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Chapter 1 )
Introduction Check or

Jonas Cedergren, Emma Holmstrom, Johanna Routa, Saija Huuskonen,
Christian Kuehne, and Pasi Rautio

Abstract

¢ In this book we summarize peer-reviewed scientific articles and research reports
from Finland, Sweden, and Norway on continuous cover forestry (CCF), i.e.
forestry without clearcutting

* This book originates from growing interest in CCF among various stakeholders,
and aims to promote discussion, further research, and inform decision-makers

¢ The book targets those interested in boreal forests, forest management, and eco-
system services

* In this chapter we review the background to the use of CCF and the reasons that
led to its prohibition and subsequent resurgence in the Nordic countries
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Keywords Continuous cover forestry - Rotation forestry - Forest management -
Forestry without clearcutting - Nordic countries

1.1 Why This Book

In this book we have compiled research results, mainly from Finland, Sweden and
Norway, as a basis for describing the current state of knowledge about, and experi-
ence of, forestry using methods without clearcutting.

“Without clearcutting” opens up for a multitude of definitions and ambiguities.
Clearcutting is the prevailing method of wood procurement in the three countries,
involving a final felling of forests, creating clearcuts that are then regenerated to
form even-aged stands. In this book, we will be addressing forest management
methods that involve no clearcutting, and throughout the text we call this continu-
ous cover forestry (CCF).

Our focus is on forestry and silviculture in the three Nordic countries, Norway,
Sweden and Finland, now and in the near future, with the assumption that needs and
demands relating to the ecosystem services will remain the same as today. The idea
of writing this book originates from the increasing interest in CCF among practitio-
ners, politicians and society in general. We saw an interest and a need to compile
and summarise our knowledge as researchers.

Our geographical framework is the boreal forest of the Fennoscandian Peninsula,
a region dominated by coniferous forests of primarily Norway spruce (Picea abies)
and Scots pine (Pinus sylvestris). The most common broadleaves in the region are
silver and downy birch (Betula pendula, Betula pubescens), aspen (Populus
tremula), and alder (Alnus incana, Alnus glutinosa). The climate is shaped by the
northerly latitude, with large contrasts between winter and summer light and tem-
peratures, but is also influenced by proximity to the Atlantic current, the Gulf
Stream, which moderates cold winter temperatures.

The potential reader of the book (you) is someone who has, in some way, invested
in learning more about the boreal forest and/or the use of forest products and eco-
system services. You may be a forest owner, forest worker, timber buyer, farmer, or
reindeer herder, or you may simply be interested in forests and how they are man-
aged. The text offers valuable information for researchers and students of natural
resources, and for any students who want to learn more about CCF. We hope this
book can promote discussion and further research, and believe it could be useful for
decision makers at local, national, or international levels.

Our aim is to give an overview of the complexity and scope of the subject in the
region, and to provide pathways to further reading and inspiration.
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1.2 How to Use This Book, and a Brief Summary
of the Chapters

We have summarised the published knowledge, mainly from peer-reviewed scien-
tific articles and research reports. Experts across a diverse range of scientific disci-
plines have contributed their insights and experience (Fig. 1.1), and each chapter is
written by of a team of researchers from Norway, Sweden and Finland. The authors
have validated the sources and synthesised the most relevant knowledge from their
field. They have also identified current knowledge gaps regarding conversion to
CCF and CCF methods.

Each chapter can be read more or less as a standalone review of a certain aspect
of CCF, but we recommend the reader to begin with Chap. 2, where the authors
clarify definitions and methods described in the remainder of the book. We define
what we understand as CCF but also what we mean by conversion to CCF from
other forest management types. We also introduce terminology and methods used in
the three Nordic countries, and national legislation pertaining to the issue.
Throughout the book, CCF methods are compared to forest management methods

FOREST OWNERS’ AND

FORESTRY STAKEHOLDERS’
PERCEPTIONS
REGENERATION
WATER QUALITY
GROWTH AND YIELD
CARBON EXCHANGE, STORAGE
AND SEQUESTRATION
CONTINUOUS
FOREST DAMAGE
COVER FOREST PLANNING
FORESTRY
BIODIVERSITY HARVESTING
MULTIPLE-USE GENETIC EFFECTS
OF FORESTS
FINANCIAL

WOOD PROPERTIES

AND QUALITY PERFORMANCE

Fig. 1.1 Continuous cover forestry issues covered in this book
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that do not aim to maintain a continuous forest cover. In practical forestry and
media, these methods are commonly referred to as rotation forest management or
rotation forestry (RF). Strictly speaking, this is not entirely accurate. As explained
in Chap. 2, some cutting regimes under RF can also be considered CCF. However,
the term RF, used as an alternative to CCF, has become established in the language
of forestry professionals, media and even science. We therefore use the term RF also
in this book in this context.

In Chaps. 3 and 4 we review cultivation of the boreal tree species under CCF, in
terms of regeneration methods, growth and yield. Regeneration refers to active
methods to achieve recruitment after one or more trees have been harvested, and
includes both site preparation and the recruitment source (e.g., seeds or seedlings).
In addressing growth and yield we highlight experiences gained from previous
experiments, observations, and scenario analyses relating to CCF methods. In Chap.
5 we examine forest planning and how the national decision support systems can be
applied to CCF systems.

Related to forest management are logging operations and possible similarities
and differences between CCF and other management methods. These are addressed
in Chap. 6, acknowledging that, even though the forest owner makes the decisions
on which management system is to be used, the harvester operator is a crucial factor
in the quality of the work.

Interest in the impacts of CCF methods on long-term growth and population
genetics of trees will increase in view of a changing climate. In Chap. 7 the authors
elaborate on what are important factors for breeding and how management can
affect population genetics.

Chapter 8 addresses financial implications of CCF, together with a compilation
of how financial aspects are analysed in many forest management systems. The
financial outcome is also impacted by timber prices and management and harvest-
ing costs, and how wood quality and characteristics are affected by the CCF method;
the latter are outlined in Chap. 9. However, the forest produces more than wood, so
in Chap. 10 we show how other provisioning services might be affected by CCF, in
an overview of the multiple use of forests.

The effects of CCF on forest conservation and biodiversity are reviewed in Chap.
11, with emphasis on comparisons with clearcutting methods. Common to all the
harvesting systems is the reduction in amount of large, old trees and dead wood. We
consider biodiversity and forest conservation measures that can be important
for CCE.

Forest health is important for the future provisioning of forest ecosystem ser-
vices, so in Chap. 12 we assess how biotic and abiotic damage agents can interact
with the choice of forestry system. Carbon exchange, storage and sequestration are
in focus in Chap. 13, where we elaborate on how CCF methods might change the
magnitude of carbon pool fluxes. In Chap. 14, the impact of CCF on water quality
and riparian zones is discussed, and compared with corresponding existing knowl-
edge regarding clearcutting systems.
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Finally, in Chap. 15, we conclude by considering barriers to applying, and/or
converting to, CCF, by reviewing the opinions and beliefs of stakeholders. We
describe three main stakeholder groups: forest owners, the forest industry, and for-
est professionals, and discuss their attitudes towards CCF and potential implications.

1.3 Background to CCF in the Nordic Countries

1.3.1 Selection Cutting and Selective Logging

Discussions between advocates of CCF and RF have a long history in Fennoscandia.
For Sweden, see e.g. Strom (1830), Kempe (1894) and Amilon (1930); for Norway,
see Opsahl (1923), Eide (1936) and Barth (1937); for Finland, see Cajander (1910),
Heikinheimo (1924), Hertz (1930) and Sarvas (1944).

Both systems can be traced back to the Middle Ages. There is evidence that regu-
lated selective logging was applied in French broadleaved forests in the 1200s.
Early development of selective logging included minimum periods between cuts
(cutting cycles) and limits to harvesting rates (Hawkins 1962; Lundgvist 2005).

Policies and land tenure have changed considerably in Europe over the centuries.
These often resulted in widespread use of exploitive and destructive forms of selec-
tion harvesting, today often referred to as selective logging (O’Hara 2014). Valuable
trees were harvested, and stand recovery was left to chance. As a result, selective
logging was restricted and banned in state- and company-owned forests in the
mid-1800s. RF began to dominate in these forests instead.

In Fennoscandia, CCF was generally practised in the form of selective logging
with pre-mature re-entries. One result was depleted stands with unstocked gaps
(Lundqvist 2017), which led to general concern about future timber supplies
(Leikola 1987). In Finland, for example, CCF was generally considered unsuitable
for Finnish forests in the early 1900s (Cajander 1910).

During the 1940s in Fennoscandia, it was concluded that selection harvesting
had not produced well-regenerated forests (e.g. Sarvas 1944; Opsahl 1953). This
was partly a result of misuse of the selection system, as emphasised by its advocates
(Barth 1937; Bghmer 1957), and partly because the system was applied in unsuit-
able forests. Consequently, selective cutting and associated systematic forms of the
selection system were effectively banned in Sweden and Finland (Soderstrom
1971). Research on selective alternatives to RF stopped, and experimental plots
were abandoned in these two countries. In Norway, selective cutting was more grad-
ually replaced by RF, because forest administrations endorsed and eventually pro-
moted a shift towards RF advocated by influential actors in forest research
(Andreassen 1994; Nygaard and @yen 2020).
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1.3.2 Shelterwood and Group Selection

There is evidence to suggest that a shelterwood approach was used in Central
Europe in the 1600s (Hanell and Holgén 1997). The system in its present form
seems to have first emerged during the 1800s in Prussia. Uniform shelterwood dom-
inates present approaches, but there are other variants.

Although shelterwood cutting has only played a minor role in the management
of spruce and pine stands in Norway, the system has inspired various research initia-
tives, summarised in Lexergd (2001). Irregularity of seed production of Norway
spruce in northern Sweden and susceptibility of both pine and spruce to wind dam-
age has limited the use of shelterwood in Sweden (Hagner 1958, 1962; Karlsson
et al. 2017). In Finland, shelterwood cutting has generally been used in RF as a
method of natural regeneration for spruce (Metsidnhoidon suositukset — Metsien
kestidvin hoidon ja kédyton perusteet 2022).

Group selection has been the subject of few studies in Fennoscandia. Group
selection in combination with thinning from above was advocated as early as the
study by Wallmo (1897). Group selection was also recommended for Norwegian
spruce and pine stands by Barth (1937), Bshmer (1957) and Bgrset (1986). In recent
years, gap cutting has attracted more interest in Finland, and has been studied in
pine (Hallikainen et al. 2019) and spruce forests (Valkonen et al. 2011) on both
mineral soils and on peatland (Hokké et al. 2011).

1.3.3 Renaissance of CCF

Interest in conservation started to grow in the mid-1970s, but did not initially impact
timber production. Social concerns, archaeological sites, reindeer husbandry, and
other public interests also started to leave their mark. It took until the early 1980s
for research on the subject to start afresh. Interest in alternatives to RF has increased
over time, and alternatives are now practised, although still on a modest scale. Forest
laws are more permissive, and forest policies can be said to encourage diversifica-
tion of forest management. The same period has also witnessed changes in RF, with
conservation and social aspects playing a bigger role than before.

