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Adapting forest regeneration to a changing
climate

Abstract

Forest regeneration in Sweden is increasingly challenged by the rapidly changing
climate, making traditional management practices less reliable. Firstly, this thesis
addresses these challenges by examining performance of main regeneration methods
across Sweden in the context of variable growing conditions. The extreme drought
of 2018, which is part of all studies included in this thesis, was used as an example
of conditions expected to become more common in the future. Secondly, possible
adaptations to these conditions were tested, including mechanical protections against
pine weevil damage, changing of planting positions, addition of organic fertiliser,
using coated seeds and applying natural regeneration. Results show that mechanical
protections against pine weevils performed equally well as insecticide in a non-
drought year, suggesting their potential as replacements. In a drought year, however,
a synergistic response between drought and pine weevil damage was found,
highlighting the interactions of different stressors on seedling establishment.
Further, survival of nursery seedlings was significantly reduced by drought, but less
so when they were planted directly in mineral soil and fertilised with arginine
phosphate. Similarly, coated seeds were significantly influenced by moisture loss,
mainly because of unsuccessful soil attachment, and achieved an average
establishment rate of 56%. Additionally, methods of mechanical site preparation
significantly increased survival of planted and naturally regenerated seedlings.
Finally, these findings underscore the need for diverse and flexible management
practices to ensure that the regeneration stage can adapt to the complex and evolving
challenges posed by climate change. This approach, grounded in the principles of
resistance, resilience, and transition adaptation, aligns with broader climate
adaptation strategies and offers a roadmap for managing Sweden's forest
regeneration amid increasing climatic uncertainty.

Keywords: forest regeneration; climate change; Scots pine; Norway Spruce;
establishment; drought; pine weevil; coated seeds; climate adaptation.



Anpassning av skogsforyngring till ett
forandrat klimat

Sammanfattning

Skogsforyngringen i Sverige utmanas alltmer av den snabba klimatférandringen,
vilket gor traditionella skotselmetoder mindre tillforlitliga. For det forsta tar denna
avhandling upp dessa utmaningar genom att undersoka resultaten av de mest
forekommande foryngringsmetoderna i Sverige i ett fordndrat klimat. Den extrema
torkan ar 2018, som &r en del av samtliga studier i denna avhandling, anvindes som
exempel pa ett tillstind som forvéntas bli allt vanligare i framtiden. For det andra
testades mojliga anpassningar till dessa forhéllanden, inklusive mekaniska skydd
mot skador pa snytbagge, val av planteringspunkt, tillsats av organiskt gédselmedel,
anvdndning av belagda fron och applicering av naturlig féryngring. Resultaten
visade att mekaniska skydd mot snytbagge fungerade lika bra som insekticider under
ett ar utan torka, vilket visar pa deras potential som erséttning for insekticider. Under
torka fann man dock synergistiska effekter mellan torka och snytbaggeskador, vilket
belyser samspelet mellan olika stressfaktorer och hur de paverkar plantans
etablering. Vidare visade resultaten att plantornas dverlevnad reducerades vid torka,
men att effekten var mindre nér de planterades direkt i mineraljord och godslades
med argininfosfat. P4 liknande sitt paverkades ocksé belagda fron av torka och
fuktforlust, frimst pa grund av misslyckad vidhiftning till marken, och uppnédde en
genomsnittlig etableringsgrad pa 56 %. Dessutom 6kade markberedning signifikant
overlevnaden for planterade plantor och naturlig féryngring. Slutligen understryker
resultaten behovet av en mangsidig och flexibel skogsskdtsel for att sdkerstilla att
foryngringarna kan anpassas till de komplexa och fordnderliga utmaningar som
klimatforandringar innebér. Tillvigagangssattet som presenteras i denna avhandling
ar grundat pa principerna om resistance, resilience och transition som ligger i linje
med de bredare klimatanpassningsstrategier som kan appliceras for att hantera
Sveriges skogsforyngringar mitt i en 6kande klimatosékerhet.

Nyckelord: skogsforyngring; klimatfordndring; tall; gran; etablering; torka;
snytbagge; belagda fron; klimatanpassning.



Prilagajanje obnove gozdov podnebnim
spremembam

Znanstveni povzetek

Zaradi hitro spreminjajo¢ega se podnebja je obnova gozdov na Svedskem vse bolj
ogrozena, saj so tradicionalne prakse upravljanja vedno manj zanesljive. To
doktorsko delo obravnava te izzive s preucevanjem ucinkovitosti glavnih metod
obnove gozdov na Svedskem v kontekstu klimatskih sprememb. Ekstremna susa leta
2018 sluzi kot primer pojava, ki naj bi bil v prihodnosti vse pogostejsi in je del vseh
$tudij tega doktorskega dela. Obravnavani naéini prilagoditve so: mehanske zascite
pred poskodbami velikega rjavega rilckarja (Hylobius abietis), spreminjanje sadilnih
polozajev, dodajanje organskega gnojila, uporaba prevlecenih semen in uporaba
naravne obnove gozda. Rezultati kazejo, da so se mehanske zaséite pred velikimi
rjavimi rilckarji obnesle enako dobro kot prepovedani insekticidi v letu brez suse,
kar kaze na moznost njihove uporabe. V susnem letu je bil ugotovljen sinergijski
odziv med suSo in velikimi rjavimi rilc¢karji, kar nakazuje na preplet razlicnih
vzrokov $kode na sadikah iglavcev. Prezivetje posajenih sadik je bilo znatno manjse
zaradi suSe, vendar ne toliko, Ce so bile posajene neposredno v mineralno prst in
pognojene z arginin-fosfatom. Izguba vlage je pomembno wvplivala tudi na
prevlecena semena, predvsem zaradi neuspesne pritrditve v prst, sadike s teh semen
so dosegle povpre¢no stopnjo ukoreninjenosti okoli 56 %. Metode mehanske
priprave rasti$¢a so bistveno povecale prezivetje posajenih in naravno pogozdovanih
sadik. Te ugotovitve poudarjajo potrebo po raznolikih in prilagodljivih praksah
upravljanja, da se stopnja obnove gozda lahko prilagodi kompleksnim in
razvijajo¢im se izzivom, ki jih predstavljajo podnebne spremembe. Ta pristop, ki
temelji na nacelih odpornosti, trdozivosti in prilagoditvi v prehodu, se ujema s
$ir§imi strategijami prilagajanja podnebju in ponuja nacrt za upravljanje regeneracije
gozdov na Svedskem med naragajoco podnebno negotovostjo.

Klju¢ne besede: obnova gozdov; sprememba podnebja; rdeci bor; navadna smreka;
susa; veliki rjavi ril¢kar; prevlecena semena; prilagajanje podnebju.
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MSP
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VPD

Analysis of variance

Arginine phosphate (organic fertiliser)
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Mechanical site preparation

Resistance, resilience, transition (adaptation framework)
SeedPAD (coated seed)

Vapour pressure deficit
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1. Introduction

Forests have long been integral to Scandinavia, in terms of both economic
and cultural development. References to tall, shaded conifer forests with a
carpet of bilberries below can be found in many works of art, children’s
stories, and everyday products. Although their role has changed over the
years, from slash-and-burn agriculture to carbon capture programmes
(Skogsstyrelsen 2020), forests have managed to remain a constant in the
landscape even today. This is partly thanks to natural regeneration, an
ecophysiological process at the heart of a thriving forest.

However, the enduring presence of forests is not merely a result of
regeneration but also a product of conscious and sustained forest
regeneration practices, which are the focus of this thesis. Sweden and other
Scandinavian countries have a long history of forest use, combined with a
long and rich history of forest management (KSLA 2015). Still, due to the
heavy exploitation to support the mining, paper and pulp industry, vast
stretches of Swedish forest were degraded by the late 19th century (Ostlund
et al. 1997b; Skogsstyrelsen 2020). This started political action towards
sustainable use of forests. As a result, Sweden’s first Forestry Act, adopted
in 1903, enshrined forest regeneration into law (Skogsstyrelsen 2020).

Forests grow slowly, particularly in the boreal region where management
plans are measured in decades if not centuries. This makes forestry an
inherently traditionalistic field, where management practices done at the time
of planting may be considered outdated by the time the trees are cut down.
To fully understand the situation today, it is therefore important to also
understand the development of forest management methods over time.
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1.1 Studying forest regeneration in Scandinavia

Over the past century, clear-cutting has become established as the dominant
forest management system in Sweden (Ostlund ez al. 1997a; Berg et al. 2008;
Lundmark et al. 2013, 2021). This has created a need for alternative
regeneration strategies, as natural regeneration has not proven sufficient
under this regime. Research on systematic regeneration started in the 20th
century as clearcut forestry was slowly gaining in importance (Lundmark et
al. 2021). One of the first major publications on forest management in
Sweden to address regeneration in particular was “Skogsskotsel:
handledning vid uppdragande, vard och foryngring av skog” (Forest
management: guidance on the cultivation, care and regeneration of forests)
by Anders Wahlgren (Wahlgren 1914). This work described fundamental
regeneration practices and systems such as different planting positions, many
of which are still in use today, as it laid the foundation for both forest
regeneration management and further research.

In the mid-20™ century, research therefore focused on efficient and rational
planting (Ebeling 1957) in line with systematic and standardised clear-
cutting practices. Around the same time, tree improvement programmes were
initiated to select trees with desirable traits (Haapanen ef al. 2015). Through
a system of recurrent selection, breeding populations gradually improved
with respect to selected traits such as survival, growth, quality and resilience
to pests and frost damage (Haapanen et al. 2015; Jansson et al. 2017). This
process of improvement remains ongoing, with new seed orchards still being
established to provide seeds for forest regeneration (Skogsstyrelsen 2020).

In the 1960s, foresters in Finland began to use ploughing for forest
regeneration (Nyyssonen 1997), marking the beginning of the development
of modern site preparation methods (MSP) (Bérring 1967; Lundmark 1977;
Orlander et al. 1990). In the 1970s, several studies into the environmental
factors affecting seedling establishment and mortality emerged, for instance
Soéderstrom (1976) and Persson (1978). Ecophysiological studies of the
growth and establishment of seedlings continued into the 1980s (Orlander
1984; Ingestad 1987), with a focus on improving survival and growth.
Towards the end of the 20th century, the focus of research shifted as
traditional studies striving to optimise planting were complemented by
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studies of regeneration following natural disturbance dynamics (Attiwill
1994; Fries et al. 1997; Angelstam 1998).

In recent years, an important focus of research has been genomic
improvements of seedling material (Lenz ef al. 2020; Capador-Barreto et al.
2021), fuelled by the decoding of the Norway spruce (Picea abies) genome
in 2013 (Nystedt et al. 2013). While the genome of the other dominant
conifer species, Scots pine (Pinus sylvestris), remains to be fully decoded
(Pyhijarvi et al. 2020), there are already studies using genotyping-by-
sequencing to determine the relatedness and growth of Scots pine (Calleja-
Rodriguez et al. 2019; Hall ef al. 2020). Another major topic of recent
research has been climate change and its effects on forests (White 2012;
Lindner et al. 2014; Girona et al. 2023; Felton et al. 2024a; Laudon et al.
2024). This includes studies into various sources of damage to forests under
warmer climate conditions (Rasheed ef al. 2020; Frank 2021), and the impact
of extreme drought events on seedlings and trees (Hart ez al. 2017; Netherer
et al. 2019; Luoranen et al. 2023).

1.2 Current practice and status

Swedish forests are conifer-dominated, with Scots pine (Pinus sylvestris) and
Norway spruce (Picea abies) each covering approximately 40% of the
forested area (Skogsstyrelsen 2024a). The vast majority of these forests are
even-aged, under management regimes which harvest through clear-cutting
(Skogsstyrelsen 2020) (Figure 1). Retention forestry, a practice that aims to
retain trees that have particularly high biodiversity value, are around cultural
remains or close to bodies of water, is widely practiced (Fedrowitz et al.
2014; Simonsson ef al. 2015). After a forest stand is harvested, the ground is
usually prepared using mechanical site preparation (MSP) (Orlander et al.
1990). The main reasons for using MSP are to reduce competition from
surrounding vegetation and to create good planting positions. Mounding and
disc trenching are commonly used, both of which invert the top layer of soil,
exposing the mineral soil underneath (Orlander et al. 1990). After MSP,
clearcuts are usually replanted manually with seedlings that have been pre-
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grown in nurseries. Alternatively, forest stands can also be regenerated
through direct seeding or natural regeneration, but these methods are less
common. After successful regeneration, the forest stand is pre-commercially
and commercially thinned to promote the most vital and valuable trees. Trees
are harvested once they reach maturity, and this marks the beginning of a
new cycle. The turnover or rotation age varies between conifer species and
site conditions, from approximately 60 to 110 years (Skogsstyrelsen 2020).

Forest
regeneration
chain

Figure 1. Schematic of the forest regeneration chain currently practiced in Sweden.
Clockwise from top right: machine harvest of the forest stand, mechanical site
preparation, seedlings planted, mature forest grows. Site preparation picture by Bracke
Forest AB, others by Matej Domevscik.
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1.2.1  Planting of nursery seedlings

Planting nursery seedlings following MSP is a well-established regeneration
method (Skogsstyrelsen 2020), which uses seeds usually collected from seed
orchards that are germinated and grown under optimised conditions.
Depending on the needs of the site to be planted, the growing period can be
adjusted to produce a larger seedling with a more developed root system.
Such larger seedlings are commonly used in southern Sweden where
competition from surrounding vegetation is a bigger issue than it is in the
north (Hallsby 2013). In addition, seedlings are commonly provided with
some form of protection to reduce damage by pine weevil (Hylobius abietis)
(Petersson et al. 2004; Sjostrom 2020). These treatments can considerably
increase the level of investment per seedling and the resource requirements
of nursery operations (Aldentun 2002). Nonetheless, in 2022 nursery
seedlings were used to regenerate 87% of clearcut areas in Sweden
(Skogsstyrelsen 2024a), making planting the most common method for
forest regeneration. In 2022, around 422 million nursery seedlings were
planted in Sweden (Skogsstyrelsen 2024a).

Once the seedlings have reached a suitable size for the respective planting
area (10-30 cm), seedlings are manually planted on clearcuts by a planting
team. In general, seedlings are grown in trays with peat-filled containers with
a volume of 30 cm? or 50 cm’, ensuring easy storage, transport, and planting.
Such seedlings are often referred to as containerised seedlings and may also
be freeze-stored to make the logistics before planting easier.

While widely used, seedlings require careful planning and precise timing
from germination to final planting. They are typically ordered and produced
well in advance to ensure availability for the spring planting season which is
usually April-June (Hallsby 2013). Moreover, any delay or mishandling
during transport to the clearcuts can severely reduce the survival of nursery
seedlings (Mataruga et al. 2023). Even with freezer storage, they cannot be
stored indefinitely, as they have a limited shelf life and need to be planted
within a specific timeframe.
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1.2.2 Direct seeding

Direct seeding refers to artificially regenerating a forest stand using seeds
produced in seed orchards or collected from forest stands. Not all areas are
suitable for this method but, when done well, direct seeding can result in
dense stands of trees with well-developed root systems (Wennstrom 2001).
Direct seeding is not widespread under the current Swedish forestry model:
in 2022, it was used on just 3% of the total regeneration area in Sweden
(Skogsstyrelsen 2024a).

Using seeds grown in seed orchards opens up the possibility of using
genetically improved seed material or seeds with different provenances, both
of which have been shown to increase survival and growth rates (Persson
1994; Egbick et al. 2017). Direct seeding is usually cheaper per hectare than
planting nursery seedlings, but seeds need time to germinate and establish,
which may increase the rotation time.

A common challenge with direct seeding is predation of seeds by insects,
rodents, and birds. Previous studies have reported mortality rates of 20-60%
in Scots pine (Nystrand & Granstrom 2000; Worthy et al. 2006). Covering
the seeds immediately after seeding does reportedly reduce predation (Nilson
& Hjaltén 2003), but this may be hard to implement on a large scale. Another
challenge with direct seeding is the inter-annual variation in the quantity of
seeds produced in orchards (Prescher et al. 2005), which can severely limit
the availability of high-quality seeds. In addition, seedlings from direct
seeding have been shown to achieve establishment rates of around 20%
(Palma & Laurance 2015; Grossnickle & Iveti¢ 2017), which can result in
low restocking rates. Studies show that microsite preparation can help to
increase the establishment rate (Winsa & Bergsten 1994; Wennstrom et al.
1999), but this may add to the overall costs of regeneration. On the other
hand, a potential solution is the mechanical distribution of seeds directly after
site preparation which may reduce costs by reducing the number of actions
needed on the clearcut. However, since direct seeding is not currently widely
used in Swedish forestry, there are few direct seeding machines in use.
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1.2.3 Natural regeneration

In contrast to artificial methods, natural regeneration relies on seed material
from existing trees to regenerate the harvested area. While not a common
method under the current Swedish forestry model, it is increasingly discussed
in connection with biodiversity conservation values (Brang et al. 2014;
Seedre et al. 2018) and in other silvicultural systems related to continuous-
cover forestry (CCF) (Koivula ef al. 2020). Natural regeneration was
reportedly used on around 7% of the total regeneration area in Sweden in
2022 (Skogsstyrelsen 2024a).

A commonly used method for natural regeneration of Scots pine is the seed
tree method, under which all trees except the selected seed trees are removed
through a standard harvest (Karlsson ef al. 2017). The seed trees are
generally large, high-quality trees with high seed dispersal potential, but their
selection can depend on the needs of the area. After harvesting, the ground
is prepared with MSP to create good establishment conditions (Béland et al.
2000; Karlsson & Nilsson 2005; Nilsson et al. 2006). Previous research
shows that, while seeds germinate over the whole area, the highest number
and largest seedlings are found in the prepared areas (Hagner 1962). When
the new seedlings reach an average around 30-100 cm in height, depending
on the area, the old seed trees are removed to increase space and reduce
competition with the new stand.

Another common method for natural regeneration is the shelterwood system,
under which large mature trees from the old stand are left in an area to
provide seed material and shelter (Karlsson et al. 2017). The shelterwood
system differs from the seed tree method mainly in the higher density of
mature trees that are retained after harvesting. The shelter provided by these
mature trees to the regenerating stand below influences site conditions at the
stand level. Previous studies have shown reduced variation in soil
temperature under shelterwood stands due to changes in air movement,
where mature trees create a layer of insulation and reduce wind speed
(Béland et al. 2000; Langvall 2000; Agestam et al. 2003). In comparison, on
clearcuts, rapid heat loss during the night can lead to frost damage on
seedlings (Orlander et al. 1990; Spittlehouse & Stathers 1990).
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When selecting areas for natural regeneration, special attention needs to be
paid to high wind occurrence in the area as these systems are prone to storm
damage (Hanell & Ottosson-Lofvenius 1994). Further, natural regeneration
is inherently unable to make use of genetically improved seed material which
is a significant focus under the current Swedish forestry model (Simonsen
2013; Skogsstyrelsen 2020). Although additional direct seeding or planting
of nursery seedlings is possible under a shelterwood, it is not commonly
practiced due to the increased costs involved.

1.3 Impact of future climate on forest regeneration

Climate change is a long-term and constantly evolving process that is
influenced by many factors (Karl & Trenberth 2003). While the climate has
slowly changed several times in the past (Alley et al. 1999) the rapid pace of
current changes is concerning. These changes may affect current forest
regeneration in unexpected ways and introduce new challenges. To better
understand the nature of these changes, several studies have sought to predict
the future climate using global climate models (GCM) and downscaling them
to regional climate models (RCM) using historical data (Christensen et al.
2001; Chen et al. 2015; Lind et al. 2023). Four changes to Sweden’s future
climate are consistent across several models: an increase in overall mean
temperature (Beniston et al. 2007; Lind et al. 2023), more intense weather
events (Beniston et al. 2007; Chen et al. 2015; Lind et al. 2023), more winter
precipitation (Beniston et al. 2007; Lind et al. 2023), and less summer
precipitation in south and central Sweden (May 2008; Chen et al. 2015;
Spinoni et al. 2018; Lind et al. 2023). Together, these changes could have a
marked impact on the establishment of seedlings.

An effect of higher mean temperatures is a prolongation of the growing
season, which is on average already 17 days longer in Sweden today than it
was 30 years ago (SMHI 2024). This could increase the abundance and
growth of competing vegetation which would significantly influence
regeneration (Nilsson et al. 1996; Orlander et al. 1996; Jobidon et al. 2003;
Axelsson et al. 2014). Moreover, pests that are currently temperature limited,

22



such as insect and fungi, could expand into larger areas (Allen et al. 2010).
Additionally, for Scandinavia, previous research has also identified a
positive warming loop connected to snowmelt, as higher temperatures reduce
snow cover, which in turn increases temperature (Lind et al. 2023). This may
mean that weather conditions during the main planting period in spring will
generally be warmer and drier than previously.

Overall, precipitation in Sweden is predicted to increase (Lind et al. 2023),
although the bulk of this increase is predicted to occur in winter (Beniston et
al. 2007; Chen et al. 2015; Lind et al. 2023). During this season, seedlings
are dormant and their transpiration demands reduced due to low rates of
photosynthesis (Strand et al. 2002). Increased precipitation during this time
would not contribute to better establishment or growth of seedlings.
Meanwhile, precipitation during the summer, when seedlings do grow and
establish, is predicted to decrease in south and central Sweden leading to
droughts (Chen et al. 2015; Spinoni et al. 2018; Lind et al. 2023). As a
majority of seedlings in Sweden are planted in late spring/early summer, this
could have major implications for their establishment and growth. A recent
example of extreme drought in Sweden occurred in the summer of 2018.
Several studies reported increased mortality of both seedlings (Beloiu
Schwenke et al. 2023; Luoranen et al. 2023) and trees (Schuldt et al. 2020;
Sturm et al. 2022) through desiccation and other drought related causes of
mortality, such as insect attacks (Senf & Seidl 2021).

1.4 Current forest regeneration under pressure for
change

Successful early regeneration is largely a product of microsite conditions and
various damage factors during the first few years (Spittlehouse & Stathers
1990). These comprise many different biotic and abiotic factors that interact
with one another, resulting in a variation of site conditions across space and
time. Hence, site conditions vary significantly both between and within
individual regeneration sites (Holmstrom et al. 2019; Nordin et al. 2023).
Additionally, local weather conditions can fluctuate greatly from year to year
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and are further intensified by ongoing climate change. Consequently, the
complexity of the current situation necessitates an agile approach to
regeneration, which may not align with existing practices focused on
achieving efficiency through standardization. It is therefore not a surprise
that even though Swedish forest regeneration has developed into a highly
optimised system, several issues persist. This thesis mainly focuses on three
factors of variation with key importance for regeneration outcome: damage
by pine weevils, moisture and nutrient acquisition.

1.4.1 Damage by pine weevils

Pine weevils remain a major cause of seedling mortality despite protections
applied to seedlings. This destructive forest pest feeds on the bark of conifer
seedlings, girdling them and causing mortality rates of up to 80% in
unprotected seedlings (Orlander & Nilsson 1999). Historically the problem
was managed using chemical insecticides (Nilsson ef al. 2010). Over recent
decades, however, most of these chemicals have been banned in Swedish
forestry due to their harmful side effects. Protection is instead done by
mechanical means with a coating on the lower part of the seedlings' stems
(Nordlander ef al. 2009, 2011). These coatings are applied before seedlings
leave the nursery and aim to protect the bottom of the stem, i.e. the part most
vulnerable to girdling. While these protections are promising, many
questions connected to their use remain unaddressed. For example, how
would damage above the coating affect seedling survival? Moreover,
mechanical coatings could restrict the stem or cover the seedlings’ needles,
thereby limiting growth by reducing photosynthesis (Sjostréom 2020). The
durability of these coatings in field conditions is also a concern.

Pine weevils exhibit an established pattern of behaviour in which damage to
seedlings is highest in the first three years after clear-cutting (Orlander et al.
1997; Wallertz et al. 2016). While not common, planting nursery seedlings
can be delayed for a few years after harvesting, and this has been shown to
reduce the impact of pine weevils (Orlander ez al. 1997). Another successful
measure for reducing pine weevil damage is MSP, particularly when it uses
methods which expose the mineral soil (Petersson et al. 2005; Nordlander et
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al. 2011; Wallertz et al. 2018). Pine weevils are less inclined to remain on
mineral soil for extended periods of time, probably because it provides fewer
hiding places than planting spots in organic soil.

1.4.2 Moisture acquisition

Another challenge, integral to the regeneration cycle, is consistent seedling
establishment. Large variations between sites in seedling survival have been
noted by previous studies (Hjelm et al. 2019; Sikstrom et al. 2020; Nordin et
al. 2023). Research has shown that adequate moisture acquisition directly
after planting is a critical first step in seedling establishment (Grossnickle
2005; Luoranen et al. 2023) This is particularly true in drought when soil
moisture is limited, but such conditions are hard to predict locally
(Holmstrom et al. 2019). Current efforts to address regeneration in dry areas
are limited, although Scots pine is commonly preferred as it grows better
than Norway spruce under drier conditions (Albrektson et al. 2012;
Baumgarten ef al. 2019).

One way to change microsite conditions that influence establishment is
through mechanical site preparation (MSP) which allows us to modify soil
features (Spittlehouse & Stathers 1990). Typically, the MSP creates two
planting positions with distinct characteristics (Figure 2). Lower planting
positions are created in the depression made by site preparation, directly in
the mineral soil (MS). Higher planting positions occur on top of the inverted
material and comprise the upper mineral soil layer, a double layer of organic
material, and the underlying mineral soil. In line with the definition given by
Sutton (1993), these are hereafter referred to as capped mounds (CM).
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Figure 2. Mineral soil (MS) and capped mound (CM) planting positions. Organic soil
layer is represented in darker shade, while mineral soil is white with dots. Drawing by
Bodil Haggstrom.

The main benefits of planting on CM are an increase in nutrient availability
from the organic layer and a reduction in frost damage (Orlander et al. 1990).
On the other hand, planting on CM can lead to a higher risk of drought,
particularly on dry sites (Orlander et al. 1990) since they can vary
considerably in terms of how they are prepared for subsequent planting
(Sutton 1993; Séderbéck 2012). Since planting is mostly done manually, it
is up to the planter to decide where exactly to plant. Ideally, seedlings planted
on CM should be positioned as shown in Figure 2, with sufficient contact
with the underlying mineral soil. This is not always easy, as a planting
position classified as optimal from above may have a deep layer of organic
matter underneath (Figure 3). Such a barrier can significantly hamper
survival and growth, as early contact with moist underlying soil is crucial
(Burdett 1990; Grossnickle 2005). On sites with abundant woody debris or
organic matter, planting on CM can sometimes result in higher mortality,
especially when combined with longer periods of drought.
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Top mineral soil

Seedling substrate (approx. 8 cm)

Organic material (approx. 20 cm)

Underlying mineral soil

Figure 3. Cross section of a CM planting spot. While this planting position may look
suitable from above, a cross-section reveals considerable organic material which restricts

the seedling from reaching the moist underlying mineral soil. Picture by Jonas Ohlund.

The main concerns when planting in MS include increased risk of frost
damage and waterlogging, which can negatively affect seedling survival.
However, the large latitudinal range and diversity of sites in Sweden means
that not all sites are affected equally. On dry sites in particular, planting in a
high position in mineral soil may still result in higher survival overall. In this
regard, because of an average yearly rainfall of around 500-700 mm/m?
(SMHI 2024), many of the sites in northern Sweden can already be
considered dry compared to the south. As the climate changes in the future,
the number of dry sites may increase further.

