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Abstract

Nordin, Per (2023). Regeneration measures in time and space: Site preparation,
planting, and digital tools, Linnaeus University Dissertations No 489/2023,
ISBN: 978-91-8082-019-6 (print), 978-91-8082-020-2 (pdf).

Regeneration success depends on decisions made based on factors on a
regional, site, and microenvironmental level. Therefore, understanding and
mapping of such factors between and within sites can guide decisions for
better seedling establishment. Thus, the aim of this thesis was to find
combinations of regeneration measures that result in low seedling mortality
and high growth. Additionally, to explore the potential of digital tools in
regeneration planning. Aims were handled using field experiments and a
survey, by integrating digital tools in the analysis and experimental set-up.

Increased precipitation and decreased air temperatures between April and
October during the planting year lowered seedling mortality. Planting in
mineral soil also lowered the mortality rate, which emphasized the
importance of planting and site preparation quality (Paper I). Selection of
site preparation method was found to be of minor importance. The site
preparation’s ability to create suitable planting spots was most important for
seedling survival and growth. Selection of site preparation affected soil
disturbance, and natural regeneration was promoted with all methods used
in the experiments (Paper II). Adapting planting position choice, following
site preparation, to within-site variation was valuable to decrease mortality
rates and promote growth (Paper II-III). In wet conditions, elevated
planting positions were advantageous compared to lower ones, but more
flexibility could be applied in drier conditions. Norway spruce, Scots pine,
and silver birch reacted differently to planting position choice (Paper III).
Paper I-III indicated that digital tools could be used in regeneration
planning. A depth-to-water-raster successfully explained seedling mortality
and growth in the extreme ends of the soil moisture spectrum. Using remote
sensing derived variables can be valuable for further mapping and
understanding of between and within-site variation in future regeneration
planning. There were no long-term negative effects on stand productivity
after 30 years following site preparation. The standing volume was largest
after ploughing but disc trenching and mounding also had higher standing

volume than the unscarified control (Paper IV). I conclude that regeneration



decisions made today, regarding species selection and regeneration method,
should strive for increased precision for the benefit of the forests of
tomorrow.

Keywords: Betula pendula, microsite, Picea abies, Pinus contorta, Pinus
sylvestris, planting, regeneration, site preparation, remote sensing



Sammanfattning

For att lyckas med foryngringsatgirder krivs beslut baserade pa faktorer pa
regional, bestinds och mikromiljonivd. Dirfér kan forstielse och
kartliggning av dessa faktorer mellan och inom bestind vigleda beslut f6r
att sikerstilla god plantetablering. Syftet med denna avhandling var siledes
att hitta kombinationer av fOryngringsmetoder som resulterar i lag
plantmortalitet och hég tillvixt. Dirutéver, utforska potentialen for
anvindning av digitala verktyg i féryngringsplanering. Syftena behandlades
genom en anvindning av filtexperiment och en filtunders6kning, genom att

integrera digitala verktyg i analyser och forsoksutligg.

En 6kning i nederbérd och ligre lufttemperatur mellan april och oktober
under planteringsaret sinkte plantmortaliteten. Plantering i mineraljord
ledde ocksa till lagre mortalitet, vilket visar pa betydelsen av planteringens
och markberedningens kvalitet. Valet av markberedningsmetod hade
mindre betydelse. Det viktigaste for oOverlevnad och tillvixt var
markberedningens ~ férméga att skapa bra  planteringspunkter.
Markstérningen paverkades av valet av markberedningsmetod och naturlig
foryngring gynnades av alla anvinda metoder i forsoken. Att anpassa valet
av  planteringsposition, efter  utférd  markberedning, till
stindortsférhallanden var virdefullt f6r att minska mortaliteten och gynna
tillvixten. Upphojda positioner var férdelaktiga nir forhillandena var blota
men valet kunde vara mer fritt nir det blev torrare. Gran, tall, och bjork
reagerade olika pa valet av planteringsposition. Artikel I-III indikerade att
digitala verktyg skulle kunna anvindas i foryngringsplanering. Ett depth-to-
water-raster forklarade plantmortaliteten och tillvixten i de extrema delarna
av markfuktighetsskalan. Anvindningen av fjirranalysvariabler kan bli
virdefullt for fortsatt kartliggning och forstielse av stindortsvariation
mellan och inom bestind i framtida f6ryngringsplanering. Markberedning
ledde inte till nagra negativa effekter pa produktionsférmagan. Volymen var
storst efter hyggesplojning men harvning och hogliggning visade ocksé
hogre stdende volym dn den omarkberedda kontrollen. Min slutsats dr att
toryngringsbeslut idag, angdende tradslagsval och foryngringsmetoder, bor
strava mot okad precision for att gynna morgondagens skogar.

Nyckelord: Betula pendula, mikromilj6, Picea abies, Pinus contorta, Pinus
sylvestris, toryngring, plantering, markberedning, fjarranalys






Preface

This doctoral thesis is a summary of the entirety of my PhD studies at Skogforsk
and the Department of Forestry and Wood Technology at the Faculty of
Technology, Linnaeus university (LNU). This thesis was the sixth and last to be
produced within the research project Future Silviculture in southern Sweden
(FRAS), a collaboration between Skogforsk, Swedish University of Agriculture
(SLU), and LNU. The supervisor group consisted of Karin Hjelm (SLU), Erika
Olofsson (LNU), Gisela Bjorse (Sveaskog), and Matts Karlsson (Sodra).

This thesis is written based on four manuscripts that, in their own way, try to
capture the complexity of forest regeneration. Whether it be climatic, site, and
microenvironmental factors affecting seedling establishment, or site preparation
choice and their effect on the future stand, they all contribute to the broadened
understanding of forest regeneration. This thesis also stumbles into the digital
age and incorporate digital tools, previously unused or underutilized, in forest
regeneration planning. I try to, with this thesis, give examples of how digital
tools can aid decision making but balancing my findings with both optimism
and pessimism.

Per
2023
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Dedication

To all of you who think outside of the box.

To all of you who ask questions.

To all the visionaries and pioneers.
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“When Spring unfolds the beechen leaf, and sap is in the bough;
When light is on the wild-wood stream, and wind is on the brow,

When stride is long, and breath is deep, and keen the
mountain-air,
Come back to me! Come back to me, and say my land is fair!

When Summer lies upon the world, and in a noon of gold
Beneath the roof of sleeping leaves the dreams of trees unfold;
When woodland halls are green and cool, and wind is in

the West,
Come back to me! Come back to me, and say my land is best!”

J.R.R Tolkien, The Ent and the Entwife, The Two Towers.

“It is often said that a person’s first thought is the most honest
but that often isn’t true. It’s often the most stupid. Why else

would we have afterthoughts”

Fredrik Backman, Us against You

“The best stories are never completely realistic and never
entirely made-up”

Fredrik Backman, Britt-Marie was here.
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MSP
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DEM
DTW
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NDVI
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Swedish Forest Agency
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Air-borne laser scanning

Digital elevation model
Depth-to-Water

Depth-to-Water after log-transformation
Disc trenching

Low intensity disc trenching
Patch-wise treatment

Diameter at breast-height

Normalized difference vegetation index
Land surface temperature

Unscarified
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Basal area

Carbon
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1 Introduction

Already in the earliest Swedish silvicultural handbook, Om Skogars Skétsel
(Rosensten, 1737), the importance of regeneration through planting for future
forests was emphasized. This has since been further cemented through
legislation when the 1903 forestry act obliged forest owners to regenerate
harvested forest areas within a reasonable time-period (Enander, 2007). Over
the 20" century approaches to forest regeneration changed in light of trends in
silviculture. In the early 1900s regeneration efforts were dominated by natural
regeneration with retention of seed trees. The vast majority of planted areas
occurred in afforestation efforts on heaths and other open areas in southern
Sweden, and sporadically in regeneration areas in northern Sweden (Blennow
& Hammarlund 1993; Kardell 2004). It was not until after World War II, and
the large-scale shift towards clear-cut forestry, that planting gained more ground
in Swedish silvicultural practice. At a similar time, further research explored
how to rationalize forest planting (Enander, 2007), and verified practices which
had been put forward earlier by Wahlgren (1922). The planted area thus began
to increase over the coming decades, eventually reaching the levels observable
today (SFA, 2022).

To improve success rates of planting, various site preparation methods were
developed and evaluated between the 1950s and the 1990s. Mechanical site
preparation (MSP) was also introduced and developed, to further rationalize
forest planting (Enander, 2007; SFA, 2020). Most of the methods developed in
this period are still applied in various forms and to different extents, but
ploughing has since been banned because of its negative impact on forest
ecosystems. However, planting has been maintained as manual labor, and still
is to this day, although efforts are being made to mechanize it (Enander, 2007,
Ersson, 2014; Ersson, 2022).

The large-scale introduction of the clear-cut system created new problems,
such as increased competition from broadleaves and an abundance of large pine
weevils (Hylobius abietis L.) feeding on the seedlings. The former was from the
1950s-1980s controlled using large-scale spraying of herbicides, which created
massive protests and a subsequent attitude change towards the use of chemicals



in Swedish forestry, causing an eventual prohibition of highly toxic herbicides
like Hormoslyr (Ostlund et al. 2022). The latter was dealt with using
insecticides. Changing views about the use of chemicals in Swedish forestry,
and the requirements of new certification schemes that emerged in the 1990s
(Forest Stewardship Council, FSC, and The Programme for the Endorsement of
Forest Certification, PEFC), meant that new ways to protect seedlings had to be
developed. As early as the late 1980s pine weevil protection barriers made of
nylon stockings were tested (Eidmann and von Sydow, 1989). These paved the
way for the mechanical protection barriers that are widely used in Sweden today
using e.g., glue and sand (Conniflex, Svenska skogsplantor) or wax (Ecowax,
Norsk-Wax AS).

Currently, Swedish regeneration measures are heavily dominated by MSP
followed by planting with improved nursery grown seedlings of either Norway
spruce (Picea abies Karst.) or Scots pine (Pinus sylvestris L.). The dominance
of planting is especially evident in southern Sweden where more than 90 % of
the clear-felled area is planted, of which ~90 % is prepared with MSP (SFA,
2022). Due to browsing pressure and the relative profitability of Norway spruce,
planting of Norway spruce has increased at the expense of Scots pine (Lodin et
al., 2017). This has led to occurrence of poorly site adapted Norway spruce
stands, grown at sites suitable for Scots pine or broadleaves (Felton et al., 2020).
Although the success of regeneration has improved (Bergquist et al., 2017) poor
site adaptation can lead to excessive mortality of planted seedlings, and a lost
investment affecting future revenue. Questions arise as to whether future forests
will consist of planted seedlings or naturally regenerated trees filling the gaps
(Holmstrom et al., 2019; Galnander et al., 2020). Either way, there is a need for
better adaptation to local site conditions to ensure that future regeneration
efforts are successful and achieve the forest owner's goals.

