
CCF aligns well with biodiversity conservation and climate adaptation
objectives, its emphasis on minimal intervention and closed-canopy
conditions may inadvertently favour shade-tolerant competitors at the
expense of light-demanding species such as oak. Consequently, it remains
uncertain whether oak can successfully regenerate and recruit under typical
CCF regimes without targeted interventions. For oak-containing stands
managed under CCF, successful recruitment likely depends on achieving a
delicate balance between maintaining low-intensity management that
preserves structural continuity and biodiversity, and applying sufficiently
frequent or intensive interventions to create and sustain light conditions
conducive to oak development.

Several studies suggest that management approaches combining oak
regeneration with selective cutting, gap creation, or disturbance-based
interventions can enhance oak regeneration and thus benefit recruitment (for
example Stahl-Streit, 2004; Kiraly and Odor, 2010; Leonardsson et al., 2015;
Petersson et al., 2020). However, the effectiveness of such measures is highly
context dependent and influenced by site fertility, stand density, competing
vegetation, and browsing pressure. Moreover, increasing climate variability
may further interact with stand structure to influence oak recruitment
dynamics, potentially exacerbating drought stress in shaded understorey
conditions or increasing mortality following release. Together, these factors
highlight that oak recruitment represents a critical and poorly resolved
bottleneck in sustaining oak-dominated and oak-rich forests, particularly in
landscapes transitioning toward continuous cover forestry and
multifunctional forest management.

1.5 Thesis aims and research questions

The overall objective of this thesis was to advance the understanding of oak
recruitment dynamics in temperate forests managed under continuous cover
forestry. By integrating long-term observational data with multiple field
experiments conducted across the distribution range of oaks in Sweden, the
thesis addresses a critical bottleneck affecting the long-term persistence of
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oak-dominated and oak-rich mixed temperate forests. Specifically, the thesis
examines how management interventions, stand structure, and long-term
growth patterns influence oak recruitment and associated biodiversity. The
thesis addresses the following research questions:

L How does selective cutting affect oak recruitment under
continuous cover forestry?
(addressed in Chapter I and II)

1L How do stand structural attributes influence oak recruitment
density and growth?
(addressed in Chapter I and II)

1. How does selective cutting affect oak-associated epiphytic
diversity?
(addressed in Chapter III)

Iv. How has oak recruitment growth changed over the last four
decades in Sweden?
(addressed in Chapter IV)
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2. Material and methods

This section provides an overview of the methodologies applied in each
chapter of the thesis. In Chapters I, II, and IV, no distinction was made
between the two native oak species, pedunculate and sessile oak, as these
species largely overlap ecologically and the primary objective was to
promote oak recruitment regardless of species identity. Similarly, in Chapter
III, we did not differentiate because they both host comparable epiphytic
communities, are difficult to distinguish based on trunk appearance, and
frequently hybridize (Barkman, 1958; Jensen et al., 2009). Additional
methodological details are provided in the respective chapters.

In Chapters L, II, and 1V, an oak recruit was defined as:

e an oak tree with adbh > 5.0 cm and < 19.9 cm (Chapter I)
e an oak tree with adbh > 5.0 cm and <20.0 cm (Chapter II)
e an oak tree with a dbh > 10.0 cm and < 20.0 cm (Chapter IV)

2.1 Field sites

Chapters I, III, and IV comprise multiple field sites across a wide range of
oak distribution in southern Sweden, whereas Chapter II is located at one
experimental field site in southern Sweden (Tonnersjoheden). Chapter I
includes 12 experimental sites established in 2016 in approximately 40 to 80-
year-old mixed broadleaved forest stands (Figure 2A). These stands
exhibited limited evidence of management for timber production or grazing
and had regenerated naturally following the abandonment of pastures and
hay meadows (Nordén et al., 2019). Most sites were dominated by oak. The
field experiment described in Chapter II was established in 2006 in a forest
stand dominated by Scots pine and Norway spruce (Figure 2A). The original
stand was established in 1912 through seeding of Scots pine on Calluna spp.
heathland. Over time, numerous species have naturally colonized the site,
and broadleaved tree species such as oak, silver birch (Betula pendula Roth),
European beech, and European aspen (Populus tremula L.) occur in the
under- and mid-stories. Prior to the establishment of the current experiment,
the stand had been subjected to several thinning operations. Chapter III
comprises 24 experimental sites established in 2000 in mixed broadleaved
forest stands containing numerous oak trees aged 80 to 200 years, with the

29



oldest oaks reaching up to 250 years (Figure 2B). Oak was the dominant tree
species, occurring in mixtures with small-leaved lime (Tilia cordata Mill.),
Norway spruce, European aspen, and birch (B. pendula Roth and B.
pubescens Ehrh.) in the overstory, and European hazel (Corylus avellana L.)
and hawthorn (Crataegus spp.) in the shrub layer. The stands were located
on land formerly used as woodland pastures and meadows, which appear to
have been abandoned between 1930 and 1950. Following spontaneous tree
re-colonization of previously open areas, the stands are now designated as
areas important for conservation, primarily woodland key habitats and nature
reserves. Chapter IV is based on permanent plots from the Swedish National
Forest Inventory established between 1983 and 1987 (Figure 2C). Over time,
these stands have been dominated by Norway spruce and Scots pine, with
oak representing the most common broadleaved species in terms of basal
area.
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Figure 2. Overview of field sites in Chapter I and II (A), Chapter III (B), and Chapter
IV (C). The sites of Chapter I are labelled 1-12, and the single site of Chapter II is
labelled as A. The sites of Chapter III are labelled 1-24. The sites of Chapter IV are
plotted based on disturbed coordinates provided by the National Forest Inventory.

2.2 Chapter | — Six years of oak recruitment in a field
experiment across southern Sweden

This chapter is based on a field experiment conducted at multiple sites across
southern Sweden (see Section 2.1). At each site, we established two, 1-ha
treatment plots (100 x 100 m) separated by 25—-125 m. We randomly assigned
plots one of two treatment levels, either a control (C), which received no
cutting, or selective cutting (S), which was applied across the entire 1-ha plot
during the winter 2016/2017. Selective cutting primarily targeted strong
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competitors of oak (e.g. Norway spruce, birch, dense patches of hazel). In
some stands, we removed a limited number of oaks, however, we
consistently retained most temperate broadleaved tree species as well as trees
with high biodiversity value (including trees with cavities, injuries and dead
wood). Harvesting was conducted using a combination of harvester,
forwarder, chain saw, and a tractor (Nordén et al., 2019). On average,
selective cutting removed approximately 25-30 percent of the basal area in
the S treatment level. Within each treatment level, we established two
parallel transects located 30 m (T30) and 70 m (T70) from the south-west
corner (Chapter I — Figure 1). Each transect was 100 m long and was divided
into four 25 m sections. We delineated circular sub-plots with a 10 m radius
at the centre of section 1 and 3 along T30 and section 2 along T70, resulting
in three sub-plots per treatment plot for tree measurements. These sub-plots
were semi-permanent, as we did not monument their centres but instead
relocated them by measuring distance along the transects.

We collected data during summer 2016 (pre-treatment) and again after six
growing seasons in summer 2022 (post-treatment) in all sub-plots. In each
sub-plot, we recorded species identity and diameter at breast height (dbh,
cm) for all living trees with dbh > 5 cm. We assessed canopy openness as a
proxy for light availability using hemispherical photography. Images were
collected at the centre of the first and third sections of both transects per
treatment plot, using a camera mounted on a tripod at 1.3 m above the forest
floor. This sampling was conducted early in the morning to avoid direct
sunlight. The images were analysed using the Hemiphot.R package (ter
Steege, 2018) to calculate percentage of canopy openness.

To assess oak recruitment, we calculated oak recruit density (stems ha™) for
oak individuals with dbh between 5.0 and 19.9 cm. For the analyses, we
assigned oak recruits to two diameter classes: 5.0-9.9 cm (class ‘A’) in the
lower canopy and 10.0-19.9 cm (class ‘B’) in the middle canopy. To evaluate
the influence of overstory trees and the shrub layer on oak recruitment, we
classified oak trees with dbh > 20 cm and all other tree species, regardless of
size, as overstory trees, while we considered European hazel as the shrub
layer. Using data collected in 2022, we calculated stand density (stems ha™)
and stand basal area (m? ha'') separately for the overstory and shrub layer.
To estimate species-specific effects on light availability, we calculated a
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shade-casting ability index (SCA index, see Verheyen et al., 2021; De
Lombaerde et al., 2019; Depauw et al., 2020) for each sub-plot. Oak recruits
were excluded from the SCA index calculations.

2.3 Chapter Il — Sixteen years of oak recruitment in a
field experiment in southern Sweden

This chapter is based on a field experiment conducted in a single forest stand
at the Tonnersjoheden Experimental Forest in southern Sweden (see Section
2.1). The experimental stand consists of three blocks, each containing four
1-ha treatment plots that were randomly assigned to one of the following
treatment levels: control, no target diameter cutting (C); target diameter
cutting (TDC); target diameter cutting with soil scarification (TDCS); and
target diameter cutting with modified target diameters compared to the other
treatment levels (TDC2) (Drossler et al., 2012). Table 1 lists the species-
specific dbh thresholds applied in each treatment level. The dbh thresholds
in TDC and TDCS were selected based on economic criteria related to timber
quality and prices prevailing in 2006 (Dréssler et al., 2017). In TDC2, the
thresholds were slightly modified to increase removal of Norway spruce by
lowering its target diameter, thereby promoting broadleaved tree
development. In all cutting levels, trees were harvested once their dbh
equalled or exceeded the specific threshold, while retaining selected trees to
enhance the ecological value of the stand. Twenty retention trees per ha were
retained in the TDC2 treatment level and ten retention trees per ha in the
TDC and TDCS treatment levels. None of the retention trees occurred within
the sample plots. Cutting operations were carried out in spring 2008/2009,
and soil scarification in the TDCS treatment level was implemented in
autumn 2010. Chapter I — Table S1 provides details on the number and basal
area of trees removed and the cutting intensity (%) for each treatment level
and block.
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Table 1. Target diameter (dbh in cm) thresholds for each species and treatment level
during the target diameter cutting in spring 2008/2009. TDC represents target diameter
cutting, TDCS target diameter cutting with soil scarification, TDC2 target diameter
cutting with increased removal of Norway spruce. Stem quality is represented by Class
1 and 2; Class 1 are trees with branches < 6 cm in, and Class 2 including trees with low
timber quality with branches > 6 cm, spike-knots or forks.

Tree species TDC/TDCS TDC2
Class 1 Class 2

Scots pine 40 30 40

Norway spruce 36 26 26

Birch 30 20 30

Oak 60 30 60

European beech 50 30 50

Within each treatment in each block, four systematically distributed circular
sample plots with a 10 m radius were permanently established (total = 48
sample plots (Chapter II — Figure 1). All individual trees were numbered and
measured in 2006 (pre-treatment), 2016, and 2021 (both post-treatment). In
each sample plot, we recorded species identity and dbh (mm) for all living
trees with dbh > 50 mm. At each measurement occasion, we measured tree
height for a sub-sample using a Vertex hypsometer and transponder (Haglof,
Sweden AB). The sub-sample consisted of the five largest trees by dbh in
each sample plot and several randomly chosen individuals of each species
across all diameter classes. We used observed height-diameter pairs to
estimate heights of trees without direct height measurements using the
height-diameter function by Naslund (1936):

DBHY
(a + B x DBH)"

H =13+

where H is tree height (m), DBH is diameter at breast height (cm), « and S
are estimated parameters, and y equals 3 for Norway spruce and 2 for Scots
pine, birch, European beech and oak (Holmstrom et al., 2018; Ogana et al.,
2023). We estimated model coefficients separately for each species,
treatment, and measurement occasion. Due to limited sample size, the oak
diameter-height equation was applied to birch and European beech.
Predicted heights were assigned to all trees lacking direct height
measurements.
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To classify tree social position (tree size relative to its neighbours), the tallest
and largest tree within each sample plot, regardless of species, was identified
as the reference individual. At each measurement occasion, all trees were
assigned to one of four crown classes based on their relative social position
(Dréssler et al., 2012; Figure 3). Since only 18 oak recruits were classified
as co-dominant, they were merged with the intermediate canopy class for the
analysis. We defined oak recruits as oak individuals with a dbh > 5.0 cm and
< 20.0 cm. Individual diameter growth (cm year') and height growth (m
year) were calculated for each oak recruit. Annual growth rates were
derived for the periods 2006-2016 and 2016-2021 by dividing periodic
growth with the number of years between measurements. For stand structural
variables, we calculated stand density (stems ha™'), stand basal area (m? ha-
1, coefficient of deviation of dbh (CVd), and coefficient of deviation of
height (CVh) for each sample plot, treatment level, and measurement
occasion. Stand density and basal area were calculated separately for conifers
(Norway spruce and Scots pine) and broadleaved species (birch, European
beech, and oak). Additionally, we calculated the basal area of larger trees
(BAL) neighbouring each oak recruit (Wykoft, 1990; Schroder, 1999). For
the smallest oak recruit, BAL approximates total stand basal area. We also
calculated the total number of trees (stems ha') and total basal area (m? ha-
" removed during target diameter cutting.

Kot

dominant co-dominant intermediate suppressed

1 =

Figure 3. Schematic overview of tree social positions. Dominant trees form the top
canopy layer and included trees attaining at least five-sixth of the tallest tree height. Co-
dominant trees are slightly lower and reach between four-sixth and five-sixth of the tallest
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tree height. Intermediate trees reach between three-sixth to four-sixth of the tallest tree
height, while suppressed trees attained less than three-sixth of the tallest tree height.

2.4 Chapter Ill — Twenty-two years of epiphyte diversity
in a field experiment across southern Sweden

This chapter is based on a field experiment conducted at multiple sites across
southern Sweden (see Section 2.1). At each site, we established two 1-ha
plots (100 x 100 m at most sites) separated by 30-200 m. We randomly
assigned plots to either a control (C) treatment level that received no cutting
or a selective cutting (S) treatment level, which was applied during winter
2002/2003 (Gotmark, 2013). On average, selective cutting removed about 25
percent of the basal area per treated plot. Cutting primarily focused on
Norway spruce, non-oak broadleaved trees of intermediate size in the lower
canopy, and, where abundant, oaks of intermediate size. We retained larger
broadleaved trees and approximately 50 percent of all European hazel. The
cutting was conducted manually using chainsaws, except on three sites where
a harvester was used.

Within each treatment plot, we randomly selected five host oak trees from
among the largest individuals prior to selective cutting in 2002, maintaining
a minimum distance of 10 m between selected trees. Selected oaks had a dbh
> 40 cm when possible, otherwise, we accepted individuals with dbh > 30
cm. On each host oak, we surveyed epiphytic lichens and bryophytes using
a flexible 40 x 40 cm plastic grid placed at breast height on both the north-
and south-facing aspects of the trunk. The grid consisted of 100 squares (4x4
cm). During sampling, it was placed on the trunk of selected oaks in
alignment with nails used to mark the initial position of the grid corners. This
ensured consistent positioning across surveys.

We collected epiphyte data in 2001 (pre-treatment), 2009, and 2023. Twenty-
four sites were sampled in 2001 and 2009 and 20 sites in 2023 (sites 1, 2, 3,
and 5 were excluded at the request of forest managers) (Figure 2). For each
grid cell, we recorded the presence of all lichen and bryophyte species,
resulting in a frequency value ranging from 1 to 100 per species and trunk
aspect. We identified all foliose and fruticose lichens and all bryophytes in
the field, while we collected some crustose lichens for lab identification.
Whenever possible, we collected specimens outside the sampling grid to
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minimize disturbance. We followed Santesson et al. (2004) for lichen
nomenclature and Hallingbick et al. (2006) for bryophytes, and we classified
red-listed species according to SLU Artdatabanken (2020). We analysed
Trentepohlia umbrina ((Kiitz.) Bornet), a green alga that is often dominant
on tree trunks and may occur independently or in association with lichens,
together with epiphytic lichens. We further classified lichens and bryophytes
into life forms following Wirth (1995): algae (7. umbrina), crustose, foliose,
and fruticose lichens, and liverworts and mosses for bryophytes.

We measured oak host tree variables in summer 2002 and 2023. In all survey
years, we measured dbh (cm) of host oaks to the nearest millimetre using a
measuring tape and used these data to calculate diameter and basal area
increment for the period 2002-2023. In 2023, we additionally estimated the
percentage of openness around the crown and percentage of large dead
branches in the crown, recording values in 5 % intervals. We also measured
dbh (= 1 cm) and recorded species identity of all living trees and shrubs
within a 10 m radius circular sub-plot around each host oak. Shrubs were
defined as individuals with dbh between 1.0 and 4.99 cm and trees as
individuals with dbh > 5 cm, regardless of species. From these data, we
calculated shrub density (stems per 10 m plot), tree basal area (m? per 10 m
plot), and percentage of broadleaved trees based on basal area.

2.5 Chapter IV — National Forest Inventory data across
southern Sweden

This chapter is based on long-term data collected from permanent plots of
the Swedish National Forest Inventory (NFI). The sampling design of the
NF1 is based on square clusters with circular sample plots (tracts, Chapter IV
— Figure 1). Between 1983 and 1988, the NFI established permanent plots in
tracts across Sweden with a re-measurement interval of five years (Fridman
et al., 2014). Each tract holds four to eight circular sample plots arranged
along the sides of squares with side lengths ranging from 300 to 1800 m,
depending on geographic location. In southern Sweden, the tracts are smaller
due to higher landscape variability which results in higher plot density
compared to northern regions. Each circular sample plot covers an area of
314 m? (10 m radius). During the 1990s, financial constraints extended re-
measurement intervals to 5—10 years and reduced the number of tracts by 50
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percent. The sampling design for the 10 m radius plot with measurement
trees with a dbh > 100 mm remained consistent. Since 2003, the NFI has re-
measured all permanent plots at five-year intervals using a stable sampling
design.