An alternative to securing soil moisture through MSP is focusing on
manipulating environmental factors through silvicultural methods. Clearcuts
typically experience significant fluctuations in environmental factors such as
temperature and soil moisture (Spittlehouse & Stathers 1990; Langvall 2000;
Oleskog & Sahlén 2000). Reducing this variation could improve seedlings’
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ability to respond to other sources of stress. This can be achieved at two
different scales. At a large-scale, seedlings can be protected through a
shelterwood system, in which mature trees create an insulating layer above
the seedlings (Langvall 2000). Stable environmental factors mitigate risks
such as frost damage and are essential to the consistent growth and survival
of seedlings. Combining shelterwood treatments with MSP has been shown
to further facilitate good establishment of naturally regenerated seedlings
(Hagner 1962; Béland et al. 2000; Karlsson et al. 2002; Karlsson & Nilsson
2005).

Alternatively, an example of protection on a small-scale is the use of coated
seeds. As the name suggests, coated seeds consist of a single seed embedded
in a layer of minerals that protect it from large variations in soil moisture.
Ideally, the coating binds to the mineral soil after planting and facilitates
capillary water transfer from the moist soil underneath. While the idea of
using coated seeds for forest regeneration is not new, so far very few peer-
reviewed results have been published. Similar methods of seed distribution
have been tried in the past (Wennstrom 2014), but none have yet been
commercially successful or widely adopted.

1.4.3 Nutrient acquisition

Nutrient acquisition is another important process in seedling establishment,
and is limited by the presence of nutrients in the soil. Nitrogen is the limiting
factor in boreal forests (Tamm 1991; Sponseller et al. 2016), which cover
most of Sweden except for the very southern region. Just as moisture is
crucial for seedling establishment, acquisition of sufficient nutrients is vital
for growth. Fertility varies across the landscape but, on poor sites, consistent
establishment can be challenging. Slow growth in these areas can extend the
early seedling stage during which seedlings are particularly vulnerable to
various damage factors such as pine weevils, ungulate browsing, and drought
(Orlander et al. 1997; Nilsson et al. 2019; Luoranen et al. 2023). Some MSP
methods mix nutrient-rich humus soil into the planting spot, leaving the
nutrients available for seedlings. However, other methods remove the humus
layer entirely, exposing the mineral soil underneath. Reasons for this can be
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varied, because of site features or to reduce pine weevil damage, but in this
case such planting positions may lack nutrients entirely. In these nutrient-
deficient planting positions, addition of nutrients may be required (Nilsson
et al. 2019, 2024). Fertilisation at the seedling stage is currently being
explored experimentally (Gruffman et al. 2012; Castro et al. 2021; Svensson
et al. 2023; Nilsson et al. 2024), but it is not commonly done in operational
forest management. However, there is a growing interest in its practical
applications.

1.5 Aim

The aim of this thesis was to investigate the performance of Swedish forest
regeneration in the context of climate change, particularly the extreme
drought of 2018. Specifically, this work aimed to test performance of a
number of methods that could potentially alleviate negative effects of
increasing variations in site conditions on survival and growth of conifer
seedlings across Sweden. The methods tested were mechanical protection
against pine weevils, changing planting positions, addition of organic
fertiliser, using coated seeds, and application of natural regeneration.
Climate change adaptation potential of these methods was then further
discussed, by exploring a framework of resistance, resilience and transition
adaptation.
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2. Methods

The methods presented here are a summary of those used in the papers
included in this thesis, which are referred to throughout. For further details,
please see those papers, and the references provided. Paper IV is included in
the printed version of the thesis.

2.1 Study sites

A total of 38 sites were used in this thesis. They were established on clearcut
or shelterwood areas in Sweden between the latitudes of 56.3°N and 67.1°N,
giving a large latitudinal gradient of 1275 km between sites (Figure 4). Paper
I included 14 sites (Table 1) established in April-May 2018 and 2019; Paper
IT included 11 sites (Table 2) established in May-June 2018; Paper III
included 12 sites established in May-June 2017 (Table 3); and Paper IV
included 1 site established in February 2017 (Table 4). The location,
elevation, and number of growing season days for each site were recorded,
allowing for comparison between different sites and geographies.
Additionally, study-specific data are provided for each experiment.

Annual precipitation varied between sites due to several factors, including
latitude, terrain features, distance from the sea, climate type and years. Table
5 shows precipitation during May-August (2017-2019), which is within the
growing season for all sites, and is commonly time of early establishment for
spring planting season.
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Figure 4. Map of the study sites between latitudes 56.3°N and 67.1°N. Lines represent
delineation of sites grouped into clusters used in Table 5. The scale represents distances
on the map of Sweden to the left.
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Table 1. Site description of the 14 experimental forest clearcut sites included in paper I,

arranged from north to south.

Site name Location Elevation G;:;‘:;zg Planting Precipitation Max VPD

(lat/long) [m; a.s.1] [days] year GS [mm] GS [kPa]
Sanneskogen 58.63/11.88 149 219 2019 703 2.70
Brattons gérd 58.60/11.80 128 219 2019 646 2.70
Snibben 57.74/15.54 251 194 2018 351 3.87
Norrhult 57.73/15.54 223 194 2018 351 3.87
Maénsarp 57.63/14.09 242 218 2018 235 3.73
Krénsberg 57.58/14.17 240 218 2019 474 3.26
Margrevehult 57.51/14.76 224 217 2019 394 3.12
Lilla thult 57.50/13.81 274 218 2019 551 2.94
Siggaskog 57.36/14.32 195 218 2019 590 2.94
Nennesmo 57.23/13.61 163 218 2019 483 2.94
Slidne 57.19/12.55 139 226 2018 443 3.91
Kroksjovigen 57.10/15.42 237 218 2018 345 3.51
Bjornamossvigen 57.10/15.42 247 218 2018 345 3.51
Kullaskogen 56.30/14.25 117 224 2018 241 3.99

Table 2. Site description of the 11 experimental forest clearcut sites included in paper II,

arranged from north to south.

Site name Location Elevation Growing Precipitation Pot Number of

(lat/long) [m; a.s.1] season first 30 days size measured

[days] [mm] (em®) seedlings
Pajala 67.09/22.30 200 130 13 30 288
Jokkmokk 66.64/20.30 260 130 48 50 107
Skajte 66.38/21.82 200 135 43 30 88
Kvillsberget 65.62/20.63 180 140 43 30 64
Hillnés 64.31/19.64 300 145 44 50 68
Vindeln 64.26/19.61 180 145 45 50 81
Torrbergskndsen 64.18/19.91 180 145 44 50 14
Aselhil 2 63.95/18.44 280 145 24 50 62
Aselhal 1 63.95/18.45 260 145 24 50 42
Strombacken 62.07/15.09 260 155 36 30/50 284
Kaillasen 61.06/16.16 360 165 35 50 109
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Table 3. Site description of the 12 experimental forest clearcut sites included in Paper

111, arranged from north to south.

Location Elevation Growing Topsoil No. of replicated plots

Site name (lat/long) [m; a.s.l] (days] position SeedPAD SeedPAD

unfertilised fertilised
Rissavigen 66.99/22.13 241 139 Silty till 1 3
Nyback 64.95/20.44 143 170 Coarse till 6 2

Bergsvik 64.88/18.17 268 149 Coarse till 2

Backmyran 64.35/20.71 175 170 Coarse till 5 7
Varpsjovigen 64.22/16.84 364 145 Coarse till 4 4
Tallsjd 64.14/17.92 319 149 Moist till 5 3
Stormon 64.03/17.44 297 145 Till 6 2
Svanatjarn 63.47/17.49 319 146 Till 4 2
Storulvsjo 62.28/16.3 418 146 Moist till 3 2
Nyhult 61.51/13.4 570 146 Sandy till 2
Lilla Malthult 58.8/15.77 69 194 Sandy till 6 2
Hostdagskérret 58.75/16.13 86 194 Podzol 6 2

Table 4. Site description of the experimental forest site included in Paper IV, including

mean values of weather variables and growing season days for the duration of the study

period, 2017-2023.

Sites Location Elevation Growing Prsez:gltétéon Max VPD Mean VPD
(lat/long) [m; a.s.1] season [days] [m.m] GS [kPa] GS [kPa]
Tagel 57.06/14.39 220 214 475 3.13 0.59
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Table 5. Sum of precipitation in May-August 2017, 2018, and 2019 for all sites grouped
into six clusters. Clusters are arranged from north to south and delineated in Figure 4.
Precipitation data were obtained from the SMHI open database using the weather station
nearest to sites within each cluster (mean distance to sites 42 km, max distance 137 km).

Range of Number ) precip. > precip. > precip.
latitudes of sites 2017 [mm] 2018 [mm] 2019 [mm]

Cluster name

North Norrland 67.1-65.6 5 266.2 195.1 306.4
South Norrland 64.9-63.5 12 251 154.7 248.2
Mid Sweden 62.3-61.1 4 325.7 239.2 211.9
Southcentral east 58.8 2 187.6 134.4 228.1
Southcentral west 58.6 2 265.5 169.7 356.3
South Sweden 57.8-56.3 13 310.7 166.9 291.1

2.2 Material and data collection

Data for all studies were collected from field measurements, controlled
laboratory experiments, network of national observation stations and digital
models. During the study period, each site was generally visited at least once
per year to record establishment rates, survival, the height or biomass of
seedlings, and to collect any reports of damage and general site features. The
dataset on field conditions was supplemented with environmental factor data
collected by SMHI (Swedish Meteorological and Hydrological Institute),
SGU (Geological Survey of Sweden), and Lantméteriet (The Swedish
Mapping, Cadastral and Land Registration Authority). Measurements of
field-collected material and controlled experiments were carried out in the
soil laboratory of SLU (the Swedish University of Agricultural Sciences) in
Umea.
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2.2.1 Paperl

For this study, 14 sites were established in southern Sweden, half in 2018
and half in 2019. Following clear-cutting, each site was planted with 180
containerised Norway spruce seedlings with the aim of planting them in
mineral soil. Seedlings sourced from the same nursery and batch were treated
with four different mechanical protections (Conniflex, Cambiguard, Ekovax,
Hylonox) (Figure 5), a standard insecticide (Merit Forest), or left untreated.
Each treatment was replicated 30 times in large blocks and at sufficient
distance from surrounding forests to minimise edge effects. Replication was
systematic using Latin squares.

Conniflex Ekovax Cambiguard Hylonox

Figure 5. Mechanical protection methods against pine weevils used in Paper 1. Pictures
by Claes Hellqvist and Karin Hjelm.

Seedlings were monitored for survival, height, and damage over four
growing seasons. Survival was visually assessed, while height was measured
from soil surface to the top shoot. Damage type and severity were recorded
on a scale from slight to lethal. Pine weevil damage, if present, was noted in
terms of bark removal area and location on the stem. For mechanically
protected seedlings, the coated area was distinguished from the rest of the
stem, while for insecticide-treated and untreated seedlings, the lower 10 cm
was considered the bottom of the stem. Additionally, the persistence of the
coating was visually assessed after the first and second growing seasons.
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2.2.2 Paperll

A field experiment was set up in the early summer of 2018 to test the effects
of fertilisation and planting position on the survival and growth of Scots pine
nursery seedlings. Seedlings were distributed into two treatment groups, one
fertilised with one dose of arginine-phosphate (AP) (40 mg N and 22 mg P)
and the other unfertilised. Seedlings from both treatment groups were planted
in one of the three planting positions: capped mounds (CM), mineral soil
(MS), or non-prepared soil.

Two to four parallel blocks were set up at each of 11 sites in Sweden,
between the latitudes of 67.09 and 61.06 degrees (see Figure 4). Each block
comprised six parallel rows of approximately 20 seedlings, one row for each
fertiliser/planting position combination. An exception to this was the
northernmost site, Pajala, where 70-100 seedlings were planted per row. On
each site the blocks were positioned adjacent to each other in relatively
homogenous areas with no expected block effect, hence each site was treated
as one plot in the analysis. Seedling material and size (30 cc and 50 cc pots)
varied between sites, depending on the site owner (Table 2).

Fieldwork was performed following the second growing season, in August-
September 2019. Seedlings next to a marking stick that had green needles
were considered to have survived, whereas dead or missing seedlings were
recorded as non-surviving. Every second surviving and undamaged seedling
in a row, after a random start at the first or second seedling, was also
measured for leader shoot length i.e., height between top branches and
terminal bud.

2.2.3 Paperlll

The coated seeds used in this study were developed by Arevo and SweTree
Technologies under the name of SeedPAD (SP). Each SP comprised a single
seed of Scots pine covered with a layer of vermiculate mineral and wrapped
in dissolvable polysaccharide foil (see Figure 6). The pads were 35 mm in
diameter with a thickness of 3.5 mm and were deployed with the seed
underneath. When exposed to sufficient water, the polysaccharide foil
readily dissolved and the vermiculate formed a seal over the seed, conserving
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moisture within. The SPs used were either fertilised with one dose of
arginine-phosphate (10 mg N and 5.5 mg P) or unfertilised.

Figure 6. On the right, picture of an unfertilised SeedPAD version 5.0, used since 2016.
The pads are deployed with the seed underneath. On the left, diagram of SeedPAD: A —
polysaccharide foil, B — layer of vermiculate, C — Scots pine seed.

In May-June 2017, both fertilised and unfertilised SPs were deployed in
mineral soil exposed by disc trenching by the landowners, in this instance
forest companies. Following commonly used procedures in Swedish forest
regeneration, SPs were deployed in two experimental designs: circular and
block. Circular plots were either marked as fertilised or unfertilised and
contained 35 of the designated SPs in a circle with a radius of 5.64 m (which
forms an area of 100 m?). Block plots comprised two parallel rows of 50 m
which were designated either fertilised or unfertilised with an SP deployed
at every metre. Each SP in both designs was marked with a marking stick.

Sites were surveyed in late summer 2018 and 2019, recording the survival
and growth of seedlings established from the SPs, considering seedlings
within 10 cm of the marker stick to be the study seedlings. The growth of
living seedlings was measured as the distance from the ground to the top of
the shoot, while sticks with dead or missing seedlings were considered non-
surviving. In addition, in 2019 five seedlings from each treatment present at
each site were carefully excavated for biomass analysis. These seedlings
were dried for 24 hours at 60°C (to constant weight), then cut at the stem and
the root and shoot parts weighed separately.
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A controlled laboratory experiment was set up to investigate the water
requirements of SPs, with the aim of identifying factors affecting attachment
to the ground. A total of 135 SPs were used, separated into three water
addition rates combined with three soil grain sizes. Soil was collected in 2020
from a clearcut in mid Sweden (Storulvsjd) while soil grain sizes were set to
best represent field conditions. Water addition rates were determined using
local precipitation data averaged for all sites. SPs were placed on soils with
grain sizes of 1.7, 5.6 and 10.0 mm diameter to represent fine, medium, and
coarse textured soil, respectively. Room temperature water (0.5 ml) was then
added to the SPs every 1.5, 3, and 5 minutes for fast, medium, and slow
treatments respectively. Attachment was considered successful when the SP
could not be easily pushed sidewise from the soil.

224 PaperlV

The experiments were set up in a Scots pine dominated site during the
winters of 2017, 2020, and 2023, following overstory harvest. These stands
were further designated as H17, H20 and H23, respectively. Each stand was
divided into three overstory treatments: clearcut (0 stems/hectare), seed trees
(approx. 100 stems/hectare), and shelterwood (approx. 200 stems/hectare).
All areas were also cleared of woody understory vegetation and fenced to
prevent browsing by ungulates. MSP was performed immediately after
overstory harvest in all stands. For stands H17 and H20, MSP was also
performed three years after overstory harvest, in 2020 for H17 and in 2023
for H20.

The experiment employed a split plot design with three or four blocks, each
measuring 16 x 8 meters, in each overstory density treatment. MSP was
performed with an excavator to create four continuous rows of mineral soil
(approximately 0.5 metres wide) in each block, while the soil between the
rows remained undisturbed. Sampling plots were then systematically
established on areas with and without MSP, totalling 16 and 8 plots per
block, respectively. The distance between sampling plots within rows was
one metre, and the centres of the specific plots were marked with plastic
sticks.
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Seedfall was measured using circular seed traps (9.4 cm radius), which were
emptied twice per year (June and November) from 2018 to 2020 at H17, from
2020 to 2023 at H20, and in 2023 at H23. Each overstory density treatment
had 20, 10, and 6 traps at H17, H20, and H23, respectively. All seeds without
wings were counted as Scots pine, as they are difficult to distinguish from
Norway spruce seeds when wingless. Seedfall for 2017 was not collected,
due to a sampling error.

Seedling recruitment was tracked annually in late autumn at the plot level
over three years: 2017-2019 for stand H17 and 2020-2022 for stand H20.
Stand H23 included only sampling year 2023. Each sampling plot contained
either a small (15 x 15 cm) or large (30 x 30 cm) plastic cross at its centre,
aligned with magnetic north to ensure consistency and precise
measurements. A small cross was used where the rocky terrain prevented the
use of a large cross. Cross axes were marked with scales accurate to 1 cm to
record the positions of individual seedlings for identification and long-term
monitoring (Figure 7). Seedlings that did not survive to the stage where
species identification was possible were registered as Scots pine.

,—,1‘/ P 205 !
Figure 7. Tracking seedling recruitment: same sampling location on a MSP plot at the
clearcut stand harvested in 2017 (H17), beginning with the 2017 inventory (left),
followed by 2018 (centre), and 2019 (right).
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2.3 Analysis

For all four papers, R-Studio software (R Core Team 2024) was used to
analyse the data. Regression analyses in the form of linear models (Paper II),
linear mixed-effects models (Paper IV), generalised linear models (Papers 11
and III), generalised mixed models (Paper ) and generalised binomial mixed
models (Paper I) were used throughout the analysis. These were followed by
model Il and model III ANOVA (analysis of variance) (Papers Il and III) and
estimated marginal means analysis (Paper I and IV) to interpret the model
results.

In Paper I, a generalised mixed model was used to analyse the impact of
mechanical protections, coating persistence, planting year, pine weevil
damage, and their interactions on seedling height and survival at each survey
interval. For survival data, a generalised binomial mixed model was used.
The model accounted for site differences by including site as a random
variable. To interpret the model outcomes, estimated marginal means from
the emmeans R package (Lenth 2023) was used, which included contrast
analysis and enabled comparisons between protection methods. Specifically,
for ease of interpreting the results, the focus was on comparing mechanical
protection methods and insecticide against the untreated control.

In Paper I, ANOVA was performed on seedling survival and growth data.
To investigate survival, survival log-odds (ratio of the probability of survival
to probability of death) were used as the response variable, while growth was
investigated using leader shoot length. The explanatory factors for both
models were site, planting position, and fertilisation treatment. Model 111
ANOVA was used to detect any interaction between the main factors and
followed by model I ANOVA in cases where there was no interaction. In
addition, linear models and generalised linear models were used to test which
environmental variables had the greatest effect on survival: these included
precipitation in the first 30 days after planting, length of growing season and
site index.

In Paper III, the establishment rate was assessed using a generalised linear
model with a binomial distribution and a logit-link function. Model III
ANOVA was applied to detect any interaction between the main factors, and
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Model I ANOVA was used where no interaction was found. The effects of
site-specific weather variables on the survival of both fertilised and
unfertilised SP seedlings were examined. Stepwise selection procedures
were employed using Akaike Information Criteria (AIC < 2, o < 0.05). For
height and biomass responses, a type II ANOVA model without an
interaction term between fertilisation and site was performed. The normality
of the final residuals for all models was checked visually by plotting them
against predictions.

In Paper IV, differences in seedfall across various years and stands were
analysed using a two-sample t-test with the assumption of equal variances.
Afterwards, seedling recruitment (seedlings/m?) was compared across
different stands and overstory density treatments by fitting a linear mixed-
effects model utilising a logarithmic distribution with the Ime4 package
(Bates et al. 2023). In the models, overstory density treatment was a fixed
factor and block within a stand was included as a random variable. To
interpret the model results, estimated marginal means from the emmeans R
package (Lenth, 2023) were used. This included contrast analysis, enabling
comparisons between different treatments.
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3. Main results

Results presented here are a summary of those from the papers included in
this thesis, which are referred to throughout. For further details, please see
those papers. Paper 1V is included in the printed version of the thesis.

3.1 Paper|

Environmental analysis of the study sites highlighted that the vapour
pressure deficit (VPD) was significantly higher in 2018 than in 2019,
indicating that the seedlings had probably experienced drought conditions.
Maximum VPD values in 2018 ranged from 3.5 to 4 kPa, whereas only two
sites surpassed 3 kPa in 2019. Mean VPD for 2018 was also notably higher,
showing a 50% increase compared to 2019. Similarly, there was 36% less
precipitation in 2018 than in 2019, with 2018 averaging 343 mm and 2019
467 mm. While both were below the norm for the area of 513 mm (1991-
2020), precipitation in 2018 was significantly lower, averaged across all
sites.

During the drought conditions of 2018, both mechanical protection methods
and insecticide had no significant effect on seedling survival. After four
seasons, mechanically treated seedlings had a 68% survival rate, while those
treated with insecticide and the untreated control showed 72% and 60%
survival rates respectively (Figure 8). Notably, only the Cambiguard
treatment significantly increased survival to 75% when compared with the
untreated control. However, survival rates varied greatly for each treatment
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across survey occasions, particularly for Conniflex and the untreated group.
Coating persistence did not significantly affect survival in 2018.

2018 2019
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Figure 8. Boxplots of survival of all seedlings during each survey for each of the
treatments and both planting years, 2018 and 2019. GS indicates the growing season after
which the survey was performed.

In contrast, mechanical protection methods had a significant positive effect
on the survival of seedlings planted in 2019. With the exception of Hylonox,
all protection treatments resulted in significantly higher seedling survival
than the untreated control. Survival rates were more consistent across
treatments, particularly after the first and second growing seasons. After four
seasons, mechanically treated seedlings, excluding those treated with
Hylonox, showed 82% survival, while insecticide-treated and untreated
seedlings achieved 81% and 60% survival respectively (Figure 8). Lower
coating persistence significantly reduced survival in 2019, particularly for
Hylonox-treated seedlings, of which 35% had no protection remaining after
two seasons in the field.

Further, a synergistic effect was observed between pine weevil damage and
drought. Seedlings in 2019 maintained higher survival rates, even where pine
weevil damage levels were severe, than those planted in 2018 (Figure 9A).
This trend was also visible when looking at damage to just the bottom of the
stem: again, comparable damage levels resulted in lower survival amongst
seedlings planted in 2018 than those planted in 2019 (Figure 9B). However,
when looking at the top of the stem, seedlings planted in 2019 maintained
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high survival despite significant pine weevil damage, until very high damage
levels were reached (Figure 9C). This trend was not observed in seedlings
planted in 2018 where greater pine weevil damage at the top was associated
with lower survival rates.
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Figure 9. Mean survival of seedlings after two growing seasons in relation to recorded
pine weevil damage after one growing season. Figure 9A shows survival at different
levels of damage to the whole seedling (0 — no damage, 1 — slight damage, 2 — damage
will probably affect growth, 3 — severe damage will affect growth, 4 — lethal damage).
Figures 9B and 9C show damage to just the bottom or top of the stem, respectively,
expressed in percentage classes representing the proportion of debarked stem. All
seedlings with more than 60% damage died. The error bars represent standard errors.

Various factors affecting seedling mortality were recorded in the field, and
varied between growing seasons and planting years (Figure 10). The most
significant difference was in the first growing season, which was a drought
period for seedlings planted in 2018. Some damage factors, such as feeding
by pine weevils, are easily identifiable in the field. However, drought
damage is much harder to detect as it lacks any specific signs. Since other
obvious causes were not observed, it is likely that the difference in mortality

observed between the two planting years can be explained by the drought in
2018.

45



2018 2019

50 q
404
Damage
I:] Browsing
g 30 D Drought
2 D Hylastes
g . Insect
(<]
= 20 . Unknown
. Waterlogging
. Pine weevil
10

GS 1 GS 2 GS4 GS 1 GS2 GS4

Figure 10. Sources of mortality of all seedlings irrespective of treatment and damage
level. The damage bars are cumulative over the growing seasons, showing total damage.
Browsing refers to browsing damage by ungulates and insect damage refers to damage
by insects other than pine weevil or Hylastes sp. GS indicates the growing season after
which the survey was performed.

Seedling height did not vary between treatments or planting years, and
comparison with the untreated control suggests that neither mechanical
protection nor insecticide had any significant effect on it.

3.2 Paper li

Following two growing seasons in the field, the nursery seedlings fertilised
with arginine-phosphate exhibited significantly higher survival, 85%
compared to 81%, irrespective of site and planting position (Figure 11A,
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Table 6). The effect of planting position on seedling survival exhibited an
interaction with site, i.e., the positive effect of planting into capped mounds
varied between sites (Table 6). Variation in survival between sites was higher
for CM than for MS, but this turned out to be highly dependent on
precipitation in the first 30 days after planting. Survival of seedlings on CM
was significantly higher with more precipitation (Figure 11C), while the
opposite was true for seedlings planted in MS (Figure 11B). The latter
relationship was weaker, but still significant and explains 25% of the
variation in survival, compared to 52% for seedlings planted on CM. In
addition, at sites with little precipitation, the differences between survival on
CM and in MS were higher, highlighting the greater drought resilience when
planting in MS.
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Figure 11. The effect of planting into mineral soil (MS) and capped mounds (CM) on
survival (A) of fertilised (AP) and unfertilised nursery seedlings after two growing
seasons. The effect of sum of precipitation [mm/m?] in the first 30 days after planting on
survival of seedlings planted into mineral soil (B) and capped mounds (C). The dashed
lines represent the predicted curves from logistic regression models for each of the two
planting positions. The shaded areas represent the 95% confidence interval for each
model. Points indicate mean values for sites with the same precipitation. Grey lines and
points denote fertilised seedlings, while blue ones denote unfertilised seedlings.
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Table 6. Results from ANOVA analysis of the effects of site, fertilisation treatment (AP),
planting position following MSP and the significant interactions between these variables
on seedling survival following two growing seasons in the field. Significant effects
(p<0.05) are highlighted in bold.

LR Chisq Df Pr(>Chisq)
Site 114.17 10 <0.001
Treatment 5.01 1 0.03
Position 0.00 1 0.99
Site x Position 173.72 10 <0.001

Fertilisation had a positive effect on seedling growth, which was larger for
MS than CM (Figure 12A, Table 7). In addition, the effect of fertilisation
increased with the length of growing season, particularly for the seedlings
planted in MS (Figure 12B & 12C).
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Figure 12. The effect of planting into mineral soil (MS) and capped mounds (CM) on
length of leader shoot (A) of fertilised (AP) and unfertilised nursery seedlings after two
growing seasons. Linear relationships between leader shoot length and length of growing
season (days) for fertilised and unfertilised seedlings planted into mineral soil (B) and
capped mounds (C). Points indicate mean values for sites with the same length of
growing season and bars indicate standard error. Grey lines and points denote fertilised

seedlings, while blue ones denote unfertilised seedlings.
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Table 7. Results from ANOVA analysis of the effects of site, fertilisation treatment (AP),
planting position following MSP and the significant interactions between these variables

on the leader shoot length of seedlings following two growing seasons in the field.

Significant effects (p<0.05) are highlighted in bold.