Much attention is currently paid to a number of concepts, for example close(r)-
to-nature forestry or Pro Silva, new forestry, Liberich, and the Lubeck method.
However, these concepts are approaches for individual operations rather than silvi-
cultural systems. They could be called forest management philosophies within the
realm of CCF (Albrektson et al. 2008).

Another important message from history is the relatively long timescale in boreal
forest systems, from a tiny seed to an old giant tree. The forest we see today is the
result of decisions made in a previous society, and the changes we decide on today
will take another hundred years to manifest fully.
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1.4 Looking Ahead, Forest Land Use and Needs
for Adaptation to CCF, Sustainability, and Societal Needs

Forest management must meet many different objectives, and discussion is ongoing
about how to reconcile these objectives. The production of raw materials for various
purposes, as well as carbon sequestration, biodiversity conservation, and adaptation
to climate change, all create new challenges. Aiming simultaneously at different
goals can also result in conflicts. Geographical location, different types of growing
conditions, and the history of forest management shape our forests and affect man-
agement options.

There is an urgent need for information on the various effects of different CCF
methods. To fulfil the multiple goals of forest utilisation, we need not only diversi-
fied forests but also versatile and appropriate management methods. However, the
mere choice of forest management method does not guarantee the realisation of all
goals. For example, securing forest biodiversity requires active conservation strate-
gies, both in RF and CCF.

Unlike much of central Europe, CCF has not been practiced on a large scale in
the past 30-40 years in Fennoscandia. Whether greater implementation of CCF in
the region is realistic, and suitable for a more balanced provision of forest ecosys-
tem services, is currently the subject of heated debate. This book aims to provide an
overview of the current state of knowledge about CCF in the Nordic region, so that
the discussion can be based on scientific facts, while acknowledging knowledge
gaps and associated research needs.

In recent years, several new projects and research focusing on CCF have been
funded in the Nordic countries, reflecting the renewed interest among forest owners
and society. Current research focuses on conversion and how a broader implementa-
tion of CCF might affect the outcomes of forest management at regional and national
levels. Interest in CCF and its implementation is growing rapidly across the three
countries, in part because of the new EU forest strategy for 2030. Implementation
particularly applies to Norway, where CCF has already been adopted in the new
PEFC standards. A key question is whether calls for more CCF in the Nordic coun-
tries are appropriate and realistic. This book does not offer a definitive answer to
that question, but does provide an up-to-date review of scientific knowledge rele-
vant to the Nordic region.
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Chapter 2 )
Definitions and Terminology: What Is S
Continuous Cover Forestry

in Fennoscandia?

Andreas Brunner, Sauli Valkonen, Martin Goude, Kjersti Holt Hanssen,
and Charlotta Erefur

Abstract

Definitions of continuous cover forestry (CCF) vary among countries, and are
often a political compromise.

We offer a common definition of CCF for this book, which can be found in a text
box below.

The three silvicultural systems included in CCF are described briefly.
Conversion to CCF will be an important activity in the near future, but approaches
to and experiences of conversion to CCF are largely lacking in Fennoscandia.
Methods need to be developed for how to assess the suitability of forest stands
for CCF or conversion to CCF.

Bad practices and experiences with selective cutting in Fennoscandia before
1950 have led to a loss of experience and willingness to apply CCF.

Climate adaptation will make it necessary to modify CCF approaches in the
region, especially given the limited number of shade-tolerant species.
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Keywords Silvicultural systems - Selection system - Shelterwood system - Group
system - Conversion

2.1 Definitions and Terminology

In this chapter, we define the terms essential for this book, i.e., continuous cover
forestry (CCF), conversion to CCF, and other related terms. We also give a brief
overview of the silvicultural systems included in CCF in our region. The context for
these definitions and terms will be presented in Sect. 2.2. Clear definitions of terms
are essential for communication, especially when using technical terms, which are
often abbreviations of complex concepts. Terminology also varies between coun-
tries, and the English terminology is often not well known.

2.1.1 Continuous Cover Forestry

CCF has been defined in many different contexts, and definitions vary. It has never
been a scientific concept, and does not have its origin in research or academic text-
books. When CCF is defined in the context of forest policy at different levels, these
definitions are typically not very detailed or operational (e.g., Vitkova et al. 2014;
Hertog et al. 2022; Egan et al. 1999). Silvicultural textbooks and scientific literature
rarely offer a clear definition of CCF. Frequently, equivalent terms in national lan-
guages are used, which sometimes overlap with CCF as it is defined here. Some of
these terms are reviewed below.

Based on the terms and definitions currently used in Fennoscandia, we define
CCF as the group of silvicultural systems that maintain a continuous forest cover.
CCF is not defined by the occurrence of specific stand structures over a fixed period,
nor by individual silvicultural interventions, e.g., regeneration cuts. However, the
silvicultural systems included lead to variations in stand structures within certain
limits. The terminology of silvicultural systems and definition of the term silvicul-
tural system draws upon Matthews (1989).

Silvicultural systems that are, or can be, used in Fennoscandia to maintain a con-
tinuous cover are the selection system, the shelterwood system, and the group sys-
tem. The shelterwood and group systems also belong to the rotation forest
management paradigm, while the selection system does not (Table 2.1). The rota-
tion forest management includes silvicultural systems designed for more or less
even-aged stands, where all trees are harvested more or less at the same time, i.e., at
the end of the rotation. The use of shelterwood and group systems can only be con-
sidered as CCF if a continuous minimum forest cover is maintained and is an
explicit aim. In that sense, a fast complete release of an established regeneration in
the shelterwood system or large, many, or frequent gaps in the group system do not
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Table 2.1 Summary of terms used for silvicultural systems

Silvicultural Continuous cover
Management paradigm | system Individual cuttings forestry
Selection management | Selection Selection cutting Yes
system
Rotation forest Group system | Gap cutting, gap extension | When continuous cover
management/rotation is the aim and
forestry maintained
Shelterwood | Preparatory cutting, When continuous cover
system shelterwood cutting(s), is the aim and
shelter removal maintained
Clearcutting Clearcutting, seed tree No
system cutting, seed tree removal

maintain a forest cover. These practices of the shelterwood and group system are
therefore outside what we define as CCF.

What is CCF in Fennoscandia?

* We define CCF as the group of silvicultural systems that maintain a con-
tinuous forest cover.

* We refrain from including a detailed definition of a minimum forest cover
in terms of density, height, homogeneity, and continuity of the cover in our
definition of CCE. An overview of definitions for a minimum forest cover
in the three countries is given.

» Silvicultural systems that are, or can be, used in Fennoscandia to maintain
a continuous cover are the selection system, the shelterwood system, and
the group system.

* Only the long-term application of one of these silvicultural systems quali-
fies as CCE.

e Conversion to CCF is not included as CCF in our definition. Howeyver,
conversion will be an important activity in the near future for forest owners
who wish to apply CCE.

CCF is defined here as an application of a silvicultural system over at least one
rotation, for the silvicultural systems where the term rotation still applies, or over an
equivalent period for the selection system. Individual cuts only qualify as CCF if
they are part of a silvicultural system and its long-term application. For example, an
individual selective cut is only CCF if it is part of the selection system; the same
applies for gap cuttings and the group system, and for shelter cuts or late thinnings
and the shelterwood system.

Our definition of CCF only includes the practice of the silvicultural systems in
stands that possess and maintain these systems’ typical structures. Conversion to
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CCF is not included in this definition. However, in Finland and many other political
contexts, conversion to CCF is also included under this umbrella (Aijili et al. 2019;
Valkonen 2020).

CCF is most often thought of as being connected to natural regeneration.
However, it can also be practised in combination with or purely based on artificial
regeneration methods.

None of the CCF methods are strictly limited to shade-tolerant species, but the
methods were originally developed for them (Schiitz 2001; Burschel and Huss
1997). The current call in Fennoscandia to apply CCF to intolerant species such as
Scots pine or mixed forests containing shade-intolerant species makes modifica-
tions to the original prescriptions necessary.

When discussing CCEF, it is frequently necessary to specify the opposite, i.e.,
summarise silvicultural systems, or certain practices of silvicultural systems, which
do not meet our definition of CCF, under a common term. Such terms exist in our
national languages and for the national definitions of CCF, e.g., dpne hogster in
Norwegian and hyggesskogsbruk in Swedish. These terms summarise the traditional
practice during the last 70 years and include the clearcutting system and the seed
tree system. We do not introduce a common definition in English for non-CCF
methods in this book, and instead refer to them as traditional management or give
details about which silvicultural methods have been addressed in the studies.

2.1.1.1 Minimum Density and Continuity of Forest Cover

We refrain from giving a detailed definition of a minimum forest cover in terms of
density, height, homogeneity, and continuity of the cover in our definition of
CCF. However, such definitions are understandably necessary to implement forest
policies, legislation, and management prescriptions. In this context, the first attempts
to define CCF more specifically, including minimum forest cover specifications,
have been made in Fennoscandia.

In Norway, lukkede hogster (closed cuts) means that at least 150 trees/ha are left
after a regeneration cut or that gap size is less than 0.2 ha. In addition to the selec-
tion system, the shelterwood system, and the group system, it is also customary to
include fjellskoghogst (mountain forest selection cutting), a method combining the
group and selection systems, in this term. The term lukkede hogster has been in use
in silvicultural textbooks for decades. This definition is not legally binding, except
for the Norwegian PEFC standard (revision 2023), which uses the limits shown
above for stand density and gap size.

However, the number of trees alone does not specify a forest cover, nor the dura-
tion of the cover. Assuming tree dimensions in a shelterwood system of DBH=32 cm,
150 trees/ha would translate to 12 m%ha basal area, which likely comprises a forest
cover in that situation. The current practice of mountain forest selection cutting
often leaves much more open stands (Granhus et al. 2020).

In Sweden, the Forestry Act (§5 and §10) defines a minimum stand density
(standing volume as a function of basal-area-weighted mean height) that does not
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trigger an obligation for active regeneration efforts. These density thresholds define
a minimum forest cover for CCF. Current definitions of CCF-related terms provide
detailed definitions (Appelqvist et al. 2021). The Swedish definition of hyggesfritt
skogsbruk (clearcut-free forestry) has its baseline in the statutory restriction in har-
vesting level at a given height, which distinguishes a thinning from a cutting that
requires regeneration, the “§5 curve” (illustrated in Appelqvist et al. 2021, page 7,
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-
20222021202020192018/rapport-2021-8-hyggesfritt-skogsbruk%2D %2D-
skogsstyrelsens-definition.pdf). However, this only applies until regeneration is
established. In shelterwood cutting, the stand volume can be reduced to half the
standing volume defined in the §5 curve after a satisfying regeneration is estab-
lished. The number of seedlings needed for this is defined in the Forestry Act, and
ranges from 1000 to 1500 /ha depending on site quality. When the regeneration
reaches 2.5 m, the remaining shelterwood can be reduced to 25 trees/ha above 10 m
height in coniferous stands and 5 trees/ha above 10 m in noble broadleaf stands
(e.g., beech). In gap cutting, gap size is limited to 0.25 ha, and additional gaps that
reduce the standing volume below the §5 curve can be created after a satisfying
regeneration is established and reaches 2.5 m height.