1.2 Background

Succeeding with any regeneration effort depends on several abiotic and biotic
factors, at different spatial scales (Figure 1). Regionally, climate factors such as
temperature and precipitation affect the species that can grow within the given
ecological limitations. On a site level, the general topography, site productivity,
soil conditions and other factors can challenge seedling establishment.
Seedlings are also affected on a microlevel, how the nearby environment varies
in e.g., soil moisture conditions, elevation, and mineral soil exposure. The
interplay of all these factors has implications for the future forest stand.

1.2.1 Landscape level

In Sweden, there is a strong north-south gradient to climatic variability, with
warmer temperatures and longer vegetation periods in the southern parts of the
country. Within southern Sweden (Gotaland) there are several biogeographic



zones. The hemiboreal zone is dominant in the interior. Along the coastline and
in the southernmost part the temperate vegetation zone dominates with a milder
climate compared to the interior parts. In the southern Swedish highlands, the
climate gets harsher and can be recognized as a southern boreal zone (Ahti et
al., 1968). There is also a considerable difference in precipitation between the
eastern and western parts of Gotaland, with the east being characterized by less
precipitation and drier conditions, and the west as a maritime humid climate
with plenty of rain (SMHI, 2022). These diverse climatic conditions, in southern
Sweden, allow for growth of both broadleaf species, associated with temperate
forest, such as pedunculate oak (Quercus robur L.) and beech (Fagus sylvatica
L.) and boreal coniferous species such as Scots pine and Norway spruce. In that
sense, southern Sweden is different from the north, as a larger palette of
different native tree species can thrive. However, the milder climate of the south
also brings different challenges to those in the north, with faster response of
competing vegetation to disturbance or higher abundance of pine weevil. Also,
more ungulate species, with populations of moose (Alces alces L.), roe deer
(Capreolus capreoulus L.), fallow deer (Dama dama L.) and red deer (Cervus
elaphus L.), occur in southern Sweden resulting in a relatively high browsing
pressure (Pfeffer et al., 2021).

Depending on regional differences in climate and site properties, precautions
need to be taken when carrying out silvicultural activities (Subramanian et al.,
2016). Adaptations can be made based on prevailing conditions and perceived
current and future risks of damage e.g., from wind or drought (Blennow, 2012;
Keskitalo et al., 2016). Mapping and understanding the region both in terms of
site properties and weather patterns, such as precipitation and temperature, is
vital for succeeding with establishment of a new stand (Lundmark, 1988). The
weather cannot be controlled, but adaptations can be made based on historical
data and predictions about the future climate (Spittlehouse and Childs, 1990).
The challenge is to make decisions based on perceptions of how the climate will
change (Keskitalo et al., 2016; Andersson and Keskitalo, 2018), and establish
the level of risk that is acceptable (Uggla and Lidskog, 2016; Lodin et al., 2017).
The future climate of southern Sweden is predicted to become warmer and
wetter but with more frequent periods of drought in the summer months, and
more frequent extreme weather events (Chen et al., 2015; Wilcke et al., 2020).
Adaptations towards such a changing climate should therefore be considered in
any establishment of new forest, both in terms of regeneration method and tree
species selection (Kellomaki et al., 2008; Bolte et al., 2009; Schou et al., 2015).
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Figure 1. Examples of factors that affect the forest landscape and should be considered in
regeneration decisions. From abiotic factors like sun radiation, precipitation, wind, and
frost, to biotic risks such as browsing, insect feeding, and vegetation competition. Also,
below-ground processes such as available nutrients, soil temperature and soil water.
Created by Per Nordin using images from Flaticon.com

1.2.2 Site level

Following harvesting, seedlings planted on a reforestation area need to
overcome immense stress before they have become established and coupled
with the forest ecosystem (Margolis and Brand, 1990; Grossnickle, 2016). It is
therefore important to create a suitable environment for seedlings, which can be
achieved through different types of MSP. These can be categorized into
continuous or intermittent methods (Lof et al., 2012; Sikstrom et al., 2020). Disc
trenching is an example of continuous MSP that is widely used in Sweden. This
method creates long continuous rows of furrows and berms, exposing large
amount of mineral soil, creating many potential planting spots (Orlander et al.,
1990; Sikstrom et al., 2020). It is widely used because it works well on most
sites, except for moist and wet ones (Sikstrom et al., 2020). Intermittent MSP
methods are characterized by the creation of planting spots which are scattered
across the regeneration area. This can be done through e.g., patch scarification,
mounding, or inversion. Patch scarification removes the upper organic layer,
exposing a patch of mineral soil (Orlander et al., 1990). Mounding creates



elevated planting spots covered with mineral soil and is especially suitable on
mesic and moist sites where excessive water may limit seedling growth (Sutton,
1993). Inversion creates planting spots with an inverted soil profile at ground
level (Orlander et al, 1998). As these methods create different planting
environments, they should be selected on the basis of particular site conditions,
species to be planted, seedling type, and the forest owner’s goals.

The overarching goal of MSP is to ensure seedling survival and promote
early growth. To achieve this, MSP removes and initially suppresses competing
vegetation, giving the seedlings a head-start (Nilsson and Orlander, 1999;
Thiffault and Jobidon, 2006; Wiensczyk et al., 2011) by increasing the
availability of water and nutrients (Nilsson et al., 1996; Thiffault et al., 2003).
Additionally, when removing vegetation and loosening the soil, soil
temperature increases. Cold and dense soils can inhibit root growth (Orlander
et al., 1998; Grossnickle, 2005). Not only does MSP alter site conditions, to
favor seedling establishment, but it also reduces damage due to pine weevil
feeding. The exposure of mineral soil around seedlings has been shown to be an
efficient way of reducing the likelihood of pine weevil feeding on the seedling
(von Sydow, 1997; Petersson et al., 2005; Nordlander et al., 2011).

MSP can also promote natural regeneration by mixing the soil and exposing
favorable environments for germination (Karlsson et al., 2002; Floistad et al.,
2018). Hence, MSP can be an efficient way to increase variation in forest stands
planted with conifers by potentially creating mixed forests (Nilsson et al., 2006).
Mixed forests spread risks and can increase the forest’s resilience and
biodiversity (Felton et al., 2016; Coll et al., 2018). From a biodiversity
perspective, an admixture of broadleaves within conifer stands can have a
positive impact on species richness and diversify the understory vegetation
(Felton et al., 2010). From a resilience perspective, mixed stands of spruce and
birch have shown to be more storm resilient than spruce monocultures (Hahn et
al., 2021), and the mixing of species can also have a positive effect in terms of
increasing resilience towards pests and pathogens (Felton et al., 2016; Coll et
al., 2018). Mixed stands of conifers and broadleaves can be kept and managed
without necessarily suffering economically compared to monocultures
(Dahlgren Lidman et al., 2021; Ara et al., 2022b). This admixture could also be
a good way of maintaining a good amount of forage for ungulates, reducing
browsing pressure on crop trees (Ara et al., 2022¢). However, the MSP method
must be chosen according to the desired amount of natural regeneration that
should compose the future forest, and the levels of effort and cost that will be
reasonable for future management (Ahtikoski et al., 2010; Uotila et al., 2010).

Silvicultural measures are not consequence-free, and MSP is no exception as
it disturbs the forest floor. The extent of this disturbance depends on the method
used (Stromgren et al., 2017; Cardoso et al., 2020; Sikstrom et al., 2020). Of the
methods mentioned above, disc trenching disturbs the largest area. More intense
methods, such as ploughing, would lead to even greater amount of disturbance,



both in terms of coverage and depth of disturbance (Cardoso et al., 2020;
Sikstrom et al., 2020). In comparison, intermittent methods minimize the
disturbed area, creating spot-wise disruption, but can still disturb at great depth.
MSP can also cause damage to cultural remains. In fact, MSP is one of the major
causes of damage to cultural remains in the forest landscape in Sweden (SFA,
2022). Being more aware of the whereabouts of such remains and trying to
minimize the impact of MSP could therefore be necessary if the forestry sector
wants to reduce the amount of damage inflicted. Further, the visual effect of
MSP is known to be disliked by the general public. This affects the recreational
value of the forest, which can be a significant issue close to urban settings
(Gundersen and Frivold, 2008). Moreover, induced disturbance can influence
the vegetation composition of the forest site, both in the short term but also
affect the recovery of the forest vegetation over time (Haeussler et al., 2017).

1.2.3 Micro-level

How seedlings will endure and prosper in their new environment after planting
largely depends on microsite conditions and the ability these provide for further
growth above and below ground (Margolis and Brand, 1990). Much of the initial
stress on seedlings relates to a lack of nutrients and water in the very proximity
of the seedling, since the root system has not grown to a size where it can acquire
the necessary resources (Grossnickle, 2005; Grossnickle, 2012). Soil
temperature also plays an important role, because it promotes root growth if
water conditions are favorable. The soil texture’s ability to retain soil moisture,
even in periods without precipitation, also affects the potential for water uptake
by seedlings, although it can also hinder growth when water is superfluous
(Margolis and Brand, 1990). Altering light conditions through shelterwood,
retention trees, or edge effects from nearby forest stands can affect the
microenvironment by stabilizing the air temperature and reducing the risk of
frost damage (Langvall and Orlander, 2001; Langvall and Lofvenius, 2002). All
these factors interact and influence each other, and they can vary considerably
within the same site. Hence, silvicultural methods that promote seedling
establishment should alter microsite conditions to favor the desired tree species
and address any limiting factors.

Various types of microsite conditions that can offer favorable planting spots
are created following MSP. The characteristics of the microsite, in terms of both
elevation and mixing of organic material, strongly influences attributes such as
soil moisture conditions, soil temperature, potential nutrient availability, and
resilience in the face of biotic and abiotic risks. Elevated planting spots, like
mounds or berms, alter hydrological conditions by lowering soil moisture,
which can be needed on wet and moist sites (Sutton, 1993). However, due to
their porous structure, these planting spots run the risk of drying out in instances
of low precipitation, meaning that seedlings may experience increased water
stress (Orlander et al., 1990; Luoranen et al., 2018; Higgstrom et al., 2021).