Sum Sq Df F value Pr >F)
(Intercept) 71407 1 3843.73 <0.001
Site 20409 10 109.86 <0.001
Treatment 647 1 34.83 <0.001
Position 72 1 3.90 0.049
Site x Treatment 499 10 2.69 0.003
Site x Position 2114 10 11.38 <0.001
Treatment x Position 84 1 4.51 0.034
Site x Treatment x Position 84 10 0.45 0.919
Residuals 14955 805

The survival of seedlings planted in positions without MSP was, on average,
58%. There was no significant effect of fertiliser on survival in this planting
position (Paper II, Table 4). Instead, there was a negative relationship
between survival and length of growing season, i.e., higher seedling survival
in areas with shorter growing seasons. Site index was the most important
variable explaining growth, with increased growth at higher site index values
(Paper II, Figure 5D). A positive fertiliser effect on seedling growth was also
found, which was more pronounced on sites with a higher site index, p=0.015

(Paper 11, Figure 5D).
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3.3 Paper lll

Two years after deployment, an average of 54% of the fertilised SeedPADs
(SPs) and 58% of the unfertilised SPs had grown into established seedlings
(Table 8). Notably, some seedlings established between the first and second
year after SP deployment, meaning that survival increased between the two
survey years. There was no significant difference in seedling establishment
and survival between fertilised and unfertilised SPs in any of the years (Table
9). However, the site had a significant effect on seedling survival in both
years, ranging from 87% at Varpsjovégen to 22% at Biackmyran (Table 9).

Assessing the growth of seedlings across the 12 sites, the addition of fertiliser
did not have a significant overall effect on seedling height, biomass, or root-
to-shoot ratio (Tables 8 and 9). However, these growth variables varied
significantly between the different sites.

Table 8. Mean survival, height and biomass of seedlings established from the SeedPADs.
SPs were either fertilised with AP or unfertilised. Surveys were performed in August—
September 2018 and 2019. Estimated marginal mean values + SE.

Years after SeedPAD SeedPAD

deployment unfertilised fertilised
Survival (%) 1 534+44 46.7+4.9
Survival (%) 2 57.8+43 53.7+4.7
Height [cm] 1 6.5+0.3 6.8+0.3
Height [cm] 2 14.6 £0.9 14.6 £0.9
Total biomass [g] 2 6.5+09 5.6.£0.9
Shoot biomass [g] 2 5.6+0.8 49+0.8
Root biomass [g] 2 0.9+0.1 0.8+0.1
Root: shoot ratio 2 0.2 0.2
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Table 9. Results (F- and p-values) from model II ANOVA examining the effect of
fertilisation treatment with arginine phosphate, site and their interaction on SeedPAD
establishment rate, height, and biomass. Significant effects (p <0.05) are highlighted in
bold.

Years after

Treatment Site Interaction
deployment
Survival 1 F(1,46)=2.085, p=0.16 F(9.46)=4.505, p = 0.001 F(9.46) = 0.823, p = 0.60
Survival 2 F(1,51)=0.089, p=0.77 F(9,51) = 4.155, p < 0.001 F(9,51)=1.169, p=0.33
Height 1 F(1,9)=0.295, p=0.59 F(9,9) = 13.570, p < 0.001 NA
Height 2 F(1,9)=0.0001, p=0.99 F(9,9) = 8.470, p = 0.002 NA
Total biomass 2 F(1,9)=0.429, p=0.52 F(11,9) = 36.578, p < 0.001 NA
Shoot biomass 2 F(1, 9)=0.405, p=0.54 F(11, 9) =37.368, p < 0.001 NA
Root biomass 2 F(1, 9)=0.574, p=0.46 F(11,9)=31.621, p < 0.001 NA

Using linear regression modelling of environmental factors collected for all
sites, two weather conditions were found to have a significant effect on the
survival of SPs. Maximum wind speed and maximum precipitation in the
first six weeks after deployment both had a significant effect on the rate of
seedling survival. High wind speed decreased survival by 9% and 6%, for
fertilised and unfertilised SPs, per additional m/s (Figure 13A). On the other
hand, precipitation increased survival of both SP treatments by 11% per
additional 10 mm of precipitation (Figure 13B).
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Figure 13. Effect of maximum wind speed (A) and maximum precipitation in a single
day (B) within six weeks of SeedPAD (SP) deployment at 12 clearcut forest sites in early
summer 2017 on survival of seedlings from unfertilised and fertilised SPs in late summer
2018. The lines represent predicted relationships between the environmental variables
and SP survival, as estimated by the linear model. Points indicate mean values for sites
with the same precipitation or wind speed and bars indicate standard error. Grey lines
and points denote fertilised SPs, while blue ones denote unfertilised SPs.

The results of laboratory testing of SPs indicated that the availability of
sufficient moisture plays a key role in proper attachment. Two clear trends
can be seen in Figure 14: increasing the speed of water addition reduces the
water requirement overall, as does smaller soil grain size. On average, SPs
on coarse-grained soil required 34% more water than on fine grained soil.
Similarly, the increase in water requirement needed for dissolution between
slow and fast water addition within a soil texture type was c. 30%.
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Figure 14. Water volume required for dissolution of SeedPADs (SP), compared across
three different soil textures and speeds of water addition. For soil treatments, grain sizes
were set to 1.7, 5.6 and 10.0 mm diameter for fine, medium, and coarse soil respectively.
For speed of water addition treatments, SPs had water dripped onto them every 1.5, 3,
and 5 min for fast, medium, and slow treatments respectively.
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3.4 PaperlV

Seedfall differed across stands, overstory density treatments, and years
(Figure 15). In 2020, seedfall at H17 (four years post-harvest) was
significantly greater than at H20 (one year post-harvest; p-value < 0.001).
Similarly, in 2023, seedfall at H20 (four years post-harvest) was significantly
higher than at H23 (one year post-harvest; p-value = 0.029).
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Figure 15. Seedfall (seeds/m?) during years 2018-2023. The upper, middle and lower

rows represent data from stands harvested in 2017, 2020 and 2023, respectively. Due to
a sampling error, seedfall of 2017 was not collected.

Mechanical site preparation (MSP) had a strong positive impact on seedling
recruitment in the first year following overstory harvest (p-value < 0.0001).
Due to the strong effect and lack of seedlings in plots without MSP,
recruitment results presented below are only for MSP plots.

In the first year after overstory harvest, seedling recruitment across all three
stands was significantly higher under shelterwood treatment (p = 0.039)
compared to clearcut areas (Figures 16 and 17). There was also a trend
toward higher recruitment under seed trees (p = 0.069) compared to
clearcuts. However, three years after overstory harvest at H17 and H20, there
was no significant difference in recruitment under seed trees (p-value =
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0.364) compared to clearcuts, though a trend was observed for shelterwood
treatment (p-value = 0.070). Third-year cohort recruitment was significantly
higher under shelterwoods at both H17 and H20 compared to clearcuts (p =
0.032) (Figure 16). In comparison, seed trees showed only a trend towards
higher recruitment (p = 0.051).
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Figure 16. Recruitment of seedlings (per m?) in MSP plots. The upper and lower rows
represent data from stands harvested in 2017 and 2020 (H17 & H20), respectively.

Immediate and delayed MSP were compared using 2020 and 2023 as paired
years (H17 delayed with H20 immediate, and H20 delayed with H23
immediate). Three years after overstory harvest, delayed MSP had a
significant positive impact on seedling recruitment under shelterwoods in
2020 (p = 0.005) compared to immediate MSP. However, this trend was not
statistically significant under seed trees in 2020 (p = 0.332) or for any of the
treatments in 2023 (Figure 17).
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Figure 17. Recruitment of seedlings (per m?) after immediate and delayed mechanical

site preparation for clearcut, seed tree and shelterwood treatments. Years 2020 and 2023

were used as pair years (H17 delayed with H20 immediate and H20 delayed with H23

immediate). Immediate MSP was done in connection with the harvest and delayed MSP

was done before the start of the growing season on the fourth year after harvest.

56



4. Discussion

Forest management in Sweden, with its long history, increasingly faces
challenges from the rapidly changing climate. Although climate models
predict the general direction of changes in the climate (Lind ef al. 2023),
reliable applications at a local level are not yet possible. This uncertainty
challenges traditional forest management, which has largely been carried out
in a similar way for many decades and assumes that planted seedlings will
reliably grow into high quality forests. Instead, increasingly variable growing
conditions may result in regeneration failing, as approaches that worked in
the past may now be ill-suited for current and future conditions. Complexity
and scale of extreme events, such as the 2018 drought (Schuldt ez al. 2020;
Haberstroh et al. 2022), further complicates the adoption of any measures in
operational forest management. What is more, current challenges may be
exacerbated while new ones emerge, meaning that no single solution is likely
to work long-term and on all sites. Instead, we need to adapt our regeneration
methods to ensure that seedlings can withstand a variety of conditions,
regardless of the future climate.

When discussing adaptations to climate change, it is crucial to also consider
the desired outcome (Millar et al. 2007; Nagel et al. 2017). What is the goal
of adaptation and what are we adapting to? While climate adaptation is a
wide and complex topic (Spittlehouse & Stewart 2003; Felton et al. 2024b),
this thesis follows the definitions established by Millar et al. 2007 and further
developed by Adaptive Silviculture for Climate Change (ASCC) (Nagel et
al. 2017). This framework categorises adaptation measures into resistance,
resilience and transition and aligns them to the scale of change (Figure 18).
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Figure 18. Climate change adaptation flowchart developed by Adaptive Silviculture for
Climate Change (ASCC) (Nagel et al. 2017) following Millar et al. 2007.

Within this framework, resistance adaptation strives to resist the disturbance,
aiming to maintain current conditions (Millar et al. 2007). While this
response requires little initial change, increasingly intense interventions may
be required over time to maintain resistance. As growing conditions change,
the resistance response may eventually fail altogether. However, in the short
term, resistance management can improve seedling response to some
environmental stressors such as insects and diseases, thus contributing to
better defence overall.

Another option is to manage for resilience, meaning that seedlings have the
capacity to withstand the disturbance, and return to their prior condition
afterwards (Millar et al. 2007). Resilience management has broader
applications than resistance management, allowing seedlings to respond to a
wider range of conditions as needed. An example of this is site adaptation
practices in which the regeneration method and site preparation promote
good establishment and growth. Seedlings thus well-established can better
adapt to factors like drought by increasing root growth and can return to prior
conditions after the drought period has ended. By enhancing seedlings’
ability to adapt to and recover from a range of disturbances, resilience
management contributes to their long-term survival and growth even while
climatic conditions change.
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Adaptation through transition is another alternative, in which forest
regeneration is managed towards achieving a new state that may be better
aligned with future conditions (Millar et al. 2007). This approach involves
enabling forests to naturally adapt to changing environmental conditions
rather than resisting these changes. While forests have historically undergone
several transitions, the rapid pace of climate change challenges their natural
ability to respond. To assist and accelerate this process, strategies such as
assisted species migration (Palmer & Larson 2014), introducing new species
(Meason & Mason 2014), enhancing genetic diversity (Schaberg et al. 2008),
breeding species for resistance (Zas et al. 2017) and adjusting harvest
management can be used. The regeneration stage in particular provides an
ideal opportunity to shape the forest of the future by shifting species
composition and management practices. These practices can facilitate a
smooth transition to a new state, ensuring forests are better adapted to future
conditions.

4.1 Adaptation to pine weevil damage

Seedlings in field conditions often face multiple stressors from different
sources (Bansal et al. 2013). They resist these stressors until the combined
pressure becomes too great, leading to mortality. An example of this is pine
weevil damage, which may reduce seedlings’ ability to transpire and take up
nutrients, while also reducing their vitality and predisposing the seedlings to
other sources of damage. In this regard, analysis in Paper | revealed a
synergistic effect between pine weevil damage and drought, for seedlings
planted during a drought year. However, when pine weevil damage was the
primary cause of mortality, the mechanical protections tested in Paper I
performed equally as well as insecticides, and better than the untreated
control. The lack of any difference in growth between protected and
unprotected seedlings suggests that the coatings did not restrict seedling
growth, as has previously been suggested (Sjostrom 2020). This
demonstrates their potential as tools for forest management and effective
replacement for banned insecticides.
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Still, such interactions between drought and other damage factors are
becoming increasingly important and are linked to the rapid pace of climate
change. Climate patterns are predicted to be increasingly variable and it is
likely that the primary damage factors will vary over time, with drought
being important one year but not the next. In contrast, pine weevils are a
stable factor, and although their activity may vary, they are a consistent
source of damage (Orlander et al. 1997). Prioritising resistance management
against pine weevils would not only protect seedlings from direct damage
but may also enhance their overall response to other stressors, such as
drought, when that does occur.

Further, temperature changes due to climate change are likely to expand the
range of pine weevils (Nordlander ef al. 2017), but their activity levels in
already-affected areas may not increase. This remains unclear, as we lack
evidence on how multiple climate change scenarios might influence pine
weevil behaviour. Previous studies indicate that pine weevils are limited by
high temperatures (above 30 °C) (Christiansen & Bakke 1968, 1971), but
temperatures vary significantly in the landscape, making such predictions
hard to apply to practical management. Despite these uncertainties, it is likely
that pine weevils will expand northwards (Nordlander et al. 2017),
suggesting that mechanical protection methods against pine weevil and
planting in MS should be considered in northern Sweden as well. Although
implementing these methods will significantly increase the cost of
regeneration, this issue should be approached from the perspective of the
whole regeneration cycle. Investing more at the regeneration stage can lead
to fewer problems later on, as early establishment issues tend to persist in the
years following regeneration (Wallertz et al. 2014).

In the future, as growing conditions change, current pine weevil protection
methods might fail altogether as the combined stresses from numerous
factors become too great. Resistance to various single stress factors should
be considered a short-term solution as, ultimately, we cannot protect
seedlings against all individual sources of stress. In this scenario, ever-
increasing interventions against pine weevil damage may be needed to
ensure high seedling survival. Ultimately, transition adaptation could be
considered regarding pine weevil damage. Pine weevils are attracted to
freshly cut stumps found on clearcuts, where they lay their eggs and start a
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new life cycle (Christiansen & Bakke 1968). Adopting continuous cover
management that avoids clearcuts, such as shelterwoods or seed tree systems,
could reduce the presence of fresh stumps and thus attractiveness to pine
weevils (Nordlander et al. 2003; Wallertz et al. 2005). Further, pine weevils
target seedlings but not seeds. Seedlings that grow in field conditions from
seeds may be too small to be attacked during the period of high pine weevil
presence. While other factors such as the suitability of a site for this type of
management should be considered, this approach represents a transition to a
new system that could help mitigate pine weevil damage.

Unfortunately, current abundance of pine weevils and their ability to spread
across landscapes makes such a transition difficult (Orlander et al. 1997).
Unless a substantial portion of the forest is managed without clear-cutting, it
is unlikely that we will see a significant reduction in pine weevil populations
or damage to seedlings. Moreover, this transition could only be adopted
gradually over long periods of time, as forest management plans cannot
change overnight. Given the rapid pace of climate change, it may be a long-
term goal rather than an immediate solution.

4.2 Adaptation to moisture stress

Predicting local drought conditions is challenging, especially in operational
forestry and during the establishment of experiments. Preparations for
harvest or planting often occur well ahead of time, before the onset of the
growing conditions that will ultimately influence establishment. Therefore,
the primary objective of the four studies included in this thesis was to
investigate various aspects of forest regeneration rather than evaluate
seedling performance under drought conditions. However, all four studies
coincidentally included the growing season of 2018, a summer marked by
extreme drought in Sweden (Hayatgheibi ef al. 2021; Wolf et al. 2023). This
situation provided an additional opportunity to examine the effects of
drought on nursery seedlings after planting, direct seeding, and natural
regeneration, which are the main methods of regeneration used in Swedish
forestry today.
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In particular, the studies in Paper I and IV allow for investigation into the
effect of drought on seedlings because they include a replicate in time.
Although these replicates were conducted on different sites due to the
specifics of each study, the widespread nature of the drought means that
performance can nonetheless be compared. In the study detailed in Paper I,
there is clear evidence that drought was the main damage factor in 2018. In
the following non-drought year of 2019, pine weevils were the main cause
of damage. It is important to note that the seedlings used in Paper I were
Norway spruce, whereas the studies in all the other papers used Scots pine.
Given that Norway spruce is more sensitive to drought conditions, the
seedlings in Paper I were probably more strongly affected by drought, than
they would have been if they were Scots pine. Nevertheless, in Paper II we
do see significant mortality in Scots pine nursery seedlings planted in 2018.

Paper IV focused on the recruitment of naturally regenerated seedlings in
shelterwoods, which is significantly different to planting nursery seedlings
on clearcuts. Nonetheless, through replicates in time we see variation in
environmental conditions over the study period at all three sites (2017-2023).
Two years stand out as drought years: 2018 and to a lesser degree 2023.
During these years, reasonable seedfall did not lead to seedling recruitment,
probably due to unfavourable establishment conditions. In 2019, recruitment
was notably higher despite minimal seedfall. This suggests that seeds from
2018 overwintered and established under conditions that were more
favourable. Such delayed establishment could represent a resilience response
to drought, in which seeds germinate and establish when environmental
conditions become more favourable (Castro et al. 2005). This resilience
mechanism highlights natural adaptation to drought that has evolved over the
species' existence. However, the rapid pace of climate change challenges any
species’ ability to adapt fast enough. Ultimately, we may see a northward
shift of the southern growth limit of Scots pine (Haberstroh et al. 2022) but,
for now, additional measures for resilience adaptation, such as MSP in
shelterwood systems, can help to secure soil water availability.

The benefits of such MSP treatments were evident in Papers II and IV, both
of which included non-MSP spots for planted and naturally regenerated
seedlings, respectively. In these non-MSP spots, establishment rates were
significantly lower as well as growth of nursery seedlings. In Paper IV, MSP
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served as an important tool for removing competition for space and soil
moisture, which would otherwise hinder the establishment of seedlings in
shelterwood systems (Castro et al. 2005). It may well be that the differences
between stands stem from the quality of MSP. Stands H20 and H23 had
rockier terrain that may have influenced the quality of MSP, leading to less
exposed mineral soil and reduced recruitment in higher overstory densities.

Focusing on types of MSP, the survival of nursery seedlings in Paper II
suggests that while seedlings planted on CM are more sensitive to drought,
those planted in MS may suffer from high precipitation. However, the
negative effect associated with MS explained less of the variation in survival
than the positive effect did for CM. This suggests that the negative trend in
MS might be better explained by other variables, such as increased frost
damage and oxygen deficiency for seedlings planted too deep in the MS
position. Nonetheless, the largest difference in survival between the two
planting positions was observed on sites with lower precipitation during the
initial establishment period. Together with higher survival in MS than CM,
this suggests that drought was the most important mortality factor for nursery
seedlings in Paper I1.

Currently, general planting guidelines in Sweden recommend planting in
CM, except in the southern regions (Hallsby 2013; Skogsstyrelsen 2024b).
A recent nationwide study by Skogforsk (Forestry Institute of Sweden) found
that approximately 55% of seedlings in northern and 40% in central Sweden
were planted in CM (Berglund ef al. 2024). However, given the variability
of both this planting spot and future weather conditions, the widespread
application of this recommendation may need to be reconsidered. Instead,
varied precipitation patterns expected in the future suggest relying solely on
rainfall to maintain adequate soil moisture levels may prove insufficient
(Nikulin et al. 2011; Chen et al. 2015). Therefore, the focus should shift
towards securing water availability in the ground. In this context, site
adaptation of MSP methods could be employed as a resilience strategy to
address variable soil moisture conditions, particularly during the early
growth phase. Under such management, good initial establishment provides
seedlings with a better chance to survive periods of moisture stress and
recover after the disturbance has ended.

63



Similarly to planted seedlings, the variation in survival of coated seeds (SP)
in Paper III was largely explained by site-specific factors tied to soil
moisture, namely precipitation and wind speed. This indicates that SPs
benefit from a heavy precipitation event in the first six weeks after
deployment, as seen by the significant positive relationship between
maximum precipitation and survival. While the importance of precipitation
early in the establishment of nursery seedlings has previously been reported
(Burdett et al. 1984; Burdett 1990; Grossnickle 2012), proper attachment to
the ground is a first step that is unique to the SP. The results indicate that
precipitation may have enhanced attachment and, in turn, survival of the
emerging seedling, which requires good contact between roots and available
soil water early in the growth process (Burdett e al. 1984; Grossnickle 2005,
2012). Although the polysaccharide layer was designed to readily dissolve
in contact with water and facilitate attachment, local precipitation conditions
may have been insufficient for all SPs to attach properly. This is supported
by the results of the controlled dissolution experiment, in which up to 12 ml
of water was required for an SP to attach properly on coarse soil. SPs not
properly attached may stay slightly suspended above the ground and thus
lack a direct connection with the soil water. In addition, maximum wind
speed had a significant negative effect on the survival of SPs, suggesting a
risk of SPs being mechanically removed and/or desiccation of the growing
environment for the emerging seedling.

Planting of nursery seedlings currently dominates forest regeneration
landscape in Sweden, and considerable efforts are made towards improving
seedling production (Wennstrom et al. 2016; Riikonen & Luoranen 2019;
Moler et al. 2022). While resistance breeding and introduction of new
species can serve as a transition adaptation of the current system, there are
other possibilities to consider. Variable environmental conditions in the
landscape suggest that planting of nursery seedlings may not be suitable for
every site, particularly in the variable future. Similar to planting positions,
adapting the choice of regeneration method to the needs of the area may
produce seedlings more adapted to their local environment. In this regard and
in the context of future challenges to forest regeneration, direct seeding and
natural regeneration may offer benefits that have previously been
overlooked. Unfavourable growing conditions at the time of planting can
have severe consequences for nursery seedlings which must be planted soon
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after leaving the nursery (Hallsby 2013; Mataruga et al. 2023). In this
respect, seeds are much better suited to wait and establish under more
favourable conditions. Another point to consider is the resilience adaptation
of seedlings established from seeds versus nursery seedlings. Studies show
that, while nursery seedlings may have high root biomass, naturally-
established seedlings have a much wider root distribution (Burdett et al.
1984; Burdett 1990). Similarly, Orlander 1984 demonstrated higher water
potential in Scots pine seedlings established in situ when compared with
nursery seedlings for up to four years after planting. During periods of
drought, an extensive root system that ensures high water potential can
translate into higher survival and growth rates (Grossnickle 2005).
Additionally, in conifers, most water loss occurs through transpiration via
the needles (Grier & Running 1977). Planted seedlings develop considerable
needle foliage in nurseries by the time they are planted, which facilitates
quick biomass acquisition through photosynthesis. However, in dry
conditions their root systems may struggle to support the aboveground
biomass (Grossnickle 2005, 2012). In comparison, the lower needle surface
area of naturally established seedlings may result in lower moisture loss.
Under drought conditions, such balancing of moisture acquisition through
roots, while minimising loses through shoots, may play an important role.

4.3 Adaptation to nutrient availability

The addition of arginine-phosphate (AP) fertiliser to the seed coating had no
significant effect on the survival or growth of seedlings emerging from SPs
following two years in the field (Paper III). This finding contrasts with a
study by Castro et al. 2021, performed at one of the sites also included in
Paper III (Svanatjarn), who found a 50% increase in survival rate of SPs after
one growing season as a result of adding nitrogen fertiliser, either as AP or
as mineral ammonium nitrate. However, at this particular site, the addition
of AP also increased survival of the SPs included in Paper III by 14% after
two growing seasons. The apparent site dependency of the AP effect on
seedlings from SPs highlights the interaction between fertilising and other
environmental variables. Also, while nutrient availability is important for
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seedling growth, it may not be as important for early germination, when
moisture acquisition is probably more critical. In contrast, for the nursery
seedlings included in Paper II, AP addition had a positive effect on survival
irrespective of site and planting position.

For seedlings in Paper II, the AP enhanced growth (measured as leader shoot
length) was 13% for seedlings positioned on capped mounds (CM) and 29%
for those in mineral soil (MS). While the positive effect of AP addition on
seedling growth has been shown before (Lim et al. 2021; Haggstrom et al.
2023; Luoranen et al. 2024), the positive effect of AP on survival of Scots
pine seedlings has rarely been reported. This may be because most studies
on AP fertilisation do not focus on survival, but on its positive effects through
enhancing root growth and increasing mycorrhizal infection of roots. For
instance, Gruffman et al. 2012 reported that adding AP had positive effects
on the growth of Scots pine seedlings at three sites in northern Sweden but
no significant additional impact on their survival over using commercial
inorganic fertiliser.

In the study presented in Paper 11, the increased survival of nursery seedlings
was indeed probably linked to the positive effect of AP fertiliser on root
growth and mycorrhizal colonisation (Castro et al. 2021; Lim et al. 2021).
Both have been shown to increase seedlings’ water uptake capacity, a crucial
factor in their early-stage development (Burdett 1990). In this case, it may
be that AP increased the early growth of roots and thus helped nursery
seedlings survive the immediate summer drought of 2018. In comparison,
SPs (Paper III) experienced drought conditions during the second year after
deployment, making it harder to see the effect of drought on survival. In
addition, it seems possible that any AP-facilitated survival benefits of SPs
may be subordinate to proper attachment.

Considering the context of variable precipitation, fertilisation of nursery
seedlings could serve as a resilience adaptation against drought conditions in
the future. If drought does occur, AP-facilitated root growth would boost
moisture acquisition, helping seedlings to establish and survive (Castro et al.
2021; Haggstrom et al. 2023). Meanwhile, in years with growing conditions
closer to the average, the fertiliser is easy to apply at nursery or planting
stage. While this would increase the overall cost of regeneration, it may be
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offset by otherwise required additional planting interventions when
disturbances occur. However, while fertilisation offers potential, there are
several factors to consider in practical application. First, the variation in
nutrient requirements between sites, as highlighted by the site dependency
illustrated in Paper III. Adapting the selection of nutrients supplied to the
plants to their physiological needs is essential to maximising the
effectiveness of such adaptations. Second, the timing of fertiliser application
is crucial. If applied at the time of planting, fertilisers might promote root
growth, improving seedlings' resilience to drought. However, if planting
coincides with drought conditions, some fertilisers might exacerbate
seedlings’ stress by increasing soil salinity (Jacobs & Timmer 2005),
potentially leading to root mortality (Jacobs et al. 2004). Therefore, finding
a balance is essential to avoid the negative impacts of fertilisation under such
conditions.

Still, adding fertiliser to ameliorate difficult growing conditions is not an
adaptation exclusive to seedlings of established species. Instead, it could also
be used in connection with new species that are part of the transition process.
Establishment and early growth are commonly times when seedlings are
particularly vulnerable (Normark & Sjolin 2015; Nilsson et al. 2019;
Sukhbaatar et al. 2020), which makes it a critical phase in a regeneration
process of any species. With the above discussed limitations in mind,
fertilisation could still serve as an additional measure during transition
adaptation, when adapted to species, sites and environmental conditions.

4.4 Climate-adapted forest regeneration

Regeneration is at a core of any dynamic, thriving forest, but especially one
that faces increasing challenges. Through careful forest management, we can
ensure that forests remain an integral part of the landscape also in the future.
However, the lessons of the past should not be applied in the present without
considering the complexities of climate change (Millar et al. 2007; Lindner
et al. 2010, 2014; Bernal et al. 2012). Moreover, the scale of any proposed
management is crucial. While individual forest stands can be preserved with
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substantial investment, climate change affects the entire landscape, requiring
a large-scale response. Given this, our approach to these challenges should
be holistic. The regeneration cycle is a continuous process, not a series of
stages, and requires a long-term perspective: investing more at certain stages
can provide greater benefits in the long run. In this regard, good initial
establishment is a key component in survival and growth, as demonstrated
by studies in Papers II and III.