In Finnish legislation, CCF is defined by cutting methods, with the explicit inclu-
sion of only selection and gap cutting. Minimum post-harvest stand basal area limits
are defined for harvest entries in the Forest Act. They vary by latitude (lower limits
in the north) and soil fertility (lower limits where fertility is lower). The values
range from 5 m%*ha on xeric and subxeric sites in northern Lapland to 10 m*ha on
mesic sites in southern Finland. In the widely recognised Finnish best practices
(Aijild et al. 2019), the recommended minimum basal areas are generally 2-3 m%
ha greater than the statutory limits. The motivation is to provide a buffer in the event
of post-harvest damage and mortality, and also to safeguard a high level of volume
production.

2.1.1.2 Conversion to CCF

Conversion is a distinct change in silvicultural system, stand structure, and/or tree
species composition. Transformation indicates a smaller or more gradual change in
silvicultural system, stand structure, and/or tree species composition. This defini-
tion has been used in Central Europe for many decades and is also reflected in
Hasenauer (2004). Shifting from the clearcutting and seed tree system to CCEF, as
currently intended in many places in Fennoscandia, falls under the term conversion.

Given the current rarity of CCF in Fennoscandia, conversion to CCF will be an
important activity in the coming decades. A time horizon of many decades is the
compound consequence of only individual properties or stands being converted,
only a part of the forest stands being readily suitable for conversion, and the time
horizon of many decades for a conversion of specific stands. Knowledge about con-
version is therefore currently much more relevant than detailed prescriptions for the
silvicultural systems included in CCF in conditions after conversion.


https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-20222021202020192018/rapport-2021-8-hyggesfritt-skogsbruk---skogsstyrelsens-definition.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-20222021202020192018/rapport-2021-8-hyggesfritt-skogsbruk---skogsstyrelsens-definition.pdf
https://www.skogsstyrelsen.se/globalassets/om-oss/rapporter/rapporter-20222021202020192018/rapport-2021-8-hyggesfritt-skogsbruk---skogsstyrelsens-definition.pdf
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Special silvicultural treatments to convert to CCF are only necessary for some
silvicultural systems and stand conditions (see Sect. 2.1.2.2 for further details). In
some cases, silvicultural systems under CCF can be applied without conversion, for
example the shelterwood system in previously thinned stands or the group system.
In these cases, the first regeneration cut might mark the shift to CCE.

2.1.1.3 Other Terms

Uneven-aged management is used as a more general term in many contexts. Some
of the silvicultural systems included in our definition of CCF, e.g., the shelterwood
system, might only generate a limited range of age variation for longer periods of
stand development.

The term multi-storeyed (flersjiktet) is frequently used in the context of CCF and
related terms. Our definition of CCF is wider in that it does not set up a certain stand
structure as an objective, but accommodates variation in stand structures according
to the dynamics of the silvicultural systems involved.

Mountain forest selection cutting (fiellskoghogst) is practiced in Norway and
Sweden, often reducing standing volume intensively at large cutting intervals
(Granhus et al. 2020). Even though the current practice might not fulfil criteria for
a minimum forest cover, a modified practice that maintains a larger standing volume
and acknowledges the very long regeneration times on these sites might be classi-
fied as CCF.

National terms only partly overlap with our definition of CCF.

In Norway, lukkede hogster (closed cuts) only provides a very simple and hardly
operational classification of silvicultural systems.

In Sweden, hyggesfritt skogsbruk (clearcut-free forestry) is mainly a negative
definition that excludes clearcutting (Appelqvist et al. 2021). However, the detailed
definitions supply a coherent definition of CCF. Naturkultur (Liberich) is a proposal
for an individual tree-based management system (Hagner et al. 2001), where perfor-
mance at stand level is uncertain and not documented, but currently being tested in
a series of field trials (Goude et al. 2022).

In Finland, jatkuvapeitteinen metsdnkasvatus (continuous cover forest manage-
ment), or jatkuva kasvatus (continuous cover silviculture), is wider than our defini-
tion of CCF, because it also includes methods for conversion to CCF and some
overlap with two-storey stands (Aijili et al. 2019).

In the same way that CCF is most often a political concept, many other terms
have been coined to describe forest management systems that follow a certain phi-
losophy or political agreement. Most prominently, close-to-nature forestry has been
promoted in Europe for decades (Brang et al. 2014). More recently, the EU has
introduced the term closeR-to-nature forest management and asked researchers to
define it (Larsen et al. 2022; European_Commission 2023). In North America, for-
est ecosystem management and ecological forestry have been promoted as alterna-
tives to traditional forest management in recent decades. Egan et al. (1999) discuss



2 Definitions and Terminology: What Is Continuous Cover Forestry in Fennoscandia? 17

the lack of clarity of these terms and their relationship to other basic concepts of
forest management, i.e., sustainability and multiple use.

Retention forestry (Gustafsson et al. 2020) is a concept closely linked to the
clearcutting system. However, in leaving single trees and groups of trees, retention
forestry can generate stand structures that might facilitate conversion to CCF in the
future. Retention will also be necessary in most CCF methods.

Natural disturbance-based forest management (Kuuluvainen et al. 2021) pro-
motes a philosophy that asks forest management to mimic natural disturbances.
Harvesting with single-tree selection and small gaps would reflect small-scale natu-
ral disturbances, while larger gaps would represent intermediate disturbances, and
larger clearcuts large-scale disturbances, respectively. A much greater volume of
retained trees, snags, and coarse woody debris would be characteristics for such
management (Koivula et al. 2014). In contrast to this philosophy, the silvicultural
systems included in our definition of CCF do not explicitly intend to mimic natural
disturbances. They might briefly generate stand structures that also can be found in
forests under natural dynamics (Rouvinen and Kuuluvainen 2005). However, sys-
tematic target diameter harvest in the selection system or a homogeneous shelter in
the shelterwood system do not have equivalents in natural forest dynamics.

2.1.2 Methods of Continuous Cover Forestry

In this section, to give a more detailed definition of CCF likely to be practised in
Fennoscandia, we briefly describe the silvicultural systems and conversion methods
involved. Due to the current lack of practice of these methods, the description will
largely rely on silviculture textbooks from Central Europe and experiences from a
limited number of experiments in Fennoscandia. We also address necessary modifi-
cations to current forest management in Fennoscandia due to adaptation to cli-
mate change.

2.1.2.1 Silvicultural Systems under CCF

The following descriptions of the three silvicultural systems are only intended as a
definition of these CCF methods. Detailed research results from the region that
describe regeneration, genetic effects, growth and yield, pathogens and pests, and
wood quality will be reviewed in later chapters. In contrast to the simple, stan-
dardised instructions currently practised in the context of the dominant clearcutting
and seed tree system, silvicultural prescriptions for CCF methods will be much
more complex and detailed, and require more intensive status descriptions and mon-
itoring by professional managers and forest owners.

Other silvicultural systems relevant in this context include combined systems,
such as irregular shelterwood. They are not described in detail here.
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2.1.2.1.1 The Selection System

The selection system is based on the harvest of individual trees and the continuous
maintenance of a multi-layered stand structure. It has been practised for centuries,
mostly by farmers in different regions of Europe. Around 150 years ago it was
developed into a more systematic management system, often accompanied by
detailed inventories controlling stand structure and stand density (Schiitz 2001;
Lundqvist et al. 2014). Given the continuously high stand density, the selection
system is best suited for shade-tolerant species, e.g., Norway spruce in Fennoscandia.
However, trials with less shade-tolerant species, e.g., Scots pine, have been set up.
To guarantee continuous ingrowth of less shade-tolerant species, stand density has
to be reduced, which limits productivity.

An alternative approach to maintaining presence of these species is to create
larger openings in a group selection system. The group selection system systemati-
cally opens small gaps, either in addition to or combined with single tree harvesting,
to allow regeneration of groups of trees. In addition to allowing regeneration of less
shade-tolerant species, groups of young trees are an advantage for species that
require conspecific competition to form a straight trunk, such as most broadleaved
species.

The multi-layered structure in stands managed by the selection system is charac-
terised by a falling diameter distribution. This diameter distribution indicates that
trees of all size classes are to be found in a stand, and is often thought of as indicat-
ing a vertical structure with multiple canopy layers. However, these stands are also
richly structured horizontally, with small openings and dense groups (Figs. 2.1 and
2.2). Quantifying a 3D stand structure or diameter distributions in practical forest
management probably exceeds the resources available in forest management in
Fennoscandia. Simplifications for these stand structure requirements have therefore
been proposed (Lundqvist et al. 2014).

To maintain the multi-storeyed stand structure, a stand density that guarantees
high productivity and sufficient ingrowth must be preserved over time. Cutting
intervals and amounts need to be adapted to this. Individual tree selection is most
often guided by principles of target diameter harvest, but might also include ele-
ments of stand tending.

The selection system should not be misunderstood as directly copying natural
disturbance dynamics. It is an intensive management system that maintains a certain
phase of stand dynamics. Given the harvesting of mostly the largest trees and the
low target diameters in Fennoscandia, large living and dead trees will not automati-
cally be present in stands managed according to this system. To provide habitats for
organisms adapted to these structures, the selection system must also apply reten-
tion principles and leave large trees of various species. This also applies to the
shelterwood and group systems.
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Fig. 2.1 A stand managed with the selection system at two points in time. Even though the struc-
ture of the stand has changed due to tree growth and removals, the visual impression is near
constant

2.1.2.1.2 The Shelterwood System

The shelterwood system has been practised on small areas in Fennoscandia in recent
decades, both in Norway spruce and in Scots pine (Fig. 2.3). Starting with stands
that have been regularly thinned during their lifetime, and therefore consisting of
individual trees with long crowns and high individual-tree stability, the first prepara-
tory cuts initiate a series of cuts that maintain a shelter over many decades. This
initiates regeneration at rather high density, distributed homogeneously over the
entire area (Figs. 2.4 and 2.5). The last shelter trees should not be removed before
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Fig. 2.2 Stand structure and cut instructions for a sample plot in Norway managed with the selec-
tion system. Dark green = spruce, light green = birch. Spruce trees to be removed during the next
selection cut are shown in light blue. The planned cut will remove approximately 100 m3/ha of the
standing volume of 255 m*ha

the entire area is regenerated and covered by small trees with a minimum height to
be established, i.e., at least 50 cm (Fig. 2.5). This variant of the system produces a
stand in the next generation with an age variation of up to 30 years, which most
often develops into a rather homogeneous stand structure despite the large age
range. In a contemporary Finnish variant for pine (Fig. 2.4), some of the overstorey
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Fig. 2.3 Advance regeneration of Scots pine under a shelter in Lgiten Almenning, Norway. Photo:
Andreas Brunner

trees are retained throughout the rotation to promote ecosystem services and pro-
duction of high-quality timber (Aijli et al. 2019; Valkonen 2020). Wind damage is
common in this system during the shelter phase, but varies greatly according to
stand and meteorological conditions (Hanell and Ottosson-Lofvenius 1994).