Across all permanent plots, the NFI recorded a wide range of plot- and tree-
level variables. Plot-level information includes unique plot identifiers,
geographic coordinates, land use class, soil moisture class, and site
productivity. Soil moisture class is divided into five categories (wet, moist,
moist-mesic, mesic, dry) based on estimated groundwater depth during the
growing season (SLU, 2025). Site productivity is expressed as a site index
derived from site factors such as climate, vegetation type, and soil
characteristics (Hégglund and Lundmark, 1977) and represent expected
dominant height at age 100 years for either Norway spruce or Scots pine.
Tree-level data include unique tree identifiers, species identity, and diameter
at breast height (dbh). Within each 10 m radius plot, all living trees with dbh
> 100 mm were measured at 1.3 m above ground. Climate data were provided
by the Swedish Meteorological and Hydrological Institute (SMHI), with
annual temperature and precipitation interpolated to a 4 x 4 km grid using
data from the nearest meteorological stations (SMHI, 2025).

From the full NFI dataset, we selected plots from tracts classified as
productive forest land that contained oak trees at any time between 1983 and
2024 and that were continuously re-measured throughout this period. To
address our questions on oak recruitment, we considered recruiting oaks to
be trees with dbh > 100 mm and < 200 mm and included only those trees
measured on more than one occasion. For each oak recruit, we calculated
periodic basal area increment (PBAI, cm? year') by dividing basal area
growth within each measurement interval by the number of years between
the measurements. For stand structure, we calculated stand basal area (m? ha
"), stem density (stems ha'), and the proportion of shade-tolerant late
successional species Norway spruce and European beech for the plot. To
represent site productivity, we included the site index of spruce, as spruce is
the dominant tree species in southern Sweden. We also merged the two soil
moisture classes ‘moist’ and ‘mesic-moist’ since soil moisture class ‘moist’
had few observations (< 200). None of the plots had the moisture
classification ‘wet’. As climate variables, we calculated the long-term mean
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annual temperature and precipitation (1983-2024) for each plot and the mean
temperature and precipitation for each measurement interval and plot.
Additionally, we calculated climatic deviations by subtracting the long-term
plot-specific mean from the corresponding interval-specific mean (Figure 4).
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Figure 4. Temperature (A) and precipitation (B) deviation from the long-term mean
(1983-2024) per interval period. No visible bars indicate no deviation from the mean.

2.6 Statistical analysis

All statistical analyses in this thesis were conducted in R (R Core Team,
2025) using a significance level of o = 0.05. We implemented all models
using the glmmTMB function from the glmmTMB package (Brooks et al.,
2017; McGillycuddy et al., 2025). Post-hoc comparisons were performed
with the emmeans and multcomp packages (Lenth, 2025; Hothorn et al.,
2008). Model performance was evaluated with Akaike Information Criterion
(AIC) calculated with the AIC function in the stats package (R Core Team,
2025). We assessed model residuals using the DHARMa package (Hartig,
2024) and tested for multicollinearity with the check collinearity function in
the performance package (Liidecke et al., 2021). For data visualization, we
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used the ggplot2 package (Wickham, 2016) and the sjPlot package (Liidecke,
2024) to generate model predictions.

2.6.1 Chapter |

We used Generalized Linear Mixed-effects Models (GLMMs) to evaluate
the effects of stand structural attributes on oak recruit density and to assess
the impact of selective cutting on both stand structure and oak recruitment.

In the first part of the analysis, we analysed data at sub-plot level to capture
the maximum variation in stand structural attributes among sub-plots. In the
first model, we specified oak recruit density as the response variable and
included diameter class (‘A’ and ‘B’), oak recruit density in 2022, and their
interaction as fixed effects. In the second model, we compared three
candidate models (Chapter I — Table S2), all of which included oak recruit
density as the response variable but differed in the interaction structures
among diameter class, canopy openness and SCA index. All models included
sub-plot nested within site as a random effect, assumed a negative binomial
error distribution with a log link, and incorporated a zero-inflation
component (ziformula) including the intercept and diameter class. To test for
zero-inflation, we used the testZerolnflation function from the DHARMa
package.

In the second, we analysed data at the plot level because the treatment was
applied across the entire 1-ha plots, i.c., the 1-ha plot was the experimental
unit. We tested the effect of selective cutting on each stand structural
attribute separately, including stand basal area (m? ha™), stand density (stems
ha!), number of tree or shrub species, and canopy openness (Chapter I —
Table S3). In each model, we included the interaction between sampling year
(two levels) and treatment (two levels) as fixed effects and site as a random
effect. We used a Gaussian distribution with an identity link for models of
stand basal area, a negative binomial distribution with log link for stand
density and number of tree or shrub species, and a beta distribution with a
logit link for canopy openness.

In the third part, we also analysed data at the plot level. We tested the effect
of selective cutting on the proportion and density (stems ha™') of oak recruits
measured in 2022 (Chapter I — Table S4). For the modelling the proportion
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of oak recruits, we included diameter class, treatment, and their interaction
as fixed effects and specified the pre-treatment proportion of oak recruits as
an offset (Buckley, 2015). We fit this model using a beta distribution with a
logit link, included site as a random effect, and incorporated the same zero-
inflation structure as described above. For the modelling oak recruit density,
we included diameter class, treatment, their interaction, and pre-treatment
oak recruit density as fixed effects, with site as a random effect. We fit this
model using a negative binomial distribution with a log link and the same
zero-inflation structure as in the previous models.

2.6.2 Chapter Il

We used Generalized Linear Mixed-effects Models (GLMMs) to evaluate
the effects of individual oak tree characteristics, stand structural attributes,
target diameter cutting on oak recruit diameter and height growth, and to
assess the impact of target diameter cutting on the probability that oak
recruits transition into higher crown classes.

In the first part of the analysis, we modelled oak recruit diameter and height
growth as response variables in separate models. As fixed effects, we
included dbh, height, and crown class (initial tree characteristics) and conifer
density (stems ha), broadleaved density (stems ha™'), conifer basal area (m?
ha!), broadleaved basal area (m? ha'!), BAL (m? ha!), CVd, and CVh (stand
structural attributes). Additionally, we included the number (stems ha') and
basal area (m? ha') of trees removed as fixed effects in the full GLMM
(Chapter II — Table S3). We removed variables with high multicollinearity
(variance inflation factor, VIF > 5) until all remaining fixed effects had VIF
values below this threshold. We then used the MuMIn package (Barton,
2025) for model selection. For the diameter growth model, we fit a Gaussian
error distribution with an identity link and square-root transformed diameter
growth values to meet model assumptions. For the height growth model, we
fit a Tweedie distribution to accommodate continuous growth data including
zeros. In both models, we included tree nested within plot as a random effect.

In the second part, we compared oak recruit diameter and height growth rates
among treatments using separate models (Chapter II — Table S3). Annual
growth rates were used as response variables, and we included the interaction
between treatment and measurement year as fixed effects. The applied
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random-effect structure and distribution families were the same as in the first
part of the analysis.

In the third part, we examined the effect of target diameter cutting on the
transition probability of oak recruits into higher crown classes. We assigned
oak recruits that transitioned to a higher crown class as 1 and those that
remained in the same class as 0. In the first model, we included the
interaction between treatment and measurement year as a fixed effect and
tree nested within plot as a random effect. In a second model, we included
individual tree characteristics, stand structural attributes, and the number and
basal area of cut trees as fixed effects, with plot as a random effect (Chapter
II — Table S3). We fit all crown transition models using a binomial
distribution with a logit link. Variable and model selection procedures were
the same as described for the previous analysis.

2.6.3 Chapterlll

Generalized Linear Mixed-effects Models (GLMMs) were used to evaluate
the effects of selective cutting, stand structural attributes, and host tree
characteristics on species richness of lichens and bryophytes and their
associated life forms.

In the first part of the analysis, we modelled lichen and bryophyte species
richness and evenness as response variables in separate models. For species
evenness, we calculated Pielou’s evenness index (Pielou, 1966) based on the
Shannon diversity index divided by the natural logarithm of species richness,
using the diversity function in the vegan package (Oksanen et al., 2025). In
all models, we included treatment (two levels), sampling year (three levels),
and their interaction as fixed effects, and host oak nested within site as a
random effect. For species richness, we fit models with a Poisson error
distribution and log link, and for species evenness we used a beta distribution
with a logit link. Additionally, we included trunk aspect (two levels),
treatment, sampling year, and all interactions as fixed effects. To account for
underdispersion in species richness data, we fit models using a Conway-
Maxwell-Poisson (compois) distribution with a log-link (Sellers et al., 2011),
while retaining the same random-effect structure. All previous mentioned
models included host oak nested in site as a random effect. To test the effect
of stand structural attributes on lichen and bryophyte species richness, we
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selected data from the last sampling year as the response variable and
included the following host tree characteristics and stand structural
attributes: host oak diameter increment, openness around the host oak crown,
percentage of dead branches in the crown, neighbouring shrub density,
neighbouring tree basal area, and the proportion of neighbouring broadleaf
trees. We used the same error distributions and link-functions described
above and site as a random effect.

In the second part, we tested the effect of selective cutting on the probability
of occurrence of different lichen and bryophyte life forms. We included
treatment, sampling year, life form (four levels for lichens and two levels for
bryophytes), and all two-way and three-way interactions as fixed effects,
with host oak nested within site as a random effect. We further tested the
effects of host tree characteristics and environmental variables on occurrence
probability in the last sample year. We fitted a binomial distribution with a
logit link and site as a random effect for these models.

In the third part, we conducted indicator species analysis to quantify the
association between individual species and combinations of treatment and
sampling year. We used the multipatt function with 999 permutations in the
indicspecies package (De Céceres and Legendre, 2009) to calculate indicator
values for each species separately for each treatment and year combination.
Additionally, specificity (relative abundance, A) and fidelity (relative
frequency, B) were calculated for each species within each group.

2.6.4 Chapter IV

A Generalized Linear Mixed-effects Model (GLMMs) was used to evaluate
long-term growth trends of oak recruits and assess the effects of stand
structural attributes, plot characteristics, and climate variables on oak recruit
growth.

In the analysis, periodic basal area increment (PBAI) of individual oak
recruits was used as the response variable. The time between measurements
(time) was included as a fixed effect. As stand structural attributes, we
included the starting basal area of each oak recruit at each interval (starting
ba), stand basal area (stand ba), stem density (stem dens), and the proportion
of shade species (shade). As plot characteristics, we included site index of

42



spruce (site ind s) and soil moisture class (soil m). Climate variables were
included as the 41-year average temperature (femp avg) and precipitation
(precip avg), and the temperature (femp dev) and precipitation (precpi dev)
deviation of each interval from the mean. Further, the following interactions
were included: starting basal area of each oak recruit with stand basal area
(starting ba*stand ba) and stem density (starting ba*stem dens), stand basal
area with proportion of shade species (stand ba*shade), soil moisture class
with temperature (soil m*temp dev) and precipitation (soil m*precip dev)
deviation of each interval from the mean. We included tree within plot as a
random effect in the model and fit the model using a Tweedie distribution
with a log link. We log-transformed and standardized stand basal area, stand
density, and starting basal area prior to analysis. All remaining continuous
fixed effects were standardized to facilitate comparison of effect sizes among
model coefficients. To capture non-linear temporal trends, we used the poly
function from the stats package to model both the linear and quadratic effects
of time.
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3. Results and discussion

3.1 Oak recruitment response six years after selective
cutting across southern Sweden (Chapter I)

The findings from our study of twelve experimental sites in southern Sweden
show that a single selective cutting intervention did not directly increase oak
recruit density within six years but did modify stand structural conditions in
ways that may favour oak recruitment over longer time frames. In total, 145
oak recruits were recorded in 2022, comprising 58 recruits in diameter class
A (5.0-9.9 cm) and 87 recruits in diameter class B (10.0—-19.9 cm). Mean
recruit density did not differ between selectively cut and untreated plots,
suggesting that a single intervention was insufficient to generate measurable
increases in recruitment within the observed period.

Several factors may explain the absence of a direct treatment effect. At
several sites, the pre-treatment regeneration pool of oak seedlings and
saplings appeared limited, reducing the potential for ingrowth into
recruitment size classes. This likely reflects the weak competitive ability of
oak seedlings under dense canopies prior to treatment (Kanjevac et al.,
2021), combined with high browsing pressure in southern Sweden (Wallgren
et al., 2023). Although a substantial number of oak seedlings were observed
across plots six years after treatment, particularly at western sites, this period
may have been sufficient to improve regeneration availability but not long
enough to result in detectable increases in recruit density. Moreover, pioneer
species such as birch and aspen may have responded more rapidly to
increased light availability, thereby intensifying competition with oak. These
findings suggest that repeated silvicultural interventions may be necessary to
prevent oak recruits from becoming overtopped and to promote their
progression into favourable canopy positions (Zenner et al., 2012).

Despite the lack of a direct recruitment response, selective cutting
significantly reduced overstory basal area and stem density and increased
canopy openness six years after treatment. Shrub basal area and tree species
richness were not affected. Analysis of stand structural effects revealed a
strong negative relationship between stand density and oak recruit density,
which was significant for diameter class A but not for diameter class B. For
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diameter class A, model predictions indicated a 42 percent decrease in recruit
density, from 50 stems ha™! at 1000 stems ha™' to 29 stems ha™! at 2000 stems
ha™!' (Figure 5b). This pattern was consistent when overstory density and
shrub layer density were analysed separately, highlighting the importance of
managing stand density to facilitate oak recruitment.
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Figure 5. Combined effect of shade-casting index and canopy openness on density of oak
recruits (a). Density of oak recruits in diameter class A and B as a function of stand
density (b). The moderator in (a) is set to its mean (2.69) * standard deviation (2.08,
3.29). Lines represent model predictions across the continuous variable range. Shaded
areas around the lines represent the confidence intervals of the predictions. Oak recruit
diameter class “A” 5.0-9.9 cm and “B” 10.0-19.9 cm. “**” P <0.01 and “n.s” P > 0.05.
Note that the interaction terms illustrated in (a) were non-significant (P = 0.071), see
Chapter I — Table S3.

Reducing stand density may also enhance competitive conditions by
increasing light availability alleviating belowground competition, potentially
improving soil water availability and mitigating drought stress (Aussenac,
2000; Schmitt et al., 2020). Given projections of increased summer drought
frequency in Europe (Bolte et al., 2009), lower stand density may enhance
the resistance and resilience of oak recruits, particularly at sites where oaks
are not adapted to dry conditions due to historically high precipitation
(Trouvé et al., 2017).

In addition, the combined effects of canopy openness and species shade-
casting attributes influenced oak recruitment. Model predictions indicate
higher recruit densities under conditions of increased canopy openness and
lower shade-casting index. For example, at a canopy openness of 65 percent,
predicted recruit density was 104 stems ha™" at a shade-casting index of 2.08,
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compared with 26 stems ha™! at an index of 3.29 (Figure 5a). Lower shade-
casting indices are characteristic of stands dominated by species with high
light transmission through their crowns, such as pine and birch. Oak
regeneration in association with pioneer species has been reported as
successful in several contexts (Mosandl and Kleinert, 1998; von Liipke,
1998, Forrester et al., 2017), although, the rapid growth and competitive
strength of these species must be considered. In contrast, oak has been shown
to regenerate successfully alongside pioneer species following large-scale
disturbances (Brunet et al., 2014; Goétmark and Kiffer, 2014). These findings
emphasize the importance of species composition and crown architecture in
mixed stands, as shade-tolerant tree species with deeper crowns, such as
beech, maple, and spruce, cast deeper shade that can suppress oak
regeneration.

Overall, this study highlights the recruitment stage as a critical and
previously underexplored bottleneck for oak persistence. If sustaining the
oak component is a management objective, targeted interventions should
focus on recruitment size classes by maintaining stand densities below
approximately 1000 stems ha™'. Based on model predictions, a 50 percent
increase in stand density resulted in a 42 percent decline in oak recruit
density for smaller size classes. Furthermore, increasing canopy openness
while promoting species with lower shade-casting ability was associated
with up to a fourfold increase in predicted oak recruit density. Given the
prevalence of strong shade-casting competitors such as beech, maple, and
spruce in temperate forests, their management should be explicitly
considered when the objective is to promote oak recruitment into the future
canopy.

3.2 Oak recruitment response sixteen years after
selective cutting in southern Sweden (Chapter Il)

Our results from our one study site in southern Sweden demonstrate that all
three target diameter cutting treatments primarily promoted the diameter
growth of oak recruits, with effects persisting up to sixteen years after
intervention. In total, 302 oak recruits were included in the analysis. Mean
diameter growth rates over the period 2006—2021 were significantly higher
in all treated plots compared to the control, with no differences among

47



cutting treatments (Figure 6A). Eight years after cutting, increased diameter
growth was evident only in the TDC (target diameter cutting) and TDC2
(smaller target diameter for Norway spruce to promote broadleaved species)
treatment levels, whereas after sixteen years, all three treatment levels
showed similarly enhanced growth (Figure 6B). Although annual diameter
growth declined slightly over time regardless of treatment level, the positive
effects of selective cutting persisted for at least sixteen years. This long-term
response is consistent with previous studies reporting sustained but gradually
diminishing thinning effects on oak growth (Cabon et al., 2018; Barbeito et
al., 2024; Dodan et al., 2024). In contrast, target diameter cutting did not
increase height growth of oak recruits. Overall height growth was lower in
treated plots compared to controls, with treatment-specific differences
varying over time (Figure 6C). Eight years after cutting, height growth of
trees receiving the TDC treatment level was significantly lower than in
control and TDC2 treatment level, while after sixteen years, height growth
was lowest for trees that received the TDCS (target diameter cutting with soil
scarification) treatment level (Figure 6D). These results indicate that target
diameter cutting promotes diameter increment more so than height growth.
This pattern is consistent with previous findings showing that oaks exhibit
limited height responses under partial shade and primarily allocate growth to
diameter following release (Miller, 2000; Johnson et al., 2019; Dodan et al.,
2024). Similar responses have been reported across oak species and
management systems, including coppice and high forest stands (Canellas et
al., 2004; Fedorova et al., 2016).