In climate-adapted forest regeneration, RRT framework (resistance,
resilience, transition) (Nagel ef al. 2017) can serve as a guide to adaptation
in an increasingly complex system. While it may sometimes be hard to
clearly define each approach in a specific case, due to the multitude of
disturbances, this framework still provides valuable guidelines for forest
management. Moreover, while the different approaches within RRT may
seem mutually exclusive, they can be used alongside each other. Site-specific
adaptation is key, where relevant issues are identified and appropriate
approaches selected. Ideally, regeneration methods should use resistance
management to address current damage, while incorporating resilience or
transition management for the long-term perspective. Examples of this
would be mechanical protections against pine weevils on fertilised seedlings
bred for drier conditions or on seedlings of new species. By employing
multiple approaches simultaneously, we can better account for the
unpredictability and variability of future conditions. At the same time, there
will be situations where not all damage sources can be addressed. In those
cases, it is important to address the most significant stressor, as this could
improve the response to other sources of stress.

Climate-adapted forest regeneration also consists of ever expanding toolbox
of management approaches that try to tackle one or several challenges to
forest regeneration. Ideally, site adaptation is the first step in choosing
appropriate management, followed by flexible and agile implementation. An
example of this approach are coated seeds (SP) used in Paper III. With an
average survival rate of c. 56%, it is clear that SP seeds can successfully
germinate and develop into vital seedlings under field conditions. Covering
seeds with a protective vermiculate layer can minimise the variations in
temperature and moisture found on the surface of mineral soil. They however
suffer from problems with initial attachment that can be counteracted by
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watering them. A possible solution for small-scale private forest owners,
who may be more flexible in their operations than forestry companies, is to
perform SP deployment right before a large, forecasted precipitation event.
Such adaptable, short notice operations may be feasible because SPs are
easier to handle, transport, and store than nursery seedlings. Seeds within the
pads remain dormant until they are exposed to sufficient water, thus it is
possible to exert greater control over the start of germination. This storability
of SPs could also decrease waste in planting operations, which can occur if
seedlings are not planted within a given time frame after leaving the nursery
(Mataruga et al. 2023). For large planting operations however, the small and
uniform form of SPs, coupled with the fact that they do not need to be dug
in, creates the potential for large-scale mechanisation of their deployment.
The volume of water required for watering each SP is small where such
watering is targeted. This scalable approach could also have other
advantages, such as mitigating the impact of future labour shortages and
reducing silvicultural costs when deployed at scale.
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5. Conclusions

Forest management in Sweden is rooted in traditional practices, but the
variability of future climate conditions makes it clear that what has worked
in the past may no longer be effective. The research outlined in this thesis
emphasises the need for adaptive strategies in forest regeneration,
particularly in the face of climate change. In this regard, the RRT (resistance,
resilience, transition) framework offers a comprehensive approach to
addressing these challenges. While resistance strategies may offer short-term
solutions, particularly against specific threats like pine weevil damage, they
are not sufficient on their own. Resilience and transition strategies are also
crucial for ensuring that forest regeneration methods remain viable as the
climate continues to change.

The studies conducted in this thesis also highlight the importance of initial
establishment in ensuring the long-term survival and growth of conifer
seedlings. Investments in this early stage, such as using mechanical site
preparation, mechanical protections against pine weevils, and fertilisation,
can yield significant benefits by enhancing seedlings’ response to various
stressors like drought and insect damage. However, these strategies must be
tailored to specific site conditions and integrated within broader management
goals to be fully effective.

Successful climate-adapted forest regeneration requires a holistic approach
that balances short and long-term objectives. The integration of resistance,
resilience, and transition strategies, adapted to local conditions, will be key
to sustaining thriving forest in Sweden in the face of an uncertain climate
future.
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Popular science summary

One of the most vulnerable periods in the lives of trees is their establishment
as seedlings. In those first few years, trees can easily die due to a number of
factors. Soil features, weather variables and pests are among the most
important ones. While many studies have been done on this topic over the
years, climate change is quickly diminishing our understanding of the system
as well as the tools available. New solutions are therefore urgently needed to
adapt forest regeneration to the changed environment of the future. With this
goal in mind, the studies in this thesis tested several such adaptations:
mechanical protections against pine weevil damage, changes in planting
positions, the addition of organic fertiliser, the use of coated seeds, and
natural regeneration. The overall goal of these solutions is to ensure good
establishment of seedlings and therefore successful forest regeneration.

The results emphasise the need for diverse and flexible management in order
to help forest regeneration adapt to the changing climate. This approach,
based on resistance, resilience, and transition adaptation, aligns with broader
climate adaptation strategies and provides guidance for Swedish forest
regeneration in the future. Only by managing our forests in a way that they
consistently grow back, can we preserve the carbon-sink role of forests and
the many other values they provide.
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Popularvetenskaplig sammanfattning

En av de mest sarbara perioderna i tradens liv dr deras etablering som plantor.
Under de forsta aren kan plantor 14tt d pa grund av ett antal orsaker. Faktorer
kopplade till markegenskaper, vidervariabler och skadedjur utgér de storsta
hoten. Trots att ménga studier har gjorts inom detta &mne genom aren,
minskar klimatfordndringarna snabbt var forstdelse for hur systemet
fungerar, savil som vara tillgingliga verktyg. Nya losningar behdvs dérfor
akut for att anpassa skogsforyngringarna till framtidens férdndrade milj6 och
klimat. Med detta méil i &tanke undersokte studierna i denna avhandling flera
sddana anpassningar: mekaniska skydd mot skador frén snytbagge,
fordndringar i val av planteringspunkter, tillsats av organisk gddning,
anviandning av belagda fron och naturlig foryngring. Det 6vergripande mélet
med dessa metoder ar att sékerstélla en god plantetablering och dédrmed
sakerstilla en lyckad foryngring.

Resultaten betonar behovet av méngsidig och flexibel skotsel for att hjédlpa
skogsforyngringarna att anpassa sig till det fordndrade klimatet. Detta
tillvigagangssitt, baserat pa resistance, resilience och transition, ligger i linje
med bredare klimatanpassningsstrategier och ger vigledning for svensk
skogsforyngring i framtiden. Endast genom att skdta vara skogar pé ett
hallbart sétt och garantera deras dtervéixt kan vi sédkerstélla deras roll som
kolsianka och bevara de manga andra viarden som skogen ger.
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ARTICLE INFO ABSTRACT

Keywords: Pine weevils (Hylobius abietis L.) pose a significant threat to conifer seedlings by feeding on the bark, thus
Seedling establishment damaging or killing seedlings. Historically, insecticides were used to suppress such damage, but were slowly
Drought( X phased out in Sweden due to environmental and health concerns. This study aimed to assess field performance of
Mechanical protection : . . . . . . .

Regeneration an alternative protection method: mechanical coating applied to the stem of planted Norway spruce (Picea abies)

seedlings. Field trials were conducted on 14 sites in south Sweden, using four different types of mechanical
protection (Cambiguard, Conniflex, Ekovax, Hylonox), standard insecticide (Merit Forest), and ambient control.
Seven sites were established in the drought year of 2018 and seven more in 2019. This allowed for additional
investigation of the effect of drought on seedling establishment and possible interaction with pine weevil
damage. Seedlings were surveyed for survival and height after the first, second and fourth growing season.
Results show drought as the main source of damage for seedlings planted in 2018, with no significant effect of
insecticide or mechanical protection on survival of seedlings. However, mechanical protections performed
equally well as insecticide and positively increased survival by 30 %, compared to untreated, four growing
seasons after planting for seedlings planted in 2019. Seedling height was not significantly affected by planting
year or any of the treatments, suggesting no adverse effects of coating application. However, a synergistic effect
between pine weevil damage and drought was observed, where even low levels of pine weevil damage resulted in
high mortality for seedlings planted in 2018, compared to those planted in 2019. Additionally, for seedlings
planted in 2019, damage to the top of the stem did not result in significant mortality, until high damage levels
were reached (40 % and above). The opposite was found for seedlings planted in a 2018 drought year, where
both damage to the top and the bottom of the stem followed a linear response. In conclusion, we show that
investigated mechanical protection methods can be considered a viable replacement for insecticides, but our
results also highlight the importance of considering multiple environmental stressors such as drought and pest
damage on seedling establishment.

Hylobius abietis
Picea abies

1. Introduction

Pine weevils (Hylobius abietis L.) are a considerable source of damage
to conifer seedlings in large parts of Europe (Day and Leather, 1997).
They feed on the bark, eventually girdling the seedling and preventing
the transport of water, which may lead to mortality. The problem is
widespread in southern Sweden (Orlander and Nilsson, 1999; von
Sydow, 1997; Wallertz et al., 2016) and southern Norway (Holt Hanssen
and Sundheim Flgistad, 2018) where mortality of up to 60 % has been
reported for unprotected seedlings. Since around 440 million seedlings
are planted in Sweden annually (Skogsstyrelsen, 2024), such losses
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represent a significant economic setback.

Pest damage to conifer seedlings, including that by pine weevils, has
historically been suppressed using chemical insecticides (Giurca and von
Stedingk, 2014). Over the past few decades however, insecticides have
been largely banned for use in forestry due to negative effects both on
natural environment and on work environment (Giurca and von Ste-
dingk, 2014). Nevertheless, the problem of pine weevil damage remains,
and novel methods of protection are urgently needed. In recent years,
mechanical protection by coating the lower part of the seedlings’ stem
has emerged as an alternative to chemical solutions (Nordlander et al.,
2011, 2009). However, there are still many unanswered questions to be
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resolved regarding the use of these alternatives. One consideration is
that mechanical coatings would constrict the stem or cover the needles
of the seedlings, thus limiting growth through reduced photosynthesis,
which has been shown in a greenhouse experiment (Sjostrom, 2020).
Their persistence in field conditions is another factor, as pine weevil
exhibit an established pattern of seasonal damage over a longer period of
time. The majority of pine weevil damage to seedlings occurs in the first
three years after clearcutting (von Sydow, 1997; Wallertz et al., 2016),
and coatings would thus have to be long lasting, covering a period of
several years.

Further, pine weevils, among other insects, are not the only factor
affecting seedling survival and growth (Bergquist and Orlander, 1998;
Grossnickle, 2012; Jobidon et al., 2003; Langvall et al., 2001; Wallertz
et al., 2018). Environmental factors such as microclimate, planting spot
and weather patterns play an important role in seedling establishment,
which has been widely studied over the past decades (Grossnickle, 2012;
Héggstrom et al., 2021; Holmstrom et al., 2019; Nilsson and Orlander,
1995; Nordin et al., 2023; Sikstrom et al., 2020; Wallertz et al., 2018).
With a changing climate (Christensen et al., 2001; Christensen and
Christensen, 2007; May, 2008), some parts of this collective knowledge
should be reconsidered, as growing conditions may have changed from
when many of these silvicultural concepts were first established. Several
climate models predict a warmer climate with increasingly long and
severe droughts in the future, especially summers, which will surely
affect forests as well (Allen et al., 2010; Krikken et al., 2019; Lindner
et al., 2010; Reich and Oleksyn, 2008). The consequences of these
altered growing circumstances are still poorly understood, as are our
tools to adapt to them. A recent case of such a drought year was the
summer of 2018, which has been widely reported as having detrimental
impact on seedling survival and growth (Beloiu Schwenke et al., 2023;
Lindroth et al., 2021; Schuldt et al., 2020; Sturm et al., 2022).

In multi-damage scenarios, like seedling establishment on clearcuts,
interaction between different damage factors should be considered. An
example of a well-studied system is the effect of drought on spruce bark
beetle (Ips typographus) damage to mature trees (Hart et al., 2017;
Netherer et al., 2022, 2021, 2019; Williams et al., 2013). Research
shows that spruce bark beetles actively select trees that have previously
been drought stressed, leading to great outbreaks of insect damage
following a drought (Hart et al., 2017; Netherer et al., 2019). The
mechanism behind selection are the weaker tree defenses, such as
reduced production of monoterpenes and resin, as drought puts an
additional stress on trees (Kaiser et al., 2013; Netherer et al., 2022). Such
multi damage responses have been less studied in pine weevils, with
most studies utilizing an artificial or semi-artificial experimental setup
(Lavallée et al., 1994; Rasheed et al., 2020; Selander and Immonen,
1992; Suarez-Vidal et al., 2019). For example, Selander & Immonen
(1992) reported that pine weevils selected drought stressed seedlings
when enclosed in cages for 20 hours. Similarly, Suarez-Vidal et al.
(2019) reported 75 % higher pine weevil damage on moderately drought
stressed seedlings when enclosed together for 4 days, compared to pine
weevil damage on both low and high drought stressed seedlings. How-
ever, it is also important to consider that pine weevils themselves are
affected by drought and other environmental conditions. While green-
house experiments may focus on the scale of responses to pine weevil
damage, overall survival of seedlings in field conditions is still of value,
as it may directly contribute to forest management decisions.

Even though many studies have been done on pine weevils with the
aim of understanding and reducing the problem (Barredo et al., 2015;
Nordlander et al., 2017; Orlander et al., 1997; Petersson et al., 2004; von
Sydow, 1997; Wallertz et al.,, 2016, 2014; Zas et al., 2020), some
knowledge gaps remain. For example, field observations have shown
that if a seedling is damaged and girdled underneath the lowest branch,
it will most likely die. However, if only the upper portion of the stem is
damaged, the seedling has the potential to survive and maintain
adequate transportation of water and nutrients despite the injury. This
type of damage would correspond to damage from ungulate browsing,
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where seedlings can tolerate some damage to shoots, but still survive
(Kupferschmid, 2017). However, to our knowledge, the effect of location
of pine weevil damage on seedling survival has not yet been investigated
in a replicated field trial. Additionally, only a few studies have examined
multi-damage scenarios involving pine weevils (Lavallée et al., 1994;
Rasheed et al., 2020; Selander and Immonen, 1992; Suarez-Vidal et al.,
2019).

The aim of this study was to assess performance of mechanical pine
weevil protection on survival and growth of planted conifer seedlings in
field conditions. Owing to chance drought conditions at the start of the
experiment, we expanded the aim to include assessing the impact of
drought on seedlings as well as interaction between drought and pine
weevil damage. We hypothesized that mechanical protection would
perform equally well as insecticide, but better than untreated control.
Further, we hypothesized that the damage between the two factors is
synergistic, where the combined stress of drought and pine weevil
damage increases overall mortality more than the sum of its parts.
Additionally, we hypothesized that the damage to the bottom of the
stem would have a higher impact on overall seedling survival compared
to damage to the top of the stem.

2. Methods

To test field performance of mechanical protection on seedlings,
seven study sites were established in south Sweden in 2018, with seven
more sites established in 2019 (Fig. 1). Following a standard clearcut-
ting procedure, 180 Norway spruce (Picea abies) seedlings were planted
on each site, striving to plant in mineral soil. Containerized seedlings
from the same nursery and batch were coated with mechanical pro-
tections, which were applied to the stem of the seedling before leaving
the nursery (Fig. 2). In total four different mechanical protections were
tested: Conniflex (Svenska Skogsplantor), Cambiguard (Sodra Forest),
Ekovax (Norsk Wax AS) and Hylonox (Organox AB), standard
commercially available insecticide (Merit Forest, Bayer AB) and un-
treated. Each treatment was replicated 30 times in one large block
(approximately 30 x30 m) on each site, sufficiently away from the
surrounding forest to avoid edge effect. Replication was systematic using
Latin squares, where each treatment occurred once in each row and each
column of a block.

Seedlings on each site were surveyed for survival, height, and dam-
age for four years: immediately after planting, after one growing season,
after two growing seasons, and after four growing seasons. Survival was
assessed visually by characterizing seedlings as vigorous and with green
needles, while height (in mm) was measured from soil surface to and
including top shoot. Whenever damage was recorded, type and severity
of damage was noted, whenever possible (1 = slight damage — less
importance, 2 = damaged — may affect growth, 3 = severely damaged —
will affect growth, 4 = probably lethal damage). If pine weevil damage
was found, area of removed bark in percentage classes and location of
damage (top or bottom of stem) were noted. For mechanically protected
seedlings bottom was the coated area, while top was considered above
the coating. For insecticide treated and untreated control, bottom was
10 cm measured from the soil, while top was above the 10 cm mark.
Additionally, persistence of coating was assessed visually after the first
and second growing seasons and sorted into following classes: intact
(entire coating left), coating partially removed (pine weevil can damage
the seedling), coating significantly removed (pine weevil can girdle and
kill the seedling), no coating left.

Environmental variables, especially relating to drought conditions,
were collected from SMHI open database (Swedish Meteorological and
Hydrological Institute) (SMHI, 2024). These included temperature and
relative humidity used to calculate vapor pressure deficit (VPD) for our
sites. Additionally, we used temperature data to establish growing sea-
sons for each site, i.e., when daily mean temperatures reached above
5°C, roughly April-November. For each site, data from the closest
weather observation station was selected, resulting in mean distance to
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Conniflex

Cambiguard Hylonox

Fig. 2. Pictures of the mechanical protection coatings used in the study (photos: Claes Hellgvist and Karin Hjelm, SLU).

sites of 34.2 km. Some sites were close together and shared weather
observation station, resulting in five different stations for sites 1-7 and
four stations for sites 8-14. For precipitation data, more stations were
available, resulting in an average distance to sites of 15.7 km, where five
stations were selected for sites 1-7 and seven for 8-15.

Generalized mixed model in R (R core team, 2024) was used to
determine the effect of mechanical protections, persistence of coatings,
planting year, pine weevil damage and their interaction on seedling
height and survival for each survey. For survival data, generalized
binomial mixed model was used instead. To account for the impact of
site differences, site was included as a random variable in the final
model. To interpret model results, estimated marginal means in the
emmeans R package were used (Lenth, 2022). This included contrast
analysis, i.e., comparisons between protection methods. For easier
interpretation of results, we focused on comparison of mechanical pro-
tection methods and insecticide against untreated control.

3. Results

Environmental variable calculations for the sites showed higher

maximum and mean VPD (vapor pressure deficit) in 2018 compared to
2019 (Table 1), indicating that seedlings planted in 2018 may have
experienced drought conditions. Maximum VPD values were between
3.5 and 4 kPa for 2018, whereas only two sites reached above 3 kPa in
2019. Additionally, mean VPD for 2018 was 50 % higher compared to
2019. There was also a 36 % decrease in precipitation during 2018
compared to 2019 for the same sites. The normal precipitation value for
the area (1991-2020) of 513.29 mm indicates that while 2019 was still
below average in terms of precipitation with 466.97 mm, 2018 was even
lower with 343.26 mm, averaged for all sites.

During the drought conditions of 2018, except for Cambiguard, we
found no significant effect of mechanical protection methods, or insec-
ticide on survival of seedlings (Fig. 3). After four seasons in the field,
average survival of mechanically treated seedlings was 68 %, while
insecticide treated and untreated control had 72 % and 60 % survival,
respectively. Only one treatment, Cambiguard, had a positive effect and
significantly increased survival of seedlings four seasons after planting
to 75 %, compared to untreated control (Table 2). For other treatments,
we saw large variations in survival for every survey, especially Conniflex
and untreated. Persistence of coating was not found to be a significant
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Table 1
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List of sites used in the study with vapor pressure deficit (VPD) (kPa) and growing season precipitation (Sum precip.) (mm) values for 2018 and 2019. Sites 1-7 were
planted in 2018, while sites 8-14 were planted in 2019. Bold numbers are values during the first growing season when seedlings were planted on those sites. The
normal value (1991-2020) of precipitation in the area was 513.29 mm during the growing season, roughly April-November (SMHI, 2024).

2018 2019
Site Max VPD Mean VPD Sum precip. Max VPD Mean VPD Sum precip.

1 Kroksj6vagen 3.51 0.59 345 2.73 0.29 347

2 Bjornamossvagen 3.51 0.59 345 2.73 0.29 347

3 Norrhult 3.87 0.70 351 3.51 0.57 325

4 Snibben 3.87 0.70 351 3.51 0.57 325

5 Slane 3.91 0.41 443 2.80 0.28 674

6 Ménsarp 3.73 0.47 235 3.26 0.36 337

7 Kullaskogen 3.99 0.48 241 3.34 0.36 342

8 Nennesmo 3.63 0.66 293 2.94 0.42 483

9 Lilla éjhult 3.63 0.66 344 2.94 0.42 551

10 Siggaskog 3.63 0.66 321 2.94 0.42 590

11 Kransberg 3.73 0.47 342 3.26 0.36 474

12 Margrevehult 3.99 0.63 309 3.12 0.41 394

13 Brattons gard 3.31 0.48 470 2.70 0.31 646

14 Sanneskogen 3.31 0.48 417 2.70 0.31 703

Mean value 3.69 0.57 343 3.04 0.38 467
2018 2019
1001 100 = —
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Fig. 3. Boxplots of survival of all seedlings during each survey for each of the treatments and both planting years, 2018 and 2019. GS indicates the growing season

after which the survey was performed.

Table 2

Probability of seedling survival after four growing seasons in the field for each
treatment method and both planting years. SE stands for standard error. P-values
reported are from contrasts comparison in estimated marginal means analysis,
where every treatment was compared against untreated. Significant p-values are
highlighted in bold.

2018 2019

Treatment Survival SE p-value Survival SE p-value
Cambiguard 0.745 0.065 0.030 0.809 0.074 0.0001

Conniflex 0.622 0.078 0.982 0.828 0.069 <0.0001
Ekovax 0.672 0.074 0.562 0.823 0.071 <0.0001
Hylonox 0.696 0.070 0.281 0.722 0.096 0.0732

Insecticide 0.715 0.067 0.137 0.809 0.074 0.0001

Untreated 0.604 0.079 / 0.600 0.113 /

factor affecting survival in 2018.

In contrast, there was a positive significant effect of mechanical
protection methods on survival for seedlings planted in 2019 (Fig. 3).
Mechanical protection increased survival of seedlings and performed
significantly better when compared to untreated control (Table 2). One
exception was Hylonox, where the difference was not significant, but
there was still a tendency towards higher survival than untreated control
(p=0.073). There was also a lower variation in survival among

treatments, especially after the first and second growing season, when
mortality of the treated seedlings was relatively low. After four seasons
in the field, average survival of mechanically treated seedlings,
excluding Hylonox, was 82 %, while insecticide treated and untreated
control had 81 % and 60 % survival, respectively. Persistence of coating
was found as a significant factor affecting survival in 2019, but only for
Hylonox treatment, where 35 % of all Hylonox treated seedlings planted
in 2019 had no protection left after two seasons in the field. In com-
parison, the proportion of seedlings with no protection left for other
treatments were 2 %, 5% and 1 % for Cambiguard, Conniflex, and
Ekovax, respectively.

Further, focusing on seedlings with signs of pine weevil damage, a
synergistic effect was observed between pine weevil damage and
drought, i.e., similar levels of pine weevil damage resulted in higher
mortality in the following season for seedlings planted during the
drought year of 2018 (Fig. 4A). Already at first level of damage (slight)
after the first planting season, seedlings planted in 2018 had an average
survival of 49 % after two growing seasons, while those planted in 2019
had a survival of 83 % at the same damage level. Moreover, seedlings
planted in 2019 were able to maintain survival above 80 % until severe
level of damage was reached, while seedlings planted in 2018 showed a
gradual decrease in survival with increasing levels of damage. Addi-
tionally, there was greater variability in survival for the seedlings
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B - Bottom of the stem
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C - Top of the stem
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Fig. 4. Mean survival of seedlings after two growing seasons in relation to recorded pine weevil damage after one growing season. Fig. 4A shows survival in different
levels of damage to whole seedling (0 — no damage, 1- slight damage, 2- damage will probably affect growth, 3- severe damage will affect growth, 4 — lethal damage).
Figs. 4B and 4C show damage only to the bottom or top of the stem, respectively, expressed in percentage classes representing proportion of debarked stem. All
seedlings with damage higher than 60 % died. The error bars represent standard errors.

planted in 2018 compared to those planted in 2019.

When looking at damage only to the bottom or top of the stem,
similar differences were found between the two planting years (Fig. 4B
& 4 Q), i.e., similar damage level resulted in higher mortality to seed-
lings planted in 2018. Damage at the bottom of the stem shows a similar
pattern to overall damage, decreasing survival with increasing damage
for both planting years. However, when the damage occurred at the top
of the stem, until considerable levels of damage were reached (41 % of
debarked area and above), seedlings planted in 2019 had a relatively
high survival of around 90 %. In comparison, damage at the top of the
stem for seedlings planted in 2018 had a gradually decreasing survival,
following a similar pattern as damage at the bottom of the stem.

Several damage factors affecting mortality were recorded in our
study, which differed between growing seasons and planting years
(Fig. 5). The greatest difference between the two planting years was for
mortality during the first growing season, which was the drought season
for seedlings planted in 2018. This may explain differences in mortality
between the two planting years since the source of damage for the
majority of damaged seedlings was unknown. While some of the damage
factors were easy to identify in field conditions, like areas of pine weevil

2018 2019

Damage
Browsing
|| Drought
Hylastes
Insect

Mortality [%]

Waterlogging
Pine weevil

]|
||
20 .
||
|
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Fig. 5. Sources of mortality of all seedlings irrespective of treatment and
damage level. The damage bars are cumulative over the years, presenting total
damage. Browsing label refers to browsing damage by ungulates and insect
damage label refers to damage by insects other than pine weevil or Hylastes sp.
GS indicates the growing season after which the survey was performed.

feeding, drought damage has few specific signs and is thus hard to
pinpoint. Therefore, it may be that a significant portion of the unknown
damage was due to drought, especially during the growing season of
2018. Moreover, after the first growing season, we recorded lower rates
of pine weevil attack for the 2018 seedlings, where 13 % of seedlings
showed signs of debarking, while the percentage was 20 % for seedlings
planted in 2019. Despite this difference, mortality attributed to pine
weevil damage in the first growing season was slightly higher for
seedlings planted in 2018, suggesting synergistic effects between
drought and pine weevil damage.

There was no difference in height of seedlings between different
treatment methods or planting years (Fig. 6). Additionally, estimated
marginal means comparison of different methods revealed no difference
in height of all seedlings treated with any mechanical protection method
or insecticide compared to untreated control.

4. Discussion

Our analysis of site factors using climate data from SMHI, alongside
other studies (Lindroth et al., 2021; Schuldt et al., 2020; Sturm et al.,
2022), suggests that the summer of 2018 was indeed an exceptionally
dry year, which had a detrimental effect on planted seedlings (Luoranen
et al., 2023). This can be observed both in high VPD values as well as in
the amount of precipitation during the growing season. While precipi-
tation during the growing season of 2019 was also below average, when
considering normal precipitation values for the area, it was closer than
that of 2018. The detrimental impact on seedlings is also evident Fig. 5,
which shows greater overall mortality in the 2018 dataset. The majority
of damage was noted as unknown, which, when coupled with site factor
analysis, could suggest drought related damage, otherwise difficult to
pinpoint. Additionally the effect of drought is seen in Fig. 3, as the
overall lower survival with higher variation for the 2018 dataset,
compared to 2019.