2.1.2.1.3 The Group System

In the group system, stands are opened up by creating a series of gaps. Gap size,
number, and placement, chronological gap sequence, and gap extension can vary
widely in this system (Figs. 2.6 and 2.7). Gaps might also be initiated as shelter
groups. After initiating the regeneration process with gaps, the remaining parts of
the stand might also be harvested at once or with other patterns. However, gap
extension is a common prescription in this system. The irregular shelterwood sys-
tem also creates gaps as part of the regeneration process. Gap size and sequence
have to be adapted to the shade tolerance of the species targeted in the next genera-
tion. There are no long-term examples of the practical application of group systems
in Fennoscandia, and in Central Europe a description of the full regeneration period
is also lacking (Brunner et al. 2004).

In Fennoscandia, the group system is often proposed for shade-intolerant species
such as Scots pine. The minimum gap size for natural regeneration of Scots pine and
birch species is not known, but might vary greatly depending on site conditions and
along latitudinal gradients.
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Fig. 2.4 A Scots pine stand managed with the shelterwood system at three points in time. This
variant of the shelterwood system keeps a dense shelter over an extended period, until the next
generation has reached heights that approach the heights of the shelter trees

2.1.2.2 Methods for Conversion to CCF

Conversion to CCF is most challenging in the case of conversion to the selection
system, because it requires developing multi-layered stand structures. This can only
be accomplished over a period of many decades, involving natural regeneration
processes and requiring sufficient individual tree stability and remaining lifetime of
the adult trees (Schiitz 2001). This section therefore focuses mainly on this task.

Application of the shelterwood and group systems often only requires stands that
are sufficiently thinned during earlier stand development to consist of trees that are
individually highly stable. No further conversion is necessary, as regeneration is
initiated during the regeneration cuts in these systems.

Conversion to the selection system will be an important topic in the context of
CCF for many forest managers in Fennoscandia in the coming decades. Forest man-
agement practices in Fennoscandia since 1950 have created stand structures that are
difficult to convert to CCF. These are even-aged monospecific stands, often dense
and unthinned (e.g., in Norway) and therefore with very low individual tree stability
and basically no other option than clearcutting in older stands. However, in younger
stands, lower risk of wind damage permits creation of openings, initiating recruit-
ment, and generating multi-layered stands over the subsequent decades.

Approaches for conversion to the selection system have only been developed and
tried for a few decades in other regions, e.g., Central Europe and western North
America. The first empirical results are available, but development and testing are
still taking place. For boreal forests and Fennoscandia, approaches and trials are
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Fig. 2.5 Time series of the shelterwood phase in a shelterwood system. After the preparatory cut
at age 40 (subfigure 2), two shelterwood cuts at ages 50 and 60 (subfigs. 3 and 4) create an open
shelter that allows advance regeneration. The shelter is removed at age 70 (subfig. 5) when the
advance regeneration has reached a height of at least 50 cm. By age 70 the regeneration established
after the first shelterwood cut has reached a height of about 2 m

very scarce and still need substantial work for development or adaptation. Practices
from other regions that have been tried in Fennoscandia are target diameter harvest
and variable-density thinning, which are described in more detail below.
Conversion scenarios have been studied with growth models, which often show
lower growth during the conversion period (Reventlow et al. 2021; Hilmers et al.
2020; Hanewinkel and Pretzsch 2000; Brunner et al. 2006). Reduced growth is
caused by reducing the stand density to initiate recruitment. The exact reduction in
stand growth is uncertain, because growth models are often not designed for these
stand structures (Drossler et al. 2014; Brunner et al. 2006), or because they use
rough assumptions for the establishment and growth of seedlings and saplings
(Drossler et al. 2014; Reventlow et al. 2021; Hanewinkel and Pretzsch 2000;
Hilmers et al. 2020). In some scenario studies, the conversion method is described
in insufficient detail, so cannot be adapted to other forest types (Reventlow et al.
2021; Hanewinkel and Pretzsch 2000; Drossler et al. 2014; Hilmers et al. 2020).
None of the simulators include risks for windthrow or other risks that reduce
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TIME

Fig. 2.6 A stand managed with the group system at two points in time. Here, the group system is
applied in a stand with large variation in tree heights. Gap cuttings remove only a few trees per gap,
creating small openings in the beginning, which are slightly extended in later cuts. This example is
therefore close to the group selection system
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Fig. 2.7 Time series of the gap cutting phase in the group system. The first two gaps with a diam-
eter of 20 m are created at age 40 (subfigure 1) in this even-aged 1-ha stand with little variation in
tree heights. These gaps are extended to a diameter of 35 m at age 50 (subfig. 2), when new gaps
are also created. All gaps are further extended at age 60 (subfig. 3) and the remaining stand is
removed at age 70 (subfig. 4), when the advance regeneration has reached a height of at least
50 cm. The regeneration established after the first gap cuts will now have reached a height of

about 2 m
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production, depending on treatment. Stand simulators are therefore unlikely to con-
tribute to the design of conversion methods in the near future.

Target diameter harvest has been proposed and tried as a method for converting
even-aged Norway spruce stands to the selection system (Sterba 2004; Sterba and
Zingg 2001; Reininger 1987). Results so far indicate that the stands have developed
towards a multi-layered structure and survived major storm events. In southern
Germany, beech has been managed with target diameter harvest; however, this is
unlikely to produce multi-layered structures due to the high shade-tolerance of this
species (Brunner et al. 2004). Inspired by the practice in Central Europe, experi-
ments with target diameter harvest have been set up in Sweden (Drossler et al. 2015).

Variable-density thinning (VDT) has been developed and practised as an
approach for conversion of young even-aged conifer stands in Washington and
Oregon during the last 30 years (O'Hara et al. 2012; O'Hara et al. 2010; Brodie and
Harrington 2020; Harrington et al. 2005; Carey 2003, 2006; Puettmann et al. 2016;
Willis et al. 2018; Comfort et al. 2010; Dodson et al. 2012). VDT results in varying
stand density after thinning, from the extremes of openings (gaps) to unthinned
patches (skips), with thinning intensity varying within the thinned matrix between
those extremes. Designs are adapted to the objective of the conversion and often
planned in detail and marked in the stand before operations. In a simulation study
for Finland, Pukkala et al. (2011a) designed a VDT that only harvests four different
patches at different times. VDT has been adapted to tree species and thinning prac-
tice with harvesters in Norway (Brunner 2024), and a series of trials is currently
under way in Norway. Disturbances like wind or snow damage in young stands
might also generate stand structures with variable density that can be used to con-
vert to the selection system (Knoke and Plusczyk 2001).

A different concept for conversion of young spruce stands involving heavy but
homogeneous thinnings has been tried in Sweden (Drossler et al. 2014), but the
results have been contradictory and the treatment plan was modified in the trial
(Goude et al. 2022).

In Finland, the approach to conversion is rather pragmatic, given the lack of
practical experience and research. The general idea is to initiate regeneration
through shelterwood or gap cutting to gradually establish the understorey that may
later be used to develop structural complexity (Aijili et al. 2019; Valkonen 2020).
An alternative pathway suggested by (Pukkala et al. 2011b) would be to conduct a
shelterwood cutting with very low density in the remaining overstorey. An abundant
regeneration of pioneer species could be expected to emerge quite rapidly. The sub-
sequent emergence of an understorey of shade-tolerant species like spruce would
pave the way to a structurally complex, mixed-species stand. Another suggested
method is all-aged forestry (Pukkala 2018), where treatments are tuned to the spe-
cific situation, without any strict regimes or methodologies.

In Finland, thinning from above is promoted as a conversion method towards the
selection system (Pukkala et al. 2014). Thinning from above is applied as the first
step towards more complex stand structures, and advance regeneration, under-
growth, and trees of the lower canopy layers are considered valuable assets, and
retained and protected in the thinning operation. Originally a thinning method,
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thinning from above has been tested in experiments in the region and is frequently
discussed among researchers (Karlsson and Norell 2005; Nilsson et al. 2010;
Hynynen and Kukkola 1989; Mielikdinen and Valkonen 1991). Even though the
method resembles target diameter harvesting at an early stage of stand development,
it creates homogeneous stand structures in the same way as thinning from below,
and is therefore unlikely to convert homogeneous young stands into multi-storeyed
stands suitable for the selection system.

Another approach to semi-continuous cover management with conversion con-
notations is currently practised in Finland with two-storeyed management of pine as
an example. The purpose is to initiate the conversion of an even-aged stand towards
greater structural complexity. A greater degree of cover is initially maintained, but
not at a level required for CCF throughout the rotation. An even-aged mature pine
stand is regenerated with the seed tree or shelterwood method. As the new genera-
tion emerges, the overstorey is thinned, but a small number of large overstorey pines
is retained throughout the next rotation to retain a degree of continuity in large trees.
This benefits biodiversity, amenity, and other ecosystem services, and enables the
production of very high-quality timber (Valkonen 2020; Aijild et al. 2019); see
Chap. 9, Wood properties and quality. The more or less spatially uneven natural
regeneration and the competitive effects of the overstorey trees tend to establish and
maintain a degree of structural complexity in the lower storey, which can be
enhanced in the precommercial and commercial thinnings during the management
cycle, or reduced if that is preferred.

2.1.2.3 Suitability of Stands for Application of and Conversion to CCF

Before initiating application of or conversion to CCF, forest managers need to eval-
uate whether stands are suitable for these specific methods. Criteria will vary
between the silvicultural systems and conversion methods, and no complete list has
been developed for any of the methods so far. The criteria addressed here therefore
only highlight some of the most important aspects. The criteria have varying impor-
tance for the final decision, numerical risk assessments are often difficult for indi-
vidual requirements, and risk aversion of the forest owner is an important factor
when compiling all individual requirements into a final suitability assessment for a
given stand.

The most important criterion is a site-adapted species mixture, both now and in
future climates. Given that Norway spruce can often be found on sites that are natu-
rally stocked with Scots pine, this considerably limits conversion attempts. Shade-
tolerant species are not an absolute prerequisite for CCF, but Scots pine and other
light-demanding species, either in pure stands or in mixtures, necessitate modifica-
tions to the CCF and conversion methods.

The speed of regeneration is significant for the progress of the conversion work.
Frequently, lack of regeneration within short periods is misinterpreted as a site
effect, i.e., that only certain vegetation types would permit natural regeneration.
Forest managers in Fennoscandia have little experience of natural regeneration in
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CCF and therefore often have unrealistic expectations about the speed of regenera-
tion. In subalpine environments, the speed of regeneration is so slow (for example,
due to infrequent seed years) that recruitment does not occur within acceptable
times for commercial forest management.