Oak diameter growth was positively related to initial tree size and negatively
influenced by competitive pressure, as indicated by the basal area of larger
trees (BAL) than the individual oak recruit and the basal area of broadleaved
competitors (birch, European beech, and oak). These results confirm that
increasing dominance of larger trees constrains diameter growth of oak
recruits, consistent with previous studies highlighting the role of asymmetric
competition (Rohner et al., 2017; Schelhaas et al., 2018). Given Norway
spruce and Scots pine accounted for more than 70 percent of stem density in
the studied stands, their combined effects, together with those of broadleaved
competitors, strongly limited oak growth. Height growth was positively
associated with initial diameter but declined with increasing initial oak
recruit height, broadleaved density, and height variation, suggesting that
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light limitation and asymmetric competition suppress vertical growth in
structurally dense stands. Although height growth is generally expected to
decline with increasing diameter, the positive diameter effect observed here
likely reflects the focus on relatively small recruits, for which height
increment still increases with size (Sumida et al., 1997; Trouvé et al., 2015).
Structural heterogeneity played a nuanced role in oak growth responses in
this study. While greater variation in height of surrounding trees reduced
height growth of the oak recruits by intensifying asymmetric competition,
higher diameter variation among other trees in the stand was associated with
increased height growth of the oak recruits, likely reflecting more
heterogeneous light conditions. This contrasts with studies on larger oaks,
where vertical structural complexity more clearly has been linked to
increased height growth (Stimm et al.,, 2021), highlighting the size-
dependent nature of oak growth responses. Additionally, the number of trees
removed showed a negative effect on height growth of oak recruits. This
suggests that high-intensity selective cutting does not necessarily benefit
height development, even when light availability increases, in line with
earlier findings (Vallet and Perot, 2016).

Analysis of canopy transition of oak recruits revealed that target diameter
facilitated oak recruitment by reshaping competitive hierarchies and
enabling upward shifts in canopy position, rather than by directly enhancing
height growth rates. Sixteen years after treatment, the TDC2 treatment level
showed highest overall transition rate into higher canopy classes (Figure 6E),
whereas differences were smaller or absent at earlier measurement points
(Figure 6F). Transition probability was strongly dependent on initial tree size
and stand structure. Larger recruits, in terms of dbh and height, were more
likely to advance into higher canopy positions. Suppressed trees, in terms of
social position, exhibited higher probabilities of upward transition than
intermediate trees, likely due to shifts in social position following removal
of dominant competitors. Intermediate trees may already occupy relatively
stable canopy positions and therefore experience limited competitive release.
These findings underscore the importance of release from competition during
early recruitment stages, as suppressed oaks are otherwise unlikely to recover
without intervention (Miller, 2000; Zenner et al., 2012). The higher transition
rates observed in the TDC2 treatment level likely reflect its design, which
favoured broadleaved species by removing a greater proportion of dominant
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conifers, particularly Norway spruce. This resulted in lower stand density
and basal area, facilitating the advancement of suppressed oak recruits.
Similar patterns have been reported for red oak (Quercus rubra L.) in North
America, where canopy recruitment was rare without thinning (Ward, 2009).
Although oak recruits can persist in suppressed positions for extended
periods, their transition into the overstorey is typically contingent on timely
silvicultural release (O’Hara, 1986; Dey, 2014).

Overall, our findings indicate that target diameter cutting of large trees across
species can support oak recruitment by promoting diameter growth and
facilitating upward canopy transitions, but it does not inherently increase
height growth. Management strategies aiming to sustain oak recruitment
should therefore focus on repeated, lower intensity interventions that reduce
competition directly above oak recruits while maintaining structural
heterogeneity. Retaining mixed size classes may help balance light
availability, stand productivity, genetic diversity and long-term forest
resilience.
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cutting with focus on Norway spruce removal, TDCS target diameter cutting with soil
scarification. Error bars indicate * standard error for growth rates and the mean
probability of canopy class transition. Letters in common denote no significant
differences.

3.3 Epiphyte diversity response twenty-two years after
selective cutting across southern Sweden (Chapter
1))

In this study, we evaluate epiphytic diversity response on mature host oak
trees in twenty-four sites across southern Sweden. In total 150 epiphytic taxa
were recorded across the three inventory years, including 136 identified to
species level and 14 to genus level. The total number of species recorded was
110 species (68 genera) in 2001, 116 species (74 genera) in 2009, and 110
species (72 genera) in 2023. The most frequent lichens were Lepraria incana
(L. Ach.), Pertusaria amara (Ach. Nyl.), and Phlyctis argena (Spreng. Flot),
while common bryophytes included Hypnum cupressiforme (Hedw.),
Dicranum montanum (Hedw.), and Pseudoleskeella nervosa (Brid.
Nyholm). Among the lichens, 11 species (13.6 %, 8 near threatened [NT], 2
vulnerable [VU], 1 endangered [EN]) were on the Swedish Red List (SLU
Artdatabanken, 2020) all of which were crustose lichens, whereas no
bryophytes were red listed. Selectively cut plots were characterized by larger
host oak growth, greater openness around the crown, and a higher proportion
of broadleaved trees, while control plots exhibited higher shrub density and
a greater neighbouring tree basal area.

Selective cutting had clear and persistent effects on oak-associated epiphytic
lichens, whereas responses of bryophytes were weak and inconsistent.
Lichen species richness remained stable on host oaks in selectively cut stands
but declined in unmanaged control stands over the 22-year period, indicating
that selective cutting buffered against long-term species loss. This pattern is
consistent with earlier studies showing that heterogeneous and intermediate
light conditions promote epiphytic lichen diversity (Moning et al., 2009;
Kiraly et al., 2013; Nascimbene et al., 2013). In contrast, continued canopy
closure under unmanaged conditions likely reduced light availability around
oak crowns, contributing to declining lichen richness through secondary
succession (Leppik et al., 2011). Lichen species evenness showed a more
gradual and delayed response. Evenness remained stable in selectively cut
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plots but declined in control stands, with treatment differences becoming
apparent only after more than two decades. This pronounced time lag
suggests that evenness responds more slowly than species richness and
reflects gradual shifts in relative abundances rather than rapid species
turnover. As such, evenness provides complementary information on longer-
term community reorganization following management interventions
(Nascimbene et al., 2013).

Tree- and stand-level variables further shaped lichen diversity patterns.
Higher host oak growth, greater openness around the crown, and a higher
proportion of neighbouring broadleaved trees were positively associated
with lichen richness and evenness, likely reflecting improved light
conditions and dispersal opportunities (Paltto et al., 2010; Nascimbene et al.,
2009b; Wierzcholska et al., 2024). In contrast, higher shrub density and stand
basal area consistently reduced lichen diversity, suggesting that excessive
shading outweighed potential benefits of moisture retention (Nascimbene et
al., 2012; Kiraly et al., 2013).

Responses differed among lichen life forms. Crustose lichens dominated the
epiphytic community and were the only life form containing red-listed
species. Their stable occurrence under selective cutting is therefore of
conservation relevance. In contrast, foliose lichen occurrence showed a
stronger decline, particularly in unmanaged stands, indicating a higher
sensitivity to the denser and more structurally homogeneous canopy
conditions that develop in the absence of intervention (Barkman, 1958).
Fruticose lichens showed a different but related pattern, with occurrence
declining in the control treatment but remaining stable under selective
cutting, suggesting that their dynamics may be influenced by additional
drivers not fully captured by treatment effects alone. Together, these
contrasting responses among lichen life forms indicate that selective cutting
alters epiphytic lichen communities in life-form-specific ways rather than
producing uniform responses.

Host tree characteristics and stand structure further shaped life-form
responses (Figure 7). Higher percentage of crown dead branches and
openness around the host oak crown were positively associated with crustose
lichen (Figure 7A) and algae (Figure 7B) occurrence, respectively. In
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contrast, a higher shrub density (Figure 7C) and tree basal area (Figure 7D)
were negatively associated with algae, crustose and foliose lichen
occurrence. No explanatory variables were significantly associated with the
occurrence probability of fruticose lichen, mosses, and liverworts.
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Indicator species analysis further supported the importance of canopy
structure. Species associated with selectively cut stands in 2023 were
predominantly light-demanding taxa, including Lecanora argentata (Ach.
Rohl) and L. expallens (Ach.), whereas shade-tolerant species such as
Lepraria incana (L. Ach) and Micarea prasina (Fr.) were linked to control
plots, consistent with Ellenberg light values (Ellenberg and Leuschner,
2010). The strong association of the green-alga Trentepohlia umbrina (Kiitz.
Bornet) with selective cutting is noteworthy, given evidence that this
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photobiont can benefit from relatively open conditions (Rindi and Guiry,
2002; Ellwood et al., 2021).

Bryophytes showed no consistent responses to selective cutting or
environmental variables. Overall richness was low, averaging only a few
species per tree, and bryophytes played a minor role in shaping treatment-
level diversity patterns. This likely reflects their greater tolerance of low light
and reliance on stable humidity conditions (Barkman, 1958; Vanderpoorten
and Goffinet, 2009).

Together, these results demonstrate that selective cutting can buffer long-
term biodiversity loss on mature oaks by maintaining lichen species richness
and evenness, while unmanaged stands showed clear declines. While
crustose lichens, including all red-listed species, benefited most clearly, the
decline of macrolichens could not be fully explained by the measured
structural or environmental variables. This suggests a potentially
underrecognized signal of environmental change that merits further
investigation, particularly in the context of ongoing climate warming and
increasing evaporative stress (Pisani et al., 2007; SMHI, 2025). Overall,
these findings indicate that moderate canopy opening through selective
cutting can sustain key components of oak-associated epiphytic diversity,
while also highlighting taxon- and life-form-specific sensitivities that
warrant further investigation.

3.4 Long-term trend of oak recruitment across southern
Sweden (Chapter IV)

Analysis of the permanent plots of the Swedish National Forest Inventory
showed that growth of oak recruits has declined markedly over the past four
decades in southern Sweden (Figure 8 A), and that this decline persisted even
after accounting for stand structural attributes and plot-specific climatic
conditions. This indicates that while stand structure and climate are
important drivers of growth of oak recruits, they do not fully explain the
long-term downward trend, pointing to the influence of additional site-
specific constraints, legacy effects, and management history.
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A higher proportion of shade-tolerant species (European beech and Norway
spruce) was associated with reduced growth (Figure 8B), reflecting their
strong competitive advantage through deep shading and rapid canopy closure
(Hein and Dhéte, 2005; Leonardsson et al., 2015; Vanhellemont et al., 2018;
Kohler et al., 2020). In addition, increasing stand basal area and stem density
further constrained oak recruit growth by intensifying competition for light,
water, and nutrients. Stand basal area exerted a particularly strong
suppressive effect on smaller recruits (Figure 8D), while stem density
reduced growth across size classes (Figure 8E). Dense canopies limit light
availability for light-demanding oaks and reduce throughfall to the forest
floor (von Liipke, 1998; von Liipke and Hauskeller-Bullerjahn, 1999;
Sadeghi et al., 2020), while dense under- and midstory layers exacerbate
above- and belowground competition (Aussenac, 2000; Schmitt et al., 2020).
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Soil moisture conditions strongly shaped growth responses to climatic
variability. Oak recruits on dry sites showed higher overall growth (Figure
8C) and responded positively to increasing above-average precipitation
(Figure 9A), likely reflecting a competitive advantage associated with deep
rooting and relatively high drought tolerance, particularly for sessile oak
(Nicolescu et al., 2025). In contrast, recruits on mesic sites exhibited reduced
growth during warmer-than-average periods (Figure 9B), suggesting
increased sensitivity to water limitation under warming conditions,
especially in populations less acclimated to drought (Kunz et al., 2018;
Schmitt et al., 2020). Importantly, these climate—growth relationships were
detected despite climatic variables being averaged across inventory intervals,
indicating that climatic influences on recruit growth are sufficiently strong
and persistent to be captured even at coarse temporal resolution.
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moisture class (mesic-moist, mesic, dry) and deviations in precipitation (A) and
temperature (B) from the long-term mean (1983-2024). Lines represent model
predictions, with shaded area indicating 95 percent confidence intervals. “***” P <0.001,
“*x7p <0.01.

The long-term decline in oak recruit growth observed in this study differs
from the growth increases reported for several regions in Central Europe,
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including France, Belgium, the Czech Republic, and parts of Germany
(Becker et al., 1994; Bergés et al., 2000; Kint et al., 2012; KaSpar et al.,
2024), yet is consistent with decreasing trends documented in northern
Germany (Bauwe et al., 2015). Such regional discrepancies likely arise from
interacting differences in species composition, soil conditions, and climatic
regimes. In Sweden, oak populations occur near the northern limit of their
distribution and may therefore be adapted to comparatively cool growing
conditions. Recent years, however, have been characterized by higher
temperatures and reduced precipitation (Figure 4), which may increasingly
constrain soil water availability during warm periods and may lead to
persistent growth reductions through legacy effects. Future climate
projections indicating a temperature increase of 2—6 °C by the end of the
century (SMHI, 2025), together with a potential northward shift in oak
distribution (Dyderski et al., 2025), further increase uncertainty surrounding
future growth trajectories (Friedrichs et al., 2009b).

Overall, our results highlight the recruitment phase as a critical bottleneck
for oak persistence in temperate forests at the northern distribution margin.
Sustaining oak populations under continued climate change will likely
depend on active management of species composition, stem density, and
basal area, as well as improved integration of higher resolution climate data,
additional site characteristics and historical legacies. Integrating these
approaches will enhance our ability to project oak recruitment under
changing climatic conditions and to design management strategies that
support long-term oak persistence and biodiversity in temperate forest
ecosystems.

3.5 General limitations

While the studies in this thesis provide new insights into oak recruitment
challenges and biodiversity implications of oak-dominated forests under
continuous cover forestry, several limitations should be acknowledged.
Across chapters, site- and plot-specific factors such as detailed soil
properties, microclimatic conditions, and light availability (except Chapter
I) were not explicitly measured. Incorporating such variables could have
improved the explanatory power of the analyses, particularly disentangling
structural effects from direct environmental drivers. In addition, landscape
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context and management history were not consistently available, which may
have contributed to unexplained variability among plots.

Several limitations are specific to individual chapters. In Chapter I, the study
design did not allow individual oak recruits to be tracked over time, which
limits inference on short-term growth responses and may have contributed to
the absence of treatment effects on recruit density. Permanent marking of
recruits, combined with information about the size of the regeneration pool
would have enabled a clearer assessment of ingrowth processes and
treatment effects. In Chapter 11, the experimental site was located on a highly
productive site, whereas oak forests in Sweden more commonly occur on
sites with lower productivity, which constrains the generalizability of the
findings. In Chapter IIl, direct measurements of light, temperature, and
moisture conditions on tree trunks were not collected. Although crown
openness served as a proxy for light conditions, it does not fully capture
microhabitat conditions experienced by epiphytes, and the exclusion of
upper trunk and canopy sections likely led to an underestimation of total
epiphytic diversity. In Chapter IV, the absence of detailed soil data, direct
light measurements, and oak recruit age limited the ability to separate
ontogenetic, structural, and environmental effects. Moreover, climatic
variables were averaged across inventory intervals, reducing sensitivity to
short-term extreme events.

Taken together, these limitations highlight the importance of long-term
monitoring approaches that integrate repeated silvicultural interventions
with detailed measurements of site conditions, stand history, and
microclimate. Future research combining permanent plot designs and higher-
resolution environmental data will be essential to refine understanding of oak
recruitment processes and to support adaptive management under changing
climatic conditions.
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4. Forest management implications

4.1 Recruitment of oaks and associated biodiversity
under continuous cover forestry

Continuous cover forestry (CCF) is increasingly promoted as a management
approach capable of reconciling timber production, biodiversity
conservation, and climate adaptation in temperate forests. Its emphasis on
permanent forest cover, structural heterogeneity, and natural regeneration
aligns well with the ecological characteristics of oak-dominated forests,
which are often structurally complex and support a high diversity of
associated organisms. However, the synthesis of results across this thesis
demonstrates that oak recruitment represents a critical and unresolved
bottleneck under CCF, with important consequences for both long-term
stand continuity and biodiversity conservation.

Across chapters, oak recruitment was consistently constrained by stand
conditions that favoured competitors, particularly a high proportion of shade-
tolerant species, elevated stand basal area, and high stem density. In Chapter
I, a single selective cutting intervention altered stand structure by reducing
basal area and increasing canopy openness but did not result in higher oak
recruit density within six years. This suggests that short-term structural
changes alone may be insufficient to overcome recruitment limitations,
especially where regeneration pools are limited or competition remains
strong. In Chapter II, target diameter cutting clearly enhanced diameter
growth of oak recruits but did not increase height growth, indicating that
partial release primarily promotes lateral growth and that additional or
repeated interventions may be required to facilitate vertical progression into
the canopy. Together, these experimental results show that under CCF, oak
may persist in the regeneration layer, but it struggles to advance into larger
size classes. Targeted management interventions may therefore need to be
applied repeatedly or with greater intensity to support the transition of oak
recruits into the canopy.

The long-term analysis in Chapter IV reinforces this interpretation by
documenting a pronounced decline in oak recruit growth over the past four
decades, even after accounting for stand structure, site conditions, and
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climatic variability. Increasing proportions of shade-tolerant species, higher
stand basal area, and greater stem density were consistently associated with
reduced growth of oak, underscoring the cumulative effects of competition
in increasingly closed-canopy systems. Climate—growth relationships were
strongly mediated by soil moisture conditions. Oak recruits on dry sites
showed higher overall growth and responded positively to above-average
precipitation, whereas recruits on mesic sites exhibited strongly reduced
growth during warmer-than-average periods. This pattern is particularly
relevant in Sweden, where oak occurs near its northern distribution limit and
may be historically adapted to relatively cool climatic conditions. Recent
warming trends, interacting with site moisture and competitive stand
structure, therefore, appear to exacerbate recruitment constraints rather than
compensate for them. Importantly, these climate signals were detectable
despite climatic variables being averaged across inventory intervals,
suggesting that climatic influences on oak recruit growth are strong and
persistent.