Although one of the main goals of the study was to test field per-
formance of mechanical protection methods on Norway spruce seedlings
against pine weevil damage, coincidentally, the experiment was started
during a year with an exceptional drought (Lindroth et al., 2021; Schuldt
et al., 2020). This allowed for additional investigation into performance
of protection methods under drought conditions as well as multi-damage
scenario of seedling establishment. Our results are in line with other
studies showing that drought significantly influences survival of seed-
lings (Grossnickle, 2012; Luoranen et al., 2023), where additional stress
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Fig. 6. Mean height of all seedlings during each survey for each of the treatments and both planting years, 2018 and 2019. The error bars represent standard errors.

GS indicates the growing season after which the survey was performed.

may predispose seedlings to mortality from other damage factors
(Grossnickle, 2012). This aspect is also highly relevant for the future
with predictions of more frequent and severe droughts (Beniston et al.,
2007; Chen et al., 2015; Spinoni et al., 2018), which may significantly
impact seedling survival. For seedlings planted in the drought year of
2018, only one protection method, Cambiguard, performed significantly
better than untreated. This was somewhat expected, as neither me-
chanical protection nor insecticide are designed to protect seedlings
from desiccation or other drought related damages. Moreover, Cambi-
guard performed similarly to other mechanical protection methods for
seedlings planted in 2019, suggesting other causes may have contributed
to survival of seedlings coated with Cambiguard in 2018. However, for
seedlings planted during a non-drought year, mechanical protections
performed equally well as insecticide, and significantly better than un-
treated, indicating their potential as replacements for insecticide. This
was further highlighted by the fact that insecticide did not protect
seedlings significantly better than untreated when seedlings were
planted during a drought year, indicating that drought was a more
important factor than pine weevils in this case.

An important finding to emerge from our analysis is the persistence
in the application of protective coating, which should be the focus of
further development. It is important that protective coatings last suffi-
ciently long to provide protection, as shown in the example of Hylonox.
While its coating application was not significantly different from other
methods for the 2018 dataset, Hylonox in the 2019 dataset had a
significantly higher proportion of seedlings with no coating coverage
after two seasons. While there may be other factors involved, lower
amount of coating left on the seedlings could result in higher rates of
pine weevil attack and help explain lower survival of seedlings treated
with Hylonox in the 2019 dataset.

It is also important to consider interaction between drought and pine
weevils not only in terms of seedling damage. Previous studies on pine
weevils in controlled environments showed reduced feeding behavior
and egg laying at air temperatures above 30 °C (Christiansen and Bakke,
1971, 1968). Unfortunately, direct effects of drought in field conditions
remain a knowledge gap, since due to their sheer numbers, abundance
studies are difficult to implement (Orlander et al., 1997; von Sydow,
1997). Still, it is reasonable to assume that pine weevils themselves were
affected by high soil surface temperatures during the summer of 2018,
potentially leading to reduced activity and feeding behavior. In our
study, drought occurred in the first growing season for the 2018 dataset,
which is at the beginning of a longer period of pine weevil damage,
previously shown to decrease after three years (Orlander et al., 1997).
Still, we wanted to focus on the first growing season, as it is the most

important period of seedling establishment (Grossnickle, 2005). Fig. 5
shows comparatively little additional mortality between the first and
second growing season for the 2018 dataset, with the majority of mor-
tality occurring in the first growing season. The situation is opposite in
the 2019 dataset, most likely owing to the lack of drought in the first
growing season of 2019.

While pine weevil activity may have been lower in 2018, as sug-
gested by different recorded attack rates, we still recorded significant
damages and seedling mortality attributed to pine weevil damage
(Fig. 5). Comparing pine weevil damage between the two planting years
(Fig. 4), we saw that seedlings planted in 2019 had a higher survival
than those planted in 2018 for the same damage classes, until damage
became severe. It is impossible to completely separate the effect of
drought and pine weevil damage in field conditions, however, it seems
that the combined effect of both factors contributed to an overall lower
survival. This is in line with previous research in greenhouse conditions,
where seedlings were exposed to pine weevils and varying levels of
drought, under controlled conditions. Suarez-Vidal et al. (2019) showed
a non-linear seedling response to drought, where medium stress resulted
in highest damage, later linked to lower production of defensive com-
pounds (Suarez-Vidal et al., 2019). In varied field conditions, it may be
that our study seedlings also experienced different levels of drought
stress and were subsequently attacked at different rates. For example,
highly drought stressed seedlings would have reduced cambium thick-
ness, thus potentially leading to reduced attack rates. In our investiga-
tion, however, we chose to focus on evaluating overall survival rates of
seedlings within the context of a regeneration process, rather than
investigation into distinctions in drought stress susceptibility. Moreover,
analysis of seedling height data shows no impact of drought on growth of
seedlings, suggesting little gradation of drought damage. It seems that
drought stress in 2018 was severe enough to push the majority of already
stressed seedlings into mortality, regardless of any additional damage by
pine weevils.

Location of pine weevil attack on seedlings has long been thought to
play arole in overall mortality, but studies testing this in field conditions
have been lacking. Logically, damage further down the stem would
restrict the seedling more, as a higher portion of the stem would be
deprived of water transport. Our results are in line with this, as we saw a
linear response of survival to pine weevil damage on the bottom of the
stem, but not the top, for seedlings planted in 2019 (Fig. 4). Contrast-
ingly, seedlings with pine weevil damage to the top of the stem were able
to retain high survival (above 80 %), until high levels of damage were
reached. The situation is different for seedlings planted in 2018, where
we do not see this higher tolerance for damage at the top of the steam,
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but instead, a response similar to when the damage occurred at the
bottom of the stem. This may indicate that during a non-drought year,
damage to the bottom of the stem is indeed the deciding factor of the
overall survival. During a drought year, however, location of pine weevil
damage to seedlings is of lesser importance to their survival, as the
drought itself is either the dominant damage factor or significantly
predisposes seedlings to mortality by pine weevil. Under drought con-
ditions, careful selection of planting spots and other drought-mitigating
methods could become even more important to ensure adequate seed-
ling survival (Haggstrom et al., 2021; Nordin et al., 2022).

There was no effect of protection methods on measured height of
seedlings, suggesting that concerns of coating constricting seedling
growth or reducing transpiration and needle leaf area were unfounded,
which was previously shown in a greenhouse experiment (Sjostrom,
2020). Interestingly, there were also no differences between the two
planting years, suggesting that seedlings that established well and sur-
vived in 2018 were no different in terms of height growth from seedlings
planted in a non-drought year. This is in line with other research that
suggests proper initial establishment is a key factor in survival of seed-
lings in field conditions (Burdett, 1990; Grossnickle, 2012, 2005;
Haggstrom et al., 2021; Nordin et al., 2023).

5. Conclusions

We show that mechanical protection methods against pine weevil
tested in this study perform well in protecting conifer seedlings when
planted during a non-drought year. They increased survival of seedlings
and performed similarly to insecticide treated and better than untreated
seedlings. A similar height growth among all treatments indicate that no
physiological restrictions could be connected to mechanical protections.
Additionally, we show high survival of seedlings with pine weevil
damage at the top of the stem, until high damage levels were reached. In
comparison, when the seedlings were planted in a drought year, addi-
tional drought stress increased overall mortality and reduced the
importance of mechanical protection. Under these conditions, the
combined stress of pine weevil damage and drought significantly
decreased survival, regardless of the location of damage on the stem.
The findings presented here highlight the interplay between different
environmental stressors on survival of seedlings in field conditions. They
emphasize the necessity of tailored management strategies adapted to
specific planting conditions to optimize seedling survival.

Funding

Stiftelsen Skogssallskapet, Sodras Stiftelse for Forskning, Utveckling
och Utbildning and Partnerskap Alnarp.

CRediT authorship contribution statement

Karin Hjelm: Writing — review & editing, Supervision, Methodology,
Funding acquisition, Data curation, Conceptualization. Kristina Wal-
lertz: Writing — review & editing, Data curation, Conceptualization.
Matej Domevscik: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Data
curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Forest Ecology and Management 566 (2024) 122053
Acknowledgements

The authors would like to thank the field personnel of Asa Research
station, SLU, for help with the fieldwork and data collection. We also
thank Adam Flohr for helpful suggestions on statistical analysis as well
as two anonymous reviewers that have contributed to the manuscript.
Additionally, we would like to thank the forest companies (Sodra,
Skogssallskapet, Sveaskog) and private forest owners for contributing
land for experiments.

References

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M.,
Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H. (Ted), Gonzalez, P.,
Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S.
W., Semerci, A., Cobb, N., 2010. A global overview of drought and heat-induced tree
mortality reveals emerging climate change risks for forests. Ecol. Manag. 259,
660-684. https://doi.org/10.1016/j.foreco.2009.09.001.

Barredo, J.I., Strona, G., de Rigo, D., Caudullo, G., Stancanelli, G., San-Miguel-Ayanz, J.,
2015. Assessing the potential distribution of insect pests: Case studies on large pine
weevil (Hylobius abietis L) and horse-chestnut leaf miner (Cameraria ohridella) under
present and future climate conditions in European forests. EPPO Bull. 45, 273-281.
https://doi.org/10.1111/epp.12208.

Beloiu Schwenke, M., Schonlau, V., Beierkuhnlein, C., 2023. Tree sapling vitality and
recovery following the unprecedented 2018 drought in central Europe. Ecosyst. 10
https://doi.org/10.1016/j.fecs.2023.100140.

Beniston, M., Stephenson, D.B., Christensen, O.B., Ferro, C.A.T., Frei, C., Goyette, S.,
Halsnaes, K., Holt, T., Jylhd, K., Koffi, B., Palutikof, J., Scholl, R., Semmler, T.,
Woth, K., 2007. Future extreme events in European climate: an exploration of
regional climate model projections. Clim. Change 81, 71-95. https://doi.org/
10.1007/510584-006-9226-z.

Bergquist, J., Orlander, G., 1998. Browsing damage by roe deer on Norway spruce
seedlings planted on clearcuts of different ages: 2. Effect of seedling vigour. Ecol.
Manag. 105, 295-302. https://doi.org/10.1016/50378-1127(97)00296-X.

Burdett, A.N., 1990. Physiological processes in plantation establishment and the
development of specifications for forest planting stock. Can. J. Res. 20, 415-427.
https://doi.org/10.1139/x90-059.

Chen, D., Achberger, C., Ou, T., Postgérd, U., Walther, A., Liao, Y., 2015. Projecting
future local precipitation and its extremes for Sweden. Geogr. Ann. Ser. A Phys.
Geogr. 97, 25-39. https://doi.org/10.1111/geoa.12084.

Christensen, J.H., Christensen, O.B., 2007. A summary of the PRUDENCE model
projections of changes in European climate by the end of this century. Clim. Change
81, 7-30. https://doi.org/10.1007/s10584-006-9210-7.

Christensen, J.H., Rainsénen, J., Iversen, T., Bjorge, D., Christensen, O.B.,
Rummukainen, M., 2001. A synthesis of regional climate change simulations - a
Scandinavian perspective. Geophys. Res. Lett. 28, 1003-1006. https://doi.org/
10.1029/2000GL012196.

Christiansen, E., Bakke, A., 1971. Feeding activity of the pine weevil, Hylobius abietis L.
(Col., Curculionidae), During a Hot Period. Nor. J. Entomol. 18, 109-113.

Christiansen, E., Bakke, A., 1968. Temperature preference in adults of Hylobius abietis L.
(Coleoptera: curculionidae) during feeding and oviposition. Z. F. iR. Angew.
Entomol. 62, 83-89. https://doi.org/10.1111/j.1439-0418.1968.th04111.x.

Day, K.R., Leather, S., 1997. Threats to forestry by insect pests in Europe. In: Watt, A.,
Stork, N., Hunter, M. (Eds.), Forests and Insects. Chapman and Hall, United
Kingdom, pp. 177-205.

Giurca, A., von Stedingk, H., 2014. FSC Pesticides Policy in Sweden. Uppsala, Sweden.

Grossnickle, S.C., 2012. Why seedlings survive: influence of plant attributes. New 43,
711-738. https://doi.org/10.1007/s11056-012-9336-6.

Grossnickle, S.C., 2005. Importance of root growth in overcoming planting stress. New
30, 273-294. https loi.org/10.1007/511056-004-8303-2.

Haggstrom, B., Domevscik, M., Ohlund, J., Nordin, A., 2021. Survival and growth of
Scots pine (Pinus sylvestris) seedlings in north Sweden: effects of planting position
and arginine phosphate addition. Scand. J. Res. 36, 423-433. https://doi.org/
10.1080,/02827581.2021.1957999.

Hart, S.J., Veblen, T.T., Schneider, D., Molotch, N.P., 2017. Summer and winter drought
drive the initiation and spread of spruce beetle outbreak. Ecology 98, 2698-2707.
https://doi.org/10.1002

Holmstrom, E., Galnander, H., Petersson, M., 2019. Within-site variation in seedling
survival in Norway spruce plantations. Forests 10, 181. https://doi.org/10.3390/
f10020181.

Holt Hanssen, K., Sundheim Flgistad, 1., 2018. Snutebilleskader i Spr-Norge 2017 NIBIO.
f%s, Norway.

Jobidon, R., Roy, V., Cyr, G., 2003. Net effect of competing vegetation on selected
environmental conditions and performance of four spruce seedling stock sizes after
eight years in Québec (Canada). Ann. Sci. 60, 691-699. https://doi.org/10.1051/
forest.

Kaiser, K.E., Mcglynn, B.L., Emanuel, R.E., 2013. Ecohydrology of an outbreak: mountain
pine beetle impacts trees in drier landscape positions first. Ecohydrology 6, 444-454.
https://doi.org/10.1002/eco.1286.

Krikken, F., Lehner, F., Haustein, K., Drobyshev, 1., van Oldenborgh, G.J., 2019.
Attribution of the role of climate change in the forest fires in Sweden 2018. Nat.
Hazards Earth Syst. Sci. 1, 24. https://doi.org/10.5194/nhess-2019-206.



https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/epp.12208
https://doi.org/10.1016/j.fecs.2023.100140
https://doi.org/10.1007/s10584-006-9226-z
https://doi.org/10.1007/s10584-006-9226-z
https://doi.org/10.1016/S0378-1127(97)00296-X
https://doi.org/10.1139/x90-059
https://doi.org/10.1111/geoa.12084
https://doi.org/10.1007/s10584-006-9210-7
https://doi.org/10.1029/2000GL012196
https://doi.org/10.1029/2000GL012196
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref10
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref10
https://doi.org/10.1111/j.1439-0418.1968.tb04111.x
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref12
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref12
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref12
https://doi.org/10.1007/s11056-012-9336-6
https://doi.org/10.1007/s11056-004-8303-2
https://doi.org/10.1080/02827581.2021.1957999
https://doi.org/10.1080/02827581.2021.1957999
https://doi.org/10.1002/ecy.1963
https://doi.org/10.3390/f10020181
https://doi.org/10.3390/f10020181
https://doi.org/10.1051/forest
https://doi.org/10.1051/forest
https://doi.org/10.1002/eco.1286
https://doi.org/10.5194/nhess-2019-206

M. Domevscik et al.

Kupferschmid, A.D., 2017. The compensation capacity of Central European tree species
in response to leader shoot browsing. In: Menendez, A., Sands, N. (Eds.), Ungulates:
Evolution, Diversity and Ecology. Nova Science Publishers, New York, USA,
pp. 1-63.

Langvall, O., Nilsson, U., Orlander, G., 2001. Frost damage to planted Norway spruce
seedlings — influence of site preparation and seedling type. . Ecol. Manag. 141,
223-235. https://doi.org/10.1016/50378-1127(00)00331-5.

Lavallée, R., Albert, P.J., Mauffette, Y., 1994. Influence of white pine watering regimes
on feeding preferences of spring and fall adults of the white pine weevil Pissodes
strobi (Peck). J. Chem. Ecol. 20, 831-847. https://doi.org/10.1007/BF02059581.

Lenth, R.V., 2022. Emmeans: Estimated Marginal Means, aka Least-Squares Means. R
package version 1.7.2. (https://CRAN.R-project.org/package—emmeans).

Lindner, M., Maroschek, M., Netherer, S., Kremer, A., Barbati, A., Garcia-Gonzalo, J.,
Seidl, R., Delzon, S., Corona, P., Kolstrom, M., Lexer, M.J., Marchetti, M., 2010.
Climate change impacts, adaptive capacity, and vulnerability of European forest
ecosystems. Ecol. Manag. 259, 698-709. https://doi.org/10.1016/j.
foreco.2009.09.023.

Lindroth, A., Holst, J., Linderson, M.L., Aurela, M., Biermann, T., Heliasz, M., Chi, J.,
Ibrom, A., Kolari, P., Klemedtsson, L., Krasnova, A., Laurila, T., Lehner, L., Lohila, A.,
Mammarella, I., Molder, M., Lofvenius, M.O., Peichl, M., Pilegaard, K., Soosaar, K.,
Vesala, T., Vestin, P., Weslien, P., Nilsson, M., 2021. Effects of drought and
meteorological forcing on carbon and water fluxes in Nordic forests during the dry
summer of 2018. Philos. Trans. R. Soc. B Biol. Sci. 376 https://doi.org/10.1098/
1rstb.2020.0453.

Luoranen, J., Riikonen, J., Saksa, T., 2023. Damage caused by an exceptionally warm and
dry early summer on newly planted Norway spruce container seedlings in Nordic
boreal forests. Ecol. Manag. 528, 120649 https://doi.org/10.1016/j.
foreco.2022.120649.

May, W., 2008. Potential future changes in the characteristics of daily precipitation in
Europe simulated by the HIRHAM regional climate model. Clim. Dyn. 30, 581-603.
https://doi.org/10.1007/500382-007-0309-y.

Netherer, S., Kandasamy, D., Jirosova, A., Kalinova, B., Schebeck, M., Schlyter, F., 2021.
Interactions among Norway spruce, the bark beetle Ips typographus and its fungal
symbionts in times of drought (2004). J. Pest Sci. 94, 591-614. https://doi.org/
10.1007/s10340-021-01341-y.

Netherer, S., Panassiti, B., Pennerstorfer, J., Matthews, B., 2019. Acute drought is an
important driver of bark beetle infestation in Austrian Norway spruce stands. Front.
Glob. Chang. 2, 1-21. https://doi.org/10.3389/ffgc.2019.00039.

Netherer, S., Schebeck, M., Morgante, G., Rentsch, V., Kirisits, T., 2022. European Spruce
Bark Beetle, Ips typographus (L.) males are attracted to bark cores of drought-stressed
Norway spruce trees with impaired defenses in petri dish choice experiments. Forests
13. https://doi.org/10.3390/f13040537.

Nilsson, U., Orlander, G., 1995. Effects of regeneration methods on drought damage to
newly planted Norway spruce seedlings. Can. J. Res. 25, 790-802. https://doi.org/
10.1139/x95-086.

Nordin, P., Olofsson, E., Hjelm, K., 2023. Within-site adaptation: growth and mortality of
Norway spruce, Scots pine and silver birch seedlings in different planting positions
across a soil moisture gradient. Silva Fenn. 57, 1-24. https://doi.org/10.14214/
s£.23004.

Nordin, P., Olofsson, E., Hjelm, K., 2022. Successful spruce regenerations-impact of site
preparation and the use of variables from digital elevation models in decision-
making? Scand. J. Res. 37, 33-44. https://doi.org/10.1080/
02827581.2022.2028895.

Nordlander, G., Hellqvist, C., Johansson, K., Nordenhem, H., 2011. Regeneration of
European boreal forests: effectiveness of measures against seedling mortality caused
by the pine weevil Hylobius abietis. Ecol. Manag. 262, 2354-2363. https://doi.org/
10.1016/j.foreco.2011.08.033.

Nordlander, G., Mason, E.G., Hjelm, K., Nordenhem, H., Hellgvist, C., 2017. Influence of
climate and forest management on damage risk by the pine weevil Hylobius abietis in
northern Sweden. Silva Fenn. 51, 1-20. https://doi.org/10.14214/sf.7751.

Nordlander, G., Nordenhem, H., Hellqvist, C., 2009. A flexible sand coating (Conniflex)
for the protection of conifer seedlings against damage by the pine weevil Hylobius
abietis. Agric. Entomol. 11, 91-100. https://doi.org/10.1111/j.1461-
9563.2008.00413.x.

Orlander, G., Nilsson, U., 1999. Effect of reforestation methods on pine weevil (Hylobius
abietis) damage and seedling survival. Scand. J. Res. 14, 341-354. https://doi.org/
10.1080/02827589950152665.

Forest Ecology and Management 566 (2024) 122053

Orlander, G., Nilsson, U., Nordlander, G., 1997. Pine weevil abundance on clear-cuttings
of different ages: a 6-year study using pitfall traps. Scand. J. Res. 12, 225-240.
https://doi.org/10.1080/02827589709355405.

Petersson, M., Orlander, G., Nilsson, U., 2004. Feeding barriers to reduce damage by pine
weevil (Hylobius abietis). Scand. J. Res. 19, 48-59. https://doi.org/10.1080/
02827580310019554.

R Core Team, 2024. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. (https://www.R-project.
org/) (URL:) Version 4.3.1.

Rasheed, M.U., Julkunen-Tiitto, R., Kivimdenpaa, M., Riikonen, J., Kasurinen, A., 2020.
Responses of soil-grown Scots pine seedlings to experimental warming, moderate
nitrogen addition and bark herbivory in a three-year field experiment. Sci. Total
Environ. 733, 139110 https://doi.org/10.1016/j.scitotenv.2020.139110.

Reich, P.B., Oleksyn, J., 2008. Climate warming will reduce growth and survival of Scots
pine except in the far north. Ecol. Lett. 11, 588-597. https://doi.org/10.1111/
j-1461-0248.2008.01172.x.

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M.,
Grams, T.E.E., Hauck, M., Hajek, P., Hartmann, H., Hiltbrunner, E., Hoch, G.,
Holloway-Phillips, M., Korner, C., Larysch, E., Liibbe, T., Nelson, D.B., Rammig, A.,
Rigling, A., Rose, L., Ruehr, N.K., Schumann, K., Weiser, F., Werner, C.,
Wohlgemuth, T., Zang, C.S., Kahmen, A., 2020. A first assessment of the impact of
the extreme 2018 summer drought on Central European forests. Basic Appl. Ecol. 45,
86-103. https://doi.org/10.1016/j.baae.2020.04.003.

Selander, J., Immonen, A., 1992. Effect of fertilization and watering of Scots pine
seedlings on the feeding preference of the pine weevil (Hylobius abietis L.). Silva
Fenn. https://doi.org/10.14214/sf.a15637.

Sikstrém, U., Hjelm, K., Holt Hanssen, K., Saksa, T., Wallertz, K., 2020. Influence of
mechanical site preparation on regeneration success of planted conifers in clearcuts
in Fennoscandia — a review. Silva Fenn. 54 https://doi.org/10.14214/sf.10172.

Sjostrom, C., 2020. Protective stem coating against the pine weevil, Hylobius abietis:
Effect on the growth of forest plants. ARBETSRAPPORT 1045-2020. Skogforsk,
Sévar, Sweden.

Skogsstyrelsen, 2024. Sweden’s official statistics on planted seedlings. (https://www.
skogsstyrelsen.se/statistik/statistik-efter-amne/levererade-skogsplantor/). Accessed
07.03.2024.

SMHI, 2024. Swedish Meteorological and Hydrological Institute open database. (http
s://www.smhi.se/data/utforskaren-oppna-data). Accessed 07.03.2024.

Spinoni, J., Vogt, J.V., Naumann, G., Barbosa, P., Dosio, A., 2018. Will drought events
become more frequent and severe in Europe? Int. J. Climatol. 38, 1718-1736.
https://doi.org/10.1002/joc.5291.

Sturm, J., Santos, M.J., Schmid, B., Damm, A., 2022. Satellite data reveal differential
responses of Swiss forests to unprecedented 2018 drought. Glob. Chang. Biol. 28,
2956-2978. https://doi.org/10.1111/gcb.16136.

Suarez-Vidal, E., Sampedro, L., Voltas, J., Serrano, L., Notivol, E., Zas, R., 2019. Drought
stress modifies early effective r and induced ch | defences of Aleppo
pine against a chewing insect herbivore. Environ. Exp. Bot. 162, 550-559. https://
doi.org/10.1016/j.envexpbot.2019.04.002.

von Sydow, F., 1997. Abundance of pine weevils (hylobius abietis) and damage to conifer
seedlings in relation to silvicultural practices. Scand. J. Res. 12, 157-167. https://
doi.org/10.1080/02827589709355397.

Wallertz, K., Bjérklund, N., Hjelm, K., Petersson, M., 2018. Comparison of different site
preparation techniques: quality of planting spots, seedling growth and pine weevil
damage. New 49, 705-722. https://doi.org/10.1007/511056-018-9634-8.

Wallertz, K., Holt Hanssen, K., Hjelm, K., Sundheim Flgistad, I., 2016. Effects of planting
time on pine weevil (Hylobius abietis) damage to Norway spruce seedlings. Scand. J.
Res. 31, 262-270. https://doi.org/10.1080,/02827581.2015.1125523.

Wallertz, K., Nordenhem, H., Nordlander, G., 2014. Damage by the pine weevil Hylobius
abietis to seedlings of two native and five introduced tree species in Sweden. Silva
Fenn. 48 https://doi.org/10.14214/sf.1188.

Williams, A.P., Allen, C.D., Macalady, A.K., Griffin, D., Woodhouse, C.A., Meko, D.M.,
Swetnam, T.W., Rauscher, S.A., Seager, R., Grissino-Mayer, H.D., Dean, J.S., Cook, E.
R., Gangodagamage, C., Cai, M., Mcdowell, N.G., 2013. Temperature as a potent
driver of regional forest drought stress and tree mortality. Nat. Clim. Chang. 3,
292-297. https://doi.org/10.1038/nclimate1693.