During the conversion period it is essential to create individual tree stability by
thinning in young stands. Dominant height can be used as an indicator for storm
risk, and thinnings should be started at a dominant height of 10—12 m. Crown thin-
ning favours stability of dominant trees more than the commonly practiced thinning
from below by removing the dominant competitors of the dominant crop trees.
Crown length can be used as an indicator for individual tree stability. The shelter-
wood system is riskier than the group system and the selection system. Releasing
large trees to create a shelter comes with a certain risk, emphasising the need for
sufficient thinning history and preparatory cuts. Individual trees damaged by wind
or snow in multi-storeyed stands might be acceptable because these types of dam-
age increase variability, compared to when entire stands or a shelter are damaged by
the same agents.

The low target diameters in Fennoscandia of only about 40 cm DBH require that
conversion efforts begin early. The dominant trees in the stand need to be retained
long enough to supply the necessary seed and shelter for the development of a
multi-storeyed stand.

Root rot susceptibility is an important limitation, and needs to be assessed before
decisions on or conversion to CCF. Browsing can effectively prevent natural regen-
eration and limit the application of CCF. Saplings are at browsing height for a lon-
ger period under a shelter or in small openings in CCF systems. This problem is
greatest for moose browsing on Scots pine but might also apply to other species
admixed in spruce-dominated stands, including selection and gap systems (Komonen
et al. 2020).

2.2 Context for CCF Definitions and Terms

2.2.1 Ecological and Geographical Context

Managed boreal forests in Fennoscandia are dominated by few and native species,
mainly Norway spruce and Scots pine. Reluctance to use exotic species (e.g., an
almost total ban in Norway, and strict restrictions in Finland and Sweden) means
that CCF must use these two species as the main stand components, which is par-
ticularly critical, as only one of these species (Norway spruce) is moderately shade
tolerant. Further, site conditions, especially shallow soils, permit only Scots pine in
many places. Norway spruce often occurs naturally on peat or other waterlogged
sites with low stability due to limited rooting space. The low stability of Norway
spruce on those sites presents a challenge to CCF.

Especially for the southern parts of the boreal region, other species could be
considered as part of the mixture in CCF systems, particularly in a future with a
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changing climate. Much attention has focused on possibilities and ways to maintain
broadleaved species as major stand components. Birch is a commercially valuable
species in Finland that could be considered. In the nemoral region in southern
Sweden, beech and oak are the most relevant species, but other broadleaved species
can also be part of the mixture, e.g., Norway maple.

Simultaneous to the introduction of CCF methods in Fennoscandia, forest man-
agement has to adapt forests to the future climate. Brang et al. (2014) show that
CCF does not automatically solve all the problems of climate adaptation. For our
region, the establishment of mixed-species stands, also involving exotic species, is
a major challenge for climate adaptation. CCF methods need to be modified, to
prevent them only favouring shade-tolerant species and natural regeneration.
Norway spruce is the only naturally occurring shade-tolerant species in the boreal
part of the region, which in combination with reluctance to use exotic species is
challenging the simultaneous application of CCF and climate adaptation. Norway
spruce is already affected by drought periods and bark beetle attacks in the southern
part of the region, especially on sites where Scots pine would naturally dominate.
The lack of experience regarding climate adaptation and CCF calls for approaches
that minimise risks, for example by diversifying species compositions and silvicul-
tural methods. Concepts for addressing these challenges are still lacking, however,
and the silvicultural systems presented here in their original form will likely not
address the challenges.

Site adaptation of species selection and silvicultural methods is an important
prerequisite for CCF. Forest site classification is an essential part of site adaptation,
but unfortunately not always practised in Fennoscandia. The only site indicators
frequently available are vegetation types and site indices based on dominant height.
Due to the low awareness of site adaptation and extensive moose browsing damage
on Scots pine, Norway spruce has been planted in large areas on sites more suitable
for Scots pine during recent decades. In the context of conversion to CCF and simul-
taneous climate adaptation, site adaptation needs again to be recognised as an essen-
tial principle of forest management. Given the fine-scaled mosaic of site conditions
in many forests in Fennoscandia, silvicultural systems presented here will often not
be applied on larger areas without modifications.

Knowledge and experience about CCF methods among forestry professionals
have never been built up during the last 70 years in the region. Even though the
basics of CCF methods have been taught in forestry programmes, the lack of prac-
tice has effectively prevented a complete education. Only very few professionals
have practised CCF methods and built up the necessary experience. Vitkova et al.
(2014) describe a similar situation for Ireland. Vocational education and training
about CCF methods has been started during the last decade in response to the grow-
ing interest. Mason et al. (2022) compiled knowledge gaps for CCF across Europe,
but the group of managers interviewed in this study was heavily biased towards
promoters of CCF. Vitkova et al. (2014) describe how political decisions about ter-
minology regarding CCF leave forest managers without clear definitions and knowl-
edge about silvicultural methods, so there is a call for clear definitions and terms.
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Applying experiences of CCF from Central Europe to Fennoscandia is chal-
lenged by the much less intensive forest management and the much more mecha-
nised forest operations in Fennoscandia. In contrast to Central Europe, trees for
removal are not marked by foresters, and selection of trees for removal by harvester
operators is hampered by visibility (Karhi et al. 2021). Individual tree removal by
harvesters can cause greater damage to the remaining stand than motor-manual har-
vesting methods. Diameter premiums are absent in Fennoscandia, and maximum
accepted diameters are very low compared to Central Europe, often not exceeding a
DBH of 40 cm. The low target diameters in particular are a challenge to the applica-
tion of traditional CCF, given that regeneration periods and conversion periods need
to be shorter than with larger target diameters.

2.2.2 Historical Context

Important background for the current definitions of CCF in Fennoscandia is the
historical use of CCEF, the use of terminology, and the research efforts related to
these silvicultural methods.

Since the first humans migrated to Fennoscandia after the last ice age, people
have used the forests for their livelihood. Use has varied with geography, time,
population density, and available tools. From early on, people cleared forests for
agriculture and picked trees for firewood, house building, or other purposes. Over
time, domestic use in addition to industrial development of mining, iron works, tar
production, shipbuilding, and sawmilling, and timber export led to overexploitation
of forest resources (Leikola 1987; Nygaard and @yen 2020; Aalde 2000), and with
that came the need to find systems of managing the forest in more sustainable ways.
Early concerns led to attempts to protect resources through specific forestry decrees
already in the seventeenth century (Nygaard and @yen 2020). However, it was not
until the first concepts of systematic silviculture came to Fennoscandia in the mid-
dle of the nineteenth century that terminology and content of different silvicultural
systems were discussed. However, descriptions of silvicultural systems were often
vague, and terminology was often not clearly defined or misunderstood
(Lundgqvist 2017).

Development in Fennoscandia was clearly inspired by developments in Central
Europe. According to Pommerening and Murphy (2004) the popularity of CCF has
gone in cycles in Europe, with the first wave of interest starting in the latter part of
the nineteenth century. They emphasise that long before an accepted term and cor-
responding definition were agreed, selection systems were practised in parts of the
continent.

In all three countries, there have been bad experiences with earlier versions of
CCF in the form of exploitive diameter cuttings, leading to heavily degraded forests
in the beginning of the twentieth century. We describe the details in the respective
countries below. Today, some forest professionals are worried that a return to CCF
methods, especially selective cutting as part of the selection system, may cause us
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to repeat the mistakes made a hundred years ago. Today’s implementation of the
selection system must, in a more controlled way, maintain a stand structure and
density that leads to sufficient growth and ingrowth to avoid earlier mistakes.

2.2.2.1 Norway

Between around 1500 and 1870, the sawmilling industry in Norway had a high level
of activity, and exported large amounts of lumber and timber. In this period, diam-
eter limit cutting (dimensjonshogst in Norwegian) was the dominant method. The
minimum diameter could vary, but a limit of 20 cm at 1.5 m height was not unusual
(Nygaard and @yen 2020). Although this usually resulted in some sort of continu-
ous cover forest leaving smaller trees, it could also result in clearcuts in areas of
more or less even-aged large timber. In addition, smaller timber was used for domes-
tic purposes, not least for firewood. At the same time, providing iron works and
mining areas with locally sourced firewood created huge demand for wood, leading
to intensive harvests involving clearcuts and sometimes the depletion of larger for-
est areas, for example around Rgros copper mine (Fryjordet 2003).

The lack of regeneration, a low standing volume, and low increment led to the
transition to plukkhogst (approx. 1900-1940), a selection method where the larger
trees were still harvested, but also damaged trees and trees of medium or smaller
dimensions (Nygaard and @yen 2020). In this period, clearcuts were generally con-
sidered to be forest degradation, due to negative experiences with excessive harvest-
ing, e.g., around the mining cities. Little focus was put on regeneration and the
future growth of the stands. Bghmer (1922) states that some forests at the time were
treated with bledning (selection system), described as a more systematic selective
cutting that takes future stand development into consideration, as opposed to the
exploitive plukkhogst. The definitions of methods and terms are, however, rather
unclear (Bghmer 1922), and the transition from diameter limit cutting to different
kinds of selective cuttings took place at variable rates over the country.

Even though the new methods were considered to be a better form of silviculture
than diameter limit cutting, it left a forest with sparse stocking, though long green
crowns made it look healthy; called “the green lie” by Barth (1916). Rising con-
cerns about dwindling forest resources led to the Norwegian National Forest
Inventory being initiated in 1919 (Aalde 2000), and to intense discussions about the
best way to build up the forest resources. Barth advocated multi-storeyed stands and
harvesting by selection systems (bledning) in his textbooks (e.g., Barth 1905, 1938),
though he also pointed to group cuttings and seed tree stands as suitable treatments
in spruce forests. Other researchers, such as Eide, argued for even-aged forestry
with clearcutting and planting (Nygaard and @yen 2020). The brief history is that
rotation forest management (bestandsskogbruket) gradually took over, totally domi-
nating as a harvesting regime from the 1950s. The method must be seen as success-
ful in terms of restoring forest resources in Norway, tripling the standing volume
between 1925 and 2018 (Svensson et al. 2021), though other factors like less inten-
sive use of forests for grazing and firewood also contributed.
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Today, the interest in alternatives to clearcutting is again on the rise. Concerns
about biodiversity and recreation often lie behind this interest, while others claim
that CCF creates better timber quality and production equal to clearcut forestry.
However, at present, only small areas are treated with harvesting methods other than
clearcutting and planting or seed tree stands (see Sect. 2.2.3).