At the same time, the results from Chapter III demonstrate that selective
cutting under continuous cover forestry can provide clear and long-lasting
benefits for oak-associated biodiversity. Lichen species richness and
evenness were maintained in selectively cut stands, whereas declines
occurred in unmanaged controls. These patterns were driven primarily by
crustose lichens, which dominated the epiphytic community and represented
the only life form containing red-listed species. The stability of crustose
lichens under selective cutting is therefore of particular conservation
significance, indicating that moderate canopy opening can buffer
biodiversity loss without compromising forest continuity. In contrast,
bryophytes were comparatively rare across treatments, limiting inference
about their responses. Moreover, some declines could not be fully explained
by the measured stand or host-tree variables, including the pronounced
decline of foliose lichens in both treatments and the decline of fruticose
lichens in the control treatment. These unresolved patterns likely reflect the
influence of unmeasured factors such as microclimatic variability, air
humidity, or broader environmental pressures, underscoring that biodiversity
responses to CCF are taxon-specific and closely linked to fine-scale habitat
conditions shaped by stand structure.
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Taken together, the findings indicate that CCF can support oak-associated
biodiversity while maintaining forest cover, but successful oak recruitment
requires more deliberate structural management than is often assumed under
low-intervention regimes. While CCF provides a suitable framework for
maintaining structural complexity and oak-associated biodiversity, it does
not inherently ensure successful oak recruitment. Without targeted reduction
of stand density and shade-tolerant competitors, CCF may inadvertently
favour species such as beech and spruce at the expense of oak, leading to
long-term recruitment failure despite the persistence of mature oaks. A key
management insight emerging from this thesis is that oak recruitment
responds to broadly similar stand structural conditions as oak regeneration,
according to the literature. Both stages benefit from reduced competition,
lower proportions of shade-tolerant species, and increased light availability.
This coherence is encouraging from a silvicultural perspective, as it suggests
that management interventions aimed at promoting oak regeneration can
simultaneously support recruitment into larger size classes. Rather than
treating regeneration and recruitment as separate challenges, CCF
management can be designed to address the entire oak regeneration-
recruitment continuum, potentially simplifying long-term planning and
increasing the effectiveness of adaptive strategies.

Therefore, effective oak recruitment under CCF requires a deliberate balance
between maintaining continuous cover and applying sufficiently intensive or
repeated interventions to sustain light availability and reduce competitive
pressure, particularly as light requirements of oak increase with size. Failure
to address this balance risks decoupling biodiversity conservation from long-
term stand continuity, with mature oak-dominated systems gradually losing
their regenerative capacity. Adaptive CCF strategies that explicitly integrate
oak recruitment objectives alongside biodiversity goals are therefore
essential to sustain oak-dominated and oak-rich forests under ongoing
climate change.

4.2 Outlook and research needs

Species-specific recruitment dynamics In our studies, we did not
distinguish between pedunculate and sessile oak, as the primary objective
was to promote oak recruitment irrespective of species. Future studies should

63



explicitly differentiate between the two species to assess species-specific
recruitment patterns, particularly in relation to climatic conditions, soil
properties, and moisture availability.

More long-term field studies Our experimental studies (Chapter I and II)
spanned periods of six to sixteen years which might have been too short to
fully capture growth responses in diameter and height growth, given the
relatively slow growth rates of oak. More extended long-term field
experiments are therefore essential to robustly evaluate oak growth responses
to selective cutting and other management interventions.

Multi-site selection system studies The selection system that we examined
in Chapter II was implemented at a single, highly productive site. To improve
the applicability of our results, more studies are necessary that apply similar
management approaches across multiple sites spanning a gradient of site
productivity. This would allow evaluating whether target diameter cutting
could consistently promote oak recruitment under varying site conditions.
Repeated silvicultural intervention studies Our experimental studies
assessed oak recruit responses to a single silvicultural intervention. Although
selective cutting increased canopy openness and light availability, faster-
growing species may respond more rapidly to these changes and potentially
outcompete oak over time. Studies incorporating repeated silvicultural
interventions over longer periods are therefore needed to assess whether oak
recruitment can be sustained under dynamic stand structural conditions.
Landscape-level biodiversity responses Our study in Chapter III included
multiple experimental sites across southern Sweden. However, we could not
revisit the experiment on several sites due to discontinuation of the
experiment which limited our ability to conduct landscape-level analyses
along climatic gradients. Future research should prioritize long-term
biodiversity monitoring across well-distributed sites to evaluate how climatic
context influences taxon-specific responses to selective cutting and stand
structure.

Recruitment and environmental stressors Future studies are necessary to
assess how single or repeated silvicultural measures influence oak
recruitment under increasing environmental stress, including the combined
effect of recurrent drought events and pathogen pressure. It would further
our understanding how stand structure mediates oak responses to such
stressors which will be critical under projected climate change.
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Latitudinal gradient studies Our analysis of Swedish National Forest
Inventory data revealed growth trends that contrast with patterns reported
from parts of Central Europe. Comparative studies across a latitudinal
gradient covering the European distribution of oak are needed to determine
whether declining recruitment-stage growth is specific to northern range
limits or reflects broader regional patterns.

Establishment of consistent terminology The diversity of terms used to
describe continuous cover forestry and related approaches has been
highlighted as a practical barrier to wider implementation of CCF in Sweden.
From our perspective, future research that aims to inform policy and
management would benefit from using clearer and more consistent
terminology when referring to continuous cover forestry. Greater conceptual
clarity would not only facilitate communication among researcher,
practitioners, and policymakers, but also improve the comparability and
applicability of research outcomes, which is essential if the ambition is to
promote more sustainably managed forests.

Together, these research needs highlight that advancing sustainable
management of oak-dominated forests requires a stronger focus on the
recruitment phase, longer-term and spatially explicit studies, and a clearer
integration of stand structure, species-specific responses, and environmental
stressors. Addressing these gaps will improve our ability to predict oak
recruitment dynamics across environmental gradients and management
regimes, thereby supporting the development of adaptive continuous cover
forestry strategies that sustain both oak populations and their associated
biodiversity under ongoing climate change.
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Popular science summary

Forests around the world are under growing pressure from climate change
and human land use. Intensive forestry, large-scale plantations, and changes
in traditional disturbance patterns have reduced forest biodiversity and
altered how forests function. As a result, the remaining structurally diverse
forests are increasingly important for maintaining biodiversity and
ecosystem services. Oak forests are among the most valuable forest
ecosystems in temperate regions. They provide timber, recreation, water
regulation, and habitat for a wide range of species. Oaks live for centuries
and create complex forest structures that support many insects, fungi,
lichens, mosses, and birds. This complexity also makes oak forests more
resilient to environmental change. Despite these strengths, many oak forests
are struggling to replace old trees with younger ones. While seedlings may
still appear, too few oaks manage to grow into larger trees that can form the
future forest canopy.

In Sweden, oak forests are mainly found in the southern part of the country
and today make up only a small fraction of the forest landscape. Most forests
are dominated by Norway spruce and Scots pine, while oaks are largely
confined to older age classes. Young and medium-sized oaks are rare, which
raises concerns about the long-term survival of oak forests and the many
species that depend on them. Historically, oak forests were shaped by grazing
and different forms of selective cutting, that kept them relatively open. As
these practices disappeared, forests became denser and shadier, favouring
faster-growing, shade-tolerant trees over oaks. This shift has made it harder
for oaks to regenerate and grow. One alternative forest management
approach is continuous cover forestry (in Swedish: hyggesfritt skogsbruk or
kontinuitetsskogsbruk), which avoids clear-cutting and aims to maintain
forest cover at all times. This approach promotes structural diversity and
biodiversity, often through selective cutting of individual trees. However, it
remains unclear whether oaks can successfully regenerate and grow under
these conditions without targeted management, since too little disturbance
may favour competing tree species.

This thesis investigates oak recruitment, the critical stage when young oaks
grow into established trees, and how it is affected by forest structure,
selective cutting management, and climate. An oak recruit is defined here as
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a young oak tree, either pedunculate oak or sessile oak, with a trunk diameter
between five and twenty centimetres. This stage represents a critical
transition between small saplings and mature canopy trees, and it is
increasingly recognized as a bottleneck for the long-term survival of oak
forests. The thesis brings together four studies that span different time scales,
reflecting the slower growth of oak trees. Two studies used field experiments
to examine how young oaks respond to forest management over several
years. Another study focused on mature oaks, investigating how forest
management affects lichens and bryophytes living on oak trunks. A fourth
study analysed long-term data from the Swedish National Forest Inventory
to track growth of oak recruits over four decades. By combining long-term
national forest data with field experiments across southern Sweden, the aim
was to improve our understanding of how oak forests can be managed to
promote oak recruitment and increase the chances of them growing into
dominant, mature canopy trees.

Across all studies, the success of young oak trees was strongly limited by
competition from surrounding trees. Dense forests with many shade-tolerant
tree species, high overall tree number, and large amounts of standing timber
consistently reduced the number and growth of young oaks. In the first
experiment, short-term results showed that selective cutting can create more
favourable conditions for oak recruits in oak-dominated forests. Lower tree
density was linked to a higher number of oak recruits. More open canopies
with tree species that allow more light to pass through their crowns appeared
to support oak recruitment. These results highlight that both tree density and
species composition are important considerations when managing forests to
promote oak recruits. In a second, longer-term experiment, selective cutting
was applied in a forest dominated by Norway spruce and Scots pine but that
contained many oak recruits. Removing competing trees, particularly
Norway spruce, clearly improved the diameter growth of oak recruits,
although their height growth did not increase. Importantly, this treatment
improved the position of young oaks relative to larger, dominant trees,
increasing their chances of responding positively to future forest
management and environmental change. Forests with a wider mix of tree
sizes also provided better light conditions for oak growth. Stronger or
repeated interventions may be necessary to help oaks progress to eventually
reach the canopy.
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The longest-running experiment showed that selective cutting also benefits
epiphytic biodiversity linked to oak trees. Lichen diversity on mature oaks
remained stable in managed forests but declined in unmanaged, dense stands.
This was especially true for crustose lichens, the group that included all red-
listed species recorded in the study. Mosses and liverworts were less
common, making their responses harder to assess. Some declines in lichen
groups could not be fully explained, indicating that factors such as local
microclimate or broader environmental change may also play a role. The
long-term analysis of the National Forest Inventory data strengthened the
findings for oak recruits. Growth of oak recruits has steadily declined over
the past forty years in Sweden, even after accounting for forest structure, site
conditions, and climate. The strongest declines occurred in dense forests and
where oak grew alongside many shade-tolerant tree species. Climate effects
were also important but depended on soil moisture. Oaks grew better on dry
sites when rainfall was higher, whereas warmer conditions reduced growth
on moderately moist sites. This is especially relevant in Sweden, where oak
grows near its northern range limit and may be less well adapted to recent
warming trends.

Overall, the results show that forest management can successfully support
oak-associated biodiversity while maintaining continuous forest cover.
However, oak recruitment does not happen automatically under low-
intervention management. To secure the future of oak forests, selective
cutting must be applied deliberately and potentially repeatedly to reduce
competition and maintain sufficient light. Encouragingly, oak regeneration
and recruitment respond to similar forest conditions, meaning that well-
designed management might be able to support the entire life cycle of oak
trees. Without such targeted efforts, oak forests risk becoming dominated by
older trees with few younger individuals to replace them in the future.

81






Popularvetenskaplig sammanfattning

Skogar vérlden dver paverkas allt mer av klimatforandringar och ménsklig
markanvindning. Intensivt skogsbruk, stora plantageliknande system och
fordndringar 1 hur skogar traditionellt har brukats har lett till minskad
biologisk méngfald och fordndrade ekosystemfunktioner. Dérfor har de
skogar som fortfarande ar strukturellt varierade fatt en allt viktigare roll for
att bevara biologisk méngfald och viktiga ekosystemtjénster. Ekskogar ar
bland de mest vérdefulla skogstyperna i tempererade omraden. De bidrar
med virke, rekreation, vattenreglering och livsmiljoer for ett stort antal arter.
Eftersom ekar kan leva i flera hundra ar skapar de komplexa skogsstrukturer
som gynnar ménga insekter, svampar, lavar, mossor och figlar. Denna
strukturella mangfald goér ocksa ekskogar mer motstandskraftiga mot
miljoforandringar. Trots detta har ménga ekskogar svart att foryngra sig och
unga trid blir séllan stora dominerande ekar. Aven om sméa ekplantor ofta
etableras 1 stort antal &r det f4 som lyckas véxa vidare till storre trdd som kan
bilda framtidens krontak.

I Sverige finns ekskogar frimst i den sddra delen av landet och utgér i dag
endast en liten del av skogslandskapet. De flesta skogar domineras av gran
och tall, medan ekar huvudsakligen forekommer i dldre &ldersklasser. Unga
och medelstora ekar dr ganska ovanliga, vilket vicker oro for bade
ekskogarnas langsiktiga 6verlevnad och for de ménga arter som &r knutna till
ek. Historiskt har ekskogar formats av bete, olika former av plockhuggning
och andra storningar, vilket holl dem relativt Oppna. Nir dessa
brukningsformer forsvann blev skogarna tédtare och skuggigare, vilket
gynnade snabbvidxande och skuggtéliga tradslag pa bekostnad av ek. Detta
har gjort det svérare for ekar att bade foryngras och véxa vidare. Ett
alternativt sdtt att bruka skog &r kontinuitetsskogsbruk, &dven Kkallat
hyggesfritt skogsbruk, dar kalavverkning undviks och skogstdcket behalls
over tid. Metoden syftar till att frémja variation i skogens struktur och
biologisk mangfald, ofta genom plockhuggning av enskilda trdd. Samtidigt
ar det oklart om ekar klarar att foryngras och vixa framgangsrikt i sddana
system utan sirskilda skogsskotselétgirder, eftersom en for 14g storningsniva
kan gynna konkurrerande tridslag.
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Denna avhandling fokuserar pa rerytering av unga ekar, det vill sdga det
kritiska stadiet da unga ekar vixer fran sma trid till etablerade individer med
potential att nd krontaket, och hur denna process paverkas av skogsstruktur,
selektiv avverkning och klimat. Hér definieras rekryter av ek som en ung ek,
antingen skogsek eller bergek, med en stamdiameter vid brosthdjd pa mellan
fem och tjugo centimeter. Detta steg utgér en viktig Overgadng mellan
plantstadiet och vuxna trdd och betraktas allt oftare som en flaskhals for
ekskogars framtid. Avhandlingen omfattar fyra studier med olika
tidsperspektiv, anpassade till ekens langsamma tillvaxt. Tva studier bygger
pa faltexperiment dir unga ekars respons pa skogsskotsel foljdes under flera
ar. En tredje studie undersokte hur selektiv avverkning péverkar lavar och
mossor som lever pa éldre ekars stammar. Den fjirde studien analyserade
langsiktiga data fran Riksskogstaxeringen for att f6lja tillvixten hos rekryter
av ek under fyra decennier. Genom att kombinera dessa angreppssétt var
malet att béttre forsta hur ekskogar kan skotas for att 6ka chanserna for unga
ekar att utvecklas till framtida dominerande trid.

Samtliga studier visar att konkurrens frén omgivande tréd kraftigt begransar
unga ekars framgéng. Téta skogar med ménga skuggtaliga triddslag, hogt
stamantal och stora méngder stidende virke minskade bade antalet och
tillvixten hos rekryter av ek. I det forsta experimentet visade kortsiktiga
resultat att plockhuggning kan skapa béttre forutsittningar for unga ekar i
skogar dominerade av ek. Légre tradtithet var kopplad till fler rekryter av
ek, och mer 6ppna kronor samt tridslag som sldpper igenom mer ljus verkade
gynna rekryteringen. Detta visar att bade stamtithet och
tradslagsammanséattning dr viktiga att beakta vid skotsel av ekskogar. 1 ett
andra, mer langsiktigt experiment genomfordes plockhuggning i en skog
dominerad av gran och tall men med ménga unga ekar. Nér konkurrerande
trad, sarskilt gran, togs bort 6kade diametertillvixten hos rekryterna av ek
tydligt, &ven om hojdtillvaxten inte 6kade. Behandlingen forbéttrade ockséa
ekarnas konkurrensldge gentemot storre trid, vilket 6kade deras mojligheter
att svara positivt pa framtida atgarder och milj6forandringar. Skogar med
storre variation i tridstorlekar gav dessutom battre ljusforhallanden for ekens
tillviaxt. For att ekar ska kunna na skogstaket kan darfor kraftigare eller
upprepade atgirder behovas.
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Den langst padgaende studien visade att selektiv avverkning &ven har positiva
effekter pa biologisk mangfald knuten till ekar. Méngfalden av lavar pa
gamla ekar forblev stabil i skotta bestind men minskade i téta, oskotta
skogar. Detta gillde sidrskilt skorplavar, den grupp som omfattade alla
rodlistade arter som patraffades. Mossor och levermossor var mindre
vanliga, vilket gjorde deras respons svarare att tolka. Vissa minskningar i
grupper av lavar kunde inte forklaras fullt ut, vilket tyder pa att &ven faktorer
som mikroklimat eller bredare miljoforandringar kan spela in. Den
langsiktiga analysen av Riksskogstaxeringens data bekrdftade monstren for
rekryter av ek. Tillvéxten hos unga ekar har minskat stadigt under de senaste
fyrtio &ren, dven nér hdnsyn tagits till skogsstruktur, stdndort och klimat. De
storsta minskningarna skedde i tita skogar och dér ekar véxte tillsammans
med ménga skuggtiliga trddslag. Klimatet hade ocksé betydelse, men
effekterna berodde ocksa pa markfuktighet. Ekar véxte battre pa torra marker
ndr nederbdrden stundtals var hog, medan stundtals varmare forhallanden
minskade tillvixten pad maéttligt fuktiga marker. Detta &r sérskilt viktigt i
Sverige, dér ek véxer nira sin nordliga utbredningsgrins och kan vara sdmre
anpassad till den senaste tidens uppvarmning.

Sammanfattningsvis visar resultaten att skogsskotsel kan stodja biologisk
mangfald knuten till ek. De visar samtidigt att rekrytering av ekar inte sker
av sig sjélv vid 1agintensiv skotsel. For att sékra framtiden for ekskogar krivs
att plockhuggning anviands medvetet och vid behov upprepas for att minska
konkurrens och sékerstélla tillrdckligt ljus. Ett positivt resultat dr att bade
foryngring och rekrytering av ek gynnas av liknande skogliga forhallanden,
vilket innebér att genomténkt skétsel kan stodja hela ekens livscykel. Utan
sddana riktade insatser riskerar ekskogar att domineras av gamla trdd utan
tillrackligt ménga yngre for framtiden.
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Oak-dominated forests worldwide support high levels of biodiversity and provide many important ecosystem
services. However, oak forest sustainability is challenged by unsuccessful recruitment of oaks into the overstory.
It is debated whether relatively shade-intolerant oaks can maintain dominance under continuous cover forestry
and examples of successful recruitment of oak into the overstory in mixed, uneven-aged forests are rare. This
study, set in southern Sweden, investigated the effects of selective cutting on stand structure and oak recruits and
how stand density, canopy openness, and a tree species-specific shade casting index relates to the density of oak
recruits. We focused on oak recruitment from the lower and middle canopy (dbh 5-10, 10-20 cm), i.e. trees that
were beyond browsing height. Our findings indicate that a lower stand density was positively related to
recruitment density of the smaller diameter size class, and as an indirect effect that a higher canopy openness
with a lower shade-casting index was positively (but not significantly) associated with oak recruitment. Selective
cutting decreased stand basal area and stand density while it increased canopy openness, but it did not have a
direct short term effect on oak recruitment. These results indicate that stand structures obtained through
continuous cover forestry may benefit recruiting oaks and that stand density, canopy openness and a canopy
composition with high light transmission may need to be considered when ensuring the continuity of mixed,
uneven-aged oak forests.