Zas, R., Poceiro, M.S., Lores, M., Rolke, L.M., Sampedro, L., 2020. Phenotyping Tree
Resistance to A Bark-chewing Insect, the Pine Weevil Hylobius abietis 236-245. http
s://doi.org/10.1111/aab.12533.



http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref21
http://refhub.elsevier.com/S0378-1127(24)00365-7/sbref21
https://doi.org/10.1016/S0378-1127(00)00331-5
https://doi.org/10.1007/BF02059581
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1098/rstb.2020.0453
https://doi.org/10.1098/rstb.2020.0453
https://doi.org/10.1016/j.foreco.2022.120649
https://doi.org/10.1016/j.foreco.2022.120649
https://doi.org/10.1007/s00382-007-0309-y
https://doi.org/10.1007/s10340-021-01341-y
https://doi.org/10.1007/s10340-021-01341-y
https://doi.org/10.3389/ffgc.2019.00039
https://doi.org/10.3390/f13040537
https://doi.org/10.1139/x95-086
https://doi.org/10.1139/x95-086
https://doi.org/10.14214/sf.23004
https://doi.org/10.14214/sf.23004
https://doi.org/10.1080/02827581.2022.2028895
https://doi.org/10.1080/02827581.2022.2028895
https://doi.org/10.1016/j.foreco.2011.08.033
https://doi.org/10.1016/j.foreco.2011.08.033
https://doi.org/10.14214/sf.7751
https://doi.org/10.1111/j.1461-9563.2008.00413.x
https://doi.org/10.1111/j.1461-9563.2008.00413.x
https://doi.org/10.1080/02827589950152665
https://doi.org/10.1080/02827589950152665
https://doi.org/10.1080/02827589709355405
https://doi.org/10.1080/02827580310019554
https://doi.org/10.1080/02827580310019554
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2020.139110
https://doi.org/10.1111/j.1461-0248.2008.01172.x
https://doi.org/10.1111/j.1461-0248.2008.01172.x
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.14214/sf.a15637
https://doi.org/10.14214/sf.10172
https://www.skogsstyrelsen.se/statistik/statistik-efter-amne/levererade-skogsplantor/
https://www.skogsstyrelsen.se/statistik/statistik-efter-amne/levererade-skogsplantor/
https://www.smhi.se/data/utforskaren-oppna-data
https://www.smhi.se/data/utforskaren-oppna-data
https://doi.org/10.1002/joc.5291
https://doi.org/10.1111/gcb.16136
https://doi.org/10.1016/j.envexpbot.2019.04.002
https://doi.org/10.1016/j.envexpbot.2019.04.002
https://doi.org/10.1080/02827589709355397
https://doi.org/10.1080/02827589709355397
https://doi.org/10.1007/s11056-018-9634-8
https://doi.org/10.1080/02827581.2015.1125523
https://doi.org/10.14214/sf.1188
https://doi.org/10.1038/nclimate1693
https://doi.org/10.1111/aab.12533
https://doi.org/10.1111/aab.12533







SCANDINAVIAN JOURNAL OF FOREST RESEARCH
2021, VOL. 36, NO. 6, 423-433
https://doi.org/10.1080/02827581.2021.1957999

Taylor & Francis
Taylor & Francis Group

8 OPEN ACCESS M) Check for updates |

Survival and growth of Scots pine (Pinus sylvestris) seedlings in north Sweden:
effects of planting position and arginine phosphate addition
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ABSTRACT

Forest regeneration by tree planting on harvested sites in the boreal forests of northern Europe is
frequently preceded by site preparation to increase survival and growth of the seedlings. We
studied whether a small addition of arginine phosphate (AP treatment) at the time of planting
would further enhance the seedlings’ early performance. Following two growth seasons, we
investigated survival and growth of Scots pine (Pinus sylvestris) seedlings on 11 locations between
latitudes 61.1°N and 67.1°N in the boreal forest of northern Sweden. The planting positions of
seedlings were on capped mounds and bare mineral soil following mechanical site preparation,
and in non-prepared soil. We found that seedling survival following site preparation increased
with AP treatment. On capped mounds, seedling survival was more variable and appeared more
dependent on precipitation during the first month after planting than seedlings positioned in the
mineral soil. The positive effect of AP treatment on seedling growth differed between sites and
was more pronounced on sites with longer growing seasons. AP treatment had no significant
effect on survival of seedlings planted in non-prepared soil, while the positive effect on growth
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was more pronounced at sites with higher fertility using this planting position.

Introduction

Forestry practice in the Nordic countries involves the planting
of tree seedlings on harvested forest sites. The environment
on such clear-cuts is challenging for the seedlings. To
improve their survival and growth, mechanical site prep-
aration is used. Mounding and disc trenching are the two
most common mechanical site preparation methods used
in Sweden. Elevated planting positions are produced as iso-
lated mounds in rows when mounding by excavator is
carried out, while elongated continuous berms are produced
by disc trenching. When successfully completed, the resulting
elevated planting areas following both mounding and disc
trenching consist of an inverted humus layer positioned on
underlying intact humus and topped by mineral soil. The ter-
minology used regarding mineral mounds on inverted
organic matter may vary depending on method, country
where the method is practiced and author (Sutton 1993).
Here, we use the term “capped mound” for both isolated
mounds and continuous berms, where “capped” implies a
mineral soil cover over a mound of organic matter (Sutton
1993) and thus accurately describes the resulting elevated
planting positions produced by both disc trenching and
mounding. Capped mounds are the recommended planting
positions in Swedish forestry (Skogsstyrelsen 2020), mainly
because nutrients released during decomposition of the
embedded organic material are beneficial to seedling

growth. Furthermore, the raised position is warmer and less
exposed to frost damage and flooding than a lower one
(Orlander et al. 1990; Langvall et al. 2001; Burton et al.
2000). On the other hand, capped mounds can suffer from
low soil moisture conditions because the organic layer
within them reduces capillary water flow from below (Orlan-
der et al. 1990, 1998; Burton et al. 2000; de Chantal et al.
2003). Also, variation in soil type, the occurrence of large
rocks, stumps and logging residues on the clear-cut site can
cause a large variation in the quality of the capped
mounds, even within a single site (Sutton 1993; Larsson
2011; Soderback 2012; Sundstrom 2021). Mechanical site
preparation is generally carried out the year before planting
to allow the capped mounds to be compacted by snow.
Nevertheless, if there are many branches, rocks or dense
ground vegetation embedded within the capped mound,
the contact with underlying soil and access to capillary
water can yet be compromised (Orlander et al. 1990; Gross-
nickle 2005). Thus, an individual quality assessment is made
for every capped mound at the time of planting. It is generally
recommended to plant deep, preferably through the organic
layer (Orlander et al. 1990). However, it is not a trivial matter
to judge whether a capped mound provides a suitable plant-
ing position or not. It is not always possible to assess the
depth of the mineral cover of a capped mound externally
and it may not always be practically possible to position
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Seedling, 13 cm including needles

Top mineral soll
Seedling substrate, 8 cm

Organic material, approximately
20 cm thick beneath the seedling

Underlying mineral soil

Figure 1. A cross section of a capped mound that would be classified as optimal when looking from above ground. The cross section reveals that the planting
position is not optimal for the seedling to reach capillary water. Dashed lines mark the top surface of the capped mound, top and bottom of the organic layer and
the outline of the seedling substrate. The seedling substrate barely reaches through the top mineral layer and is far above the underlying mineral soil. This specific
capped mound was not from a trial site included in this study, but the aim of this figure is to provide an example of how the interior of a capped mound might

look.

the seedling correctly i.e. through the organic layer so that
the roots reach the mineral soil to access capillary water
(Figure 1). Sometimes the depth of planting can be limited
by physical obstacles beneath the surface, such as a twigs
or rocks, or by seedling size. The most common seedling
stock types planted in northern Sweden are grown in contain-
ers with a cell size of 30 or 50 cm?. Pine seedlings grown in
these containers are often no more than 10 cm tall when
planted. If planted too deep, these seedlings would have a
very low proportion of the shoot above ground which
could, potentially, negatively affect growth (Johansson et al.
2015).

Climate change scenarios predict both increased temp-
erature and precipitation in Sweden (Strandberg et al.
2015). Despite the increase in precipitation, a reduction in
water availability is expected in many areas of Sweden
during the summer due to increased evaporation (Eklund
et al. 2015). With increasing evaporation, there will be an
increasing risk of seedling desiccation and water stress-
induced mortality. Seedlings planted in capped mounds
are particularly susceptible in such scenarios, since low
soil moisture conditions decreases water uptake ability of
seedlings more in capped mounds than in pure mineral
positions (Orlander 1986). At present, the recommendation
when planting during dry weather conditions in south
Sweden is that seedlings should be planted at a relatively
high position in the mineral soil exposed by the soil scarifi-
cation, while in north Sweden the recommendation is to
plant in the capped mound regardless of weather con-
ditions (Skogsstyrelsen 2020). However, planting in mineral
soil can potentially lead to reduced growth due to the

low nutrient availability. Nitrogen availability is often
limited in boreal forests, where most of the plant-available
nitrogen is found in the humus layer (Tamm 1991; Gross-
nickle 2000; Bhatti et al. 2005).

The addition of a long-term release nitrogen source at the
time of planting could potentially compensate for the lower
nitrogen availability in the mineral soil (Brand 1991;
Thiffault & Jobidon 2006). Fertilizers based on inorganic nitro-
gen, such as ammonium and nitrate, are the most common
commercially available ones, but nitrogen is naturally
mainly available to plants in organic form i.e. amino acids in
boreal forests (Inselsbacher & Nadsholm 2012). The amino
acid arginine is synthesized by coniferous trees and also
many vascular plants to enable internal storage of nitrogen
in foliage or other plant parts (Nordin et al. 2001). Arginine
has the highest nitrogen content of the amino acids
(Canovas et al. 2007). In Pinus sylvestris L., arginine is the
dominant constituent of the amino acid nitrogen pool in
needles, twigs and bark, and a major constituent, along
with glutamine, in the wood (Nordin et al. 2001). When nitro-
gen uptake exceeds levels the trees can utilize for growth, the
arginine levels increase in needles and wood (Edfast et al.
1996; Nordin et al. 2001). This storage is then utilized by
plant metabolic processes to provide nitrogen required for
early season growth (Canton et al. 2005). Also, in forest
soils, amino acids act as an organic nitrogen source accessed
by plant roots (Ohlund and Nasholm 2001; Gruffman et al.
2013). In soil, arginine is a strong cation and has a very high
binding capacity to soil particles (Inselsbacher et al. 2011).
Consequently, arginine nitrogen does not leach from forest
soils even when applied in relatively high doses (e.g.



Hedwall et al. 2018). Hence, an environmentally friendly and
commercially available fertilizer based on arginine has been
developed: arGrow® (Arevo AB, Umed, Sweden). In arGrow®,
the arginine is crystallized with phosphate and granulated
to form a slow-release fertilizer. So far, most studies of fertili-
zation with arginine have been in tree seedling nurseries and
have shown that conifer seedlings treated with arginine
develop a higher mean dry weight, a higher root-to-shoot
ratio as well as a larger proportion of root tips colonized by
mycorrhiza, compared to seedlings treated with inorganic
nitrogen fertilizers (Ohlund and Nasholm 2002; Gruffman
et al. 2012).

The aim of this study was to evaluate the effects of adding
arginine phosphate (arGrow®) on the field performance of
P. sylvestris seedlings in different planting positions. We
used a large field trial, across 11 clear-cut forest sites
between latitudes of 61.1°N and 67.1°N in northern
Sweden. The experiment was carried out on multiple com-
mercial forestry sites which offered a wide range of environ-
mental conditions to mimic “real life” conditions. This
approach exploits the different combinations of environ-
mental variables present at each site. Some variables are
related to natural variation, such as geographical location,
soil type and climate, while others are related to silviculture
practices, such as site preparation method and site prep-
aration performance along with seedling features such as
stock type, seed source, seedling size and nursery regime.
Many of these variables and their combinations can poten-
tially affect seedling performance in the field (Burdett 1990;
Margolis & Brand 1990; Grossnickle 2012). However, this
broad span of site conditions is also the strength of this
study since the main goal was to achieve results that were
practically applicable to a great range of commercial site con-
ditions rather than to controlled experimental conditions.

The effect of arginine phosphate treatment (AP treatment)
was evaluated for seedlings planted in capped mounds, the
adjacent exposed mineral soil and in non-prepared soil.
Many previous studies have pointed out that seedling per-
formance in non-prepared soil is normally significantly
lower than that in scarified soil, but the practice may still be
interesting on sites with particularly sensitive ground veg-
etation, such as reindeer lichens. Also, seedling performance
data were correlated with weather (precipitation), climate
(length of growing season) and site fertility conditions (site
index). The effects of these variables on seedling growth
and survival in different planting positions and treatment
combinations were evaluated.

The main objectives of this study were (i) to evaluate the
effect of arginine phosphate (AP) treatment at the time of
planting on seedling performance in different planting pos-
itions over multiple sites in northern Sweden; (ii) to evaluate
the effect of climate variation across sites on seedling perform-
ance in the different planting position and treatment combi-
nations and (iii) to evaluate the potential of arginine
phosphate as a tool to compensate for the lower nutrient avail-
ability in mineral soil as compared to capped mounds, where
nutrients are available from decomposing organic material.

To address these objectives, we formulated the following
hypotheses:
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1 AP treatment at the time of planting will positively affect
survival. We expected that the positive effect of arginine
phosphate on root growth and mycorrhizal colonization
(Ohlund and Nisholm 2002; Gruffman et al. 2012) would
enhance survival since extension of the root system can
increase the water uptake capacity of seedlings (Bréda
et al. 2006; Brunner et al. 2015).

2 Low precipitation during the seedling establishment
period will affect survival negatively, particularly for seed-
lings positioned on capped mounds. We expected that
seedlings on capped mounds would exhibit a higher
dependence on precipitation in comparison to seedlings
in bare mineral soil. This would be due the restricted
access to capillary water from below compared to the
more direct access to capillary water in mineral soil (Orlan-
der et al. 1990, 1998; Burton et al. 2000; de Chantal et al.
2003).

3 AP treatment will enhance seedling growth. We expected
that the positive effect of arginine phosphate on root
growth and mycorrhizal colonization (Ohlund and
Nasholm 2002; Gruffman et al. 2012) as well as the direct
access to nitrogen would enhance shoot growth.

4 AP treatment of seedlings planted in bare mineral soil will
exhibit similar growth in this position to that in capped
mounds. We expect that the direct access to nitrogen
through the long-term release nitrogen source (Brand
1991; Thiffault and Jobidon 2006) will facilitate increased
growth in the otherwise nitrogen-limited environment
(Tamm 1991; Grossnickle 2000; Bhatti et al. 2005).

5 Seedlings will perform better after mechanical site prep-
aration than in non-prepared soil. Site preparation is
known to enhance seedling performance by improving
micro-site conditions to favor establishment of the newly
planted seedlings, such as increased temperature,
decreased competition from ground vegetation and
decreased damage from pine weevil (Orlander et al. 1990).

Material and methods
Field experiment design

A field experiment to evaluate the effect of arginine phos-
phate (AP) treatment on Scots pine (Pinus sylvestris L.) seed-
lings in different planting positions was set up during
spring and early summer in 2018. The seedlings were split
into two treatment groups: (a) treated with AP: one dose of
granular arginine phosphate (arGrow® Granulat, Arevo AB,
Umed, Sweden) was added to the bottom of the planting
hole together with each seedling at the time of planting;
(b) untreated: no nutrients added. One dose of arGrow® Gran-
ulat contains 40 mg N and 22 mg P, the active substance
being L-arginine phosphate (C¢H;7N406P). The seedlings in
each treatment group were planted in three different pos-
itions: (i) capped mound i.e. turned-over humus tilt with a
mineral soil cover on top of intact humus (Figure 1), (ii)
mineral soil i.e. bare mineral soil adjacent to the capped
mound where the topsoil had been removed, and (iii) non-
prepared soil i.e. undisturbed intact humus where no
topsoil or vegetation had been removed. Planting positions
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Table 1. Sites A-K are listed from south to north with latitude (Lat.), longitude (Long.), and altitude (Alt., meters above sea level). Volume (vol.) refers to the cell
size of the growing containers, which is the volume the seedlings’ roots were restrained in at the time of planting.

Lat. °  Long. (° Alt. Vol. Precipitation first 30 days Growing season No. leader shoot length
Site N) E) (m.a.s.l) (cm?) Method (mm) (days) Sl measured
A 61.06 16.16 360 50 DT 35 165 T24 109
B1 62.07 15.09 260 30 DT 36 155 T20 66
B2 62.07 15.09 260 50 DT 36 155 T20 144
C 63.95 18.45 260 50 M 24 145 T22 62
D 63.95 18.44 280 50 DT 24 145 T20 42
E 64.18 19.91 180 50 DT 44 145 T22 14
F 64.26 19.61 180 50 DT 45 145 1 81
G 64.31 19.64 300 50 DT 44 145 122 68
H 65.62 20.63 180 30 M 43 140 T19 64
| 66.38 21.82 200 30 DT 43 135 T19 88
J 66.64 2030 260 50 M 48 130 T16 107
K 67.09 2230 200 30 DT 13 130 T8 288

Method refers to which mechanical site preparation method was used for each site, disc trenching (DT) or mounding (M). Environment parameters: Total pre-
cipitation during the first 30 days after planting in 2018 (SMHI, 2019), length of growing season in days (SMHI 2020) and site index (SI). The “T” in site
index indicates pine sites in Swedish site index classification (Hagglund & Lundmark 1987). No. leader shoot length measured = the total number of seedlings
measured for each site. Site B include seedlings grown in both containers with cell volume 30 cm? (B1) and 50 cm? (B2) and is therefore divided into two subsets.

(i) and (ii) were both created during mechanical site prep-
aration carried out in 2017. The mechanical site preparation
methods were disc trenching at eight sites and mounding
at three sites (Table 1). Planting was carried out by experi-
enced planters. Planting in capped mounds was only
carried out where the capped mounds had appropriate
mineral soil cover, so when the planting position was
classified as “good”.

Figure 2. Distribution of sites within the boreal forest area of northern Sweden
between latitudes 61.1°N and 67.1 °N.

The experimental plots were spread over multiple sites in
Sweden between latitudes 61.1°N and 67.1°N (Figure 2). The
soil moisture class was dry on all sites except site C which
was mesic. Soil types varied between silty, sandy and coarse
till, where larger particle sizes (i.e. gravel and bigger rocks)
were present in the soil at all sites. Each site represented a
combination of many different environmental variables
resulting from a combination of natural variation and silvicul-
tural practices (Table 1). In this study, precipitation during the
first 30 days after planting, length of growing season and site
index were the variables that showed the most significant
correlation to survival and/or growth performance and were
therefore the variables chosen to represent site variation
(Table 1). Site index (SI) represents the productivity of the
sites and is the estimated height of dominant trees at 100
years based on the productivity of the former stand.

At each site, 2-4 rows of seedlings with each planting pos-
ition and treatment combination were planted on areas with
relatively homogeneous terrain. For each track made by either
mounding or disc trenching, all three planting positions were
used i.e. capped mound and mineral soil positions in the track
and non-prepared soil between tracks. The rows were arranged
adjacent to each other, so three rows with AP-treated seedlings
(one for each planting position), and the next three adjacent
rows with untreated seedlings for each planting position,
repeated 2-4 times. Due to lack of good planting positions in
capped mounds on many sites, varying numbers of seedlings
were planted in each position and treatment combination for
each site. For details of numbers of planted seedlings, please
refer to the supplementary material (Table 7).

Seedling material

Seedlings of P. sylvestris from different nurseries were used on
different sites/groups of sites depending on the provenance
and site owner. Each site was planted with seedlings grown
in containers with either 30 cm® or 50 cm? cells, except for
one site (B) which was planted with both sizes (Table 1). For
further seedling material details, please refer to the sup-
plementary material (Table 6).



Climate variables

Precipitation data were retrieved from the nearest available
Swedish Meteorological and Hydrological Institute (SMHI)
weather station (mean distance 18.5 km, maximum distance
30 km) database for each site (SMHI 2019). The length of
growing season is the normal value based on 1961-1990
data, where the start of growing season is defined by the
first day of the year when the diurnal mean temperature
has been above 5°C for four consecutive days, and the end
is the last day of the last four days period when the diurnal
mean temperature has been below 5°C (SMHI 2020). Precise
data for the length of growing season for the new normal
period based on data from 1991 to 2020 are not yet available.
However, the length of growing season has generally
increased all over northern Sweden since 1990 (SMHI 2020)
and so we expect that to be true for all the sites included
in this study. Therefore we assume that the internal relations
between the sites regarding length of growing season have
not changed dramatically and that we thereby can relate
site-dependent differences in growth and survival to the cur-
rently available data.

Inventory methods

A field inventory was carried out at the end of the second
growing season during August and September 2019. All seed-
lings with any green needles were classified as living, seedlings
with no green needles, and missing seedlings were classified as
dead. Cause of death was not determined since this was not an
aim of the study, but the majority of the dead seedlings were
ones that were missing. For seedling growth, we used the
current year (2019) leader shoot length to represent perform-
ance in the field since planting. The leader shoot length was
measured from the top branches to the top of the terminal
bud. The leader shoot of every second live and undamaged
seedling was measured, randomly starting at the first or
second seedling in each row. The majority of damaged seed-
lings lacked dominant leader shoot, often resulting in
“brushy” seedlings with multiple leader shoots. The cause
was not always possible to determine, but in many cases the
leader shoot was removed by browsing. In northern Sweden,
browsing by moose in late winter is a common cause of
damage to young pine trees (Soderback 2012; Bergqvist
et al. 2014). Leader shoot damage can also be caused by
harsh winter conditions, such as temperature drops during
low snow-cover, and have also been found to increase with
low precipitation the first weeks after planting (Luoranen
et al. 2018). At sites where many seedlings were damaged or
dead in any of the planting positions and treatment combi-
nations, all the remaining undamaged seedlings were
measured from that combination.

There was a large variation in the number of measurement
replicates taken from the 2019 inventory, with a total of 1207
seedlings being measured (Table 1). Varying numbers of seed-
lings planted at all sites and in all planting positions, variations
in survival rates and numbers of damaged seedlings together
with part-harvests of entire blocks for other purposes than this
study in 2018 at several sites contributed to this.
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Data selection and structure

Site C is not included in the analyses of seedlings planted in
non-prepared soil since no seedlings were planted in this pos-
ition at this site. Site A is excluded from the growth variable
statistics for non-prepared soil because there were very few
measurements due to low survival numbers. Site E was not
included in the growth measurement analysis since a high
number of damaged seedlings resulted in a very low
number of available seedlings to measure in all planting pos-
itions. At site B, which was planted with two different seed-
ling sizes, survival analyses only include seedlings of the
larger size due to missing survival data for the smaller sized
seedlings. However, measurement data include both seedling
sizes separated in two datasets for this site.

Seedlings planted in mineral soil and capped mounds
were analyzed in the same dataset since the main interest
of this study was to compare the performance of seedlings
in these two planting positions. Performance of seedlings in
non-prepared soil is naturally affected by competition from
other vegetation to a greater degree than the seedlings in
mechanically prepared soil. Seedlings planted in non-pre-
pared soil were, therefore, analyzed separately to avoid inter-
ference with the very different growing environment in the
comparison to the mechanically-prepared planting positions.

Analysis methods

We tested the effects of the factors planting position and argi-
nine phosphate treatment as well as the interaction between
these factors. Therefore, we chose to use factorial ANOVA
since this method can be used to find whether there is any
significant effect of each factor and whether there is inter-
action between them (McDonald 2014; Mangiafico 2015).
To account for any difference in effects of planting position
and arginine phosphate treatment between sites, we used
“site” as a third factor. R-studio (version 1.3.1093) software
was used for all statistical analyses (R Core Team 2019). Analy-
sis of variance (ANOVA) was performed for survival and
growth using the R car-package (Fox and Weisberg 2019).
Generalized linear models (GLM) were used to analyze survi-
val, using survival log-odds (ratio of the probability of survival
to probability of death) as the response variable. Growth was
analyzed with linear models using leader shoot length as the
response variable. To detect whether there were any inter-
actions between the main factors, model Il ANOVA was
used as this model is recommended for unbalanced designs
(Logan 2011; Walker 2018). In cases where no interaction
between factors was detected, a follow-up model II ANOVA
was carried out since model Il is considered more powerful
when no interaction is found (Langsrud 2003). The confi-
dence level used in all analyses was 0.95. In the case of inter-
action between site and any of the other factors, the effect of
site was further explored by fitting models separately for each
of the levels in the other factors (Logan 2011). Each site rep-
resents many different environmental variables, such as
amount of precipitation, temperature sum, length of
growing season, site index etc. Each of these variables were
tested to find which one represented the site effect best.
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Generalized linear models were used to illustrate the
relationship between (i) survival and precipitation during
the first 30 days after planting in capped mounds and
mineral soil and (ii) survival in non-prepared soil and length
of growing season. Linear models were used to analyze site
variation in growth in relation to (i) length of growing
season for seedlings planted in capped mounds and
mineral soil and (ii) site index for seedlings planted in non-
prepared soil.

Results
Seedling survival in capped mounds and mineral soil

Treatment with arginine phosphate (AP treatment) at the
time of planting had a significant positive effect on seedling
survival after two seasons in the field, that is, the positive

Table 2. Results from ANOVA analysis of the effects of site, arginine phosphate
(AP) treatment, planting position following mechanical soil preparation and
the significant interactions between these variables on seedling survival
following two growing seasons in the field.

LR Chisq Df Pr (>Chisq)
Site 114.17 10 <0.001
Treatment 5.01 1 0.03
Position 0.00 1 0.99
Site x Position 173.72 10 <0.001

effect of AP treatment on seedling survival occurred indepen-
dently of site and planting position (Figure 3(A), Table 2). The
positive effect of AP treatment on survival appeared to be
larger when the seedlings were planted on the capped
mounds than when planted in the mineral soil (Figure 3(A)).
The effect of planting position on seedling survival depended
on the site as there was a significant interaction between the
two variables (Figure 3(A), Table 2). Survival, averaged over all

A B (Capped mound)

Treatment B3 AP-treated & Untreated

C (Mineral soil)

Site preparation method o DT & M © AP-treated O Untreated

Treatment:
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Planting position Precipitation sum the first 30 days after planting (mm)

Figure 3. (A) Box and whisker plots of the observed proportional survival range of seedlings planted in mineral soil and on capped mounds with (black) or without
(gray) arginine phosphate (AP) treatment across eleven study sites along a north-south gradient in northern Sweden. The diamonds indicate mean values for each
position and treatment. The horizontal line in the boxes indicates the median survival value, that is, the value that is in the middle of all observed values. The boxes
indicate the range between the lower quartile and upper quartile of the observed values i.e. ~50% of the values for each group are distributed within the boxes.
The whiskers (vertical lines) above/below boxes indicate the maximum and minimum values that are not extreme values. Unconnected points outside the boxes
represent extreme values that are outside 1.5 times the interquartile range above the upper quartile and below the lower quartile i.e. potential outliers. (B) Pro-
portional survival in relation to precipitation during the first 30 days after planting in capped mounds and (C) mineral soil. Each site is represented by two survival
values, one for AP-treated seedlings and one for untreated seedlings. Triangles mark out sites prepared by mounding and circles mark out disc trenched sites. The
dashed lines represent the predicted curves from logistic regression models for each of the two planting positions. The gray areas represent the 95% confidence
interval for each model.
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Table 3. Results from ANOVA analysis of the effects of site, arginine phosphate
(AP) treatment, planting position following mechanical soil preparation and
the significant interactions between these variables on the leader shoot
length of seedlings following two growing seasons in the field.

Sum Sq Df F value Pr (>F)
(Intercept) 71407 1 3843.73 <0.001
Site 20409 10 109.86 <0.001
Treatment 647 1 34.83 <0.001
Position 72 1 3.90 0.049
Site x Treatment 499 10 2.69 0.003
Site x Position 2114 10 11.38 <0.001
Treatment x Position 84 1 4.51 0.034
Site x Treatment x Position 84 10 0.45 0.919
Residuals 14955 805

sites, was 71% for untreated and 77% for AP-treated seedlings
in capped mounds and 92% for untreated and 93% for AP-
treated seedlings in mineral soil. There was also less variation
in survival between sites for seedlings in the mineral soil com-
pared to seedlings on capped mounds (Figure 3(A)). Further
analysis of the significant interaction between planting pos-
ition and site revealed that the probability of survival for
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seedlings positioned on capped mounds increased signifi-
cantly (p-value =<0.001) with the amount of precipitation
at the different sites during the first 30 days following plant-
ing (Figure 3(C)), while this relationship was weaker but sig-
nificantly negative (p-value=0.01) for the seedlings
positioned in mineral soil (Figure 3(B)). The models explained
52% of the variation in survival of seedlings planted in capped
mounds and 25% of the variation in of seedlings planted in
mineral soil.