2.2.2.2 Sweden

In Sweden, selective cutting of individual trees was commonly practised during the
late 1800s and early 1900s, with inspiration from forest management in Germany.
This selective cutting was called dimensionshuggning, blddning, or plockhuggning.
During the first half of the twentieth century, both selective cutting and clearcutting
were used and seen as viable options (Lundmark et al. 2013). However, the selective
cutting was done in a non-sustainable way from a forest production perspective,
since there was heavy cutting without sufficient regeneration. Towards the mid-
twentieth century, selective cutting had resulted in low productivity and poorly
stocked forests (Holmgren 1959; Nilson 2001). To increase productivity and ensure
long-term wood supply, the exploitative selective cutting practice was replaced by
clearcutting, which became the primary silvicultural system. This transition was a
gradual process where both clearcutting and selective cutting were used and refined
during the transition period (Lundmark et al. 2013). This transition to a larger-scale
and rational forest management fitted well with the times when increased scale and
operational efficiency were promoted in many parts of society. Mechanised forestry
also began at this time, also contributing to the shift to the clearcutting system.

After this transition in the mid-twentieth century, CCF methods like the selection
system or group system have rarely been applied, and cutting large trees in selective
cuttings was more or less outlawed, as it was believed to result in poor productivity.
However, as shown by later research, this is not always the case, and selective cut-
ting is now allowed. A CCF method that has been more widely practised is the
shelterwood system, particularly natural regeneration through shelterwood for Scots
pine and beech.

The interest in various CCF methods is reflected in the long-term forest field tri-
als and the research that has been done (Goude et al. 2022). In Sweden, long-term
forestry experiments are heavily focused on clearcut forestry. However, there has
always been some interest in alternative management, and experiments in what we
today consider CCF were set up in the early twentieth century. The oldest experi-
ment still running was started in the 1920s, a study of selective cutting in Norway
spruce. However, many of the old experiments have not been managed properly, or
have been damaged in some way, making long-term evaluation difficult. Around
1990, the number of new experiments in CCF increased, due to the growing interest
in alternative forest management.

With increased expectations for the forest to provide additional ecosystem ser-
vices apart from wood production, demand for CCF has increased among stake-
holders in recent decades. Assigned by the government to develop and increase the
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use of clearcut-free forestry (hyggesfritt skogsbruk), the Swedish Forest Agency
defined the term in 2021 (Appelqvist et al. 2021): “Clearcut-free forestry on forest
land intended for wood production implies that the forest is managed in such a way
that the land always has a tree cover, without any larger clearcut areas.*

2.2.2.3 Finland

Finnish forestry was revolutionised in 2014 when previous legal restrictions prohib-
iting the use of selection management were lifted as a result of a broad consensus
among industrial, governmental, and environmental stakeholders. This was a major
change, as CCF had been virtually banned in Finland since the 1950s in a very dras-
tic move to improve forest productivity and the resource base after a 100-year period
of outright abuse.

High-grading (harsintahakkuu, miérdmittaharsinta in Finnish) in its historically
notorious extreme form was widely used in Finland until the 1940s. All merchant-
able sawlog trees were repeatedly removed, leaving behind a heavily degraded for-
est with no regard for its future productivity. In the historical silvicultural narrative,
the well-meaning sustainable selection regime promoted by state agencies, similar
to the contemporary form of selection cutting, degenerated into destructive high-
grading, with greater use of wood resources for industrial and domestic purposes
when sustainability requirements were still far in the future. Repeated high-grading,
along with other unsustainable uses (slash-and-burn agriculture, tar production),
had resulted in the serious depletion of forests in the southern half of the country,
and degradation in many parts of the north.

After 1945, there was a drastic move away from selective harvesting and natural
regeneration due to government-promoted adoption of plantation-type silviculture.
This was motivated and justified by aspirations to boost timber production, to secure
the resource base for a huge buildup of wood-using industries, especially pulp and
paper. In this context CCF and uneven-aged silviculture were seen as enemies to
progress that had to be rooted out.

2.2.3 Current Legislation, Policy, and Use of CCF

Recently, legislation and policies in Fennoscandia have changed, both by removing
earlier restrictions on CCF and by demanding its increased use. We describe current
trends in all three countries in this section.

The percentage of forest area managed by CCF has been compiled across Europe
in a recent review (Mason et al. 2022), and this shows a range of <1-6% for the
three countries in Fennoscandia. Given that definitions of CCF in that study differ
from ours, definitions of CCF vary between the national statistics, and different data
sources are used in the three countries to compile these statistics, so it is not possible
to derive reliable estimates of the current use of CCF across Fennoscandia. However,
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in the following sections, we describe and interpret the available national statistics
and other sources, to clarify the scale of CCF implementation.

2.2.3.1 Norway

Even though changing forest laws and regulations have focused on protecting forest
resources, including regeneration (Girdziusas et al. 2021), and in later years also
landscape and biodiversity (Nygaard and @yen 2020), there have hardly been any
regulations regarding which silvicultural system to use in Norway. Today’s Forestry
Act (https://lovdata.no/lov/2005-05-27-31) simply states that “At harvesting, con-
sideration must be given to the forests’ future production and regeneration and at the
same time to environmental values.” However, the Regulations on Sustainable
Forestry (https://lovdata.no/forskrift/2006-06-07-593) now say that “Where bio-
logical, economic and technical conditions are suitable, CCF (lukkede hogster)
should be used, if good stability of remaining trees and satisfactory regeneration can
be achieved at the site.”

Most forests in Norway are certified through the Norwegian PEFC Standard
(PEFC_Norge 2022). The recent version of the standard (revision 2022) emphasises
the use of CCF more strongly than before, stating that “In spruce-dominated forests,
CCF (lukkede hogster) must be used where the conditions are economically and
biologically suitable.” The standard also stipulates that the group certificate holder
(usually the forest owners’ associations) must have the necessary expertise about
CCF methods, and describes how the proportion of CCF can be increased in the
short and long term.

Approximately 10% of the productive forest area in Norway is certified accord-
ing to FSC (Forest Stewardship Council). This standard is more or less equal to the
Norwegian PEFC standard in terms of harvesting methods. It states that “In spruce-
dominated forests, selective cutting or small-scale clearcutting should be used
where conditions are economically and biologically suitable.” In mountainous for-
ests, the use of selective cutting (mountain forest selection cutting) should be used
as widely as possible.

Based on data collected from the annual sample of around 1000 regeneration
cuts, the use of harvesting methods included in CCF is modest (Landbruksdirektoratet
2022). In 2021, 4% of the sampled area was felled with small clearcuts or strip cuts
(including group cuttings), while another 4.3% was felled using shelterwoods,
selective cutting, or mountain forest selection cutting. In this last group, cutting of
windfall is included. The share of these harvesting methods has been rather stable
over the last 30 years, seldom exceeding 10% of the total area (Granhus and Eriksen
2017; Granhus et al. 2018). However, following the definition of CCF in this book,
a smaller proportion of the harvesting methods qualify, because small clearcuts
might be larger than group cuttings (limit of 0.2 ha in the PEFC certification stan-
dard) and mountain forest selection cutting often does not maintain a continuous
cover. Following the definition in this book, the annual area treated with regenera-
tion cuts in recent decades defined as CCF might be closer to 5%.
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2.2.3.2 Sweden

In the current Swedish Forestry Act from 1993, production goals and environmental
goals are weighted the same. This marks a major change from previous forestry
acts, in which forest productivity was the main focus. One of the intentions of the
new forest policy was to favour biodiversity and diversity in management methods.
However, diversification in silvicultural systems has been slow. An assessment by
the Swedish Forest Agency in 2002 reported that previous management with
clearcutting needed to be adjusted, and that other silvicultural systems needed to
increase, to attain this goal of giving the same weight to production and the environ-
ment (Appelqvist et al. 2021). In the following decades, the Swedish Forest Agency
was given many tasks defining alternative forest management, such as CCF, in
Swedish conditions and how it could be implemented to complement traditional
forest management. The new definition of hyggesfritt skogsbruk (clearcut-free for-
estry), together with the debate in Sweden on how forests can be managed to pro-
vide more ecosystem services than just wood production, has increased interest in
CCF. This interest is voluntary and not directly pushed by any legislation.

In Sweden, in 2022, a majority (67%) of productive forest land was certified. Of
the certified forest area, 75% is certified according to both FSC and PEFC, 19% to
only PEFC and 6% to only FSC. In its standard for Swedish forestry, FSC states that
5% of the productive forest should be managed to promote long-term development
of natural and/or social values as the primary management goal (FSC_Sweden
2019). CCF methods like selective cutting and gap cutting are given as examples of
alternative management to clearcutting, which does not promote natural and social
values according to FSC. This request for CCF methods is on top of the 5% that
should be set aside to promote natural and biodiversity values. In the PEFC stan-
dard, alternative management, like CCF, is recommended when other goals than
timber production are promoted, like natural and social values (PEFC_Sverige
2017). However, it is also stated that other management alternatives than clearcut
forestry have little research results and experience in Sweden and should be applied
in suitable stands only, to avoid jeopardising long-term productivity.

No statistics are available on how much of the forest is being managed through
CCeF, since selective cuttings are not registered by the Swedish Forest Agency,
unlike other harvesting methods. Use of CCF is also difficult to capture in the
Swedish National Forest Inventory (NFI), since the inventory does not consider the
intention of the forest owner. Estimates from the Swedish NFI have indicated that
2-4% of the forest area is fully layered and with a high enough standing volume for
selective cutting to be used appropriately (Hannerz et al. 2017). However, this does
not include forests where shelterwoods or gap cutting could be implemented, which
would include a much larger proportion of the current forest area.

In 2021, the Swedish Forest Agency conducted a survey, asking forest owners if
they applied hyggesfritt skogsbruk (clearcut-free forestry) on any part of their forest.
Both large industry forest enterprises and smaller family enterprises were included
in the survey. The estimated productive forest land managed with hyggesfritt skogs-
bruk (clearcut-free forestry) with a long-term plan to continue was 728,500 ha, i.e.,
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3% of the total productive forest land area. Most of this, 487,500 ha, was on land
owned by smaller family enterprises (Skogsstyrelsen 2022).

2.2.3.3 Finland

The Finnish Forest Act is rather liberal in allowing the landowner a free selection of
silvicultural methods, including those of CCF. The basic operational logic in the
application of the Forest Act is that a minimum basal area of viable trees is to be
retained in intermediate cuttings, including thinnings, single-tree, and group selec-
tion cuttings. The limits are lower for selection cutting. The maximum gap size in
CCF is 0.3 ha. Failure to adhere to these limits triggers the obligation to regenerate
(which applies to all types of regeneration cuttings). This means that a seedling
stand with a sufficient number of stems with an even spatial distribution and a mean
height of 0.5 m has to be established within 10-25 years, depending on latitude
(faster in the south).

Conversely, there are no legal restrictions on clearcutting or requirements to use
CCF instead. Indirectly, clearcutting is virtually banned on a set of ecologically
valuable habitats explicitly defined in the Forest Act. Their essential ecological fea-
tures may not be significantly altered by cuttings, but careful selective cuttings are
feasible in some cases. However, the habitats and the requirements are designed to
make them economically unimportant, with a very small area limit (legal maximum
2 ha, actual average 0.6 ha), and they constitute less than 1% of the forest area
(Siitonen et al. 2021).