This is particularly an issue when the roots cannot reach the available capillary
ground water (Burdett, 1990; Grossnickle, 2005). In planting spots that are at
ground level or below ground level, like patches or furrows, water may be more
easily accessible, even in dry conditions (Orlander, 1986; Hansson et al., 2018).
However, in such spots the soil can become saturated, leading to oxygen
deficiency in the root zone. This can reduce vitality and thus hinder growth or
even lead to mortality (Pearson et al., 2011; Henneb et al., 2019). Soil
temperature in prepared spots is higher than the undisturbed surrounding area,
due to removal of insulating vegetation and loosening of the soil (Sutton, 1993).
This procedure creates a microenvironment around the seedling with an
increased availability of nutrients, partly due to increased mineralization in the
underlying humus in berms and mounds (Smolander and Heiskanen, 2007),
which will promote root growth (Grossnickle, 2005). Microsite characteristics
also influence seedlings’ susceptibility to frost. When vegetation is removed,
air temperature around the seedling increases in spring and summer, lowering
the risk of spring and summer frost damage, but on some occasions increases
risk of fall frost (Langvall et al., 2001; Marquis et al., 2021).

Today, much forest management planning is done at stand level, at which
decisions about forest regeneration are made for the entire stand, with little
adaptation to within-site variation. Making decisions about regeneration, where
the microsite conditions are so important, can therefore be difficult. Mapping
the variation and identifying different microsites within a stand is very time
consuming, and it is therefore difficult to initiate different management options
within the same site. However, with knowledge of such within-site variation,
more efficient forest regeneration may be adopted with higher precision (Castro
etal., 2021). This could lead to a higher success rate for forest regeneration and
ensure that the future forest is well-adapted to the given site conditions.

1.2.4 The digital age

Advancement in remote sensing has made high-resolution maps available,
which can be used to understand environmental variation on a finer scale, using
for example, optical images from satellites (Holmgren and Thuresson, 1998;
Boyd and Danson, 2005; Drusch et al., 2012), or point clouds from air-borne
laser scanning (ALS) (Wulder et al., 2004; White et al., 2016). The two nation-
wide laser scanning projects in Sweden (Lantméteriet 2022; Lantmaéteriet
2023), have led to multiple products that can be used in forestry planning.
Firstly, the point cloud from ALS was used to create a high-resolution digital
elevation model (DEM) showing changes in elevation and offering a detailed
description of the topography of the landscape. Further processing has
generated maps that display an estimation of soil moisture on a 2x2 m scale.
First as a nation-wide depth-to-water (DTW)-raster, displaying the perceived
depth to the ground water based on local topography, distance to nearby water
sources and how the water accumulates in the landscape (Agren et al., 2014).



Later as a machine-learning product, which combines several data sources and
shows the probability of whether a pixel in the raster being classified as wet
(Agren et al., 2021). These maps have mainly been implemented in practical
forestry to plan logging operations or identifying streams where increased
caution is needed (Agren et al., 2015; Mohtashami et al., 2017). However, an
increased use of these data sources could be implemented in the regeneration
phase, to inform about both site adaptation and site preparation machinery usage
(Holmstrém et al., 2019; Ring et al., 2020).

Knowledge of within-site variation opens the possibility of more detailed
forest management, applying management to smaller units than the traditional
stand level (O'hara and Nagel, 2013). Precision forestry is one of the concepts
that utilizes more detailed information to support site specific management.
This sets out to optimize management to make the most out of site resources
and be as efficient as possible (Bare & Dryck, 2001). Demonstrations of how
this could be implemented in forest regeneration have been offered by Saksa
et.al. (2021), utilizing information from harvesters to delineate a site into
smaller compartments based on which tree species should be regenerated.
Similar approaches have been used by Friberg et al. (2019), who also added the
use of a DTW to guide species choice in different parts of the site. Identifying
the variation and then applying appropriate management could reduce soil
disturbance and reduce costs. For example, MSP could be directed to where it
is needed, and areas not suitable for planting could be left for natural
regeneration. Hence, with higher precision and careful selection of planting
environments the chances of seedlings survival become greater (Castro et al.,
2021).

1.2.5 Long-term effects

Forest regeneration largely involves adopting the best management approach
given the perceived future goals for that forest. Selecting tree species then relies
on considerations such as perceived future risks, growth potential, and tradition
(Lodin et al., 2017). Fitting together early management and site conditions
strongly influence the potential growth of the future forest (Lundmark, 1988).
As an example, the positive initial effect of MSP on tree growth has been
confirmed (Sikstrom et al., 2020), but whether this effect is long term remains
uncertain. Further, concerns about the depletion of nutrients through intensive
site preparation have been raised (Lundmark-Thelin and Johansson, 1997).
However, the findings of research in long-term experiments seems to show a
lasting positive effect of site preparation on tree growth, at least over the initial
decades (Johansson et al., 2013a; Thiffault et al., 2017).

Although there are positive effects on growth, the economic gain from early
intensive management can be debated because of the large investment (Uotila
et al., 2010; Jonsson et al., 2022). Regeneration methods that rely on natural



regeneration and no subsequent management are not associated with initial
investments. The economic results of such a strategy differ depending on the
interest rates one accounts for and the risk of failed regeneration. Nevertheless,
it is important to take the entirety of the rotation period into account to get a
clear picture of the pros and cons of a given management option (Ahtikoski et
al., 2010; Uotila et al., 2010; Dahlgren Lidman et al., 2021), especially if
considering that the establishment cost is not realized in the harvested crop trees
due to damage or other circumstances. Ara et al. (2021) showed that
regeneration of Scots pine in Sweden often result in a mixture of the desired
crop species and natural regeneration, deeming this as a failure given that the
end goal was Scots pine dominated stands. Loss of invested seedlings in the
future stand has also been shown in other studies (Holmstrom et al, 2019;
Galnander et al. 2020), further emphasizing the issue of wasted investment in
planted seedlings. Finding ways to improve the precision and quality of
planting, and regeneration in general, would therefore be of great value for
meeting long-term economic goals.

Forestry works with long time horizons, meaning that the management
practiced today will heavily influence the forest of tomorrow and future
management flexibility. One consequence of this is that questions asked in the
present time cannot be properly evaluated until several decades into the future.
Furthermore, the main interests within the forest research landscape shift over
time. The research questions being posed in Sweden today are not the same as
those being asked in the 1950s and 1960s (Enander, 2007). At that time
concerns revolved around restoring the forest landscape and creating forests
with high yields that could sustainably supply raw material to the industry. The
long-term effects evaluated today therefore answers concerns of yesterday.
With time the forestry landscape has become more complex. Ecological and
social needs are weighed against economic goals, meaning that they must also
be considered in the regeneration phase. Therefore, long-term experiments
established today could focus more on the consequences of management options
and how these can be used to create multifunctional resilient forests.

1.3 Thesis aim and objectives

The overall aim of this thesis was to find combinations of regeneration
measures, such as site preparation, selection of planting spot, and tree species
choice, that result in low seedling mortality and high growth. It further aimed
to evaluate the possibility of using digital tools to support decision making in
regeneration planning based on local site conditions (Figure 2).

In the first part (Paper I), I focus on exploring potential variables that could
explain seedling mortality and be useful in future modelling of seedling
mortality on a landscape and site-level scale.



In the second part (Paper II), I evaluate the effect of different site preparation
methods and intensities on the establishment of seedlings, and their
consequences for soil disturbance and vegetation development.

In the third part (Paper 1I-111), my focus was on within-site variation and how
this affects the choice of planting spot. Paper II evaluates within-site variation
in soil moisture and topography at a plot level, but in Paper III the analysis is
taken to the seedling level, considering the effects of soil moisture in different
planting positions for different tree species. Soil moisture and topography were
derived from high resolution maps.

In the fourth part (Paper 1V), the long-term effects of different site
preparation methods on growth are evaluated, based on field experiments
established in northern and southern Sweden in the 1980s.

The following objectives were pursued:

e Explore the variables, both digitally available and field inventoried, that
can be of value for explaining seedling mortality (Paper I).

e Evaluate how the choice of site preparation method and intensity affect
seedling establishment and soil disturbance (Paper II).

e Test how the choice of planting spot affects seedling establishment of
different tree species (Paper III).

e Determine how digital tools, such as soil moisture maps, can be used in
forest regeneration planning (Paper I-11I).

e  Assess the long-term effect of site preparation of varying intensities on
stand productivity (Paper IV).
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2 Material and Methods

2.1 Study areas and experimental designs

To meet the objectives of this thesis a mix of field experiments, both short term
(Paper II-11I) and long term (Paper IV), and surveys (Paper 1) were used. Species
studied in the thesis were Norway spruce (Paper I-1V), Scots pine (Paper IlI-
IV), silver birch (Betula pendula Roth.) (Paper I1I), and lodgepole Pine (Pinus
contorta Dougl.) (Paper IV). In this section a summary of the sites and
experiments is given, for further details see each appended Paper I-1V.

2.1.1 Paper I

The 25 sites used in this study were limited to privately owned forest land in
southern Sweden. They spanned an area from Scania in the south, Vastergotland
in the north, Halland in the west to Kalmar county in the east (Figure 3). The
sites were clear-felled, site prepared, and subsequently planted in either 2018,
2019, or 2020, with containerized Norway spruce seedlings or a hybrid stock
type of Norway spruce seedlings. Seedlings that were planted had one of either
mechanical protective barriers against pine weevil, commonly used in Swedish
forestry; Conniflex (Svenska Skogsplantor), Cambiguard (Sodra), or Ekovax
(Norsk-Wax AS).
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Figure 3. Map of Sweden showing the geographical location of the sites used in the papers.
Black squares show the location of sites used in Paper 1, green circles the location of sites
in Paper I, blue triangles the location of sites in Paper II1, and red diamonds the location
of sites used in Paper V.

At each site 20 circular plots (radius 2.82 m) were placed systematically in a
line, at a fixed spacing based on the size of the clear-cut. The center of each plot
was positioned using a GNSS, with an accuracy of at least 2 m. Within these
plots all planted seedlings were marked with plastic sticks of different colors,
to be able to revisit and measure them in the subsequent years.
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2.1.2 Paper 11

Two sites in southern Sweden, Fanneslunda (Véstergotland county) and Tagel
(Kronoberg county), where a site preparation and spacing experiment was
established in 2017 and 2018 (Figure 3) were used. The two sites differed in
precipitation, air temperature, and site characteristics such as stoniness and soil
moisture. Due to stoniness, site preparation was more or less difficult to execute.
Also, due to different planting years, the two sites experienced the heatwave of
2018 differently. Tagel was planted in the middle of this exceptional dry spell,
while in Fénneslunda seedlings had a year to become established before the dry
spell occurred. The 2018 heatwave was historically exceptional in a Swedish
context, entailing a long period of high temperatures and limited precipitation
(Wilcke et al., 2020).