Seedling growth in capped mounds and mineral soil

The length of leader shoot varied significantly between sites as
well as positions and treatments, with significant pair-wise
interaction between the three factors (Figure 4(A), Table 3).
Further investigation of the site effect revealed that the
length of growing season explained the main part of the site
difference (Figure 4(B, C)). The positive effect of AP treatment
increased with the length of the growing season, particularly
for seedlings planted in the mineral soil (Figure 4(B, C)).
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Figure 5. (A) Mean survival of seedlings planted in non-prepared soil with (black) or without (gray) arginine phosphate (AP) treatment across eleven study sites
along a north-south gradient in northern Sweden. The diamonds indicate mean survival values for each position and treatment in (A) and mean leader shoot
length mean values in (C). The horizontal lines in the boxes indicate the median survival value in (A) and mean leader shoot length mean values in (C) i.e.
the value that is in the middle of the observed values for each treatment. The boxes indicate the range between the lower quartile and upper quartile of the
observed values i.e. ~50% of the values for each group are distributed within the boxes. The whiskers (vertical lines) above/below boxes indicate the
maximum and minimum values. (B) Probability of survival in relation to length of growing season in non-prepared soil. Each site is represented by two survival
values, one for AP-treated seedlings and one for untreated seedlings. The dashed lines represent the predicted curves from the logistic regression model. The gray
areas represent the 95% confidence interval. (C) Mean leader shoot length of seedlings planted in non-prepared soil with (black) or without (gray) AP treatment.
(D) Linear relationships between leader shoot length and site index for AP-treated and untreated seedlings in non-prepared soil. Points indicate mean values for

sites with same site index and bars indicate standard error.
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Table 4. Results from ANOVA analysis of the effects of site and arginine
phosphate (AP) treatment on survival in non-prepared soil following two
growing seasons in the field.

LR Chisq Df Pr (>Chisq)
Treatment 0.03 1 0.87
Site 21.80 9 0.01

Table 5. Results from ANOVA analysis of the effects of site, arginine phosphate
(AP) treatment and the significant interactions between these variables on
leader shoot length in non-prepared soil following two growing seasons in
the field.

Sum Sq Df F value Pr (>F)
(Intercept) 73727 1 1006.58 <0.001
Site 2781.2 8 47.46 <0.001
Treatment 109.6 1 14.96 <0.001
Site x Treatment 148.1 8 2.53 0.01
Residuals 1809.2 247

Seedling survival and growth in non-prepared soil

In a separate analysis, we investigated the effects of AP treat-
ment on survival and growth of seedlings planted in non-pre-
pared soil. We found that seedling survival was, on average
across all sites, 58% in non-prepared soil (Figures 3 and 5
(A)). AP treatment had no significant effect on seedling survi-
val (Figure 5(A), Table 4). Instead, we found a significantly
negative influence (p-value=0.01) on seedling survival of
the length of growing season i.e. the shorter the growing
season, the higher the seedling survival (Figure 5(B)).

There was a positive effect of AP treatment on seedling
growth in non-prepared soil, but with a significant interaction
between AP treatment and site (Figure 5(C), Table 5). The site
index was the most important site variable, affecting growth in
non-prepared soil, with the effect of AP treatment being more
pronounced at sites with a higher site index (Figure 5(D)).

Discussion

Methods to improve the field performance of planting further
are always being looked for as soil scarification and planting
are the most expensive forestry investments made by a forest
owner. In this study, we have demonstrated that treating pine
seedlings with arginine phosphate (AP) at the time of plant-
ing can improve both seedling survival and growth. The
effect of AP treatment on growth appears to increase with
length of growing season for seedlings planted in capped
mounds and mineral soil, and with increased site index for
seedlings planted in non-prepared soil. We also demon-
strated that survival is more variable between sites for seed-
lings planted in capped mounds than in mineral soil, and that
any growth benefits of planting in capped mounds depends
strongly on local site conditions. In addition, our results indi-
cated that the mortality of seedlings planted in non-prepared
soil increases with a longer growing season.

Supporting our first hypothesis, AP treatment had a posi-
tive effect on seedling survival in capped mounds and
mineral soil across our 11 study sites along a north-to-south
gradient over six latitudes in north Sweden. This positive
effect of AP treatment on survival contrasts with findings by
other studies of negative effects of nutrient addition when

planting conifers, where inorganic N-P-K fertilizers were
used (Simpson and Vyse 1995; Rose and Ketchum 2003;
Thiffault and Jobidon 2006). The contrasting results may be
related to the type of fertilizer used as well as to the
dosages, which in the cited studies were 40-175 times
higher than in our study. A high fertilizer salt concentration
can harm root development which, in turn, negatively
affects water uptake (Jacobs et al. 2004). The improvement
of survival given by AP treatment could potentially be
related to a positive effect of arginine phosphate on root
growth and mycorrhiza colonization (Ohlund and Nisholm
2002; Gruffman et al. 2012). Both increased root growth and
increased mycorrhiza colonization have been shown to
increase the water uptake capacity for seedlings by extension
of the absorbing surface of the root system (Bréda et al. 2006;
Brunner et al. 2015).

Increased precipitation when the seedlings were establish-
ing had a positive effect on the survival of seedlings posi-
tioned on capped mounds, which in part corroborated our
second hypothesis. At sites with low precipitation, the differ-
ences in survival between seedlings planted in mineral soil
and seedlings planted on capped mounds appeared to be
larger than at sites with more abundant precipitation i.e.
there was an indication that seedlings planted in mineral
soil were more resistant to dry weather following planting
than seedlings planted on capped mounds (Figure 3(B)).
The effect of increased precipitation was negative for seed-
lings in mineral soil and hence this hypothesis was not corro-
borated for this planting position. The opposite trends of the
curves suggest that seedlings planted in mineral soil are less
sensitive to extreme drought, while seedlings planted on
capped mounds seem less sensitive to high rates of precipi-
tation. However, survival rates on sites with high precipitation
are not exclusively higher for seedlings planted capped
mounds. The relationship between reducing survival and
increasing precipitation in mineral soil may be due to other
unrelated effects, such as frost damage. The largest difference
in seedling survival between planting positions was found at
sites with lower precipitation during the establishment
period. This finding emphasizes the difference between the
two planting positions in respect of the risk to planted seed-
lings when exposed to drought. This variation in drought sen-
sitivity depending on planting position might be one of the
reasons why a large variation in survival between sites has
been seen in other studies of forest regeneration in the
Nordic countries (Hjelm et al. 2019; Sikstrom et al. 2020).
The mortality of P. sylvestris seedlings has also been found
to be strongly related to the number of dry days during the
month the seedlings were planted (Sukhbaatar et al. 2020)
and seedling mortality is associated with drought stress,
even on sites where soil moisture is only low on rare
occasions (Burton et al. 2000). The positive relationship
between survival and precipitation during the first month
explained approximately 50% of the variation in survival for
seedlings planted in capped mounds in our model. This
reflects that even if precipitation is important, it is not the
only variable that affects survival. As Sikstrom et al. (2020)
also emphasized, there are multiple causes behind this vari-
ation, such as other climatic factors, the mechanical site



preparation that has a strong influence on the quality of the
available planting area, plant material, handling of the seed-
lings and how well the seedlings were planted. In this trial,
the planting was carried out by experienced planters and
only planting positions regarded as good quality were used.
The interior quality of the capped mounds was not specifi-
cally assessed since this would have been a destructive oper-
ation. However, the amount of logging residue could serve as
an indicator for general quality of the capped mounds at a
site. Smaller amounts of logging residues reduce the risk of
a large amount of rough organic material becoming
trapped within the capped mounds, thus giving better
contact to the mineral soil below where the seedling can
utilize capillary rising water. Site B was the only site where
both seedling survival and growth were significantly better
in capped mounds than in mineral soil. This site was not
unique in relation to the combination of other site features,
nor at either extreme of the climate variables listed, but it
did have relatively smaller amounts of logging residues com-
pared to sites with lower survival based on photographic evi-
dence of the sites. Thereby, the quality of the capped mounds
might have been higher at this particular site.

Our third hypothesis was that AP treatment would
enhance seedling growth independent of seedling position-
ing, since increased N uptake is known to have a positive cor-
relation with leader shoot growth in the following year
(Grossnickle 2000; Nilsson 2020). We used the length of the
leader shoot as an indicator for growth, but it should be
noted that the AP treatment is primarily intended to
improve the growth of roots and mycorrhiza (Gruffman
et al. 2012) and, therefore, shoot length would be a secondary
effect of the treatment. This hypothesis could not be
confirmed as a general statement since the positive effect
of AP treatment on leader shoot growth depended both on
site conditions and planting position. However, our results
indicated that the positive effect of AP treatment increased
with a longer growing season for seedlings planted in
capped mounds and in mineral soil. A stronger response to
AP treatment was exhibited in mineral soil than in capped
mounds. For seedlings planted in non-prepared soil, the
site index rather than length of growing season explained
the variation in seedling growth, and the growth promoting
effect of AP treatment was more pronounced at more
fertile sites with higher site indices. This might, as with the
positive effect of AP treatment on survival in capped
mounds and mineral soil, be related to better root growth
and increased mycorrhiza colonization (Ohlund and
Nasholm 2002; Gruffman et al. 2012) which would give seed-
lings planted in non-prepared soil an advantage over com-
peting vegetation, thereby giving these seedlings a chance
to benefit from the more fertile site.

We also hypothesized that AP treatment would compen-
sate for the lower nutrient availability in bare mineral soil
compared to capped mounds. This hypothesis could not be
confirmed because our results indicated that the difference
in performance between the two planting positions was
highly dependent on site variables, in particular the effect
of precipitation during the establishment period on survival,
and the length of growing season on growth. Additionally,
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at most sites, both AP-treated and untreated seedlings
planted in mineral soil grew equally well as, or even better
than, seedlings planted in tilts. Only at one site (B) did seed-
lings grow significantly better when positioned in capped
mounds. The expectations were that seedlings planted in
capped mounds in general would grow better than in
mineral soil and that the AP treatment would be needed
for the seedlings in mineral soil to grow equally well. One
reason behind the somewhat unexpected outcome could
be that the summer of 2018 was exceptionally dry, and
drought affects both survival and growth negatively
(Burdett 1990; Orlander et al. 1990; Bréda et al. 2006; Luora-
nen et al. 2018). The lack of general superior growth in
capped mounds is, however, not unique to our study. In a
study by Hjelm et al. (2019), no significant difference in tree
volumes was found after 30 years between trees planted in
the mineral soil close to the berm after disc trenching and
trees planted in capped mounds after mounding.

Our fifth and final hypothesis was corroborated, as survival
and growth were both lower in non-prepared soil than in the
planting positions resulting from mechanical site preparation.
Survival was, on average, only 58% compared to the average
survival observed in the mechanically prepared planting pos-
itions of 71 and 77% (untreated and AP-treated respectively)
in capped mounds and 92 and 93% (untreated and AP-
treated respectively) in mineral soil. In contrast to seedlings
planted in the mechanically-prepared planting positions, AP
treatment had no significant effect on survival in non-pre-
pared soil. Furthermore, survival decreased with length of
growing season in non-prepared soil. The negative corre-
lation between survival and length of growing season in
non-prepared soil could be seen as an indicator of increased
competition from vegetation over the longer the growing
season, and might also relate to lower pressure from pine
weevil (Hylobius abietis L.) at more northly sites and further
from the coast i.e. sites with shorter growing seasons (Bjork-
lund et al. 2014; Johansson et al. 2015). Both these factors are
known to have a negative impact on seedling field perform-
ance (Orlander et al. 1990; Nordlander et al. 2011). Pine weevil
is a very common cause of damage to planted seedlings in
their first years in the field in Scandinavia, and mechanical
site preparation is known to reduce the impact significantly
(Grlander and Nilsson 1999; Petersson et al. 2005; Nordlander
et al. 2011; Wallertz et al. 2018).

Our interpretation of the results is that the initial boost
from AP treatment provides an advantage at establishment
that is beneficial for survival of seedlings planted in mechani-
cally-prepared planting positions but not in non-prepared
soil. For second year growth, AP-treated seedlings seem to
be able to utilize more favorable growing conditions i.e. a
longer growing season for seedlings planted in capped
mounds and mineral soil and a higher site index for seedlings
planted in non-prepared soil.

The results presented here apply to sites with dry to mesic
moisture classes on silty to coarse till, planted in spring/early
summer. This study covers only initial establishment and early
growth of the seedlings, and both the high variation in mor-
tality and lack of general superior growth in capped mounds
in our study could probably be a consequence of the very dry
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summer of 2018 and growth patterns might change over
time. However, differences found between treatments at an
early stage have been found to persist in the following
years in other studies (Burton et al. 2000; Thiffault and
Jobidon 2006) and a successful establishment is crucial for
continued development of the newly planted seedlings
(Brand 1991; Grossnickle 2000).

In this study, we have shown that AP treatment can
enhance the establishment and early performance of
planted Scots pine seedlings. Our results also indicated that
seedlings planted in mineral soil are less sensitive to
varying environmental conditions compared to seedlings
planted in capped mounds. With the expectations of increas-
ingly dry conditions in summer, we argue that the choice of
main planting position for Scots pine needs to be adapted
to site conditions.

Scots pine is most frequently planted on dry sites due to a
relatively high drought hardiness compared to other species
and is, therefore, the species that is most vulnerable to
drought-induced damage. Variation in precipitation
between years is generally large. Hence, there is always a
risk of insufficient rainfall in the first weeks after planting
for the seedlings to establish well on a certain site. Any site
that is not classified as moist due to a near-surface ground-
water supply could therefore be defined as potentially
drought prone. According to our results, the preferred plant-
ing position of Scots pine at drought-prone sites is arguably
an elevated position in mineral soil, as this is a safer choice
regarding early survival. This argument is in line with other
studies and reports that have concluded that planting in
capped mounds should be avoided on drought-prone sites
(e.g. Lammi (2006) and references therein).

Conclusion

A small addition of arginine phosphate at time of planting had
a generally positive effect on the survival of P. sylvestris seed-
lings positioned both on capped mounds and in mineral soil
following mechanical site preparation. In a year with low pre-
cipitation and high summer temperatures, like 2018, mineral
soil appears to be the most appropriate planting position
also in north Sweden. This result was supported by the positive
relationship between survival and precipitation during the first
30 days following planting for seedlings positioned on capped
mounds. The drawback of the mineral soil as a planting pos-
ition is the low nutrient availability as, in contrast to the
capped mounds, there is no decomposition of organic material
supporting the establishing seedling with easily accessible
nutrients. In this study, seedling growth in the mineral soil
and on capped mounds did, however, not differ, but the AP
treatment had a stronger positive effect on the growth of seed-
lings in mineral soil. Also, this positive growth effect increased
with the length of the growing season. AP treatment had no
significant effect on survival for seedlings planted in soils
with no site preparation prior to planting and seedling survival
using this planting method decreased as the length of the
growing season increased. This negative correlation in part
counteracted the positive effect of AP treatment on seedling
growth that varied with the site index, that is, the more

fertile the site, the more pronounced was the positive effect
of AP treatment on seedling growth for seedlings planted in
non-prepared soil.
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Abstract

We report the results of two years’ field performance of Scots pine (Pinus sylvestris)
seedlings regenerated using artificially coated seeds. The coated seeds were used for
regeneration on 12 clearcut sites, covering a 1000 km latitudinal gradient across Sweden.
The coating was either combined with arginine-phosphate fertilizer (10 mg N per seed)
or had no additions. Interactions with environmental variables associated with sites were
also assessed. Coated seeds were deployed in May—June 2017 and surveyed in August—
September of 2018 and 2019. After two years, the mean establishment rate of seedlings
from coated seeds was 56 +4% across the 12 sites. The fertilizer addition did not affect
survival, and the biomass response to fertilizer varied significantly between sites. Maximum
precipitation and wind speed during the first six weeks after deployment were correlated
with seedling survival, regardless of fertilization treatment. Establishment increased with
increasing precipitation and decreased with increasing wind speed. This highlights the
importance of initial weather conditions for the seeds’ establishment. Our data suggest that
Scots pine regeneration using coated seeds can be practiced in boreal forests, but also that
the method is sensitive to the weather conditions at the time of deployment of the seeds.

Keywords Scots pine - Coated seeds - Forest regeneration - Seeding - SeedPAD - Boreal
forest

Introduction

In boreal forests, new forest stands have long been artificially regenerated after harvest
using nursery-grown conifer seedlings (Nilsson et al. 2010). Currently in Sweden,
approximately 80% of the clearcut area, i.e. c. 160,000 hectares per year, is regenerated
by this method (Bergquist et al. 2016). This method normally results in 70-80% survival
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of the planted seedlings over the first three years in the field, although it varies greatly
with sites, tree species, methods of mechanical site preparation and protection against
pests e.g., pine weevil (Hylobius abietis) (von Sydow 1997; Holmstrom et al. 2019;
Sikstrom et al. 2020). However, the use of nursery-grown seedlings is very expensive
due to high production costs, as well as the need for planting by hand in a standardized
manner that has proved challenging to mechanize (Larsson and Danell 2001; Mattsson
and Bergsten 2003; Karlsson and Nilsson 2005).

The development of alternative methods using seeds reduces cost and simplifies
mechanization, but their use has been limited due to the generally low establishment
success of bare seeds on clearcuts, combined with limited availability of seeds from
orchards (Grossnickle and Iveti¢ 2017). It has, therefore, been of a great interest to
forest managers to find ways to enhance the survival and establishment of seedlings
following direct seeding. Microsite preparation methods like the use of pyramidal
indentations (Winsa and Bergsten 1994; Wennstrom et al. 1999), covering seeds in
substrate (Nilson and Hjéltén 2003) and seedbed preparation (Oleskog and Sahlén
2000), have all been shown to increase seedling establishment rates following direct
seeding. Such methods may, however, increase silvicultural costs as they require
additional investments in site preparation. As an alternative, different techniques have
been developed over the years that focus on better protection of seeds from external
damage by herbivores, for example (Bellot et al. 2002; Barton et al. 2015; Ceccon et al.
2016) and to improve the germination conditions for seeds (Brofas and Varelides 2000;
Becker 2001; Oliveira et al. 2012). A recent product that was developed specifically for
use in Nordic boreal forests, LandPuck, features conifer seeds embedded in compressed
peat (Wennstrom 2014). However, so far, large scale field trials to assess the outcomes
of forest regeneration have been lacking.

Artificially coating seeds for the delivery of nutrients, protectants, and to ensure growth
is a well-developed practice for agricultural crops and horticultural species (Pedrini
et al. 2017; Rocha et al. 2019). Such coatings have recently been adapted to the needs
of Scots pine (Pinus sylvestris) seeds, in particular for boreal forest regeneration. This
involves coating seeds with a thin layer of vermiculite wrapped in polysaccharide foil.
The foil, made from biodegradable sugars, dissolves quickly when in contact with water,
thus attaching and immobilizing the coated seed. The vermiculite forms a cap that traps
capillary water transported from the ground, keeping the seed within moist. Previous
studies have highlighted the importance of water availability when establishing seedlings
from coated seeds, as the success rate largely depends on sufficient moisture retention for
the seed to germinate (Winsa 2016). One of the main benefits of this method is the reduced
cost because it avoids expensive nursery pre-growing; in addition, deployment can be very
speedy (4000-8000 coated seeds/day/planter, compared to 2000-3000 nursery seedlings/
day/planter), which offers economic as well as logistic benefits.

One of the major goals in a coated seed-based forest regeneration system is to show a
success rate comparable to that of nursery grown seedlings, due to the restricted supply of
seeds from orchards. Key factors that determine seedlings’ field performance are nutrition
and root-shoot ratio of seedlings (Grossnickle 2012). Application of conventional fertilizer
(ammonium-nitrate based) enhances the nutrition status of seedlings, but it can also reduce
the root-to-shoot ratio (Axelsson and Axelsson 1986). Alternatively, the application of
nitrogen fertilizer based on the amino acid arginine has been found to enhance the nutrition
of seedlings, promote root development and increase subsequent seedling growth (Cambui
et al. 2011; Gruffman et al. 2012; Lim et al. 2021). Thus, applying such a fertilizer directly
to the coating may facilitate seedling establishment as well as enhancing growth rates.
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In this study, we assess the performance of seeds with a coating including arginine-
phosphate fertilizer on 12 clearcuts situated along a south-to-north gradient ranging from
latitudes 59°N to 67°N in Sweden. For two consecutive years, we monitored establishment
rates and the growth of seedlings grown from coated seeds at the 12 sites. We further
examine the effects of site-associated variables to identify environmental factors
influencing establishment success of the seedlings. We also tested the effects of some of
these variables in a controlled laboratory setting.

Our aim was to examine geographically large-scale field performance of seedlings
regenerated from coated seeds and assess whether the performance can be augmented by
addition of organic nitrogen fertilizer. We hypothesized that (1) addition of the fertilizer
enhances both establishment and early growth of seedlings from coated seeds, and (2)
environmental factors affect the seedling establishment.

Materials and methods

The coated seeds were produced by Arevo and SweTree Technologies under the name
SeedPAD (afterwards SP). SP consists of a single seed of Scots pine (Pinus sylvestris)
covered in vermiculite and wrapped in polysaccharide foil with a diameter of 35 mm and
thickness of 3.5 mm (Fig. 1). In contact with water, the polysaccharide dissolves, attaching
the vermiculite to the underlying mineral layer, thus immobilizing and protecting the seed.
The SPs used in the following experiment were either fertilized or unfertilized. Fertilized
SPs included the commercial fertilizer arGrow in the coating of vermiculite material, i.e.,
the fertilizer adds 10 mg nitrogen in the chemical form of the amino acid arginine and
5.5 mg phosphorus as phosphate to each SP.

Both fertilized and unfertilized SPs were deployed in May—June of 2017 to 12 clearcut
forest sites across Sweden between the latitudes of 59°N and 67°N (Fig. 2, Table 1). The
sites were chosen because of their dry characteristics, locations where Scots pine is com-
monly planted. Considering the large latitudinal gradient, deployment time had to be
adapted to local growing conditions. Therefore, southern sites were planted during May
and northern sites during June after the snow melted and at the onset of growing season.
Before deployment, mechanical site preparation was performed on all sites in the form of
disc trenching. This is a standard scarification process which involves making long furrows
and exposing the mineral soil underneath. The SPs were deployed on the exposed mineral
soil and marked with sticks next to the deployed pads. Deployment, scarification and mark-
ing were performed by forest landowners, i.e., forest companies or private forest owners
who were members of a private forest owners’ association. Orchard seeds used in the SPs

Fig. 1 Left: diagram of SeedPAD composition: A—polysaccharide foil, B—layer of vermiculite, C—P. syl-
vestris seed. Right: two unfertilized SeedPADs version 5.0, used since 2016. The pads are deployed with
the seed underneath
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Fig.2 Map of the 12 study
sites between 59°N and 67°N in
Sweden

0 100 200 300 400 km

were proprietary to each company and had an average of 98% germination capacity per-
centage. Non-research parts of clearcuts were regenerated with nursery-grown seedlings.

On each of the 12 regenerated clearcut sites, survey plots were established in the form
of circles or rectangles (both 100 m?) with the location completely randomized (Table 1).
Plots were sufficiently away from clearcut edges (>~20 m) to avoid edge effects and thus
did not include a buffer zone. Within each of the circular survey plots either 35 fertilized
or 35 unfertilized SPs were placed directly on the mineral soil that had been cleared of
entire organic dominated layer by the process of soil scarification. The rectangular
plots consisted of two parallel 50 m rows, one with 50 fertilized SPs and one with 50
unfertilized SPs deployed directly on the mineral soil. At the sites where both types of
plots were established, we had enough buffer area between circular and rectangular plots,
and therefore, we used both plot types as similar replicates at each site in the subsequent
analyses.

Establishment rate and growth of the seedlings were recorded for each of the two regen-
eration methods in late August and September of 2018 and 2019. Seedlings were recorded
as surviving when there was a live and vigorous seedling next to a marker stick. Growth
was measured as distance from the ground to the top of the shoot. Scots pine seedlings
growing within a radius of 10 cm around marker sticks were counted as originating from
our SPs to account for the possible slight movement of seeds due to precipitation. Marker
sticks with either dead (characterized as dried out with brown needles) or missing plants
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Table 1 Description of the 12 experimental forest clearcut sites listed from north to south. Mean annual
precipitation across the sites was in the range 500-700 mm (2010-2019). Sites with plot type “both” con-
tained plots of both circular and rectangular type

Site name Location Elevation Growing Topsoil Plot No. of replicated plots
(lat/long) [m; as.l]  season composition type
[days] SeedPAD  SeedPAD
unfertilized fertilized

Rissavigen 66.99/22.13 241 139 Silty till Both 1
Nyback 64.95/20.44 143 170 Coarse till ~ Both 6
Bergsvik 64.88/18.17 268 149 Coarse till ~ Circular 2
Backmyran 64.35/20.71 175 170 Coarse till ~ Both 5 7*
Varpsjoviagen 64.22/16.84 364 145 Coarse till ~ Rectangular 4 4
Tallsjo 64.14/17.92 319 149 Moist till Rectangular 5 3
Stormon 64.03/17.44 297 145 Till Rectangular 6 2
Svanatjarn 63.47/17.49 319 146 Till Both 4 2
Storulvsjo 62.28/16.3 418 146 Moist till Rectangular 3 2
Nyhult 61.51/13.4 570 146 Sandy till Circular 2
Lilla Malthult  58.8/15.77 69 194 Sandy till Both 6* 2
Hostdagskar-  58.75/16.13 86 194 Podzol Rectangular 6 2

ret

*Due to a sampling error in the 2018 survey, three fertilized plots at Backmyran and two unfertilized plots
at Lilla Malthut had to be excluded from the analysis

within the 10 cm radius were recoded as non-surviving. The establishment rate was esti-
mated at the plot scale, as the number of live seedlings per the total number deployed Seed-
PADs. In addition, in 2019 five seedlings from each treatment plot within each clearcut
were carefully excavated and taken for biomass estimation. These samples were dried for
24 h at 60 °C (to a constant weight) cut at the stem base and then the root and shoot parts
weighed separately. Based on the harvested samples, we developed allometric equations
for roots and shoots using height as a predict variable for each treatment at each site. In
contrast to establishment rate, height was recorded on randomly chosen 20 seedlings across
all plots for each treatment in each site. Thus, the fertilization effect within a site was not
assessed on height or biomass due to non-plot-replication, therefore we only assessed the
effect of fertilization across sites.

To assess the cross-site response of establishment rate to fertilization, we recorded
environmental factors for each of the 12 sites; type of vegetation present on the clearcut
according to National Inventory of Landscapes in Sweden—NILS (Stahl et al. 2011) and
topsoil composition, using visual assessment. Climate data were downloaded from the
open database of the Swedish Meteorological and Hydrological Institute. We used data on
daily precipitation, temperature, wind, topsoil type, and dates of the onset and end of the
vegetation period (a daily mean air temperature >5 °C) from the nearest available climate
monitoring station for each site (mean distance between sampling site and climate station
was 32 km and the maximum distance was 46 km). Because we considered that weather
conditions around the time of seed deployment and during the growing season after
germination, are important factors, we extracted weather data for the first six weeks after
deployment in 2017, and during the growing season in 2018 and 2019.
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For all the statistical analyses we used R-Studio software (R Core Team 2019). We ana-
lyzed response of establishment rate, separate from height and biomass, because the sam-
pling unit of the former is a replicated plot while the latter has no replication at a plot scale.
For establishment rate, we assessed the response using a generalized linear model follow-
ing binomial distribution with logit-link function. After finding no significant effect of the
plot shape (circular or rectangular) or its interaction with site, we set fertilizer-treatment,
site and their interaction as independent variables, and establishment rate as response vari-
ables. For this analysis we used the 10 sites with both fertilizer-treated plots and control
plots at each site. Due to an unbalanced dataset (unequal numbers of observations for each
treatment), we employed a type III ANOVA model using the car package in R, investigat-
ing the effect of fertilizer addition while considering the interaction with site. After con-
cluding that there was no interaction, we employed type II ANOVA. Next, we examined
the effects of site-specific weather variables on seedling survival in control plots and fer-
tilized plots, using a generalized linear model across all 12 sites. In order to examine the
causality, stepwise selection procedures were employed, based at a level of a<0.05, and
the new model was checked with Akaike Information Criteria (AIC) against the previous
one. When values of AIC differed by less than 2, the model with fewer degrees of free-
dom was selected. After several steps this results in a final model including only significant
variables. For the response of height and biomass, we performed a type I ANOVA model,
without interaction term between fertilization and site. The normality of all models’ final
residuals were checked visually by plotting them against predictions.