In the widely applied Recommendations for Best Practices in Finnish Forestry
(Aijild et al. 2019), CCF methods and instructions are presented alongside the pre-
dominant traditional management. Adversities and potential practical problems are
invariably listed and emphasised for CCF, but much more seldom for traditional
management in the same manner.

Most forests in Finland are certified through the Finnish PEFC Standard (PEFC_
Finland_—_Finnish_Forest_Certification_Council 2022). The system generally nei-
ther encourages nor discourages the use of CCF, and it seems that the general
aspiration among its stakeholders is to uphold the status quo. In some special cases
the possibilities of CCF are recognised, for instance in peatland stands with existing
structural complexity.

The alternative Forest Stewardship Council (FSC) certification system covers
some 10% of the productive forest area in Finland. The use of CCF is directly
encouraged, with a requirement that some 5% of productive forest area is to be set
aside as special sites and managed without stand-replacing regeneration cuttings.
Some other provisions also favour CCF with less specificity.

The proportion of forests managed with CCF is still relatively low compared to
the predominant traditional management, which is not surprising as the legal ban on
CCF in commercial forests was not lifted until 2014. The proportion of CCF is not
well defined or recorded in NFI and statistics. The entry in Mason et al. (2022) for
Finland (representing 2019) was based mainly on statistics produced by Suomen
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metsikeskus, the state authority responsible for law enforcement, governance, and
guidance in forestry. The proportion of CCF is given as the proportion of selection
and gap cuttings of all harvesting within each year. As there is no explicit indicator
of whether the cutting belongs to CCF or traditional management, let alone which
systems are applied as a whole, the entries are very unreliable.

When asked directly in a comprehensive standard survey, 57% of private non-
corporate forest owners responded that they apply CCF on all (14%) or part (43%)
of their forests (Horne et al. 2020). Metsihallitus (the agency managing state forests
in Finland) has long been the frontrunner in applying CCF in its vast multiple-use
forests and fragile areas in the north. It has recently (2020) decided to increase the
use of CCF from 15% to 25% of its annual area of final harvests, which represents
an addition of some 6000 ha annually. Similarly, several major cities have harnessed
CCF as the guiding principle in their urban and peri-urban forests, and later extended
it to cover all of their forests, with a categorical exclusion of clearcutting. Given the
lack of proper statistics, we use the listed indications to estimate the order of mag-
nitude of CCF use according to the definitions in this book as slightly above 5%.

The increased use of CCF on drained peatlands instead of traditional manage-
ment would very likely bring about major ecological, economic, and social benefits.
There are some four million ha of productive forests on peatlands that were drained
mainly between 1960 and 1980, and the bulk of them are beginning to approach
economic maturity and regeneration cuttings. Recent studies have revealed that the
predominant method of clearcutting followed by ditch network maintenance, site
preparation, and often planting is associated with much greater detrimental environ-
mental consequences than previously assumed. They arise mainly from runoffs of
suspended solids, dissolved organic carbon, and nutrients, resulting in watercourse
pollution across the country (Nieminen et al. 2018a, b). In CCF, such drastic mea-
sures are mostly absent, mainly because transpiration by the continuous forest cover
helps keep the groundwater table level in check without ditch maintenance (Leppd
et al. 2020) and because natural regeneration is fully used. In addition to water qual-
ity, CCF can reduce the emission of greenhouse gases by stabilising the groundwa-
ter table at consistently favourable levels (Korkiakoski et al. 2023; Rissanen et al.
2023). This approach has gained ground among major forestry and environmental
stakeholders, and the first steps are being taken. A major advance is under consider-
ation in legislation, i.e. withdrawing government subsidies for ditch network
maintenance.

2.3 Conclusions

We define continuous cover forestry (CCF) as the group of silvicultural systems that
maintain a continuous forest cover. We refrain from giving a detailed definition of a
minimum forest cover in terms of density, height, homogeneity, and continuity of
the cover in our definition of CCF. An overview of definitions for a minimum forest
cover in the three countries is given. Silvicultural systems that are, or can be, used
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in Fennoscandia to maintain a continuous cover are the selection system, the shel-
terwood system, and the group system. Only the long-term application of one of the
silvicultural systems qualifies for CCF, not an individual cut. Conversion to CCF is
not included as CCF in our definition. However, conversion will be an important
activity in the near future for forest owners that wish to apply CCF.

Bad practices and experiences with selective cutting before 1950 led to CCF
being banned, the introduction of rotation forest management, and a loss of experi-
ence and willingness to practice CCF in a more controlled way until recently.
Approaches and experiences for conversion to CCF are largely lacking in
Fennoscandia. Suitability for CCF or conversion to CCF is a complex assessment
process with many and varying criteria, for example depending on the silvicultural
system to be converted to. Assessment criteria have not yet been developed. Climate
adaptation will make it necessary to modify CCF approaches in the region. Recent
changes in legislation and policy indicate an increased demand for CCF in
Fennoscandia. Despite this rising interest, the current practice is only roughly 5% of
the annual area treated with regeneration cuts.
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Abstract

* In the context of continuous cover forestry (CCF), natural regeneration is the
preferred form of regeneration, but it is a long-lasting and complex process.
Shelter density has a large effect on the regeneration process and results.

¢ The selection system, particularly suited for shade-tolerant species like Norway
spruce, relies on continuous regeneration and ingrowth into larger size classes.
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Regeneration and ingrowth rates vary significantly among stands, influenced by
site and historical factors, with no clear relationship to current stand conditions.

* In the group system, edge trees influence regeneration by providing seeds, check-
ing weed growth, and exerting competition. Regeneration in gaps is generally
satisfactory for both Norway spruce and Scots pine. However, seedlings usually
grow slower, especially close to the gap edges.

* The shelterwood system promotes regeneration through a successive, uniform
opening of the canopy. Shelter trees provide seeds, and reduce seedling damage
and competition from ground vegetation. On the other hand, the remaining over-
storey shelter trees reduce seedling growth.

» Conversion to the selection system initiates regeneration in young stands, aiming
for slow and steady regeneration. Given the rapid growth and crown closure in
young stands, frequent manipulation of shelter density is essential during con-
version, for example by opening small gaps.

Keywords Natural regeneration - Seedling - Shelter density - Edge effect -
Ingrowth

3.1 Introduction

Natural regeneration is generally considered a prerequisite for the profitability of
continuous cover forestry (CCF), as artificial regeneration by direct seeding or
planting is difficult and expensive where trees are present. In this chapter we will
first briefly summarise the regeneration process in boreal forests, with a main focus
on natural regeneration, which is most often used in the context of CCF. We will
further review research results about regeneration in three silvicultural systems
under CCF and during conversion to CCF. In Fennoscandia, spruce and pine are
often found in more or less pure stands on the sites they are best adapted to, so we
will separately review the existing knowledge for these tree species under each sil-
vicultural system. Large differences in the regeneration processes among sites, dif-
fering in mineral soil vs. drained peatland, or lower vs. higher elevations and sites
close to arctic treelines, make it necessary to sometimes look at these sites separately.
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Terms and definitions

* Regeneration is a term reflecting (1) a process of renewal or reestablish-
ment of a forest after disturbance or timber harvest, or (2) the result of this
process in the form of small, young trees.

* In this chapter, “established seedlings” refers to the end of the seedling
stage, after which growth of small saplings or trees is no longer considered
a regeneration process.

» Seedling recruitment is the process by which new individuals enter an
existing population.

» Ingrowth is the growth of small trees past a certain size threshold into the
tree stratum.

* Advance regeneration refers to seedlings or saplings already present in a
stand before an active regeneration phase begins.

3.1.1 The Regeneration Process in Boreal Forests

Norway spruce and Scots pine have different successional strategies. Norway spruce
is a late-successional species. In natural forests, it establishes in gaps created by
death or windthrow of one or more trees. It is a shade-tolerant species, which can
exist as advance regeneration even under a dense canopy of mature trees of shade-
tolerant or light-demanding species (Engelmark and Hytteborn 1999). The dense
canopy (high leaf area and low crowns) in mature Norway spruce stands makes for
a dark understorey (Goude et al. 2022). As understorey light is an important factor
affecting seedling establishment, survival, and growth, the dense canopy of Norway
spruce stands is considered a competitive advantage, restricting other tree species’
establishment underneath.

Scots pine is more of a light-demanding pioneer tree species, which regenerates
well after medium- and large-scale disturbances such as forest fires or windthrows
create openings in natural forests. Scots pine rapidly grows taller in high-light con-
ditions (Engelmark and Hytteborn 1999). Norway spruce and Scots pine reach their
distribution limits in Fennoscandia both at high latitudes and altitudes. Regeneration
processes often limit their ranges. Seed production is infrequent, and maturation of
seeds often fails in subalpine or subarctic conditions (Kullman 1996; Mork 1968).
Short growth periods, low summer temperatures, and frequent summer frosts fur-
ther limit seedling establishment (Kielland-Lund 1981; Mikola 1971).

The reproductive cycle of Norway spruce takes 2 years, from cone initiation to
seed dispersal. Pollen-cone buds are initiated in the first summer of the cycle. Pollen
release and fertilisation usually take place the following May, followed by seed
ripening during summer and autumn. Seeds are subsequently dispersed between
autumn of the second year and winter of the third year (Karlsson 2000).
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The reproductive cycle of Scots pine lasts 3 years. This is because fertilisation,
and consequently seed ripening, is delayed until the third year. The seeds are then
dispersed from April until June of the fourth year (Sarvas 1962; Koski 1991).

Under optimal conditions, seed production of Norway spruce is irregular, with
good seed years at intervals of several years. Scots pine produces seeds almost every
year, although the amount of seeds varies greatly among years. However, seed-year
intervals vary largely with site conditions, both edaphic and climatic. As summer
temperatures are critical for seed production, there is a latitudinal and elevation
gradient resulting in infrequent seed years at higher latitudes and elevations in
Fennoscandia for both species, sometimes separated by up to 30 years (Hagner
1965; Mork 1968). For both species, the variation in seed production among years
is influenced by weather conditions over the entire reproductive cycle.

Nutrients and light availability are other important factors triggering both spe-
cies’ reproduction. Seed production is therefore much higher in trees with large
crowns and little competition from neighbours (Hagner 1965). Seed production
increases with increasing site index (Sarvas 1962) and responds positively to fertili-
sation with nitrogen, or fertilisers combining nitrogen, phosphorus, and potassium
(NPK, Mikola 1971). Differences among trees in seed production are also deter-
mined by local variation in site fertility (Sarvas 1962) and genetic factors (Koski
1978). Seed production increases several years after release cutting (Karlsson and
Orlander 2002) in response to increased light, heat, water, and mineral nutrients.