At both sites five different treatments (Figure 4) were applied that combined
two different site preparation methods, disc trenching and patch-wise inversion,
with different intensities and spacings. A variety of planting spots were created
by these treatments and their characteristics were registered when measuring
the seedlings. The following treatments were applied on plots of 32x32 m and
repeated over three blocks per site; (1) conventional disc trenching with 2 m
between the double rows and a planting spacing of 2 m within rows (2 500
seedlings ha'') (DT2500), (2) low-intensity disc trenching with 6 m between the
double rows and planting spacing of 2 m within rows (1 250 seedlings ha™')
(LDT1250), (3) low-intensity disc trenching with 6 m between double rows and
planting spacing of 1 m within rows (2 500 seedlings ha™!) (LDT2500), (4) low
intensity patch-wise site preparation resulting in 1 250 planting spots ha™! with
a spacing of approximately 3 m between patches (PW1250), (5) patch-wise site
preparation resulting in 2 500 planting spots ha! with a spacing of
approximately 2 m between patches (PW2500). Furthermore, 6 circular plots
(radius 1.78 m) were placed on a diagonal transect with a fixed spacing within
each plot to measure soil disturbance, stoniness, natural regeneration, and field
vegetation cover.

When the experiment was established one aim was to investigate the long-
term effects of the different combinations of site preparation and planting
design, to see if highly productive forest could be established using less
intensive methods. Hence, the seedling material used was genetically improved
containerized cuttings of Norway spruce, to facilitate the best possible seedling
material for enhanced forest productivity.
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Figure 4. The design of site preparation treatments used in the experiment in Paper II. (1)
DT2500, Conventional disc trenching, (2) LDT1250, Low-intensity disc trenching with
sparse planting, (3) LDT2500, Low-intensity disc trenching with dense planting, (4)
PW1250, Low-intensity patch-wise site preparation, (5) PW2500, Patch-wise site
preparation.

2.1.3 Paper 111

For Paper I1I, the experimental design required sites with a within-site variation
in soil moisture conditions. Two sites, one in Jonkdping county (Isberga) and
one in Scania (Holkaberga) (Figure 3), were selected following evaluation of
soil moisture conditions using a DTW-raster and onsite assessment. The two
sites differed in terms of time between clear-felling and planting: on the Isberga
site this was approximately five years, while on the Holkaberga site it was
approximately 2 years. The sites were prepared using an excavator, which
created mounds prior to planting. This created multiple planting positions
within each planting spot (Figure 5).
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25 blocks per site, consisting of 12 planting spots per block, were established.
These blocks were distributed across the different soil moisture conditions
within each site using the DT W-raster. Blocks were planted with containerized
seedlings of Norway spruce, Scots pine and silver birch. Within each planting
spot four seedlings of the same species were planted in the following positions;
(1) Depression, (2) Hinge, (3) Mound, and (4) Unscarified (Figure 5). Seedlings
were planted at a conventional depth with the peat plug buried a couple of
centimeters below ground. In total 1 200 seedlings were planted per site, with
400 seedlings per tree species. Efforts to protect the seedlings against browsing
were made by applying Trico (Organox), an emulsion fatty acid, to the leading
shoot in the autumn of the first and second growing season. The coniferous
seedlings were also provided with a mechanical protective barrier, Conniflex
(Svenska Skogsplantor), for protection against pine weevil.

Figure 5. [llustration of the different planting positions within a planting spot in the
experiment in Paper Il1. From the left; Mound, Hinge, Depression, and Unscarified.
Lllustration by Janie Jagborn.

2.1.4 Paper IV

In Paper IV an experiment established in the 1980s was used to evaluate the
long-term effects of different site preparation methods and slash removal. Seven
sites in southern and northern Sweden, were used in the final analysis (Figure
3). This was a subset of the original 13 sites, of which six were excluded due to
limitations in experimental design and experiment management. Depending on
site conditions, 2-year-old containerized seedlings of either Scots pine or
Norway spruce were planted at the southern sites, and 1-year-old containerized
seedlings of lodgepole pine were planted at the northern sites.

Treatments applied on the different sites were; (1) Untreated control, (2) Disc
trenching (3) Mounding, and (4) Ploughing. These treatments were executed on
30x30 m plots which were replicated two or three times depending on the site.
The southern sites were planted with a density of 2 500 seedlings ha™! while the
sites in northern Sweden varied in initial seedling density. On the northern sites
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higher densities were used in the control compared to the other treatment plots.
In addition, supplementary planting to replace dying and dead seedlings was
conducted on the northern sites on three occasions.

2.2 Field measurements and calculations

2.2.1 Paper I-111

Assessment of seedling vitality and damage types was carried out in a similar
fashion for Papers I-III. Vitality assessment and damage registration was
conducted in the autumn after planting, and repeated either once (Paper I) or
twice (Paper II-1II). A seven-level scale was used to classify the damage level
of each seedling, 0 = No damage, 1 = Negligible damage, 2 = Slightly damaged
(reduced growth but not smaller than the previous year), 3 = Severe damage
(smaller than previous year), 4 = Lethal damage (expected to die the following
year), 5 = Dead, and 6 = Missing. The major cause of damage was also
registered, the dominant cause being drought, water logging, pine weevil
feeding or browsing.

In Papers II-I1I seedling height above ground level was measured in the
autumn after planting and repeated twice. Additionally, in Paper II, top shoot
length was measured on the same occasions. In Paper III diameter at ground
level was measured on three occasions after each growing season.

Planting spot characteristics were assessed using the same approach in Paper
I-1I. Characteristics were classified based on the environment in a 10 cm radius
around the seedling, on a four-level scale; (0) No site preparation, (1) Disturbed
humus, (2) Mineral soil mixed with humus, and (3) Bare mineral soil. In Paper
IT the type of planting spot was also registered based on the following classes;
(0) No site preparation, (1) Furrow/hole/patch, and (2) Mound/berm/inverted
planting spot.

Paper 1II included additional measurements of field vegetation cover and
amount of natural regeneration of deciduous and coniferous seedlings in a 30
cm radius around the seedlings. Similar measurement was done in circular plots
(described in 2.1.2) where the percentage of field vegetation cover was visually
assessed, and the amount of natural regeneration of both deciduous and
coniferous seedlings was counted. In those circular plots soil disturbance caused
by site preparation was visually assessed by determining the percentage area of
five disturbance classes; (0) Undisturbed ground, (1) Disturbed humus, (2)
Mineral soil mixed with humus, (3) Mineral soil on top of humus, and (4) Bare
mineral soil.

To measure volumetric soil moisture content in Paper III, consecutive
measurements were made between May and October during two years, in one
randomly chosen planting spot per block in all planting positions (described in
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2.1.3). This was done with a Time-domain reflectometer (TDR, FieldScout
TDR 350 Soil Moisture Meter) at a depth of 0.2 m.

2.2.2 Paper 1V

27-32 years after the establishment of these experiments, the sites were
inventoried by measuring the diameter at breast height (DBH) of all the planted
trees. For the five largest trees and 15 sample trees, additional measurements
required for volume calculations were made (height for all species, height to
first living branch for Scots pine and Norway spruce, and bark thickness for
Scots pine). The number of naturally regenerated trees above 1.3 m was also
recorded, in DBH classes of 1 cm. Functions developed by Brandel (1990) were
used to calculate stem volume for the sample trees. Furthermore, stem volume
for the remaining trees was estimated in 2 cm diameter classes using the DBH?-
weighted volume of sample trees in each diameter class (Nilsson et al. 2010).
For calculations of top height, the height curve developed by Nislund (1936)
was used:

DBH*
- (a+bxDBH)* +13 ()
Where H is tree height (m), DBH is diameter at breast height (cm), a and b are
coefficients, and x = 2 for Scots pine and x = 3 for Norway spruce and lodgepole
pine. Top height was further estimated as the mean height of the 100 trees with
the greatest DBH per hectare. Dominant trees were defined as the 10 largest
trees by DBH in each treatment plot.

2.3 Data sources and processing

Several data sources were used for the papers in this thesis. In this section a
short description of each source is given, grouped by the paper in which they
were used. Extraction of values from digital maps was foremost done using Arc
GIS Pro (Esri, West Redlands, CA), with further processing in R (R Core Team,
2022). For more information about the sources see appended Papers I-IV and
references for the given data source.

2.3.1 Paper |

This study utilized several digitally available data sources that described
climate, topography, hydrology, and the surrounding environment such as
distance to clear-cut edge and vegetation health. These spanned across digital
maps, satellite imagery and open-source weather data from the Swedish
Meteorological and Hydrological Institute (SMHI).

Weather data describing the precipitation sum and mean air temperature
between April-October in the planting year was acquired from SMHI weather
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stations in the vicinity of the sites. SMHI has weather stations spread across
Sweden, which measures a selected number of weather variables that are
available for downloading and further processing. The time-period of April-
October was chosen to ensure that the whole period from planting to the end of
the growing season was captured. The planting season in southern Sweden
normally starts around late March to mid-April.

From the national laser scanning, a digital elevation model (DEM) with a 2x2
m resolution was used. By calculating the elevation difference between pixels
in the DEM, a slope raster was created. This was used to calculate the mean
slope angle of each circular plot. The same approach was used in Paper II for
extraction of mean slope angle per treatment plot (see section 2.1.2).

The database of executed harvests from the Swedish Forest Agency (SFA)
was utilized to calculate the distance to clear-cut edge from the center of the
circular plots in Paper I. This map layer visualizes the outline of a harvested
stand. However, some stands were missing from the database, and an aerial
photo was used as a template to draw the outline of those stands.

A soil moisture map developed by SLU, that displays the likelihood (0-100)
of a pixel in a 2x2 m raster being classified as wet (Agren et al., 2021), was
used to determine local soil moisture conditions around the seedlings. The mean
value for each circular plot was calculated. Prior to further analysis the mean
values were transformed using a logit transformation to ensure a non-bound
dispersion.

Soil depth values were extracted from a soil depth map created by the
Geological survey of Sweden (SGU). This 10x10 m resolution product is a
result of interpolation of soil depth measurements from different databases in
combination with information about soil texture (Daniels and Thunholm, 2014).

Two different satellite systems were used to gather information about
vegetation health (NDVI, Normalized Difference Vegetation Index), site
productivity (maximum NDVI), and land surface temperature (LST). The mean
NDVI values during the planting year between April-October, and maximum
NDVI prior to clear-felling were retrieved and calculated from time series of
images (10x10 m) from the Sentinel-2 system (Drusch et al., 2012) for the
corresponding year. The same was done for LST using the Terra MODIS-
system (Phan and Kappas, 2018), which takes images on a higher temporal scale
but at a lower spatial resolution (1 000x1 000 m).

2.3.2 Paper II-111

A DTW-raster was used for estimation of soil moisture in both Paper II and
Paper III, though with different approaches due to the differences in
experimental set up. A DTW-map roughly displays the depth to ground water
at a 2x2 m resolution, which gives an indication of the soil moisture conditions.
The map is constructed by calculating where water accumulates in the
landscape, based on nearby water sources and how the water moves in the

19



landscape with the varying topography (Murphy et al., 2008; Murphy et al.,
2011; Agren et al., 2014). The values displayed in the raster can range between
0 m to more than 1000 m where the smaller the value, the wetter it is. For the
statistical analysis those values were log-transformed (eDTW) in Paper I1.