1. Introduction oak-dominated forest type has been degraded by deforestation for

agriculture and for conversion to conifer plantations (Lindbladh et al.,

Oak-dominated forests in Eurasia and North America support high
levels of biodiversity and provide many important ecosystem services
including timber and fuelwood, recreation and aesthetic values, and
they offer an opportunity for adaptation of forest management to
climate change because of their high resilience to disturbance and
environmental stress (Norman et al., 2010, Gil-Pelegrin et al., 2017,
Johnson et al., 2019, Harvey et al., 2020, Stavi et al., 2022, Chakraborty
etal., 2024). For example, pedunculate oak (Quercus robur L.) and sessile
oak (Q. petraea (Matt.) Liebl.) are foundation species ranking among the
most important trees associated with endangered invertebrates, lichens,
fungi, and birds in Europe (Lindbladh and Foster, 2010). During the last
300 years, large areas of the once widespread mixed and multi-aged
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2014, Bobiec et al., 2018). The remaining fragmented oak forests sup-
port much higher levels of biodiversity than conifer plantations (Berg
et al., 1994, Sundberg et al., 2019). Ensuring the continuity of these
remaining oak forests is critical to safeguarding biodiversity and
ecosystem services, and many oak-dominated forests have been desig-
nated for nature conservation and restoration in Scandinavia (Gotmark,
2013, Molder et al., 2019).

However, many oak forests are still managed fully or partly for
timber production, and it is a great challenge to conserve and restore
biodiversity rich oak-dominated habitats while also maintaining the
economic viability of forestry (Stimm et al., 2022). Such multi-purpose
forest management may best be obtained within the framework of an
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integrative oak forest management approach such as continuous cover
forestry (Molder et al., 2019, Mason et al., 2022). Continuous cover
forestry includes creating and managing structurally diverse mixed
forests that promote native tree species while sustaining wood produc-
tion (Pommerening and Murphy, 2004). The silvicultural focus lies
therein on selective cutting and natural regeneration (Pommerening and
Murphy, 2004, Mason et al., 2022). There is, however, limited practical
experience with continuous cover forestry methods in many countries,
including Sweden (Mason et al., 2022). This is especially true in struc-
turally diverse temperate forests, where there is a lack of knowledge on
which stand structural attributes favor oak recruits, and how selective
cutting impacts stand structure and oak recruitment. Hence, it is not
currently clear how to sustain oak dominated stands under continuous
forest cover (Pommerening and Murphy, 2004, Ligot et al., 2013,
Petersson et al., 2019) and whether less shade-tolerant oaks can attain
dominance in these stands. Some previous studies supported manage-
ment solutions that combine oak regeneration with selective cutting or
gap cutting (e.g. Stahl-Streit, 2004, Kiraly and Odor, 2010, Leonardsson
et al., 2015, Petersson et al., 2020), but light requirements of oak sap-
lings together with competition from relatively more shade-tolerant
co-occurring woody species complicates such approaches. Oaks typi-
cally require a minimum of 15-20 % of full light for sustained growth
(von Liipke, 1998, Lof et al., 2007), however studies have shown that
shrubs can still outcompete oak saplings at these light levels (Kohler
et al.,, 2020, Leonardsson et al., 2015). Thus, even where oak seedlings
establish, recruitment into the overstory is typically limited (Petersson

Forest Ecology and Management 586 (2025) 122721

etal., 2019). According to the literature review of Kohler et al. (2020),
the main factors influencing successful oak regeneration are light
availability, competing vegetation, browsing, initial oak seedling den-
sity and intensity of tending efforts. However, oak trees in diameter
classes ranging from 5 to 20 cm have been largely understudied. Success
in manipulating stand structure to benefit the recruitment of these oak
trees into the overstory has been inconsistent. This is likely due to a lack
knowledge of how different stand structural attributes and the timing of
canopy cover changes influence the necessary light availability for oak
development (Molder et al., 2019, Stimm et al., 2022). This knowledge
gap hinders advancement of sound and reliable management strategies
in mixed temperate forests.

The goal of this study was to inform practical silviculture and
restoration of structurally diverse forest habitats with a high proportion
of oak. Specifically, we examined (1) which specific stand structural
attributes favor oak recruits (here defined as oak trees with a diameter of
5.0-19.9 cm); (2) how selective cutting influences stand structural at-
tributes; and (3) the effects of selective cutting on oak recruitment. We
hypothesized that stand structural attributes that influence the oak
regeneration layer will also play an important role for oak recruitment.
For this, we included the first two factors (light availability, competing
vegetation) of (Kohler et al., 2020) and tested the effects of stand den-
sity, canopy openness and shade-casting index on oak recruitment. As
the selective cutting will lead to an increase in canopy openness and a
decrease in density of competing trees, we anticipated that plots with
selective cutting will have a higher oak recruitment than plots without

0 50 100 150

Site design
Control plot (C)

O
w ool

30m 70 m

Selective cutting plot (S)

200 km

Fig. 1. Study region in Sweden and the location of the 12 experimental sites established in 2016 (left) south of “Limes Norrlandicus” (denoted by dashed line, Sjors,
1999), with an example of the experimental design (right). Numbers 1-12 in the map correspond to the site numbers in Table 1. The experimental design at each site
and treatment plot shows the four sections (separated with horizontal lines) along each of the two transects (at 30 m (T30) and 70 m (T70)). There were three circular
subplots (radius 10 m, open circles) for tree measurements in each treatment plot, and four sample points for estimates of canopy cover with hemispherical pho-

tographs (marked with an ’x’).
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selective cutting. For this study, we used 12 experimental sites in mixed,
uneven-aged temperate forests located across southern Sweden.

2. Methods
2.1. Description of the region and climate

In Sweden, pedunculate oak and sessile oak reach their northern
distribution limit at the Limes Norrlandicus (Fig. 1, Sjors, 1999). The
forest in this area consists mostly of conifer-dominated production for-
ests, while oaks account for 4% of the total standing volume (SLU,
2020). In this region, oaks commonly occur in tree species mixtures with
Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.),
along with broadleaves such as birch (Betula pendula Roth. and
B. pubescens Ehrh.), European aspen (Populus tremula L.), small-leaved
lime (Tilia cordata Mill.), rowan (Sorbus aucuparia L.) and European
hazel (Corylus avellana L.) in the understory (Drossler et al., 2012).

Climatic conditions differ among the 12 experimental sites with
decreasing precipitation from the west to the east (Table 1). Along the
west coast, the mean annual (2000-2022) temperature and precipitation
were 7.2 C and 980 mm, respectively. In comparison, the mean annual
temperature and precipitation on the east coast were 7.4 Cand 708 mm
(Hersbach et al., 2023). Most years within the experimental period
(2016-2022) experienced relatively normal precipitation and tempera-
tures except for 2018, which was a dry year with precipitation up to
50 % lower than average and temperatures 2-4 °C higher than average
(Wilcke et al., 2020, SMHI, 2024).

2.2. Experimental design
In 2016, 12 experimental sites were established in ca 40-80 year old,
mixed broadleaved forest stands across the study region (Table 1, Fig. 1).

These stands showed few signs of management for timber production or

Table 1
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grazing but only five were in parts formally protected. All stands had
regenerated naturally from abandoned pastures and hay meadows
(Nordén et al., 2019) and most sites were dominated by oak (Q. robur
and/or Q. petraea). Some old trees, mostly oaks, were still present but
most trees were in a younger age range as mentioned above. At each site
we established two, 1-ha treatment plots (100 x100 m) spaced
25-125 m apart. Plots were randomly assigned as control treatment (C)
which did not receive cutting, or a selective cutting treatment (S) which
received cutting across the whole 1-ha plot in the winter 2016/2017.
The main aim was to alter stand structure to increase the density of
young oak trees for recruitment into the overstory and ensuring conti-
nuity of biodiversity rich oak-dominated habitats. Therefore, selective
tree harvesting targeted Norway spruce, birch and dense patches of
hazel as potentially strong competitors of oak recruitment. Some oaks
were removed in some stands but most trees of temperate broadleaved
tree species and especially trees considered valuable for biodiversity
(with cavities, injuries and dead wood) were always retained. The se-
lective tree harvesting was done using combinations of harvester,
forwarder, chain saw, tractor and ATV (Nordén et al., 2019). On
average, cutting removed about 25-30 % of the basal area from plots
receiving the S treatment.

In each treatment plot, two parallel transects were positioned 30 m
and 70 m from the south-west corner of the plot (Fig. 1). From hereon
we refer to these transects as T30 and T70. Each transect was divided
into four sections of 25 m (Sections 1-4) with a total length of 100 m. A
10-m radius circular sub-plot was delineated in the centre of Sections 1
and 3 of T30 and 2 of T70 (3 sub-plots per treatment plot) to conduct tree
measurements (see below). We call these subplots semi-permanent
because their centre was not monumented, centres were relocated by
measuring the distance along the transects.

Characteristics of 12 sites and control (C) and selective cutting (S) treatments (one C and one S per site). Site numbers correspond with numbering in Fig. 1. Site
coordinates of latitude (lat) and longitude (long) correspond with the C plot of each site. Initial stand basal area (m? ha™') in 2016. The percentage of oak is based on
the share of oak of stand basal area in 2022. The mean diameter of the overstory (cm) is based on overstory trees in 2022 (3 subplots per treatment plot). Composition
indicated the three most common species based on their basal area in the control plot in 2022. The mean annual temperature and the mean annual precipitation

derived from ERA5 data (Hersbach et al. 2023) from 2000 to 2022.

Site number  Site name Site Initial stand basal Percentage Oak ~ Mean Composition Temperature [°C] Precipitation [mm]
coordinates area [m? ha™!] [%] diameter of
overstory
[em]
Lat Long C S C S C S

1 Tvarsjonas 57.76  12.40 27.4 27.0 74.8 24.1 Oak-Spruce-Aspen 7.5 986
71.5 19.6

2 Remmene 58.03 12.92 16.5 19.6 75.0 33.6 Spruce-Oak-Aspen 7.2 898
22.0 15.8

3 Bosnas 57.67 12.84 20.0 17.6 56.6 23.7 Oak-Birch-Spruce 7.2 1008
60.9 28.4

4 Aplared 57.65 13.07 17.7 224 63.8 23.4 Oak-Aspen-Beech 6.9 1029
38.8 17.7

5 Stopen 58.47 13.86 40.2 299 70.4 29.6 Spruce-Oak-Hazel 7.4 787
19.3 19.9

6 Motala 58.57 15.09 26.6 25.2 35.3 17.2 Spruce-Alder-Oak 7.3 733
7.9 18.3

7 Tullgarn 58.96 17.56 17.8 13.4 74.1 28.3 Oak-Aspen-Birch 7.3 688
58.3 239

8 Klockaretorpet ~ 58.57  16.13 247 239 58.2 27.4 Oak-Aspen-Pine 7.5 693
38.0 22,0

9 Kvarntorp 58.20 15.90 19.0 17.6 36.9 26.9 Oak-Aspen-Hazel 7.4 722
32.5 20.9

10 Hovetorp 58.30 15.74 15.3 17.7 63.1 19.7 Oak-Maple-Pine 7.3 727
53.2 13.7

11 Slaka 58.37 15.58 13.1 17.2 17.2 14.7 Pine-Birch-Aspen 7.1 729
3.5 15.0

12 Aspenas 58.00 15.30 222 24.8 72.8 23.4 Oak-Aspen-Spruce 7.0 740
42.1 23.3
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2.3. Data collection and statistical analysis

Data were collected in the summer of 2016 (pre-treatment) and six
growing seasons later in the summer of 2022 (post-treatment). In each
sub-plot, diameter (cm) at breast height (dbh) was measured on all
living trees dbh > 5 cm, and this was recorded by species. We did not
distinguish between the two oak species since both species are ecolog-
ically overlapping and the objective was to promote oak recruitment
regardless of species. Measurements were done in all three sub-plots per
treatment plot.

Canopy openness, as a proxy for measuring light availability, was
estimated with hemispherical photography. Images were collected at
four sample points per treatment plot in the summers of 2016 and 2022
with a Nikon D5300 fitted with a Canon 15 mm fish-eye lens. The
photographs were taken in the centre of the first and third section in
both transects with a distance of 50 m along the same transect and 40 m
between transects (Fig. 1). This sampling was conducted with the
camera and lens held 1.3 m above the forest floor by a tripod (Hale and
Edwards, 2002). Sampling occurred early in the morning to avoid direct
sunlight on canopy foliage and the lens. The hemispherical photographs
were analysed using the “Hemiphot.R” package (ter Steege, 2018) to
calculate the percentage of canopy openness.

Oak recruitment was assessed by analysing oak density by diameter
class (stems ha’l). Our analysis focused on trees in the diameter range of
5.0-19.9 cm because we were interested in oak recruitment. This range
was chosen to analyse the effect of selective cutting on oaks in the lower
and middle canopy that have grown out of browsing height. For the
analysis, we sorted oaks to two classes: 5.0-9.9 cm as diameter class A’
in the lower canopy and 10.0-19.9 cm as diameter class "B’ in the
middle canopy.

Oak trees with a dbh greater than the recruitment size and other tree
species (independent of size) were classified as overstory trees while
European hazel constituted the shrub layer (no other shrub species
present). This classification was defined to separately evaluate the in-
fluence of overstory trees and the shrub layer on oak recruitment.

Using the collected data from 2022, we calculated density and stand
basal area (m? ha™!) for the overstory and shrub layers separately. As an
estimate of species-specific influence on light availability, we used the
shade-casting ability (SCA) of each overstory tree species as a qualitative
index. We included this index for better representation of the subplot
canopy since the canopy openness derived from the hemispherical
photographs provided us with a mean canopy openness value per plot.
The index is based on expert knowledge from Ellenberg et al. (1992) and
assigns each species a score from 1 (very low shade-casting ability) to 5
(very high shade-casting ability) (Table S1; see also Verheyen et al.,
2012; De Lombaerde et al., 2019; Depauw et al., 2020). Using this
scoring, we calculated a weighted average for each subplot by multi-
plying the basal area for each tree species with its shade-casting ability
and then dividing the sum of these products with the total basal area. A
relatively high SCA index value corresponds with tree species having a
high shade casting ability comprising a relatively high proportion of the
basal area. In our study, we found three SCA index ranges that were each
dominated by two genera. Pine and birch dominated the SCA index
range 1.0-1.9, oak and aspen in the range 2.0-2.9 and oak and spruce
dominated the range 3.0-3.9. Trees that were considered oak recruits
were not included in the SCA index calculation.

We used Generalized Linear Mixed-effects Model (GLMM) for all our
statistical analyses. The GLMMs were created using the “glmmTMB”
package (Brooks et al., 2017) and post-hoc test were calculated by the
“emmeans” and “multcomp” package (Lenth, 2023, Hothorn et al.,
2008). For model selection in the first part of the analysis, we used the
*AIC’ function in the “stats” package (R Core Team, 2023). For model
evaluation, we used the ‘simulateResiduals’ function and ‘testDis-
persion’ function from the “DHARMa” package to look at the QQ-plot
based on simulated residuals, for patterns in the residuals and hetero-
scedasticity in residual plots and to test for over- and underdispersion
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(Hartig, 2022). Additionally, we performed tests for zero-inflation with
the ‘testZerolnflation’ function of this package. For visualization of
model predictions, the ’plot_model’ function from the “sjPlot” package
was used ((Liidecke, 2023)). When a model included an interaction
term, we used the mean of the moderator term with one standard de-
viation above and below. All analyses were carried out with R version R
4.3.2 (R Core Team, 2023).

First, we evaluated the effect of stand structural attributes on the
response variable oak recruit density in two separate models. We ana-
lysed the data on subplot level since stand structure has a greater vari-
ation among the subplots in contrast to the treatment. The first model,
included diameter class, stand density from 2022 and their interaction
as fixed effects (model 1). For the second model, we compared three
different candidate models: 1) including diameter class, canopy open-
ness and SCA, their three-way interaction and all two-way interactions
(model 2), 2) diameter class, canopy openness and SCA, as well as the
two-way interaction between the latter two variables (model 3), 3) the
main effects of diameter class, canopy openness and SCA as fixed effects
(model 4). All models included subplot within site as random effect, a
negative binomial distribution with a log link, taking zero-inflation into
account by modelling the probability of zeros by a ziformula including
the intercept and the variable diameter class. To better differentiate
among stand structural variables, we did not include the fixed effect
‘treatment’. An overview of the models can be found in Table S2.

Second, we tested the effect of the selective cutting treatment on the
following four stand structural attributes as response variables: stand
basal area (m? ha™!) (model 5), stand density (stems ha™1) (model 6),
number of tree or shrub species (model 7), all separately for the over-
story and shrub layers, and canopy openness (model 8). Because the
treatment was applied across the whole hectare, we analysed the data on
plot level and not on subplot level. For these models, we included the
interaction of sampling year (a factorial variable with two levels) and
treatment (a factorial variable with two levels) as fixed effects and site as
random effect. We used a Gaussian distribution with identity link for the
models for stand basal area and a negative binomial distribution with a
log link in the models for stand density and number of tree or shrub
species. For modelling canopy openness, we used a beta distribution
with a logit link. An overview of the models can be found in Table S3.