Since precipitation during the first six weeks following deployment of the SPs showed a
significant positive effect on seedling establishment, we performed a follow up experiment
in a controlled laboratory environment to investigate the relationship between water
addition and SP attachment to the ground. The aim was to examine how much water was
required for dissolution of the coating and to attach SPs to the ground. We used 135 SPs
in total, separated into three different water addition rates combined with three different
soil types. The soil used was collected in February 2020 from a forest clearcut site in
mid-Sweden and dried in the lab, then sifted to give three different grain sizes. Water
addition rates were determined based on local precipitation data averaged for all sites. The
grain sizes were set to 1.7, 5.6 and 10.0 mm diameter for fine, medium, and coarse soil,
respectively. SPs were placed on a pile of each soil type and room temperature water was
dripped onto them using a pipette. At each step, 0.5 ml of water was dripped directly onto
the SPs every 1.5, 3 and 5 min for fast, medium, and slow water addition rates, respectively.
Dissolution was considered successful when the SP was firmly attached to the ground and
could not easily be pushed sideways from the soil without breaking apart.

Results

Two years after forest regeneration, on average 54% of the deployed fertilized SeedPADs
(SPs) and 58% of the unfertilized SPs had developed into established seedlings (Table 2).
Notably, some seedlings had also established between the first and the second year
following the SP deployment, i.e., the establishment rates had increased between the two
survey years (Table 2). There was no significant difference in seedling establishment and
survival between fertilized and unfertilized SPs for any of the years (Table 3). The effect
of site on seedling establishment rate was significant in both years, i.e., it ranged between
87% (at Varpsjovigen) and 22% (at Backmyran) (Table 3).
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Table 2 Average establishment rate, height and biomass of seedlings established from the SeedPADs. Sur-
veys were performed in August—September 2018 and 2019. Estimated marginal mean values + SE

Years after SeedPAD unfertilized SeedPAD fertilized
deployment

Establishment rate 1 53.4+44 46.7+4.9

Establishment rate 2 57.8+4.3 53.7+4.7

Height [cm] 1 6.5+0.3 6.8+0.3

Height [cm] 2 14.6£0.9 14.6+0.9

Total biomass [g] 2 6.5+0.9 5.6+0.9

Shoot biomass [g] 2 5.6+0.8 49+0.8

Root biomass [g] 2 0.9+0.1 0.8+0.1

Root: shoot ratio 2 0.2+0.0 0.2+0.0

Table 3 Results (F- and p-values) from model II ANOVA examining the effect of fertilization treatment
(AP), site and their interaction on SeedPAD establishment rate, height and biomass. Significant effects (p <
0.05) are highlighted in bold

Years after Treatment Site Interaction
deployment
Establishment rate 1 F(1,46)=2.085, p=0.16 F(9,46)=4.505, F(9,46)=0.823,
p<0.001 p=0.60
Establishment rate 2 F(1,51)=0.089, p=0.77 F(9,51)=4.155, F(9,51)=1.169,
p<0.001 p=0.33
Height 1 F(1,9)=0.295, p=0.59 F(9,9)=13.570, NA
p<0.001
Height 2 F(1,9)=0.0001, p=0.99 F(9,9)=8.470, NA
p=0.002
Total biomass 2 F(1,9)=0.429, p=0.52 F(11,9)=36.578, NA
p<0.001
Shoot biomass 2 F(1,9)=0.405, p=0.54 F(11,9)=37.368, NA
p<0.001
Root biomass 2 F(1,9)=0.574, p=0.46 F(11,9)=31.621, NA
p<0.001

Analyzing the seedlings’ growth across the 12 sites, the addition of fertilizer had no
significant overall effect on seedling height, biomass or root-to-shoot ratio (Tables 2 and 3)
whereas these growth variables varied significantly between the sites (Fig. S1).

To elucidate the factors responsible for the large spatial variation across sites, we con-
sidered site-specific weather variables, and found that maximum wind speed and maximum
precipitation within the first six weeks after SP deployment had significant effects on the
seedling establishment (Fig. 3). High windspeeds following SP deployment had a nega-
tive effect on seedling survival recorded at the time of our survey one year later (Fig. 3a).
Large precipitation events following deployment, on the other hand, had a positive effect
(Fig. 3b).

Our SP dissolution experiment, designed to test water requirements of SPs in a con-
trolled laboratory setting, further highlighted the key role of precipitation for successful
forest regeneration with SPs. The results showed two clear trends: increasing the speed
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Fig. 3 Effect of maximum wind speed (A) and maximum precipitation on a single day (B) within six weeks
of SeedPAD (SP) deployment in early summer 2017 in 12 clearcut forest sites on establishment of seed-
lings from unfertilized and fertilized SPs in late summer 2018. Black lines and circles denote fertilized SPs,
while gray lines and circles denote unfertilized ones

of water addition resulted in dissolution with less water, while for soils with smaller
grain size a smaller volume of water was sufficient for SP dissolution (Fig. 4). On aver-
age, SPs on coarse grained soil required 34% more water for dissolution than on fine
grained soil. Similarly, the difference between water requirements of fast and slow water
application within each soil treatment increased by 27%, 38% and 26% for fine, medium,
and coarse soil, respectively.

Fine soil Medium soil Coarse soil

=)

©

Water volume [ml]

Fast Medium Slow Fast Medium Slow Fast Medium Slow

Fig.4 Water volume required for dissolution of SeedPADs (SP), compared across three different soil tex-
tures and speeds of water addition. For soil treatments, grain sizes were set to 1.7, 5.6 and 10.0 mm diam-
eter for fine, medium, and coarse soil, respectively. For speed of treatments, SPs had water dripped onto
them every 1.5, 3 and 5 min for fast, medium, and slow treatments, respectively
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Discussion

One regeneration goal when using the SeedPADs (SPs) is to achieve comparable results
to planting nursery-grown seedlings. The average establishment rate of seedlings from
SPs across sites was c. 56+4.5%. Direct comparisons to other regeneration methods were
not undertaken in this study, but other studies report establishment rates of conventional
direct seeding at ¢. 20% (Grossnickle and Iveti¢ 2017), while establishment rates of nursery
grown seedlings are reported at c. 76% (Holmstrom et al. 2019; Sikstrom et al. 2020).
The SP method dramatically increased the seedling establishment rate compared to direct
seeding, yet it was c. 35% lower than when planting nursery-grown seedlings. To overcome
this deficit, one possible solution could be to deploy a higher number of SeedPADs per
hectare. However, increasing seedling density to compensate for lower survival can lead
to overstocking, as shown by Ilintsev et al. (2021), which may require additional early
tending. Regarding SPs, this remains to be tested over a longer period e.g., following up
on SP seedling performance several years into the future, which was beyond the scope of
this study. However, it is reasonable to assume that SPs may be exposed to a higher risk of
mortality over a longer period than nursery grown seedlings on a clear-cut, as their smaller
size makes them more susceptible to damage (Johansson et al. 2015).

The variation in establishment rate in our study was largely explained by site-specific
factors, i.e., precipitation and wind speed six weeks after SP deployment, indicating
the importance of soil moisture for adhesion of SPs to soils. Indeed, our controlled lab
experiment confirmed the importance of the timing and speed of water supply for SP
adhesion (Fig. 4). Other factors that may have influenced establishment rates include
damage by pine weevil, browsing damage by ungulates and seed predation by rodents and
birds, as previously reported in other forest regeneration trials (Heikkild and Hérkonen
1996; Castro et al. 1999; Nilson and Hjaltén 2003; Huggard and Arsenault 2009; Bergqvist
et al. 2012). Visual inspection of the study plants during two survey seasons revealed no
effect of pine weevil or browsing damage, but this may be due to the small size of the
study plants. Seed predation, on the other hand, may have occurred prior to the first survey
year and seedlings were thus recorded as non-surviving. However, the vermiculite layer
may offer protection against seed predation since the seed is completely covered. This
suggestion is supported by Nilsson and Hjiltén (2003) who showed that covering seeds
in substrate following direct seeding reduced seed predation, especially by bank voles
(Clethrionomys glareolus).

The positive effect of precipitation on SP establishment indicates that initial local
weather conditions after SP deployment are crucial for seedling establishment and further
development. While it is recommended that P. sylvestris seedlings be planted in early
summer (Luoranen and Rikala 2013), during this time, precipitation in northern Sweden
is relatively low (average 53.1 mm in May—June, 2010-2019) (SMHI 2019). Therefore, at
least in this area, we can expect the majority of seedlings from SPs to struggle with early
germination. The importance of good contact between roots and available soil water is well
documented for the first growing season (Burdett 1990; Grossnickle 2005), and a late start
can lead to reduced growth and uneven stand development. To further validate this result,
we conducted the dissolution experiment. Here we showed that SPs do, indeed, require a
considerable amount of water to properly dissolve, attach and maintain moist conditions
close to the seed. We found that water requirements for dissolution were lower on fine
soils, owing to a closer contact between the pad with the soil. Further, faster water addition
also reduced the total water requirement for dissolution, which confirms the benefit of
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intense precipitation, as shown by our analysis of field deployed SPs (Fig. 3). Note that
our short-term laboratory experiment did not allow for comparable evaporation from the
soil media as under clearcut conditions in the field and, therefore, SPs in situ may have
required even more water to attach properly, due to evaporation. In relation to this, our
model did, indeed, show wind speed as having a negative impact on establishment. The
highest recorded wind speed was relatively low (9.6 m/s=34.6 km/h) thus a reasonable
explanation would be the drying effect of wind, as sites with the highest wind speeds were
also driest, based on topsoil composition. In this sense, high wind speeds would slow down
the process of attachment and germination through removal of moisture from the pads.

Fertilization of SeedPADs with arginine-phosphate had no significant effects on seedling
establishment rates. This is in contrast to a recent study by Castro et al. 2021, performed
at one of the sites included in the present study (Svanatjarn), who found a 50% increase in
establishment rate after one growing season as a result of adding nitrogen-based fertilizer,
either in the form of arginine phosphate or mineral ammonium nitrate. However, at this
particular site we also recorded increased seedling establishment of arginine fertilized
SPs, amounting to 14% after two growing seasons. The apparent site dependency of the
arginine-phosphate effect on the seedlings from SPs highlights the interaction between
fertilizer application and other environmental variables. Further, while nutrient availability
is important for seedling growth, it may not be as important during the early germination
process, when water availability is a more important factor. Other studies on the effects
of arginine-phosphate additions on survival of nursery grown seedlings in the field have
demonstrated both positive effects (Haggstrom et al. 2021) and no effects (Gruffman et al.
2012).

In comparison to other similar methods of alternative direct seeding (see review by
Grossnickle and Iveti¢ 2017), SPs achieved comparable results to seed shelter methods,
where authors report field survival of 54-70% in several species of chestnut four years
after planting (Barton et al. 2015). However, a notable downside to seed shelters is the
required involvement on planting, which can diminish the cost advantage of direct seeding
over nursery seedlings. In this way, simply placing the SPs directly on the mineral soil may
avoid such costly involvement while retaining the increased survival benefits.

In conclusion, using SeedPADs significantly augments the establishment of seeds and
may have the potential to be used as an alternative method to nursery grown seedlings for
forest regeneration, especially in areas with heavy precipitation events in early summer or
when combined with manual watering directly after deployment. The method may benefit
from further development in relation to SP dissolution and attachment to the ground,
to ensure sufficiently moist conditions for successful seed germination and seedling
establishment.

Supplementary Information The online version contains supplementary material available at https:/doi.
org/10.1007/s11056-022-09920-2.

Acknowledgements We acknowledge funding from the Trees and Crops for the Future program at the
Swedish University of Agricultural Sciences (SLU) and the Future Silviculture Program funded by the Knut
and Alice Wallenberg Foundation (no. 2018.0259). We also acknowledge the funding of BH’s PhD position
from the Research School in Forest Genetics, Biotechnology and Breeding at the Umea Plant Science Cen-
tre, UPSC, SLU, being part of the Competence Centre program of the Swedish Governmental Agency for
Innovation Systems (VINNOVA). HL was funded by a FORMAS grant (2020-02319). The authors thank
Sara Uhan, Anton Knutsson, Kajsa Ostberg and Jan Lindblad, for helpful assistance in the lab and with
fieldwork. We would also like to thank the forest landowners for allowing access to their field experiments:
Sveaskog, Stora Enso, Holmen, SCA and private forest owners associated with Norra Skog.

@ Springer


https://doi.org/10.1007/s11056-022-09920-2
https://doi.org/10.1007/s11056-022-09920-2

New Forests (2023) 54:255-267 265

Author contributions AN, JO and MD contributed to the study conception and design. Material preparation
and data collection were performed by MD and BH, analysis was undertaken by MD, BH and HL. The
manuscript was written by MD with contributions from all other authors. All authors read and approved the
final version of the manuscript.

Funding Open access funding provided by Swedish University of Agricultural Sciences. Trees and Crops
for Future program at the Swedish University of Agricultural Sciences and the Future Silviculture Program
funded by the Knut and Alice Wallenberg Foundation (no. 2018.0259).

Availability of data and material The data that support the findings of this study are available from the
corresponding author upon request.

Code availability Not applicable.
Declarations
Conflicts of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visithttp://creativecommons.org/licenses/by/4.0/.

References

Axelsson E, Axelsson B (1986) Changes in carbon allocation patterns in spruce and pine trees following
irrigation and fertilization. Tree Physiol 2:189-204. https://doi.org/10.1093/treephys/2.1-2-3.189
Barton C, Miller J, Sena K et al (2015) Evaluating the use of tree shelters for direct seeding of Castanea on a
surface mine in Appalachia. Forests 6:3514-3527. https://doi.org/10.3390/f6103514

Becker R (2001) Effective aerial reseeding methods: market search report. San Dimas

Bellot J, Ortiz De Urbina JM, Bonet A, Sanchez JR (2002) The effects of treeshelters on the growth of
Quercus coccifera L. seedlings in a semiarid environment. Forestry 75:89—106. https://doi.org/10.
1093/forestry/75.1.89

Bergquist J, Edlund S, Fries C, et al (2016) Kunskapsplattform for skogsproduktion Tillstandet i skogen,
problem och tinkbara insatser och atgérder. Jonkoping

Bergqvist G, Bergstrom R, Wallgren M (2012) Browsing by large herbivores on Scots pine (Pinus sylvestris)
seedlings in mixture with ash (Fraxinus excelsior) or silver birch (Betula pendula). Scand J for Res
27:372-378. https://doi.org/10.1080/02827581.2011.635155

Brofas G, Varelides C (2000) Hydroseeding and mulching for establishing vegetation on mining spoils in
Greece. L Degrad Dev 11:375-382

Burdett AN (1990) Physiological processes in plantation establishment and the development of specifica-
tions for forest planting stock. Can J for Res 20:415-427. https://doi.org/10.1139/x90-059

Cambui CA, Svennerstam H, Gruffman L et al (2011) Patterns of plant biomass partitioning depend on
Nitrogen source. PLoS ONE 6:1-7. https://doi.org/10.1371/journal.pone.0019211

Castro D, Schneider AN, Holmlund M et al (2021) Effects of early, small-scale nitrogen addition on germi-
nation and early growth of Scots pine (Pinus sylvestris) seedlings and on the recruitment of the root-
associated fungal community. Forests 12:1589. https://doi.org/10.3390/f12111589

Castro J, Gomez JM, Garcia D et al (1999) Seed predation and dispersal in relict Scots pine forests in south-
ern Spain. Plant Ecol 145:115-123. https://doi.org/10.1023/A:1009865703906

Ceccon E, Gonzalez EJ, Martorell C (2016) Is Direct Seeding a biologically viable strategy for restoring for-
est ecosystems? Evidences from a meta-analysis. L Degrad Dev 27:511-520. https://doi.org/10.1002/
1dr.2421

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/treephys/2.1-2-3.189
https://doi.org/10.3390/f6103514
https://doi.org/10.1093/forestry/75.1.89
https://doi.org/10.1093/forestry/75.1.89
https://doi.org/10.1080/02827581.2011.635155
https://doi.org/10.1139/x90-059
https://doi.org/10.1371/journal.pone.0019211
https://doi.org/10.3390/f12111589
https://doi.org/10.1023/A:1009865703906
https://doi.org/10.1002/ldr.2421
https://doi.org/10.1002/ldr.2421

266 New Forests (2023) 54:255-267

Grossnickle SC (2012) Why seedlings survive: Influence of plant attributes. New for 43:711-738. https://
doi.org/10.1007/s11056-012-9336-6

Grossnickle SC (2005) Importance of root growth in overcoming planting stress. New for 30:273-294.
https://doi.org/10.1007/s11056-004-8303-2

Grossnickle SC, Iveti¢ V (2017) Direct seeding in performance review—a reforestation field. Reforesta
4:94-142

Gruffman L, Ishida T, Nordin A, Nésholm T (2012) Cultivation of Norway spruce and Scots pine on organic
nitrogen improves seedling morphology and field performance. For Ecol Manage 276:118-124. https://
doi.org/10.1016/j.foreco.2012.03.030

Higgstrom B, Domevscik M, Ohlund J, Nordin A (2021) Survival and growth of Scots pine (Pinus sylves-
tris) seedlings in north Sweden: effects of planting position and arginine-phosphate addition. Scand J
for Res 36:423-433

Heikkild R, Hirkonen S (1996) Moose browsing in young Scots pine stands in relation to forest manage-
ment. For Ecol Manag 88:179-186. https://doi.org/10.1016/S0378-1127(96)03823-6

Holmstrom E, Galnander H, Petersson M (2019) Within-site variation in seedling survival in Norway spruce
plantations. Forests 10:181. https://doi.org/10.3390/f10020181

Huggard DJ, Arsenault A (2009) Conifer seed predation in harvested and burned dry Douglas-fir forests in
southern British Columbia. Can J for Res 39:1548-1556. https://doi.org/10.1139/X09-084

Ilintsev A, Soldatova D, Bogdanov A et al (2021) Growth and structure of pre-mature mixed stands of Scots
pine created by direct seeding in the boreal zone. J for Sci 67:21-35. https://doi.org/10.17221/70/
2020-JFS

Johansson K, Hajek J, Sjolin O, Normark E (2015) Early performance of Pinus sylvestris and Picea abies—
a comparison between seedling size, species, and geographic location of the planting site. Scand J for
Res 30:388—400. https://doi.org/10.1080/02827581.2014.987808

Karlsson M, Nilsson U (2005) The effects of scarification and shelterwood treatments on naturally regen-
erated seedlings in southern Sweden. For Ecol Manag 205:183-197. https://doi.org/10.1016/j.foreco.
2004.10.046

Larsson S, Danell K (2001) Science and the management of boreal forest biodiversity. Scand J for Res
16:5-9. https://doi.org/10.1080/028275801300090708

Lim H, Jimtgérd S, Oren R et al (2021) Organic nitrogen enhances nitrogen nutrition and early growth of
Pinus sylvestris seedlings. Tree Physiol. https://doi.org/10.1093/treephys/tpab127

Luoranen J, Rikala R (2013) Field performance of Scots pine (Pinus sylvestris L.) seedlings planted in disc
trenched or mounded sites over an extended planting season. New for 44:147-162. https://doi.org/10.
1007/s11056-012-9307-y

Mattsson S, Bergsten U (2003) Pinus contorta growth in northern Sweden as affected by soil scarification.
New for 26:217-231. https://doi.org/10.1023/A:1024425205712

Nilson ME, Hjiltén J (2003) Covering pine-seeds immediately after seeding: effects on seedling emergence
and on mortality through seed-predation. For Ecol Manag 176:449-457. https://doi.org/10.1016/
S0378-1127(02)00308-0

Nilsson U, Luoranen J, Kolstrém T, Orlander G, Puttonen P (2010) Reforestation with planting in northern
Europe. Scand J For Res 25(4):283-294. https://doi.org/10.1080/02827581.2010.498384

Oleskog G, Sahlén K (2000) Effects of seedbed substrate on moisture conditions and germination of Scots
pine (Pinus sylvestris) seeds in a mixed conifer stand. New for 20:119-133. https://doi.org/10.1023/A:
1006783900412

Oliveira G, Nunes A, Clemente A, Correia O (2012) Testing germination of species for hydroseeding
degraded mediterranean areas. Restor Ecol 20:623-630. https://doi.org/10.1111/j.1526-100X.2011.
00816.x

Pedrini S, Merritt DJ, Stevens J, Dixon K (2017) Seed coating: science or marketing spin? Trends Plant Sci
22:106-116. https://doi.org/10.1016/j.tplants.2016.11.002

R Core Team (2019) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/

Rocha I, Ma Y, Souza-Alonso P et al (2019) Seed coating: a tool for delivering beneficial microbes to agri-
cultural crops. Front Plant Sci. https://doi.org/10.3389/fpls.2019.01357

Sikstrom U, Hjelm K, Hanssen KH et al (2020) Influence of mechanical site preparation on regeneration
success of planted conifers in clearcuts in Fennoscandia—a review. Silva Fenn 54:10172

SMHI open database, SMHI, Climate data (2019)

Stahl G, Allard A, Esseen PA et al (2011) National Inventory of Landscapes in Sweden (NILS)-scope,
design, and experiences from establishing a multiscale biodiversity monitoring system. Environ Monit
Assess 173:579-595. https://doi.org/10.1007/s10661-010-1406-7

@ Springer


https://doi.org/10.1007/s11056-012-9336-6
https://doi.org/10.1007/s11056-012-9336-6
https://doi.org/10.1007/s11056-004-8303-2
https://doi.org/10.1016/j.foreco.2012.03.030
https://doi.org/10.1016/j.foreco.2012.03.030
https://doi.org/10.1016/S0378-1127(96)03823-6
https://doi.org/10.3390/f10020181
https://doi.org/10.1139/X09-084
https://doi.org/10.17221/70/2020-JFS
https://doi.org/10.17221/70/2020-JFS
https://doi.org/10.1080/02827581.2014.987808
https://doi.org/10.1016/j.foreco.2004.10.046
https://doi.org/10.1016/j.foreco.2004.10.046
https://doi.org/10.1080/028275801300090708
https://doi.org/10.1093/treephys/tpab127
https://doi.org/10.1007/s11056-012-9307-y
https://doi.org/10.1007/s11056-012-9307-y
https://doi.org/10.1023/A:1024425205712
https://doi.org/10.1016/S0378-1127(02)00308-0
https://doi.org/10.1016/S0378-1127(02)00308-0
https://doi.org/10.1080/02827581.2010.498384
https://doi.org/10.1023/A:1006783900412
https://doi.org/10.1023/A:1006783900412
https://doi.org/10.1111/j.1526-100X.2011.00816.x
https://doi.org/10.1111/j.1526-100X.2011.00816.x
https://doi.org/10.1016/j.tplants.2016.11.002
https://www.R-project.org/
https://doi.org/10.3389/fpls.2019.01357
https://doi.org/10.1007/s10661-010-1406-7

New Forests (2023) 54:255-267 267

von Sydow F (1997) Abundance of pine weevils (Hylobius abietis) and damage to conifer seedlings in rela-
tion to silvicultural practices. Scand J for Res 12:157-167. https://doi.org/10.1080/028275897093553
97

Wennstrom R (2014) The LandPuck™-system’s economic competitiveness compared to planting of pine in
northern Sweden. Swedish University of Agricultural Sciences

Wennstrom U, Bergsten U, Nilsson JE (1999) Mechanized microsite preparation and direct seeding of Pinus
sylvestris in boreal forests—a way to create desired spacing at low cost. New for 18:179-198. https://
doi.org/10.1023/A:1006506431344

Winsa H (2016) Seedpad, a new and efficient regeneration method? Nat Resour Bioecon Stud 8:20-26

Winsa H, Bergsten U (1994) Direct seeding of Pinus sylvestris using microsite preparation and invigorated
seed lots of different quality: 2-year results. Can J for Res 24:77-86

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1080/02827589709355397
https://doi.org/10.1080/02827589709355397
https://doi.org/10.1023/A:1006506431344
https://doi.org/10.1023/A:1006506431344




AcTtA UNIVERSITATIS AGRICULTURAE SUECIAE

Doctorar THESIS NoO. 2024:75

Forest regeneration in Sweden is increasingly challenged by the rapidly
changing climate, making traditional management practices less reliable.
This thesis examined performance of main regeneration methods across
Sweden in the context of variable growing conditions. Adaptations to
these conditions were then tested, including mechanical protections
against pine weevils, changing of planting positions, addition of organic
fertilizer, using coated seeds and applying natural regeneration. Finally,
results were put into context of resilience, resistance and transition, with

the aim of climate adaptation.

Matej Domevscik received his doctoral education in forest management
at the Southern Swedish Forest Research Centre, SLU Alnarp. He holds
a master's degree in biology from SLU Umea and a bachelor’s degree in
biology from University of Ljubljana.

Acta Universitatis agriculturae Sueciae presents doctoral theses from
the Swedish University of Agricultural Sciences (SLU).

SLU generates knowledge for the sustainable use of biological natural
resources. Research, education, extension, as well as environmental
monitoring and assessment are used to achieve this goal.

ISSN 1652-6880
ISBN (print version) 978-91-8046-366-9
ISBN (electronic version) 978-91-8046-402-4



	List of publications
	Abbreviations
	1. Introduction
	1.1 Studying forest regeneration in Scandinavia
	1.2 Current practice and status
	1.2.1 Planting of nursery seedlings
	1.2.2 Direct seeding
	1.2.3 Natural regeneration

	1.3 Impact of future climate on forest regeneration
	1.4 Current forest regeneration under pressure for change
	1.4.1 Damage by pine weevils
	1.4.2 Moisture acquisition
	1.4.3 Nutrient acquisition

	1.5 Aim

	2. Methods
	2.1 Study sites
	2.2 Material and data collection
	2.2.1 Paper I
	2.2.2 Paper II
	2.2.3 Paper III
	2.2.4 Paper IV

	2.3 Analysis

	3. Main results
	3.1 Paper I
	3.2 Paper II
	3.3 Paper III
	3.4 Paper IV

	4. Discussion
	4.1 Adaptation to pine weevil damage
	4.2 Adaptation to moisture stress
	4.3 Adaptation to nutrient availability
	4.4 Climate-adapted forest regeneration

	5. Conclusions
	References
	Popular science summary
	Populärvetenskaplig sammanfattning
	Acknowledgements
	Tom sida
	Tom sida
	Tom sida
	Tom sida


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.614 x 9.331 inches / 168.0 x 237.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20240819104433
      

        
     Shift
     32
            
       D:20240318112536
       671.8110
       168x237
       Blank
       476.2205
          

     Tall
     1
     0
     0
     No
     1934
     19
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     14.1732
     Left
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     0
     146
     145
     146
      

   1
  

 HistoryList_V1
 qi2base