In Paper III DTW was used both to identify the layout of plots in the
experiment, ensuring representation of a wide soil moisture gradient, and in the
statistical analysis. Due to issues with linearity, a classification of the DTW-
values was needed before conducting statistical analysis. Since there is a larger
difference in soil moisture for values between 0-1 than values from 1 and
upward the following classification was done; class 1 =0-0.5 m, class 2 =0.51-
1 m, class 3 =1.01-2 m, class 4 = 2.01-c0 m. Roughly, class 1 represented wet
conditions, class 2 moist conditions, class 3 mesic conditions and class 4 dry
conditions.

2.4 Statistical analysis

Most of the statistical analysis in this thesis was done in R (R Core Team, 2022),
except for the analysis in Paper IV for which SAS (SAS Institute, Cary, N.C.,
USA) was used. To analyze the effect of different treatments on seedling growth
(leading shoot growth, Paper II, or height and diameter growth, Paper III),
standing forest variables (volume, top height, DBH, basal area, or stem number,
Paper V), mortality (Paper I-11I), soil disturbance (paper II), field vegetation
cover (Paper II) or natural regeneration (Paper II), different types of mixed
effects models were used. Due to the experimental design the random factor
was usually block (Paper II, 111, and IV) or site (Paper 1) and a nested variable
of plot within block (Paper II and III) or site (Paper I). Both linear and logistic
mixed effects models were used, utilizing different packages in R. Whenever a
categorical variable was deemed significant a pairwise Tukey post-hoc test was
conducted to check differences between treatments.

In Paper I, a backwards stepwise selection approach was used, using the R
function drop1 to exclude variables one-by-one until the best model was fitted.
A variety of variables were included in the full model (Table 1). Elimination of
variables was done based on Akaike Information Criterion (AIC). Additionally,
a separation of the data set was carried out based on the planting spot to control
the effects of different variables in those specific conditions.
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Table 1. Potential variables and their ranges or categories used in the full model before

backwards selection.

Variable

Range or levels

Planting spot

Precipitation (mm)?

Air temperature(°C)P

Soil moisture (%)

Slope angle (°)

Soil depth (m)

LST (°C)°

Distance clear cut edge (m)
NDVI¢

Maximum NDVI®

Unscarified, Disturbed humus, Mineral soil
mixed with humus, Bare mineral soil

283-782
11.3-14.5
0-92.5
0.7-38.6
0-16
14.9-20.4
2.6-96.6
0.3-0.8
0.5-0.8

# Precipitation sum April — October in the establishment year.

® Mean air temperature April — October in the establishment year.

¢ Mean Land Surface Temperature April — October in the establishment year.

4 Mean NDVI April — October in the establishment year. The values are an  index between -1 and 1.
¢ Maximum NDVI April — October prior to clear-felling. The values are an index between -1 and 1.
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3 Results and discussion

3.1 Exploring variables explaining seedling
mortality

It was clear that the main variables explaining seedling mortality were planting
spot, air temperature, precipitation sum, and LST. An increase in precipitation
sum clearly lowered the probability of mortality (Figure 6 and Paper I), ensuring
seedlings escaped water stress after planting. Elevation in air temperature led to
higher probability of mortality (Figure 7), with more seedlings dying when
temperatures rose. This showed that weather conditions during the planting year
significantly influenced seedling mortality. Yearly variation was pronounced
where more seedlings died if planted in the dry year of 2018 (48 %) compared
to 2019 (21 %) and 2020 (15 %). The most reoccurring cause of damage was
pine weevil feeding, where around 13 % of the seedlings had been severely
damaged (within damage class 3-5). However, pine weevil feeding activity was
present on almost all seedlings, which emphasizes that pine weevil was still one
of the most important agents of damage even in dry years.
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Figure 6. Probability of mortality in relation to the precipitation sum between April-
October in the planting year grouped by different planting spot types. Unsc = Unscarified
(solid line), Dist. hum. = Disturbed humus (dotted line), Min. mix. hum = Mineral soil
mixed with humus (two-dash line), Bare min. = Bare mineral soil (dashed line).

Under Scandinavian conditions, higher temperatures at planting are generally
seen as a positive thing, as it increases the time-period when soil temperature is
high enough for root growth. In fact, many site preparation treatments, through
the exposure of mineral soil, aim to increase the soil temperature in order to
promote root growth (Orlander et al., 1990). However, when an increase in
temperature is combined with water shortage due to lack of precipitation,
growth will be inhibited because of water stress (Figure 7 and Paper I). This
combination can lead to increased evaporation and less easily available water
for the planted seedlings. Seedlings are especially vulnerable the initial time
after planting when the distribution and functioning of the root system is
limited, which reduces the water acquisition ability (Grossnickle, 2012). Not
only does water stress lead to possible damage or lethal outcome directly caused
by drought, but also lowers the vitality of the seedlings and thus their resilience
to other damage. Also, increased temperature has shown to increase the
abundance of severe pine weevil damage, at least in colder regions (Nordlander
et al., 2017). This combination could potentially create a “perfect storm” where
seedlings are water stressed due to high temperatures and low precipitation, and
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at the same time a large abundance of pine weevil feeding that kills the already
weak seedlings.
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Figure 7. Probability of mortality in relation to the mean air temperature between April-
October in the planting year grouped by different planting spot types. Unsc = Unscarified
(solid line), Dist. hum. = Disturbed humus (dotted line), Min. mix. hum = Mineral soil
mixed with humus (two-dash line), Bare min. = Bare mineral soil (dashed line).

How climate variation affects the results of regeneration became clear when
analyzing the experiment and sites established in 2018 (Paper I-1I). Long dry
periods in spring and summer, like the one experienced throughout Sweden in
2018 (Wilcke et al., 2020), could become more common in the future. In
southern Sweden temperatures and yearly precipitation are expected to increase,
with the expectation that spring and summer drought can become more frequent
(Chen et al., 2015; Wilcke et al., 2020). Even if drought can become a future
issue for large parts of southern Sweden, it is already a present issue in the
southeast where dry periods and water shortage is common. Precautionary
measures, which can help to reduce the risk of drought, or other expected
damage caused by extreme weather, should therefore be taken to adapt the forest
to a future climate. Tree species selection should be more carefully considered
in the context of a changing climate, in which Norway spruce may not be as
viable of an option in southern Sweden in the future where spring and summer
climate is drier (Bergh et al., 1999; Schlyter et al., 2006; Goude et al., 2022).
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Recommendations about how and where to plant could be further adapted to
the region’s climatic conditions, in which certain planting spots are more
suitable when water is limited (Orlander, 1986, Orlander et al., 1991; Hansson
et al., 2018). Mitigation against water stress can be achieved by good planting
execution, ensuring that seedlings are planted in an environment where they can
grow their roots quickly and take up more water from the surroundings. This
increases seedling health and their ability to withstand other risk factors
(Luoranen et al., 2018). Furthermore, seedlings need to be handled with care
when transported from nurseries to the regeneration site. Making sure that they
are well watered before planting is crucial if seedlings are to endure water stress
once planted (Luoranen et al., 2023). In Paper I the quality of planting was
emphasized through the lower mortality of Norway spruce seedlings planted in
mineral soil. These seedlings were provided with a good planting environment
and were most likely easier to plant. Site preparation was probably easier to
execute in those areas because of less challenging site conditions (e.g., stoniness
or woody debris), hence better planting execution (Wallertz et al., 2018).

3.2 Effect of site preparation

No differences were found between different site preparation methods, or their
respective intensities on seedling mortality, on either of the experimental sites
in Paper II. Previous studies have had similar results, finding minor differences
between site preparation methods (Bedford and Sutton, 2000; Wallertz and
Malmgqvist, 2013), while others have had contradictory results where different
site preparation methods were superior depending on the study (Orlander et al.,
1998; Heiskanen et al., 2013). However, there was a tendency towards higher
mortality rates in the patch-wise treatments compared to the disc trenching
treatments. This was especially true for PW1250 in Tagel where mortality was
exceptionally high on some of the plots, on average 77 % (Figure 8). This was
partly explained by the extreme dry conditions of 2018, which dried out the
elevated planting spots. For leading shoot growth no significant difference
between disc trenching treatment and patch-wise treatment was found after the
first three years. Nevertheless, at the Fanneslunda site, significant differences
could be seen between the PW1250 treatment and the DT2500 and LDT1250
treatments (Figure 8). This suggests that the success of an MSP method in terms
of promoting seedling growth depends substantially on the creation of suitable
planting spots. Choosing an appropriate planting spot becomes difficult if there
are limited spots available due to insufficient site preparation. Thus, it seems
that the PW1250 treatment failed to create enough suitable planting spots for
the given number of planted seedlings. On the contrary, Hallsby and Orlander
(2004) and Johansson et al. (2013a) found no effect on mortality or height
growth with different site preparation intensity when creating 2 500 planting
spots ha! compared to 3 500 spots ha! when 2 500 seedlings ha™! were to be
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planted. Hence, suggesting that if seedlings can be planted in a good planting
environment, the MSP intensity does not matter.
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Figure 8. Growth, displayed as the total leading shoot growth, across different soil
preparation treatments and study sites split by year. The mortality rates of the seedlings
after three growing seasons across the different soil preparation treatments and study sites
split by year are illustrated below. I = Growth in Fanneslunda, 11 = Growth in Tagel, 11l =
Mortality in Féinneslunda, 1V = Mortality in Tagel. Letters indicate significant difference
between site preparation treatments. DT2500, Conventional disc trenching; LDT1250),
Low-intensity disc trenching with sparse planting;, LDT2500, Low intensity disc trenching
with dense planting; PW1250, Low-intensity patch-wise site preparation; PW2500, Patch-
wise site preparation.
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It has been well established, both in Sweden and internationally, that site
preparation is better than no site preparation in terms of seedling establishment
(Orlander et al., 1990; Sutton, 1993; Wiensczyk et al., 2011; Sikstrém et al.,
2020). This holds true if site-specific conditions are disregarded and site
preparation is assumed to have been executed satisfactorily. There are some
examples in the literature where no effect of site preparation was found
(Wallertz and Malmqvist, 2013; Mallik and Kravchenko, 2016). These results
were explained by site-specific reasons, such as the site fertility, and favorable
weather conditions that promoted seedling vitality (Wallertz and Malmqvist,
2013), or instances where removal of vegetation by MSP led to increased
damage from frost heaving and browsing (Mallik and Kravchenko, 2016). The
between-site differences found in Paper II somewhat reflect those challenges
where different results were obtained depending on site conditions and chosen
planting spot. Foremost, the purpose of site preparation is to create suitable
planting spots that meet the relevant goals for the given site. Stoniness or wet
conditions can make this difficult, putting more emphasis on adapting the choice
of method to the conditions and executing site preparation in areas that are more
suitable (Wallertz et al., 2018). Allowing more flexibility in planting design and
seedling spacing could support better adaptability to local site conditions and
has been shown to not affect conifer tree growth (Ara et al., 2021).