Third, we evaluated the effect of selective cutting on oak recruitment
in the two diameter classes on plot level. As response variables, we used
the proportion of oak recruits (model 9) and the density of oak recruits
(stems ha™!) (model 10) in 2022. For the proportion of oak recruits, we
included diameter class, treatment (C versus S) and their interaction as
fixed effects, and the pre-treatment proportion of oak recruits as an
offset (Buckley, 2015). We used a beta distribution with a logit link, site
as a random factor and a ziformula (as above) to account for
zero-inflation. For oak recruit density, we included diameter class,
treatment and their interaction, and the pre-treatment oak recruit den-
sity as fixed effects and site as a random factor. We used a negative
binomial distribution with a log link and the same ziformula for
zero-inflation as above. An overview of the models can be found in
Table S4.

3. Results

In 2016, 1589 stems of all woody species were measured of which
1024 were classified as overstory trees and 565 were in the shrub layer
(European hazel). Of the overstory trees, 172 were oak. The average
stem number per site, excluding oak recruits, was 662 + 277 stems per
ha! with 427 + 122 overstory stems and 235 + 283 shrub layer stems.
An overview of the initial diameter distribution can be found in
Figure S1. In 2022, we measured 2116 stems of which 1218 were clas-
sified as overstory trees of which 240 were oak. In this sampling year,
the shrub layer consisted of 898 European hazel stems and the average
stem number per sites was 882 + 439 stems per ha~! with 508 + 194
overstory stems and 374 + 444 shrub layer stems.
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3.1. Stand structural attributes and oak recruitment

Regardless of treatment (S or C), using data from subplots, we found
that density of oak recruits decreased with increasing stand density
(P =0.004) (Fig. 2a). This effect was significant for diameter class "A’
(P = 0.006) but not for diameter class 'B’ (P = 0.392). For diameter
class *A’, model 1 predicted a 42 % decrease from 50 stems ha ™! at a
stem density of 1000 stems ha ™! to 29 stems ha! at a stem density of
2000 stems ha~!. This response by diameter class 'A’ was consistent
when effects of overstory density (P = 0.009) and shrub layer density
(P = 0.016) were analysed separately. The best of our candidate models
for the density of oak recruits depending on canopy openness and shade
casting index was model 3 which (AAIC = —5.2 and —1.1 for model 2
and 4, respectively) included diameter class (P = 0.088), canopy open-
ness (P = 0.053), the SCA index term (P = 0.270) and the interaction
(P = 0.071) between the two latter (Table S2, S5). There was a tendency
towards a larger number of oak recruits with higher canopy openness
and lower shade-casting index (Fig. 2b). At a canopy openness of 65 %,
model 3 predicted an oak recruit density of 104 stems ha™! at a SCA
index of 2.08 compared to 26 stems ha™! at a SCA index of 3.29.
However, as the P-values of canopy openness and the interaction was
> 0.05, and the difference in AIC towards the simpler model (model 4),
without any interaction, was small (AAIC = —1.1), these effects need to
be interpreted with care.

3.2. Effects of selective cutting on stand structural attributes

The average stand basal area of overstory trees did not differ between
the two treatments before selective cutting in 2016 (Fig. 3a). However,
in the C treatment stand basal area increased by 15 % from 26 m? ha~!
in 2016-30 m? ha~! in 2022 (P = 0.013). In the S treatment, the stand
basal area decreased by 21 % from 24 m? ha! in 2016-19 m? ha™! in
2022 (P = 0.003). Thus, in 2022 the C treatment had a higher basal area
than the S treatment (P < 0.001). The stand basal area of the shrub layer
did not differ significantly before and after selective cutting in any of the
treatments (P = 0.353 and P = 0.328, respectively). In the C treatment,
the stand basal area of shrubs was 0.9 m? ha™! in 2016 and 1.6 m? ha™!
in 2022 (P = 0.106) and in the S treatment 1.3 m*ha 'and 1.2 m?>ha ",
respectively (P = 0.783).

Stem density of overstory trees trended similarly to stand basal area
(Fig. 3b). There was no difference in stem density between C (595 stems
ha™!) and S (550 stems ha’l) treatments before selective cutting
(P = 0.541). Six years after the establishment of the experiment, the
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stem density in the C treatment was 730 stems ha™?, although the dif-
ference to the pre-treatment stem density was not significant
(P = 0.110). In 2022, the S treatment had a 37 % lower (P < 0.001)
stem density (345 stems ha’l), compared to 2016. Shrub layer stem
density showed no difference between the years (C treatment P = 0.313,
S treatment P =0.596) and between treatments (2016 P = 0.461,
2022 P = 0.526).

Selective cutting had a positive effect on canopy openness (Fig. 3c).
After six years, selective cutting increased (P = 0.006) the canopy
openness from 25 % to 32 %. In the C treatment, canopy openness did
not change (P = 0.587). Accordingly, canopy openness differed between
Cand S plots in 2022 (P < 0.001). The mean number of tree species was
not affected by treatment (C treatment P = 0.334, S treatment = 0.682)
and there was no change over time (2016 P = 0.622, 2022 P = 0.377)
(Fig. 3d). In total, we identified 23 different tree species (listed in
Table S1) with an average of 6 species in S treatment and 7 in C treat-
ment in 2022.

3.3. Effects of selective cutting on oak recruitment

In total, we measured 145 oak recruits in 2022 of which 58 were
categorized as diameter class "A’ and 87 as diameter class 'B’. The share
of oak recruits of the total stem density in diameter class A’ was not
significantly different with 1.7 % in the C treatment compared to 2.5 %
in the S treatment (P = 0.175) (Fig. 4a). For diameter class ’B’, the share
was higher in the S treatment with 4.1 % as compared to 2.3 % in the C
treatment (P = 0.013). However, selective cutting had no effect on mean
recruitment stem density of diameter class A’ (P =0.673) or B
(P = 0.669) in 2022 (Fig. 4b). For diameter class "A’, the mean stem
density in C and S treatments were 19 and 20 stems ha~?, and for
diameter class *B’, 41 and 38 stems ha ™, respectively.

4. Discussion

Our first hypothesis was that stand structural attributes that influ-
ence the oak regeneration layer would also play an important role for
oak recruitment. In our study, we focused on the two structural attri-
butes light availability and competing vegetation and made predictions
using variables such as stand density, canopy openness and shade-
casting index. The key finding of our study was that stand density,
comprised of overstory tree density and shrub density, had a negative
effect on oak recruit density of diameter class A’ (5-9.9 cm diameter)
but not of diameter class B’ (10-19.9 cm diameter). For diameter class
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*A’, our model predicted a 42 % decrease in oak recruit density from 50
stems ha! at a stand density of 1000 stems ha~! to 29 stems ha ! at a
stand density of 2000 stems ha~'. Additionally, increasing canopy
openness combined with a lower shade-casting index of the overstory
tended to favor oak recruit density compared to a similar canopy
openness with a higher shade-casting index of the overstory. At a canopy
openness of 65 %, our model predicted an oak recruit density of 104
stems ha~! at a SCA index of 2.08 compared to 26 stems ha~! at a SCA
index of 3.29. Selective cutting did not directly promote increased
density of oak recruits in the short time span of our study (six years)
(hypothesis 3). However, selective cutting may still affect stand struc-
tural attributes which in-turn may create more favorable conditions for
the long-term recruitment of oak regeneration into the overstory in
mixed, uneven-aged temperate forests (hypothesis 2). In the following,
we will discuss our findings in relation to our hypotheses and other
studies.

Following our results, management of stand density plays an
important role for achieving successful oak recruitment. This is sup-
ported by Aussenac (2000) who found that reduced stand density led to
lower competitive effects above- and belowground through increases in
canopy openness and improving soil water availability. An additional
effect of decreasing stand density was found by Schmitt et al. (2020)
who showed that, regardless of the trees social status, decreasing stand

density mitigated the effects of drought and increased resistance, resil-
ience and recovery of the individual tree. Considering the climate pro-
jections for Europe with an increase in the probability of summer
droughts (Bolte et al., 2009), a decrease in stand density might increase
the chance of oak recruits to tolerate these stressors. This might be
especially important for sites along the west coast where oaks are not
acclimated to dry conditions because of higher precipitation (Trouvé
et al. 2017). Several studies further recommend that, for successful
regeneration of oak, it is necessary to control competing vegetation in
the shrub layer if overstory canopy openness is increased (Ligot et al.,
2013, Modrow et al., 2019, Molder et al., 2019, Petersson et al., 2020).
In our study, we did not see a difference in shrub layer density between
the control and selective cutting plots. However, our results show that
shrub layer density, regardless of selective cutting treatment, had a
negative effect on oak recruit density. Further, competing vegetation in
the shrub layer and initial seedling density have been shown to be
important factors influencing the success of oak regeneration (Kohler
et al., 2020). Since a successful oak regeneration influences oak
recruitment, it is important to take the influence of shrub layer vege-
tation into account.

Additionally, we found canopy openness and SCA index to be
influencing factors on oak recruit density. Annighofer et al. (2015)
found that increasing light availability had a stronger effect on
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abundance of smaller oak recruits than a decrease in basal area of other
tree species. In their study, the maximum light availability was 36 % and
canopy openness ranged between 2 % and 51 % which is similar to the
range in our study (13-67 % canopy openness). However, it is possible
that the larger oak recruits in our study might benefit more from an even
higher light availability because the light requirement of oak increases
with age and size (von Liipke and Hauskeller-Bullerjahn, 1999). This
partially aligns with the positive tendency we found, of an increase in
oak recruits in stands with lower shade-casting index and higher canopy
openness. A lower shade-casting index is found in stands with a higher
proportion of tree species with a crown of higher light transmission, e.g.
pioneer species such as pine and birch. Natural regeneration of oak
under a pine canopy has been shown to be successful (Mosandl and
Kleinert, 1998) which can be due to the relatively higher
shade-tolerance of oak compared to pine, and the high light transmission
of a pine canopy (von Liipke, 1998, Forrester et al., 2017). However, a
pine density over 1500 pines ha~! has been shown to negatively impact
the successful transition from oak regeneration stage to oak recruitment
stage (Navarro-Gonzalez et al., 2013). Birch has a higher competitive
strength due to its relatively faster growth potential, however Gotmark
and Kiffer (2014) as well as Brunet et al. (2014) found that oak was able
to develop alongside pioneer species birch and ash after catastrophic
disturbances such as windthrow and Dutch elm disease.

Together with findings of Stimm et al. (2022) and Bobiec et al.
(2018), this suggests that mixed forests with a canopy that is more open
and composed of species that have a crown that allows for higher light
transmission might be more suitable for recruitment of oak trees. Our
results align with their findings and thus indicate a higher density of oak
recruits at lower shade-casting index values. The importance of the
shade-casting attributes of a canopy to tree recruits is supported by
Canham et al. (1994) who found that crown geometry of the various tree
species played an important role in determining understory light
availability. Shade-tolerant tree species were found to cast heavy shade
because of their deep crowns which could have an influence in a mixed
forest of shade-tolerant and shade-intolerant species. Thus, a shift of
canopy dominance to shade-tolerant species likely negatively affects the
regeneration and recruitment processes of shade-intolerant species.
Hence, it is necessary to include species composition in stand manage-
ment decision-making if oak continuity is the objective.

Our results in combination with previously mentioned studies sug-
gest that silviculture aimed at reducing competition and increasing
canopy openness is necessary to promote recruitment of oaks into the

overstory. Additional factors to consider are the intensity and timing of
silvicultural activities within the stand so that competing tree species are
not further promoted. According to Zenner et al. (2012) oaks with a
slower height growth at age 15 than their neighboring competitors
would likely be subordinate trees by age 30, and in jeopardy of being
permanently overtopped. This suggests that silvicultural measures
should be taken earlier than in our study or be more intensive to pro-
mote oak recruitment towards a favorable position in the canopy.
Considering the findings of Zenner et al. (2012), our findings strengthen
the argument to decrease competition, increase canopy openness, and
favor competing tree species with a lower shade-casting index to
advance oak recruits of the diameter classes studied in this research.
Thus, repeated or more intensive selective cutting would likely be
necessary to favor oak recruitment — repeated or more intensive selec-
tive cutting could accomplish this by increasing canopy openness,
shifting canopy composition towards higher light transmission, and by
decreasing mid-story competition that might be at risk of overtopping
and outcompeting the oak recruits.

Plots that were selectively harvested did not show higher oak
recruitment than untreated plots. There are several possible reasons why
selective cutting did not increase recruit density for either diameter
class. First, few or no oak seedlings and saplings were observed
(although not recorded) in the regeneration pool at some sites prior to
the selective cutting, which decreases the probability of ingrowth into
recruit diameter class ‘A’ at those sites. This can be partially explained
by the weak competitive ability of oak seedlings under dense canopies
such as before treatment in 2016 (Kanjevac et al., 2021) and the
observed (although not recorded) browsing of oak seedlings. Six years
after the selective cut, a high number of oak seedlings was observed
across all plots, especially on the western sites. A second possible factor
could be the relatively short experimental period. Six years might not
have been enough time to see significant ingrowth (Shifley, 2004).
While the potential ingrowth from oak saplings to diameter class ‘A’ and
from diameter class ’A’ to diameter class "B’ is theoretically possible
(Fahlvik and Johansson, 2021), it depends heavily on density of oak
saplings and oak trees in diameter class ‘A’. Third, it should be consid-
ered that many overstory tree species, especially birch and aspen, are
pioneer species and might respond quicker to the increase in canopy
openness, thus resulting in increased competition. Additionally a
methodological consideration should be taken since we did not measure
the study sites post-treatment in 2017. This would have made it possible
to assess the direct effect of the selective cutting on oak recruit density.
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However, we chose the difference of oak recruit density between the
treated plot and the untreated control plot. We included the oak recruit
density from 2016 in our model to account for pre-treatment oak recruit
density.

5. Implications for forest management

The successful recruitment of oak in mixed, uneven-aged forests re-
quires the consideration of multiple factors. In our study, we identified
stand density as an important stand structural variable, and a potentially
positive effect of canopy openness with low shade-casting capacity of
the tree species in the overstory. This aligns with multiple studies in
which competition by other tree species, low light availability and light
transmission of the canopy have been identified as common issues
(Canham et al., 1994, Aussenac, 2000, Ligot et al., 2013, Modrow et al.,
2019). Further, a decrease in stand density might positively affect oak
recruits by increasing their resistance, resilience and recovery from
drought (Schmitt et al., 2020).

Our study provides an important piece of information for the suc-
cessful recruitment of oak trees in a largely understudied diameter size
class. If the aim is to ensure oak continuity, it is essential to put man-
agement efforts into oak recruitment size classes. For this, overall stand
density should be kept below 1000 stems ha~" since a 50 % increase of
stand density was predicted to decrease oak recruit density of the
smaller size class by 42 %. Further, a higher canopy openness with a
species composition of tree crowns with higher light transmission (SCA
index 2.08) also predicted up to a 400 % increase in oak recruit density.
In our study, species with a high shade-casting ability were species such
as beech, maple and spruce while species with a low shade-casting
ability were birch, pine and aspen. These competitor species are prev-
alent in many temperate forests and based on our results their man-
agement has to be taken into account when the objective is to increase
oak recruit development into the overstory.

Additional studies are needed regarding long-term effects of
repeated silvicultural measures and how structure can be managed to
promote oak development from lower and middle canopies into the
overstory. Moreover, further studies are necessary to assess the effect of
selective cutting on the response of oak recruits to environmental
stressors such as pathogens and repeated droughts.
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Managing multi-layered forest stands is increasingly promoted as a strategic adaptation measure to climate
change. Pedunculate oak (Quercus robur L.) and sessile oak (Q. petraea (Matt.) Liebl.) are ecologically and
economically important species and considered important components of future forest management. However,
forest management is challenged by the unsuccessful recruitment of oak, particularly under selective cutting
systems, due to the species’ relatively high light requirements. In this study, we investigated the long-term effects
of different selective cutting treatments on oak recruitment in multi-layered mixed stands over 16 years in
southern Sweden. We studied the individual tree diameter growth, height growth, and transition of oak recruits
into higher canopy positions. All target diameter cutting treatments significantly promoted the individual tree
diameter growth of oak recruits, compared to the control. Observed height growth was lower in target diameter
cutting treatments. However, target diameter cutting treatments increased the transitions of oak recruits into
higher canopy positions. The higher diameter growth and canopy class transitions into higher classes are ach-
ieved by the treatment that removed more Norway spruce trees. Therefore, to promote the advancement of oak
recruits into higher canopy positions, target diameter cutting could be an appropriate management alternative if

it is sufficiently strong and is focused on removing the most competitive tree species.

1. Introduction

The two predominant oak species, pedunculate oak (Quercus robur
L.) and sessile oak (Q. petraea (Matt.) Liebl.), are among the most
important hardwood tree species in Central and Northern Europe from
both ecological and forest management perspectives (Johnson et al.,
2019; Molder et al., 2019a; Kohler et al., 2020). The two species together
constitute about 10 % of the stands in Europe, making them the second
most common deciduous tree species in the region after European beech
(Fagus sylvatica L.) (FOREST EUROPE, 2020). Oak-dominated forests
provide a wide variety of forest ecosystem services, including high-value
timber and habitats for key biodiversity, such as lichens, fungi, insects,
birds, and small mammals (Lof et al., 2016). Given their tolerance to
extreme climatic events such as drought (Mette et al., 2013; Kunz et al.,
2018; Perkins et al., 2018) and storng wind (Nicolescu et al., 2025),
these two oak species are widely considered important components of
future climate-resilient mixed-species forests in the region. The estab-
lishment of mixed broadleaved forests has been considered as a strategic
adaptation measure to climate change (Bolte et al., 2009). Therefore,

* Corresponding author.

their proportions in forest cover are expected to increase (Bolte et al.,
2009; Lof et al., 2016; Schroeder et al., 2021). Despite this potential for
adaptation of forest management to climate change, there remains un-
certainty about the suitable silvicultural approaches promoting natural
regeneration and recruitment of oak in multi-layered, mixed-species
forests for sustainable oak management.

The two oak species in Sweden are limited to the south (Fig. 1),
temperate region of the country (Lindbladh et al., 2000; Lindbladh and
Foster, 2010). During the past century, oak forests were not only heavily
affected by conifer plantations, especially of Norway spruce (Picea abies
L.) and Scots pine (Pinus sylvestris L.), but also by intensive land use
changes for agriculture (Lindbladh et al., 2000); as a result, oak now
constitutes only less than 2 % of the standing volume in Sweden
(Skogsdata, 2024). Most of these remaining oak forests are currently, or
have been, managed for timber production by non-industrial private
forest owners under diverse management regimes. The three common
management regimes in oak forest management include: (1) intensive
oak timber production targeting the production of high-value timber
and following the contemporary silvicultural practices, (2) combined
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management for timber production and biodiversity, and (3) biodiver-
sity conservation without management intervention (Lof et al., 2016).
With appropriate management, these forests can yield high-value timber
generating substantial economic returns.