3.2.1 Site preparation disturbance

The conventional disc trencher created a larger area of disturbance than any
other site preparation treatment in Paper II (Figure 9). This was in line with
previous findings and synthesis where the continuous rows disturb around 50 %
of the regeneration area (Stromgren et al., 2017; Cardoso et al., 2020; Sikstrom
etal., 2020). Surprisingly, there was no difference in disturbed area between the
two patch-wise treatments, mostly due to similar amount of disturbed humus
(Figure 9). Probably, this was caused by the excavator driving in a similar
pattern independent of treatment. Also, the stoniness of Tagel most likely
explains the larger area of soil disturbance compared to Fanneslunda. The area
of soil disturbance caused by site preparation is one reason for why site
preparation is considered ecologically and aesthetically problematic (Cardoso
et al., 2020; Sikstrdm et al., 2020). Intermittent methods, like those used in
Paper 11, could be used to limit the level of soil disturbance. Intermittent
methods allow for more flexibility in terms of avoiding destruction of cultural
remains, at least in comparison to continuous methods, which can cause
accidental damage, especially in areas where the location of cultural remains is
poorly documented. Paper II investigated the area of soil disturbance on the
surface. However, MSP also disturbs the soil vertically (Collet et al., 2021). For
example, mounding may not disturb as much on the surface but can disturb to
depths of more than 30 cm (Sutton, 1993). Hence, the site preparation method
should be chosen with consideration to whether that method can meet the stated
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goals on the site in question. If not, other options for ensuring good seedling
establishment should be considered, such as size and stock type of planted
seedlings or the regeneration method itself.

Fénneslunda Tagel

50

Disturbance rate (%)

25

DT2500 LDT1250  LDT2500 PW1250 PW2500 DT2500 LDT1250  LDT2500 PW1250 PW2500
Treatment

W evs [ oH [0 MsH [] MSoH [J U

Figure 9. Soil disturbance rate across the different site preparation methods in
Fénneslunda and Tagel. DT2500, Conventional disc trenching; LDT1250, Low-intensity
disc trenching with sparse planting;, LDT2500, Low-intensity disc trenching with dense
planting; PW1250, Low-intensity patch-wise site preparation; PW2500, Patch-wise site
preparation. BMS: Bare mineral soil; DH: Disturbed humus; MSH: Mineral soil mixed
with humus; MSOH: Mineral soil on top of humus; U: Undisturbed.
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3.2.2 Vegetation

One of the main reasons for using site preparation is vegetation suppression,
ensuring that seedlings get a head start with limited competition for water and
other resources (Lof et al., 2012; Reicis et al., 2022). Independent of site
preparation intensity, field vegetation cover was similar across treatments after
three years. This illustrates the speed with which field vegetation recovers from
disturbances in southern Sweden (Paper II). There was slower recovery in
Tagel, most likely due to the dry conditions of 2018, but it was still independent
of site preparation treatment. Rapid recovery of field vegetation has been noted
in previous studies as well (Nilsson and Orlander, 1999). The competition-free
period is nonetheless important for seedlings to get an advantage over
competing field vegetation. Recovery in Paper Il was merely defined as the field
vegetation cover, not species richness or vegetation type. This is important to
have in mind, since site preparation can alter the vegetation type which
recolonizes an area following such a large disturbance (Archibold et al., 2000;
Pykéla, 2004; Haeussler et al., 2017; Cardoso et al., 2020).

3.2.3 Natural regeneration

No distinct difference between treatments in the amount of natural
regeneration was found in Paper II. There was a large amount of natural
regeneration in all treatments at both sites, which emphasizes that natural
regeneration needs to be considered in the planning. Usually, site preparation
and the level of disturbance promotes natural regeneration (Karlsson and
Nilsson, 2005). This could be seen either as source of greater cost in future
precommercial-thinning (Uotila et al., 2010) or as a free asset that can be used
to meet the forest owner’s goals (Nilsson et al., 2006; Dahlgren Lidman et al.,
2021). Firstly, most of the natural regeneration consisted of deciduous trees,
predominantly birch, which can be utilized to meet certification requirements
and create mixed forest (Nilsson et al., 2006). Secondly, managing for mixtures
of Norway spruce and birch can be advantageous in terms of flexibility
(Dahlgren Lidman et al., 2021), forage production (Ara et al., 2022c), and
creation of a larger variety of microhabitats in the future stand which can
enhance biodiversity (Felton et al., 2010). Site preparation should therefore be
chosen to meet multiple goals while also being well-suited to the site properties.

3.3 Planting spot and tree species

Following MSP, the choice of planting position, with consideration to within-
site variation, proved to be important in avoiding seedling mortality for the three
major tree species in Sweden (Norway spruce, Scots pine, and silver birch)
(Paper III). Planting in lower planting positions (hinge and depression) in wet
conditions resulted in higher mortality rates than planting in elevated positions
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(mound). As soil moisture conditions changed the differences between planting
positions diminished, becoming similar for depression, hinge, and mound
(Figure 10). This can be explained by elevated planting positions, like mounds,
are better drained and therefore provide a better environment for seedling
establishment in wet conditions (Sutton, 1993; Pearson et al., 2011). Seedlings
planted in depressions suffered from oxygen deficiency due to water logging,
causing poor development or mortality (Orlander et al., 1990). However, when
conditions become drier planting in lower positions may become a suitable
alternative to planting in the mound, especially in cases when the mound run
the risk of drying out (Bassman, 1989; Orlander et al., 1991; Hansson et al.,
2018; Haggstrom et al., 2021).
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Figure 10. The mortality rate for each planting position within depth-to-water (DTW)-class
split by site and tree species. Lower case letters indicate significant difference (p-value <
0.05) between planting positions within DTW-class. Upper-case letters indicate significant
difference (p-value < 0.05) between DTW-classes. I, Norway spruce in Isberga; II, Norway
spruce in Holkaberga; 111, Scots pine in Isberga; 1V, Scots pine in Holkaberga, V, silver
birch in Isberga; VI, silver birch in Holkaberg. Class 1, DTW is 0-0.5 m; Class 2, DTW is
0.51-1 m; Class 3, DTW is 1.01 — 2 m; Class 4 is 2.01m — «. UnSc (dark blue),
Unscarified; Depression (light blue); Hinge (green); Mound (yellow).
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In terms of seedling growth, similar patterns to those of mortality were
observed in Paper 111, particularly for the coniferous species used in the study.
Mounds were the superior option when conditions were wetter, but as soil
moisture decreased the differences became less prevalent (Paper I11). The effect
of planting position was clearer when comparing the diameter growth, with
Norway spruce and Scots pine seedlings generally growing better in the mounds
(Figure 12). Favorable conditions for root growth, both in terms of temperature
and soil moisture, largely explains why the seedlings grew better in the mounds
(Sutton, 1993; Heiskanen and Rikala, 2006). Interestingly the differences in
growth between planting positions also diminished as conditions became drier,
which could be an indication of similarity in water conditions between positions
(Bassman, 1989; Orlander et al., 1991). Seedlings were no longer hindered by
an excess of water in the lower positions, removing some advantages of planting
in the mound.
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Figure 11. Mean height growth after three growing seasons for each planting position
within depth-to-water (DTW)-class split by site and tree species. Lower case letters indicate
significant difference (p-value < 0.05) between planting positions within DTW-class.
Upper-case letters indicate significant difference (p-value < 0.05) between DTW-classes. 1,
Norway spruce in Isberga; I, Norway spruce in Holkaberga, IlI, Scots pine in Isberga; IV,
Scots pine in Holkaberga; V, silver birch in Isberga; VI, silver birch in Holkaberg. Class 1,
DTW is 0-0.5 m; Class 2, DTW is 0.51-1 m; Class 3, DTW is 1.01 — 2 m,; Class 4 is 2 — .
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Figure 12. Mean diameter growth at ground level after three growing seasons for each
planting position within Depth-to-water (DTW)-class split by site and tree species. Lower
case letters indicate significant difference (p-value < 0.05) between planting positions
within DTW-class. Upper-case letters indicate significant difference (p-value < 0.05)
between DTW-classes. I, Norway spruce in Isberga; II, Norway spruce in Holkaberga, IlI,
Scots pine in Isberga; 1V, Scots pine in Holkaberga, V, silver birch in Isberga; VI, silver
birch in Holkaberg. Class 1, DTW is 0-0.5 m; Class 2, DTW is 0.51-1 m; Class 3, DTW is
1.01 — 2 m; Class 4 is 2 — . UnSc, Unscarified (dark blue); Depression (light blue); Hinge
(green); Mound (vellow).
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The effects of different planting positions across the soil moisture gradient
differed somewhat depending on the tree species (Paper III). The conifers both
responded with improved growth and a lower mortality rate in the mound
position, but silver birch did not show such clear benefits from mounding
(Figure 10, Figure 11, Figure 12). It could be that silver birch was sensitive to
decreasing water availability, a condition reflected on one of the sites in Paper
I (Figure 12), since silver birch generally rely on a continuous water supply
(Hynynen et al., 2010). Thus, planting in mounds could be a greater risk for
silver birch under conditions where there is a possibility of the mound drying
out. Most research into planting of silver birch has focused on planting on
former agricultural land (Karlsson, 2002; Daugaviete et al., 2003; Hytonen and
Jylha, 2005). Hence, to my knowledge, limited research has been done into the
effect of site preparation on silver birch planted on forest land, with only limited
studies looking at those effects (Luoranen et al., 2003; Dumins and Lazdina,
2018; Pikkarainen et al., 2021), especially in Sweden. For other broadleaves,
such as different Populus spp., planting in mounds has shown to be favorable
for establishment (McCarthy et al., 2017; Thiffault et al., 2020).

Even when planting to avoid risks, biotic damage agents heavily impact the
results of planting. Pine weevil feeding, browsing, and fungi infection were
among the most common causes of damage in Paper I1I. Although the birches
and pines survived browsing, their height growth was affected. Other types of
ungulate damage, such as bark peeling or seedlings being dug up, were also
common in Holkaberga (the southern-most site in Paper III). The risk of
browsing is sometimes the determining factor in deciding not to plant certain
species, one consequence of why more Norway spruce is being planted in non-
optimal conditions (Lodin et al., 2017). Putting greater effort into planting to
meet local site conditions could diversify the species composition in the
landscape and thus alleviate some of the browsing pressure on birch and pine
regenerations (Bergqvist et al., 2014; Bergqvist et al., 2018; Pfeffer et al., 2021).

The results of Papers II and III demonstrate the consequences of choice of
planting position, showing differences both by yearly climatic variation and by
within-site variation in soil moisture conditions. They also highlight a level of
risk and reward to such choices. Growth was promoted in elevated spots but the
risk of seedlings being heavily affected by water stress in dry years was
increased (Paper II and Figure 13). In Swedish planting instructions, it is
generally recommended to plant in these elevated positions, and to plant the
seedling deeply (Skogskunskap, 2021). However, when seedlings cannot be
planted deeply enough, or in areas that are dry, it would be valid to suggest that
lower planting positions would be preferable (Hansson et al., 2018; Haggstrom
et al., 2021). For Norway spruce this would possibly result in lower growth,
because the distance to the humus layer would be increased and nutrients would
not be as accessible, but the seedlings at least survive. Even so, Norway spruce
seedlings have shown a good ability to grow their roots towards the nutrients
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when planted on the hinge (Celma et al., 2019). Scots pine growth may not be
as negatively affected since it is less sensitive to removal of the humus layer
(Nilsson et al., 2019). Results from Paper 111 suggest that, likewise, silver birch
may not be negatively affected by a lower planting position when site conditions
are drier. Planting without site preparation could also be an option with silver
birch, which according to Hynynen et al. (2010) has been common practice in
Finland before.
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Figure 13. Growth, displayed as the total leading shoot growth, across different planting
spot types split by year. Mortality rates of the seedlings after three growing seasons across
the different planting spot types split by year. I = Growth in Fdnneslunda, Il = Growth in
Tagel, 111 = Mortality in Fénneslunda, IV = Mortality in Tagel. Letters indicates significant
difference between planting spot types. NSP = no site preparation, Fur/Pa/Ho =
Furrow/Patch/Hole, Mo/Be/Inv = Mound/Berm/Inverted planting spot.
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3.4 Digital tools and forest regeneration

The two soil moisture maps used (SLU soil moisture map for Paper I, and DTW-
raster for Papers II and III) each showed different results. In Paper I, only
seedlings planted in unscarified spots showed any significant response, which
constituted an increase in mortality with drier conditions according to the map.
In Paper II, DTW was found to have a negative relationship with growth,
meaning that growth was reduced with drier conditions (Figure 14), although
this result had limited significance and was only true for one site, Fanneslunda.
Paper I1I showed how well the DTW-raster could explain the extremes of the
soil moisture spectrum (see section 3.3). Using soil moisture maps could hence
be used for delimiting stands into smaller compartments in which different
management approaches might be recommended to minimize seedling
mortality (Holmstrom et al., 2019; Ring et al., 2020). However, the papers
revealed some limitations of using these maps. Their explanatory power
becomes weaker as conditions get drier, meaning that it is harder to capture
variation where conditions are somewhere between wet and dry (Agren et al.,
2014; Agren et al., 2021). In terms of tree species selection, it may be the
distinction between those middle classes that is of most importance as, in a
traditional Swedish context, this can determine whether to plant Norway spruce
or Scots pine. Further, the maps used were nationally developed maps and were
not specially modified to the given sites. For DTW, this means that the
catchment threshold value may have been non-optimal for those conditions
(Larson et al., 2022). The maps are also a static image of what is perceived to
be the “normal condition” of a pixel, which does not fully capture the dynamic
and complex nature of soil moisture. For further accuracy, adaptations of these
maps that fluctuate with the seasons could be useful to fully understand soil
moisture conditions.
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Figure 14. Effect of eDTW on total leading shoot growth after three growing seasons in
Fénneslunda (open circle), and Tagel (filled circle).

The possibility to further implement digital tools in forest regeneration, with
techniques which describes the microenvironment, exists (Castro et al., 2021).
However, in Paper I, few of the remote-sensed variables that were explored
showed any significant impact on the mortality of Norway spruce seedlings.
LST derived from the TERRA MODIS satellite system did however exert
significance in the full model. NDVI and maximum NDVI also exerted
significance, but only in one of the sub-models.

An increase in LST, i.e., higher temperature, led to less mortality in Paper 1.
The low spatial scale could have influenced these results as LST values are
influenced by the surrounding forest and structures (Phan and Kappas, 2018).
Further, LST showed different results than the measured air temperature
(positive effect on mortality) in Paper I. High LST did not necessarily coincide
with dry weather, meaning that some high LST values were found on sites
planted in years with favorable precipitation, which partly explains this
difference.

Higher NDVI led to lower mortality for seedlings planted in mixed mineral
soil with humus. As NDVI measures vegetation activity, the lower mortality
observed may have indicated the general health of the vegetation at the clear-
cut in the given year. NDVT has previously been used to measure drought effects
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(Pettorelli et al.; 2005; Berner and Goetz, 2022), and possibly the lower NDVI
at some sites in Paper I indicated that the vegetation and the seedlings were
experiencing increased water stress. Maximum NDVI can be an indication of
vegetation productivity, which could imply faster colonization of competing
vegetation (Nijland et al., 2015), thereby, partly explaining why the probability
of mortality increased with higher maximum NDVI. Nevertheless, it could also
be a result of imbalance in the dataset used, since NDVI-variables only exerted
significance in one of the sub-models. For example, if the prior stand consisted
of more broadleaves, this would result in higher maximum NDVI as leaves and
needles have different reflectance properties affecting NDVI (Pettorelli et al.,
2005). Thus, we could not conclude that seedling mortality was directly
connected to maximum NDVI or NDVI.

It would be worthwhile carrying out a deeper exploration of the digital
variables used in Paper I to better understand their applicability to regeneration
planning. There are already examples of how topographic maps can be used to
optimize the routes that site preparation machines take and the creation of
planting spots (Friberg et al., 2017). Also, by understanding how digital data
can be used, machines can be trained to automate forest planting. For a machine
to correctly plant seedlings, they need reliable information about the site, which
digital data sources could provide (Skogforsk, 2022). Other variables not
brought up in Paper I should also be further investigated, for example using
harvester data for tree species selection (Saksa et al., 2021; Aza et al., 2022).
Applying high resolution data to species distribution models could also provide
possible support in tree species selection (Gaston et al., 2014). Overall, there is
great value to the future development of such tools and decision-making
supports in enabling more precise approaches to forest regeneration (Castro et
al., 2021).

3.5 Long term effects

The short-term benefits of site preparation are clear, from a growth and survival
perspective (Thiffault and Jobidon, 2006; Johansson et al., 2013b; Sikstrom et
al., 2020), and these positive effects persist over at least the first 30 years (Paper
IV). Standing volume was greater with an increase in site preparation intensity,
with ploughing followed by mounding and disc trenching having the highest
standing volumes, all greater than the unscarified control (Figure 15). Similar
results were shown for the other variables, with taller and thicker trees (top
height and DBH), and denser stands (basal area and stem numbers) following
site preparation compared to the control (Table 2). Further, the diameter
distribution was skewed towards more trees with a larger diameter in the site
prepared treatments. Initial concerns about decreasing productivity with
intensive site preparation could be disregarded on the basis of these results, at
least in the timespan studied. Other studies have shown an increase in growth
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that is sustained over time following site preparation (Orlander et al., 1996;
Boateng et al., 2009; Johansson et al., 2013a; Thiffault et al., 2017; Prévost and
Dumais, 2018). This sustained growth is largely explained by lower mortality
rates and an initial boost to growth (Johansson et al., 2013a). One implication
of the finding that site preparation has a positive effect on growth is that rotation
lengths could be shortened (Thiffault et al., 2010). However, it should be
acknowledged that ploughing, which generated the greatest standing volume in
Paper 1V, is illegal in Sweden due to the large soil disturbance it causes, with
negative impacts on both ecological and aesthetic values.
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Figure 15. Mean values (least square means) of standing volume per hectare (m*> ha'') in
different soil preparation treatments on all sites about 30 years after planting. VOL = the
volume of planted trees and VOLw: = the volume of all trees, including naturally
regenerated trees. Different letters show significant differences between the treatments.
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Table 2. Mean values (least square means) of the measured variables per scarification
treatment on a stand level (ha™'). Values followed by different letters are significantly
different column wise. DBH is the quadratic mean breast height diameter (cm), TH is the
mean top height (m), BA is the basal area (m?) and Stems the number of stems per hectare.
A statistical summary of the effects of site, scarification and their interaction shown as p-
values of least square means of different growth variables at stand level is presented below
the mean values.

Treatment DBH TH BA Stems
Control 10.7 a 11.7a 18.7 a 1830 a
Disc T 11.6 b 12.7b 22.8b 2016 b
Mound 11.6 b 12.8 b 24.0b 2088 b
Plough 12.5¢ 13.5b 269 ¢ 2054 b
Effect, p-values

Site 0.0001 0.0001 0.0001 0.0001
Scarification 0.0001 0.0001 0.0001 0.0001

Site x Scarification  0.1626 0.9483 0.0969 0.0001

It should be noted that the approach taken in Paper IV did not enable
comparison between tree species. That does not mean that the effect of site
preparation can differ depending on tree species. Theoretically, Norway spruce
react more positively to site preparation as it is more dependent on nutrient
availability, especially at less fertile sites (Bergh et al., 2010). There are
indications that the overall benefits of site preparation are dependent on the
species and their ecological ability to utilize the resources available (Thiffault
etal., 2010; Thiffault et al., 2017; Nilsson et al., 2019). Thus, further studies are
needed to evaluate how species-dependent the long-term benefits of site
preparation on Swedish forest trees are.

Paper IV was primarily concerned with the long-term effects of site
preparation on stand productivity. However, it is also important to acknowledge
the long-term effects of site preparation on other aspects and values than simply
forest growth. Site preparation can increase initial CO, emissions and reduce
the stock of carbon (C) in the soil (Piirainen et al., 2015) although it can increase
C sequestration in the long-term through increased tree growth (Mjo6fors et al.,
2017). The major soil disturbance caused by site preparation can also alter the
forest vegetation composition of the future (Haeussler et al., 2017). With the
large disturbance early successional species are promoted which initially can
increase species richness (Roberts and Zhu, 2002; Pykild, 2004) but the
recovery of other species groups, such as lichens (Eriksson and Raunistola,
1990) or bryophytes (Echiverri et al., 2022), may be hampered. Additionally, in
combination with shorter rotation lengths such species may not recover by the
time of the next felling, resulting in loss of biodiversity (Petersson et al., 2019;
Lariviere, 2023). Furthermore, the disturbance rate can lead to an excessive
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amount of natural regeneration, resulting in increased tending costs (Uotila et
al., 2010).