Regeneration and recruitment are the two interconnected processes
from the seedling stage to the development of mature trees. Successful
natural regeneration of oaks is fundamental to sustaining oak forests.
However, oak forests are experiencing widespread regeneration failures
(Petersson et al., 2019). The natural regeneration success depends on
several biotic and abiotic factors, where heavy browsing pressure, low
light availability, and competing vegetation, among others, are signifi-
cant factors that negatively affect natural regeneration (Lof, 2000;
Molder et al., 2019b; Kohler et al., 2020; Lof et al., 2021). Oak
recruitment, or the transition of saplings into overstory canopy layers, is
another important stand development process (Camp and Oliver, 2004)
in which established saplings grow to pole and sawtimber-size trees.
Successful oak recruitment is achieved when the desired species can
compete and grow into dominant and codominant overstory trees (Dey,
2014). Disturbances are considered necessary for successful natural
regeneration and recruitment of oaks (Gotmark, 2007; Gotmark and
Kiffer, 2014). In these regards, silvicultural approaches in
oak-dominated forests are necessary for enhancing light availability and
controlling competing vegetation during different development stages
to foster natural regeneration and recruitment of oak into upper canopy
layers.

Given the ecological and economic importance of oaks, it is chal-
lenging to balance conservation of oak-dominated forests rich in biodi-
versity while maintaining their economic viability (Puettmann et al.,
2015; Lof et al., 2016; Stimm et al., 2022). An alternative silvicultural
approach, such as continuous cover forestry (CCF), could be an option
for multipurpose forest management (Peura et al., 2018; Mason et al.,
2022). The CCF approach is based on ecological and biological
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principles, with its most prominent tenet being the abandonment of
large-scale clear-cutting in favour of more environmentally friendly
harvesting practices, such as selective cutting, group selection, variable
density thinning, and natural regeneration methods (Pommerening and
Murphy, 2004; Brunner et al., 2025). Studies suggest that canopy gaps
created by selective cutting are beneficial for successful oak natural
regeneration because gaps enhance light availability and selective cut-
ting removes competing trees (Brezina and Dobrovolny, 2011; Modrow
et al., 2019; Kanjevac et al., 2021; Plaugher and Schuler, 2025; Pohl
et al., 2025). However, there remains a limited understanding of how
different forms of selective cutting favour the development of oak re-
cruits beyond establishment, especially those that are tall enough and
freed from browsing pressure.

Target diameter cutting, among different selective cutting tech-
niques, is a forest management approach in which selected trees that
reach a specified diameter at breast height (DBH) are cut, aiming to
balance economic and ecological sustainability. Target diameter cutting
is often used to transform even-aged forests into uneven-aged or uneven-
sized structures (Sterba and Zingg, 2001; Price and Price, 2006). Target
diameter cutting approaches are more flexible and practical to apply in
comparison with other forms of selective cutting systems because the
DBH for cutting can be adjusted to different sites with varying growth
conditions and tree species (Zell et al., 2004; Roessiger et al., 2016). As
such, cutting of different species and tree individuals with large di-
ameters creates canopy gaps that are beneficial for trees in lower canopy
layers, especially for more light-demanding tree species. Understanding
the response of oak recruits following such cuttings, in terms of tree
crown social position within the stand, and height and diameter growth,
could lead to reliable canopy manipulation strategies that promote oak
recruits in multi-layered mixed temperate forests.

This study aims to determine the growth and advancement of oak
recruits into higher levels of tree crown social position in response to

----- stand border
——  treatment border
@»  wetland

forest road
sample plot

Fig. 1. Location of the experiment in southwestern Sweden (A), and the experimental design (B). Green colour in A represents distribution area of Quercus petraea
(Matt. Liebl.), and grey colour represents distribution area of Quercus robur (L.) which overlap, and extends beyond, the distribution area of Q. petraea. TDC, TDC2,
and TDCS represent different forms of target diameter cutting treatments, and C represents control without treatment. TDC stands for target diameter cutting, TDC2 is
target diameter cutting with slightly modified target diameter, TDCS represent TDC and soil scarification treatment. In each treatment there were four permanent

measurement plots (black filled circles). See Section 2.2 for detailed descriptions.
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three different forms of selective cutting (here, different target diameter
cuttings) over a period of 16 years. More specifically, we ask three
research questions: (1) which stand structural and individual tree
characteristics influence the diameter growth and height growth of oak
recruits, (2) how does target diameter cutting influence diameter growth
and height growth of oak recruits, and (3) how does target diameter
cutting affect transition of oak recruits into higher tree crown/social
classes?

2. Materials and methods
2.1. Study site and history

The study stand with a total area of 19 ha is located in southwest
Sweden at Tonnersjoheden Experimental Forest, 20 km east of Halmstad
(56°42'02" N, 13°7'56" E, Fig. 1). The stand is located on a productive
site with site indices (dominant height at age 100) for Norway spruce
and Scots pine of 32 m and 28 m, respectively (Drossler et al., 2012).
The mean annual temperature is 6.7°C, and the mean annual precipi-
tation is 1050 mm, with a vegetation period (growing season) lasting
215 days (Drossler et al., 2012). The soil type is a podzol on a sandy
moraine. The forest floor is covered mainly by Vaccinium myrtillus L. and
Deschampsia flexuosa L. Trin.

The study stand was established in 1912 by seeding of Scots pine
with abundant natural regeneration of silver birch (Betula pendula Roth).
Previously, the site was Calluna spp. heathland with some sparsely
scattered trees across the landscape. Since then, many other species have
established naturally over time. Currently, the stand is mainly composed
of mature Scots pine and Norway spruce in the overstory. Broadleaved
species, such as oak, silver birch, European beech, and European aspen
(Populus tremula L.), are found in the under- and mid-stories. The first
cutting in the stand was carried out in 1947, releasing single Scots pine
trees, and thinning was then carried out several times (1947, 1953,
1958, 1974, and 1991) before the establishment of the current
experiment.

2.2. Experimental design and data collection

The experiment consists of three blocks. Within each block, four
treatments were randomly established, and each treatment area was
1 ha. The four treatments applied were: control without target diameter
cutting (C); target diameter cutting (TDC); target diameter cutting with
soil scarification (TDCS); and target diameter cutting with modified
target diameters compared to the other two treatments (TDC2). DBH
thresholds by tree species applied for cutting in each treatment are listed
in Table 1. Target diameter thresholds applied in TDC and TDCS were
chosen according to economic criteria based on timber quality and
timber prices per tree species published annually by the South Swedish
forest owner association for 2006 (Drossler et al., 2017). In TDC2, target
diameter thresholds were slightly modified to remove more Norway
spruce trees by lowering the target diameter for spruce, thereby

Table 1

Target diameter (DBH in cm) thresholds for each species and treatments during
target diameter cutting in spring of 2008/2009. Class 1 and Class 2 represent the
stem quality (Class 1 indicates trees with branches smaller than 6 cm in diam-
eter, and Class 2 includes trees with low timber quality with branches thicker
than 6 cm, spike-knots or forks).

Tree species TDC/TDCS TDC2
Class 1 Class 2

Scots pine 40 30 40

Norway spruce 36 26 26

Birch 30 20 30

Oaks 60 30 60

European beech 50 30 50
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promoting the development of broadleaved tree species. In all treat-
ments, trees were cut when their DBH was equal to or greater than the
thresholds listed in Table 1. However, retention trees were retained to
increase the natural ecological value of the stand. In the TDC2 treat-
ment, twenty retention trees per hectare were selected, while in the
other two treatments, ten trees per hectare were retained. None of these
retention trees were left in the sample plots. Cutting operations were
carried out in the spring of 2008/2009, and soil scarification for the
TDCS treatment was implemented in the autumn of 2010 using
disc-trenching, which created 0.5 m wide rows with 2 m spacing. Soil
scarification treatment was conducted to improve conditions for natural
regeneration (see Drossler et al., 2017). The number and basal area of
trees cut and the intensity of cutting (%) during target diameter cutting
in each treatment within each block is shown in Table S1. Stand char-
acteristics for each treatment are presented in Table 2 for the first in-
ventory (pre-harvest) in 2006 and the last inventory conducted in 2021.

In each treatment within each block, four systematically distributed
10 m radius circular plots were established, resulting in a total of 48
sample plots (Fig. 1). Individual trees were numbered and repeatedly
measured in 2006, 2016, and 2021. In each such circular plot, species
and DBH (in millimetres) of all trees (DBH > 5 cm) were recorded. DBH
was measured using a caliper in two perpendicular directions, and the
average value was used as tree’s DBH. At each measurement, tree height
was measured only for sample trees - i.e., the five largest DBH trees in
each sample plot and a number of randomly selected trees of each spe-
cies - using a Vertex hypsometer and transponder (Haglof, Sweden AB).
The randomly selected trees were chosen to represent all DBH classes
within each sample plot. The observations of height-diameter pairs were
used to estimate the height of all trees without height measurements
using the height-diameter function (Eq. 1) presented by Naslund (1936).
The Naslund function was used because it is the most frequently used
function to describe the height-diameter relationships in northern
Europe and under Scandinavian conditions (Holmstrém et al., 2018,
Ogana et al., 2023).

DBH'

H:l.3+m @

where, H is the tree height (metre), DBH is the diameter at breast height
(cm), o and f are parameters to be estimated, and y was 3 for Norway
spruce and 2 for Scots pine, birch, European beech and oak (Holmstrom
et al. 2018, Ogana et al. 2023). The model coefficients were estimated
separately for each species, treatment, and measurement occasion.
However, due to limited number of sample trees for birch and European
beech, the height-diameter equation for oak was applied to estimate
their heights. All calipered trees without height observations were
assigned predicted heights. Survival status of trees was also recorded.
The oak mortality rates were 2 %, 2.1 %, 1.9 %, and 1.7 % in control,
TDC, TDC2, and TDCS treatment, respectively, with average DBH of
dead oak recruits being 8.6 cm.

The tallest and largest tree within each sample plot, regardless of
species, was used to classify the social position of individual trees. The
largest and tallest trees were mostly Norway spruce or Scots pine and did
not include oak recruits or other oak trees. At each measurement the
individual trees were classified into four crown classes based on their
social positions: (i) dominant - trees forming the dominant canopy layer
or reaching at least fifth-sixths of the dominant tree height within the
plot, (ii) codominant - trees slightly lower than the dominant trees,
typically reaching fourth-sixth to fifth-sixths of the dominant tree
height, (iii) intermediate - trees with their heights reaching between
three-sixths and four-sixths of the dominant tree height, and (iv) sup-
pressed - trees that reach less than three-sixths of the dominant tree
height, with their canopies suppressed under those of surrounding trees.

In this study, we focused primarily on oak recruitment. We did not
distinguish the two oak species because both species are ecologically
overlapping. A total 348 oak trees were observed in all three
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Table 2
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Pre-harvest (2006) and post-harvest (2021) stand characteristics of each treatment. The values (mean =+ standard deviation) were calculated from four subplots in each
treatment within each block (n = 12) in the experiment in Erikskop. CV is the coefficient of deviation.

2006 2021
Characteristics C TDC TDCS TDC2 C TDC TDCS TDC2
Total tree density (tree/ha) 1148 + 273 1042 + 192 1079 + 333 846 + 230 1157 + 218 851 + 248 851 + 324 703 + 340
Broadleaved density 334 +£129 411 + 257 313 £192 342 +£199 324 +134 361 + 255 257 +189 297 +196
Conifer density 814 +129 631 + 257 767 +192 504 + 199 833 + 134 491 + 256 594 + 189 405 + 196
Total basal area (m*/ha) 35.9 + 8.6 36.0 £7.9 389+7 33.6 £ 6.1 48.6 + 8.7 34.0 £8.8 34.7 £ 6.3 31.2+11.2
Broadleaved BA 5.2+ 4.5 5.7 £3.3 54424 7.9+5.8 7.2+5.6 8.1+5.7 6.0 £ 3.6 8.7 £ 4.5
Conifer BA 30.7 £9.9 30.3+9.5 33.5+7.8 25.9+7.9 41.4 +11.6 25.9 +£11.0 28.8 +6.2 22.6 +9.4
Quadratic mean diameter (cm) 20.0 £ 1.6 21.1+21 21.4+0.9 22,6 £ 0.6 23.8+1.8 23.1+£20 232+1.1 24.1 +1.0
Tree height (m) 144+£05 139+1.3 13.9+ 0.6 13.6 £0.8 17.5+0.9 16.0 £ 1.5 17.0 £ 0.6 155+ 0.4
CV of DBH (%) 55.7 +£3.2 58.9+7.6 58.4+1.4 57.5+4.7 52.6 + 3.8 49.2+ 48 48.6 £+ 1.9 54.0 + 4.4
CV of height (%) 37.6 £4.2 36.9 £ 3.4 40.1 +£1.4 441 +25 348 +4.4 369+ 4.4 351+1.1 41.6 £2.3

measurements, excluding the dead oak trees (Table S2, and Figure S1).
Oak recruits were defined as oak trees with an initial DBH of 5-20 cm
that belong to the suppressed, intermediate, or codominant initial can-
opy classes. These recruits have the potential to develop into the upper
canopy layers, benefiting from crown release resulting from target
diameter cutting. A total of 302 oak recruits were included in the
analysis.

2.3. Quantification of diameter growth, height growth and strand
structural attributes

Individual tree diameter growth (cm year™!) and height growth (m
year ') were calculated from repeated measurements. Annual growth
rates for each individual recruit were calculated over the measurement
intervals 2006-2016 and 2016-2021. The diameter and height growth
data were annualized by dividing the observed periodic growth by the
number of years between measurements. We did not remove zero
diameter growth values (2.8 % of the total growth observations) because
they may represent poor growth conditions. Negative height growth
values were excluded, but zero growth values were included as they may
also represent poor growth conditions and high neighbourhood
competition. Stand structural variables such as stand density (trees
ha’l), basal area (m2 ha’l), coefficient of deviation of DBH (CVd), and
coefficient of deviation of height (CVh) were calculated for each plot

Table 3

Summary of Generalized Linear Mixed Model for assessing the stand and indi-
vidual tree characteristics influencing diameter growth and height growth of oak
recruits. BAL: basal area of trees larger than individual oak recruits; CVd: co-
efficient of variation of DBH; CVh coefficient of variation of height; SE: standard
error; AIC: Akaike's information criterion. All explanatory variables were natural
log-transformed. Diameter growth rates were square-root transformed (See
Table S3 for description of the models).

Diameter growth Height growth

Predictors Estimate  SE p-value  Coefficient SE p-value

Intercept -0.10 035  0.77 0.69 1.14 0.54

Initial DBH 0.27 0.03  <0.001 173 0.22  <0.001

Initial height - - - -2.14 0.31 < 0.001

Conifer -0.05 0.03  0.07 - - -
density

Broadleaved - - - -0.20 0.08  0.01
density

Broadleaved -0.09 0.03 < 0.001 - - -
BA

BAL -0.16 0.03 <0.001 - - -

cvd 0.11 0.07 0.10 0.88 0.31 0.004

CVh 0.11 0.05  0.03 -0.97 0.28 < 0.001

Number of - - - -0.05 0.02  0.004
trees cut

Variance

Tree 0.014 0.059

Plot 0.005 0.006

AIC -722.9 -445.1

within each treatment at each measurement occasion (Table 3). Stand
density and basal area were derived separately for conifers (Norway
spruce and Scots pine) and broadleaved species (birch, European beech,
and oak). We also calculated the total basal area of larger trees (BAL)
than the individual oak recruits (Wykoff, 1990; Schroder, 1999) to ac-
count for competition affecting oak recruits. BAL, or overtopping basal
area, simultaneously considers a tree’s relative dominance and stand
density. BAL was calculated for each sample plot within each treatment
at each measurement occasion. The BAL of the smallest diameter tree
approximately equals the total stand basal area. We also calculated the
total number of trees (trees ha™!) and total basal area (m? ha™!)
removed during target diameter cutting (Table S1).

2.4. Data analysis

All data analyses were conducted in R (R Core Team, 2024). We used
Generalized Linear Mixed-effects Model (GLMM) for all statistical
analysis. GLMMs were performed using the “glmmTMB” package
(Brooks et al., 2017). The “emmeans” package (Lenth, 2025) was used
for post-hoc tests, and model evaluation, including residual diagnostics
and assumption checks, was conducted with “DHARMa” package
(Hartig, 2025).

To address the first research question, we examined how individual
oak tree characteristics and stand structural attributes affect the indi-
vidual tree diameter and height growth rates using two separate GLMM.
We considered initial tree characteristics of oak recruits (DBH, height
and crown class) and stand structural characteristics including conifer
density (trees ha™1), broadleaved density (trees ha’l), conifer basal area
(m?ha™1), broadleaved basal area (m> ha’l), BAL (m? ha’l), CVd, and
CVh as explanatory variables. In addition, the number (trees ha’l) and
basal area (m? ha™!) of trees removed during target diameter cutting in
2008/2009 were also considered as explanatory variables. All these
variables were included in the full GLMMs (Table S3). Variables showing
high collinearity were identified using the variance inflation factor
(VIF), and any variables with VIF > 5 was sequentially remove. After
each removal, the models were refitted until all remaining fixed-effects
variables had VIF below 5. Conifer basal area and the total basal cut
during target diameter cutting were removed during this process and the
remaining variables were retained in the models. The “MuMIn” package
(Barton 2025) was then used to select the optimal models. To represent
the stand conditions affecting the diameter and height growth rates, the
variables derived from the first of two consecutive measurements were
included in the models. A Gaussian distribution with identity link
function was used in the diameter model. Diameter growth values were
square-root transformed to ensure that model residuals met the as-
sumptions of a Gaussian distribution. The height growth model included
a Tweedie distribution to handle continuous height growth values,
including zero. We considered individual trees nested within plots as
random effects in both diameter and height growth models.

To address the second research question, which investigates how
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target diameter cutting influence diameter and height growth of oak
recruits, we compared growth rates across treatments using GLMM. The
descriptions of the models are provided in Table S3. Annual growth rates
were compared among treatments by including the interaction between
treatment and measurement year as fixed effects. Individual trees nested
within plots were included as random effects (Table S3). A gaussian
distribution with identity link function was used in the diameter model.
The height growth model included a Tweedie distribution to handle
continuous height growth values, including zero.

Further, we examined how target diameter cutting affects the tran-
sition of oak recruits to the higher crown classes. We defined trees that
moved to higher canopy classes as 1 and, and those that remained in the
same class as in the previous measurement as 0, regardless of the specific
transition class (e.g., from suppressed to intermediate and intermediate
to codominant). The interactions between treatments and measurement
years were considered as fixed effects in GLMM. In addition, we also
assessed the factors influencing the transition of oak recruits into higher
canopy classes. We included individual tree variables, stand structural
variables, and the number and basal area of trees cut as fixed effects, and
the plots was included as random effects (Table S3). A binomial distri-
bution with a logit link function was used in all models analysing tree
crown transitions. The variable and optimal model selections were
performed following the procedure as described above.

3. Results

3.1. Stand structural and individual tree characteristics affecting the
diameter and height growth of oak recruits

Initial tree diameter showed a strong positive effect (p < 0.001) on
the individual tree diameter growth of oak recruits (Table 3). A negative
effect of broadleaved basal area (p < 0.001) and the total basal area of
trees larger than individual oak recruits (p < 0.001) was observed. The
coefficient of variation of height was found to have a positive effect
(p = 0.03) on diameter growth.

Initial oak diameter showed a significant positive effect (p < 0.001),
while initial tree height exhibited a negative effect (p = 0.001) on in-
dividual tree height growth (Table 3). Further, negative effects on height
growth of oak recruits were observed for broadleaved density
(p = 0.002), the coefficient of variation of tree height (p < 0.001), and
the number of trees removed during target diameter cutting (p = 0.004).
In contrast, the coefficient of variation of DBH (p = 0.004) had positive
effects on height growth.
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3.2. The effect of target diameter cutting on the diameter and height
growth of oak recruits

The results indicate a significant positive influence of target diameter
cutting on the diameter growth of oak recruits. Regardless of treatment
types, the diameter growth rates in treatment plots were significantly
higher than those in the control plots (Fig. 2a). The mean DBH growth
rates (cm year’l) in each treatment were 0.11, 0.24, 0.26, and 0.21 for
control, TDC, TDC2, and TDCS, respectively. There were no significant
differences (p > 0.05) among the three different selective cutting
treatments (Fig. 2a). Eight years following selective cutting, in 2016, the
diameter growth rate in TDC (p < 0.001) and TDC2 (p < 0.001) treat-
ments was statistically higher than in C (Fig. 2b). TDCS showed no
significant difference from the other two treatments or control. Sixteen
years following selective cutting, in 2021, the growth rate of oak recruits
was significantly higher in all selective cutting treatments compared to
the control (Fig. 2b). Again, no significant differences among the se-
lective cutting treatments were observed. In 2021, the growth rate was
slightly decreased across all treatments, and the control plot showed the
significantly lowest growth rate.

We found that height growth rates in TDC and TDCS treatments were
significantly lower than the control without cutting (Fig. 3a). The
average height growth rates (m year™') of oak recruits were 0.23, 0.17,
0.19, and 0.16 for control, TDC, TDC2, and TDCS respectively. There
were no significant differences in height growth rates among the three
different selective cutting treatments. Eight years after target diameter
cutting, height growth rates in TDC treatment were significantly lower
than in control and TDC2 treatment (Fig. 3b). However, sixteen years
after cutting, height growth rates in TDCS treatment were lowest among
all treatments including control, and were significantly lower than those
in TDC and control.

3.3. Effects of target diameter cutting on the transition of oak recruits into
higher canopy classes

Only 18 recruits in codominant positions were observed, and none of
these recruits were transitioned into dominant canopy positions. We
combined these 18 trees with intermediate canopy class, which did not
significantly affect the results. The TDC2 treatment showed the highest
transition rate of oak recruits into higher canopy classes Fig. 4a). Sig-
nificant higher transition rate in TDC2 treatment (31 %) was observed
than in the TDC (13 %) and TDCS (13 %) treatments, although the dif-
ference was not statistically significant compared to the control (17 %).
Eight years after target diameter cutting (in 2016), no significant dif-
ferences in the probability of canopy transition were observed across all

0.4 0.4
Treatment
(a) (b)
e
[ ]| oc
[ | Toc2
L L2 b W 0.3 Td Ld | ] Tocs
£ b £ J cd
2 b ¢ cd
£02 So2 & cd
£ £
3 3
<] o
(=] =]
= T
o) o)
0 0.1 0 0.1 a
0.0 0.0 +
C TDC TDC2 TDCS 2016 2021
Treatment Measurement Year

Fig. 2. Diameter growth rates of individual oak recruits in different treatments from 2006 to 2021 (a), in different measurement years (b). Measurement year 2016 in
(b) represents the diameter growth between 2006 and 2016, and 2021 represents diameter growth between 2016 and 2021. Error bars indicate the + standard error
for the mean diameter growth rate. Letters in common show no significant differences (p > 0.05).
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Fig. 3. Height growth of individual oak recruits in different treatments from 2006 to 2021 (a), in different measurement years (b). Measurement year 2016 in (b)
represents the height growth between 2006 and 2016, and 2021 represents height growth between 2016 and 2021. Error bars indicate the + standard error for the
mean height growth rate. Letters in common show no significant differences (p > 0.05).
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Fig. 4. The observed probability of oak recruits moving to higher canopy classes in different treatments from 2006 to 2021 (a), and in different measurement years
(b). Measurement year 2016 includes all transitions between 2006 and 2016, and 2021 includes transitions between 2016 and 2021. This included all transitions, i.e.,
from suppressed into intermediate, intermediate into codominant. Error bars indicate the + standard error for the mean probability of canopy class transition. Letters
in common indicate no significant differences (p > 0.05).

treatments (Fig. 4b). Following the third measurement, conducted in
2021, the overall probability of transition to higher canopy classes was
significantly higher in the TDC2 (33 %) compared to the TDC (8 %)
treatment. No significant differences were observed compared to the
TDCS (16 %) treatment and the control (14 %).

The probability of transition of oak recruits into higher canopy
classes is dependent on initial tree characteristics and stand structure.
The results indicate that oak recruits with larger DBH (p < 0.001) havea
higher chance of advancing into higher canopy classes (Table 4). Trees

already in intermediate canopy class have lower probability of tran-
sitioning into higher canopy classes compared to suppressed trees
(p < 0.001). A higher coefficient of variation of height (p = 0.008)
within a stand promote the probability of transition of oak recruits into
higher canopy classes.

4. Discussion

4.1. Stand structural and individual tree characteristics affecting the
diameter and height growth of oak recruits

The diameter and height growth of oak recruits was influenced by

Table 4

Summary of GLMM showing the factors affecting the probability of transition of
oak recruits into higher canopy classes. CVh: coefficient of variation of height.
All explanatory variables were natural log-transformed. Crown class variables
are categorial variables with two categories: suppressed and intermediate.

Predictors Estimate Standard error p-value
Intercept -17.53 4.35 < 0.001
Initial DBH 0.47 0.08 < 0.001
Initial height 0.18 0.11 0.09
Initial crown class (Intermediate) -3.26 0.49 < 0.001
Broadleaved BA -0.57 0.35 0.10
CVvh 2.85 1.07 0.008
Variance

Treatment:plot 0.63

AIC 383.7

initial tree DBH, with larger recruits exhibiting a higher diameter and
height growth. A higher basal area of larger trees (BAL) than the indi-
vidual oak recruits reduced diameter growth. This suggests that an
increased number of trees larger than the individual oak recruits in the
area reduces the diameter growth of those recruits. BAL accounts
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simultaneously for a target tree’s social ranking and the density of the
stand (Wykoff, 1990; Schroder, 1999), and similar negative effects on
the diameter growth of oak were observed in previous studies (Rohner
et al., 2017; Schelhaas et al., 2018). In our study, Norway spruce and
Scots pine constitute over 70 % of the stem density, and their combined
stem density and basal area of broadleaved species (birch, European
beech and oak) further negatively affected the diameter growth of oak
recruits. This finding aligns with earlier studies that have reported
negative effects of density on oak growth (Adame et al., 2008; Noguchi
and Yoshida, 2009; Rohner et al., 2017; Pohl et al., 2025).

Although height growth is generally expected to decline with
increasing DBH (Johnson et al., 2019), a positive effect of DBH on height
growth was observed. This is likely because our study focused on rela-
tively small recruits. In line with previous studies (Sumida et al., 1997;
Trouve et al., 2015), the results indicate that height growth decreases as
tree height increases. The stand structural variables of broadleaved
density showed negative effects on the height growth. In dense stands
with more broadleaved trees, light becomes a major limiting factor
negatively affecting the growth of oak recruits. Managing stand density
is thus very important to favour the oak recruit’s growth. Compared to
several other tree species, oaks need more light for sustainable height
growth (Modrow et al., 2019; Petersson et al., 2020). For example, while
beech needs about 10 % of above-canopy light, oak requires twice as
much to reach an optimum growth (Ligot et al., 2013).

Managing stand density through target diameter cutting also alters
tree size variation. The negative effect of CVh on height growth of oak
recruits suggests that structurally heterogeneous stands, where taller
individuals strongly dominate and height variation is large, intensify
asymmetric competition and suppress height growth smaller recruits.
Our results contrast with those of a previous study (e.g., Stimm et al.,
2021), who reported positive effects of stand density and vertical stand
structure on height growth of oak. However, their study focused on
relatively large oaks with a mean DBH ranging from 35.6 to 47.8 cm and
mean height ranging from 22.5 to 27.9 m in different forest types with
different species mixture. The positive effects of CVd on height growth
indicate that stand structure complexity may facilitate height growth of
oak recruits. Higher variation in tree DBH creates a more irregular forest
structure with spatially heterogeneous light conditions that could pro-
mote height growth of light-demanding oak recruits. In addition, we
observed a negative relationship between height growth and the number
of trees removed during target diameter cutting. High-intensity selective
cutting may not benefit the height growth of oak recruits, even after
competition is reduced and light availability is improved. A previous
study by Vallet and Perot (2016) also reported a lower growth rate of
oak as light availability increased.

4.2. The effects of target diameter cutting on diameter and height growth
of oak recruits

Our results indicate that target diameter cutting promoted the
diameter growth of oak recruits. Target diameter cutting reduced
competition for resources such as soil water, nutrients, growing space,
and light availability by decreasing the stand density and basal area
(Yoshida and Kamitani, 1998; Gotmark, 2009; Gorrod et al., 2024),
which in turn positively affected the diameter growth of oaks. Although
a slight decrease in the annual growth rate was observed across all
treatments over time, the positive effects of selective cutting on oak
diameter growth persisted for at least 16 years post-selective cutting.
This long-term response is consistent with a 25-year post-thinning study
carried out in planted oak (Q. robur) forests in Southern Sweden
(Barbeito et al., 2024). They reported that the initial benefits of thinning
on oak growth tend to diminish over time. Similar long-term positive
effects of thinning but diminishing effects on the growth of different oak
species have also been reported in previous studies in coppice stands
(Cabon et al., 2018; Dodan et al., 2024).

Target diameter cuttings did not promote the height growth of oak
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recruits. In contrast to diameter growth, our results indicate a significant
negative effect of target dimeter cutting on the height growth of oak
recruits. Therefore, it seems that the different forms of target diameter
cutting promoted the diameter growth of oak recruits rather than height
growth. Under partial shade, oaks are less responsive in height growth
(Johnson et al., 2019). These results are further supported by several
other studies (Miller, 2000; Podan et al., 2024). For example, Miller
(2000) found that crop tree release treatment promoted the diameter
growth, but the total height growth was reduced by heavy release.
However, released crop trees tend to maintain their initial crown class
better than unreleased trees (Miller, 2000). Furthermore, a study in a
thinning experiment in oak (Q. petraea)-hornbeam coppice stands
(Fedorova et al., 2016) revealed that thinning promotes primarily
diameter growth rather than height increment. Further, Canellas et al.,
(2004) reported that in a Q. pyrenaica (Willd.) coppice stand subjected to
thinning treatments of varying intensities, there were no significant
differences in height increment among the treatments. In addition,
regardless of light conditions, the growth of other broadleaved species,
such as European beech, may grow faster than oaks (Ligot et al., 2013).

4.3. The effect of target diameter cutting on the transition into higher
canopy classes

Without release from competition, small oaks, especially sapling and
pole-size trees, in the lower canopy layers are more likely to die (Miller,
2000; Ward, 2009). Therefore, the effect of target diameter cutting on
canopy class transition may be more important to examine than its effect
on height growth. Oaks that are suppressed beneath the canopy at a
younger age are likely to remain suppressed as they grow older; there-
fore, silvicultural interventions are necessary to prevent oak recruits
from eventually becoming permanently overtopped and unable to
recover (Zenner et al., 2012). After silvicultural interventions, such as
target diameter cutting, remaining trees experience not only reduced
competition from the surrounding trees but also a potential shift in so-
cial position since trees are removed from the stand. We found that the
transitions of a recruit’s social positions into higher canopy classes were
higher in the TDC2 treatment 16 years following selective cutting
treatments. The TDC2 treatment was designed to favour the growth of
broadleaved species by removing dominant species, such as Norway
spruce, by lowering the target diameter thresholds for cutting compared
to the other two treatments, TDC and TDCS. By cutting more Norway
spruce trees, the resulting lower stem density and stand basal area are
likely to promote the development of suppressed recruits into upper
canopy positions. A study on the effect of release cutting on the devel-
opment of red oak (Q. rubra L.) in North America also reported that only
a few intermediate (<10 %) and suppressed (<1 %) oaks were able to
recruit into the higher canopy layers without thinning (Ward, 2009).
Since the recruits in our study is relatively small, active management is
essential to promote the growth and to ensure that successfully estab-
lished oak recruits develops to larger individuals that can advance into
the upper canopy layers, as competitive pressure can undermine the
recruitment process into the overstory (Zenner et al., 2012; Dey, 2014).

While target diameter cutting reduces stand density and alters tree
size distribution by removing trees of specified sizes, it may not funda-
mentally alter the underlying mechanisms of how trees compete and
transition into higher social positions. We observed that larger recruits,
in terms of DBH and height, have a higher chance of transitioning into
higher canopy classes when canopy openings are created by silvicultural
interventions. Trees that are already in the intermediate positions are
less likely to advance into higher canopy classes compared to suppressed
trees. Suppressed trees, which are half or less of the total height as
defined in this study, are more likely to advance to intermediate canopy
position when canopy openings occur due to selective cutting. It is likely
that the higher probability of the advancement of suppressed trees into
the intermediate canopy class was due to shift in social position
following selective cutting of larger competing trees. Intermediate trees,
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on the other hand, are less limited by light availability than suppressed
trees, although they still experience lateral competition for light. Se-
lective cutting could benefit crown development (Attocchi, 2015) of
recruits in intermediate and codominant canopy classes. Our results are
consistent with those of (Willis et al., 2018), who reported that the
recruitment of large trees did not accelerate 14 years after thinning. In
our study, following 16 years post-target diameter harvesting, the
pattern of transitions into higher canopy classes is likely increasing
gradually. Studies (O'Hara, 1986; Zenner et al., 2012) have reported the
latent dominance capacity of oaks, in which they can persist in sup-
pressed positions for decades and gradually transition into higher can-
opy positions. However, thinning or selective cutting are necessary to
ensure oak survival and growth as competitive dynamics in the over-
story positions during the recruitment process may increase oak mor-
tality (Ward and Stephens, 1994; Dey, 2014). Greater tree height
variation may enhance upward transitions in canopy positions. This is
also primarily because selective removal of larger and taller individuals
alters canopy stratification, allowing previously suppressed individuals
to gain space even if their height growth remains limited.

The success of oak forest management depends on sustaining oak
recruitment. This study provides an important piece of information for
the management of oak forests. Selective cutting can help ensure the
sustainable management of oak forests. In our experiments, target
diameter cutting intensity reached an average of up to nearly 40 %
across all treatments. Our results highlighted that selective cutting of
larger individuals promote diameter growth but reduce height growth of
oak recruits. Repeated but lower intensity selective cutting could
maintain enhanced height growth while still releasing oak recruits for
higher diameter growth. To maintain a dynamic light environment, se-
lective cutting may need to retain scattered large trees, as CVd positively
affected height growth. Therefore, selective cutting should focus on
competitors directly above young oaks to promote height growth. In
addition, retaining mixed size classes (higher CVd) while keeping
overall stand density moderate produces beneficial light environments
(Pohl et al., 2025) that could promote oak recruitments. However, it
should also be noted that target diameter cutting, which remove the
most vigorous trees, can compromise future forest health and long-term
sustainability (Curtze et al., 2022). Therefore, selective cutting should
be implemented to retain mixed size classes, preserving trees with
high-quality phenotypes, creating canopy openings to promote light
availability and reduced competition. This approach could promote oak
recruitment while maintaining stand productivity and genetic diversity.

5. Conclusion

This study examined the effects of different forms of target diameter
cutting on the growth and advancement of oak recruits into higher social
positions over a period of 16 years. Our results indicate that all three
different forms of target diameter cutting primarily promoted the
diameter growth of recruits, and that this growth persisted 16 years
following cutting. Height growth was not likely to be promoted by se-
lective cutting, as oak recruits invested more in diameter growth. Target
diameter cutting was likely to promote the transition of oak into the
higher canopy positions, and this could be due to a combination of
removal of other trees, even if height growth of the oak recruits remains
limited. Basal area of larger trees negatively affected diameter growth of
oak recruits. The recruitment process into higher canopy positions is a
long-term process and a period of 16 years, as in this study, may not be
sufficient to monitor this process. Therefore, longer-term studies are
needed with repeated selective cutting. The findings highlight the crit-
ical role of silvicultural practices in supporting oak growth and
recruitment process. This study suggests that target diameter cutting
could be an alternative forest management approach to facilitate the
growth and recruitment of oak and to ensure the sustainability of oak-
dominated forests.
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