Paper IV highlights the importance of long-term experiments for evaluating
the effect of different silvicultural treatments over time. Forest management
takes place over many decades, and initial effects may not persist into the future.
The long timespan becomes a challenge in decision making about forest
regeneration, as decisions made today will affect the forests of tomorrow. For
example, planting storm sensitive species in the present will lead to storm
sensitive forests in the future (Schou et al., 2015). Further, if no consideration
is given to ecological values at an early stage, there might be limited ecological
values to manage in the future. Hence, plans for achieving ecological and social
goals must be put in place before a forest area is harvested and regenerated.
Future long-term experiments could therefore be designed to evaluate the
possible consequences on ecological values of different silvicultural measures.
Cognizance of the consequences of current management are therefore important
for adaptation of management in a future climate (Bolte et al., 2009; Blennow,
2012; Keskitalo et al., 2016; Lodin et al., 2017; Venéldinen et al., 2020).
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4 Conclusion and implications

Understanding differences in climate between regions and sites was shown to
be valuable in explaining seedling mortality. In Paper I, precipitation and air
temperature between April and October in the year of planting significantly
explained seedling mortality, highlighting the influence of climate on planting
success. It also showed that the selection of planting spots can mitigate against
abiotic and biotic damage from e.g., pine weevil feeding or drought, giving
seedlings the ability to develop into a resilient future forest. Also, emphasizing
that high quality of site preparation and planting can lead to lower mortality
rates and greater opportunity to meet the end goals of forest management. In a
changing climate, with drier and warmer growing seasons expected in southern
Sweden, choosing suitable tree species, planting material, and regeneration
methods that are adapted to local site conditions will be crucial in creating
resilient forests.

Selection of site preparation method had little effect on seedling growth and
mortality in Paper II but showed significant long-term effects on growth in
Paper IV. The intensity and ability to create suitable planting spots probably
influences planting success more than the methods themselves, as this provides
better ability to choose the right planting spot. Hence, selecting a site
preparation method that can create suitable planting spots with minimum soil
disturbance would be ideal. This combination of minimum soil disturbance and
suitable planting spot would spare ecological and aesthetic values, while still
promoting fast seedling establishment by evading potential abiotic and biotic
risks. In southern Sweden field vegetation will recolonize an area independent
of site preparation method used (Paper II), but preparation does provide
seedlings with some initial relief from competition. Also, indifferent of site
preparation method, plenty of natural regeneration was registered within three
years in Paper II. The resulting emergence of mainly deciduous seedlings should
always be accounted for, both in projecting future costs but also as a resource
for promoting mixed forest in the future stand.

The importance of adapting planting position to within-site variation
emerged clearly in Paper III. An elevated planting position, in mounds, was
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advantageous in decreasing the mortality rates under wet conditions. As soil
moisture conditions became drier, more flexibility in the selection of planting
position could be applied. Lower positions, in depressions and hinges, were
equally good options for minimizing seedling mortality under drier conditions.
Growth of coniferous species, especially diameter growth, was promoted when
planted in mounds. However, for silver birch no real differences, in terms of
growth between planting positions could be identified. Hence, planting should
be adapted to within-site variation, but different tree species may react
differently to different planting positions. Therefore, more research is needed
into how to plant birch on forest land to clarify the recommended practice.

Papers I-11I showed examples of how digital tools can be useful in forest
regeneration planning, but also highlighted some of the current limitations. The
SLU-soil moisture map only showed significance in explaining mortality for
seedlings planted in unscarified soil, suggesting that site preparation reduces
some within-site variation (Paper I). In Paper Il a DTW-raster had a limited
level of significance in explaining growth and mortality. However, when the
entire spectrum of soil moisture from wet to dry was represented, the DTW
successfully identified and explained growth and mortality levels at the
extremes (Paper III). Due to the limitations in delineating soil moisture classes
that lie in between wet and dry, it would be difficult to base tree species
selection on these maps alone. Despite limitations, digital tools could be used
to better understand within-site variation and provide decision-support when
instructing selection of planting spots, areas to be left for natural regeneration,
and what management approach should be applied to different parts of a
regeneration area.

No negative long-term effects of site preparation on stand productivity over
30 years could be found. Rather the opposite was true, with ploughing resulting
in the largest standing volume compared to the other treatments. While
ploughing is banned, the other legally permitted site preparation methods also
showed better volume production than the unscarified control, indicating that
site preparation could be used to enhance growth over time. However, caution
should still be applied as site preparation may have long-term impact on other
values than stand productivity. Thus, long-term experiments are crucial for
evaluating management options over a longer time span and seeing their effects
across the entire rotation. Hence, newly established long-term experiments
should aim to be able to explore the long-term consequences of different
regeneration measures on ecological values.
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S Future of forest regeneration

Ever since Sweden's Forest Act was introduced in 1903 there has been pressure
to find more efficient ways of carrying out forest regeneration. This has resulted
in a homogeneous approach to regeneration management, in which clear-felled
areas are almost always planted following MSP. Adaptations to variation,
whether on a landscape level or site level, have been largely simplified to spruce
sites and pine sites, which is reflected in the species used for regeneration
(Bergquist et al., 2017; Ara et al., 2022a; SFA, 2022). Nature is rarely that
simple, multiple species can be suitable for different microhabitats within the
same site. Planting multiple species at the same site and creating a mixture
within the stand would be a reasonable way forward instead of creating
homogenous stands. This approach would not only produce better outcomes in
terms of production goals, but also meet the need for ecological and social
sustainability (Coll et al., 2018). Mixed stands have the potential to be beneficial
for ecological values and an admixture of broadleaves are generally appreciated
for recreational values (Gundersen and Frivold, 2008; Felton et al., 2010; Felton
et al., 2016). Also, utilizing more species in the forest spreads the risks in a
changing climate and creates more resilient forests against e.g., storms and
pests. Hence, future research needs to focus on how to create mixed stands
already in the regeneration phase and how to manage these when the stand ages.
There is also a need to explore how to implement more precision management
in mixed stands and move away from a stand-level management mindset.
Adapting management to the forest landscape, i.e., site adapted forest
management, was already mentioned in the 1980s (Lundmark 1986). However,
implementation of site adaptation is difficult, particularly when discussions
usually end around species choice. Greater consideration must be given to
management alternatives in the regeneration phase, and not forcing
management methods onto areas where it is doomed to fail. An example might
be areas that experience spring and summer drought, like those in southeastern
Sweden, which may not be suitable for planting due to elevated water stress. In
such areas seed trees or different shelterwood systems may be better suited to
create a good regeneration environment. The same logic could be applied to
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frost prone sites or areas which would be heavily colonized by competing
vegetation, where a shelterwood system would be beneficial. Mapping and
understanding different site properties should be better implemented in forest
regeneration to avoid unnecessary failures and hence extra costs. Detailed maps
could also aid in minimizing the disturbance caused by site preparation in the
future. Future regeneration efforts should aim to adapt management to the
specific site characteristics and minimize the disturbance rate. More emphasis
needs to be placed on the long-term effects on ecological values and the proper
evaluation of the long-term consequences of different management options.

With interest arising in using broadleaves in Sweden there is an apparent
knowledge gap that needs to be filled. Although there has been research into
management systems which utilize natural regeneration of several broadleaf
species (Agestam et al., 2003; Karlsson and Nilsson, 2005) limited research on
planting of broadleaves has been made (Lof et al., 1998; Lof, 2000; Lof et al.,
20006). In Paper III planting of birch was briefly evaluated, but studies that
further explore how to plant birch are needed in the future. The same basically
applies to most underutilized tree species in Sweden to improve understanding
of how they react to different microenvironments. There are benefits of using a
wider range of species in the future to diversify the landscape, which can have
positive implications on biodiversity and productivity (Felton et al., 2010).
Future research needs to focus on how to regenerate broadleaved species with
as much risk evasion as possible. For example, alternative management options
for browsing protection, which do not include large scale investments like
fencing, need to be further explored.

Digital tools in forest management have evolved over the years and will most
definitely continue to evolve in the future. As more and more forest owners live
further away from their forest estates (SFA, 2022), such tools will become more
important for decision-making. Currently, much of the so-called precision
forestry research has focused on later stages in the silvicultural rotation, i.e.,
thinning and final felling. With high resolution data and mapping of the
microenvironment precision forestry should be applied in the regeneration
phase as well. As elaborated in Papers I-III of this thesis, there is already
potential with the use of soil moisture maps in regeneration planning, but more
detailed mapping is needed. Castro et al. (2021) discussed a future with
precision forest restoration, in which a variety of digital sources could be used
to select appropriate management and understanding site properties. More
research is needed on how to implement the digital sources that are available,
but also more development in mapping important factors. Such factors could
include soil texture, distribution of stone blocks in the landscape, or fluctuation
in water availability and surface temperature over time. If such factors were
mapped with good accuracy and resolution, they could be further implemented
for more detailed planning and perhaps be used to automate forest regeneration.
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5.1 A personal outlook

Hindsight is the gift of time, the possibility of looking back at past generations
and learning from their actions. However, we do inherit the mistakes of the past,
especially in silviculture which operates over long timespans. I do not imagine
that reforestation of meadows and heaths in the 1900s was perceived as
problematic, rather as something positive which generated an increase in forest
resources greatly needed at the time (Blennow and Hammarlund, 1993). Now
those open landscapes are scarce and instead need protection in a more densely
forested landscape. Neither was large scale herbicide treatment of broadleaves
between the 1950s-1980s an evil, but an efficient way of cleaning and
promoting the coniferous crop trees. It became an issue when herbicides became
a threat to human health (Ostlund et al., 2022). The effects of such treatments
are reflected in today’s need to increase the proportion of broadleaves in the
forest. The past centuries (read 19" and 20™ century) have generally looked at
the forest resource for maximized production and profit, initially for direct
profit, but later sustainable growth and flow of raw material to the industry.
These aspects have been reflected in actions and legislation. In some respects,
times have changed, and forest resources are now to be managed for more than
just wood production. More of everything is an expression that have tried to
describe the Swedish forestry model (Lindahl et al., 2017). I am not in a position
to judge whether or not this is possible, though I doubt it since compromises
need to be made, taking away value from one aspect to the benefit of another.
Nevertheless, it does represent a change in perspective from the past since wood
production is now to be made with consideration to nature instead of at the
expense of it. To some extent I do believe we are living in a paradigm changing
age, where we are being more cognizant of the impact silviculture has on the
landscape. Only future generations will be able to judge whether this leads to
meaningful change in silvicultural practice. My belief is that foresters, policy
makers, and researchers need to be open minded and ready to re-evaluate former
“truths” in order to adapt to an ever-changing world and meet the challenges the
future holds.
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