Temperature and moisture control the germination of viable seeds. After estab-
lishment, light and nutrient availability determine seedling survival and growth.
Predation and pathogens also kill seedlings. Mechanical site preparation is one of
the most common silvicultural tools to improve soil properties, which influences
seed storage and germination, seedling growth, and survival. However, the treat-
ment’s effects vary widely among the specific methods and sites (Lof et al. 2012).
Mechanical site preparation creates different seedbed types; bare mineral soil is
usually the most favourable for emergence (e.g. Kyro et al. 2022; Oleskog and
Sahlén 2000).

Mature shelter trees serve as a seed source (Beland et al. 2000), while reducing
pine-weevil damage to seedlings (Von Sydow and Orlander 1994), frost risk
(Langvall and Orlander 2001; Lofvenius 1995), and competition from ground veg-
etation (Hagner 1962). However, shelter trees also have negative effects, such as
reduced growth due to competition (Erefur et al. 2011). Manipulating the shelter
density influences understorey microclimate and light environment, and below-
ground competition. Composition, abundance, and succession rate in understorey
plant communities are also heavily affected by shelter density (Beland et al. 2000;
Hagner 1962).
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3.2 The Selection System

3.2.1 The Selection System in Norway
Spruce-Dominated Forests

3.2.1.1 The Selection System in Norway Spruce-Dominated Forests
on Mineral Soil

A stand managed by selection cutting must contain a reserve of undergrowth to sup-
ply ingrowth into the smallest tree size class which will eventually replace trees that
have been harvested, damaged by harvesting, or died. For a sustained reserve,
regeneration must occur regularly or at least in bursts at shorter or longer intervals.
Site conditions (moisture, fertility, vegetation) tend to control regeneration and may
vary with stand structure and treatments, sometimes alternating between favourable
and unfavourable periods. Moister sites have shown the greatest potential for regen-
eration, particularly drained and undrained peatlands (Lukkala 1946; Hokki et al.
2011, 2012).

Seedling turnover is a major driver of regeneration in spruce selection stands.
Few seedlings survive their first year, with reported mortality as high as 80-86%
(Valkonen and Maguire 2005) or even 90-99% (Arnborg 1947; Leemans 1991).
Later, mortality declines sharply. Average annual mortalities of 2-8% have been
recorded in different studies, with lower mortality for spruce and higher for pine and
birch (Lundqvist 1991; Nilson and Lundqvist 2001; Lundqvist and Nilson 2007;
Eerikiinen et al. 2014).

The seedling density varies greatly among and within selection stands. Around
2000 seedlings/ha germinated each year in the Finnish ERIKA single-tree selection
experiment harvested 2—4 times since the 1980s, but as mentioned above, most did
not survive the first year. When looking at more-established seedlings, the average
density for 11-130 cm-tall spruce was 5000 to 25,000 stems/ha (Saksa and Valkonen
2011; Saksa 2004).

The spatial distribution of regenerated seedlings is also usually uneven (Bghme
1957; Granhus et al. 2021). In the ERIKA plots, almost half of the 4 m* sample plots
completely lacked regeneration (Saksa 2004; Saksa and Valkonen 2011) despite the
rather high average density level. The variation in seedling density may be credited
to local variation in soil moisture, vegetation and other seedbed properties, as well
as stand density.

Seedlings grow very slowly in spruce-selection stands as the canopy cover is
always dense. Average seedlings grow around 2-4 cm/year (Lundqvist 1991;
Eerikiinen et al. 2014). At this growth rate, it takes on average 40-60 years for a
spruce seedling to reach 130 cm and constitute ingrowth into the smallest diameter
class. Seedling density is highly variable, both between and within stands. It seems
obvious that stand history, especially past density, structure, and treatments, is
reflected in growth of regeneration and cohorts of small trees. Within a stand, the
plants with the best condition, vitality, and height growth have better chances to
survive and reach lower-canopy layers than those with lower vitality and slower
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current growth. Understorey trees with a long-pointed crown with lots of healthy
needles or leaves show good vitality. Current height growth is also a good indicator.
A 5-10 cm leader shoot over a 3-year average in undergrowth spruce seems to sig-
nal a good response capacity to postharvest resource availability increases, and a
marked height-growth spurt usually appears within a few years (Koistinen and
Valkonen 1993; Mielikédinen and Valkonen 1995).

Due to the dynamic components of emergence, survival, and growth of seedlings
and saplings, in Fennoscandia there generally seems to be sufficient ingrowth to
replace losses of trees due to logging and natural mortality in spruce-dominated
selection stands (Bghme 1957; Lundqvist 1993; Eerikiinen et al. 2014; Andersson
2015; Moan Mn 2021). When tree diameter distribution is used as a key character-
istic in management, it becomes essential to know how many new trees join each
diameter class each period. With a minimum diameter at breast height of 0.1 cm,
average spruce ingrowth has been 10-70 stems/ha/yr in comparable conditions in
Finland, Sweden, and Norway (Lundqvist 1991, 1993; Saksa 2004; Eerikdinen
et al. 2014; Andersson 2015; Moan Mn 2021) or as high as 170 stems/ha/yr in some
studies (Ldhde et al. 2002). Ingrowth of shade-intolerant trees has been minimal
compared with spruce. In stands with on average 77% of standing volume consist-
ing of spruce, ingrowth was 3 stems/ha/yr for birch and 0.1 stems/ha/yr for pine
with a threshold diameter of 0.1 cm (Eerikéinen et al. 2014).

Ingrowth can be highly variable, and is often poorly correlated with current stand
conditions (Lundqvist 2004, 2007; Moan Mn 2021). Indeed, current ingrowth in a
selection-managed stand is deeply rooted in the seedling emergence, survival, and
growth processes, usually dating back several decades. Therefore, ingrowth rates
tend to vary between stands and studies (Lundqvist 2017). Studies looking into the
relationship between stand density (e.g., standing volume) and ingrowth have found
no significant relationship or a small negative relationship with standing volumes
below 300 m*ha (Lundqvist 2004, Lundqvist and Nilson 2007; Ahlstrom and
Lundqvist 2015; Moan Mn 2021). This might be explained by increased seedling
mortality associated with harvesting damage and large reductions in stand density
(Lundqvist 2017). This increased seedling mortality counterbalances the otherwise-
expected post-harvest ingrowth and height growth increases in the understorey. In
contrast, Eerikiinen et al. (2014) showed a very clear relationship with stand density
and seedling growth, implying that ingrowth will be much slower under high stand-
ing volumes. Minimisation of harvesting damage to undergrowth and small trees is
paramount (Valkonen et al. 2020). Furthermore, current knowledge and experience
do not permit us to assess what seedling densities are required to maintain sufficient
ingrowth levels and sustain stand structure under given conditions. One principle is
obvious though: the density of trees in the regeneration and undergrowth size classes
must be much larger than the density of small trees, which must in turn exceed that
of mid-size trees, and so on, because of slow growth and high mortality of seedlings,
saplings, and small trees due to logging damage or natural causes (Valkonen et al.
2020). Only one tree in a small group may eventually survive and grow to become a
large, mature individual. Promoting regeneration and development of an under-
growth reserve in selection management is essential. Some larger trees (diame-
ter > 25 cm) must also be retained to produce seeds (Saksa 2004; Nygren et al. 2017).
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3.2.1.2 The Selection System in Norway Spruce-Dominated Forests
on Drained Peatland

High and constant soil moisture and abundant cover of Sphagnum moss (Place 1955;
Sarasto and Seppild 1964; Wood and Jeglum 1984) enhance spruce natural regenera-
tion in peatland sites. Regeneration of uneven-aged spruce stands on peatlands has
been investigated in ongoing experiments in Finland for only 5 years, so no pub-
lished results are yet available. Preliminary results suggest that cutting to a low basal
area of 9—13 m*ha increases seedling establishment in post-cutting years. However,
such heavy cutting also increases the risk of wind and snow damage and prolongs the
cutting cycle. About one-third of the seedlings had been established after the selec-
tion cutting. In untreated control plots, one-fifth of the seedlings had been established
after cutting of the treated stands. One-third of the seedlings were found on Sphagnum
surfaces, which indicates how Sphagnum enhances seedling emergence.

At the above-mentioned experimental sites, the post-cutting growth of spruce
seedlings has not yet been measured, but observations from the experimental sites
suggest that there is large variation, which in some sites is explained by a severe
lack of potassium. In sites with more balanced nutrition, strong growth responses
can be seen for all spruce seedlings after 3 years of stunted post-cutting growth.

Lehtonen et al. (2023) found immediate recovery of photosynthetic capacity of
previously-suppressed spruce trees on a fertile peatland in southern Finland after
selection cutting removing 70% of the initial 278 m*/ha (with 71 m’ha retained).
The photosynthetic capacity of the trees was studied by measuring the carbon iso-
tope (8'*C) composition of increment cores (Lehtonen et al. 2023). A larger response
of diameter growth was found after 5 years had passed since cutting.

At some drained peatland sites, the ground vegetation may indicate high produc-
tion potential with continuous advance spruce recruitment, although Scots pine and
downy birch form the dominant canopy layer. In peatlands, nitrogen availability
increases over time after drainage due to peat decomposition, which, in turn,
improves spruce survival and growth. In such stands, density of dominant pine and
birch can be reduced by selection cutting to achieve uneven-aged spruce-dominated
stands (Saarinen et al. 2020). Later on, nutrient imbalances likely need to be con-
trolled by fertilising with phosphorus and potassium or wood ash (Paavialainen and
Piividven 1995; Saarinen et al. 2020).

3.2.1.3 The Selection System in Norway Spruce-Dominated Forests
in Mountain Areas

The main difference for selection management in mountain areas is the less-
favourable climate due to high altitude, mostly affecting seed production (Mork
1968). Most results about regeneration in mountain forests are from a method called
mountain forest selection cutting, which reduces stand density to very low levels and
combines selection and gap cuttings. Regeneration in selection stands in mountain
areas shows similar patterns to selection stands elsewhere. The regeneration density
varies greatly, with a positive effect of site quality; more seedlings grow at sites with
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richer vegetation (ferns or herbs) compared to sites with bilberry and lingonberry-
heather (Nilsen 1988; Granhus et al. 2020). The cutting rate and residual stand basal
area showed no significant effect on either recruitment or seedling development,
indicating again that these processes depend on more than current stand conditions.

The harsher conditions in these subalpine areas reduce spruce recruit density.
Studies in southeastern Norway have reported 500-800 stems/ha for spruce <3 m
tall (@yen and Nilsen 2002, 2004; ). The annual ingrowth into the 5 cm diameter at
breast height category in stands in southeastern Norway was reported to be on aver-
age 46 trees/ha/yr (Granhus et al. 2020). Moan Mn (2021) reported ingrowth rates
comparable to stands at lower altitudes in a selection-system plot in a mountain
forest at 800 m.

3.2.2 The Selection System in Scots Pine-Dominated Forests

The challenge with using the selection system to regenerate pine-dominated stands
is that this light-demanding species requires large gaps or low density stands to
regenerate and grow. This would require sparsely-stocked stands, resulting in low-
ered production.

A study of four multi-layered Scots-pine stands (77-99% of basal area) in north-
ern and central Sweden showed that a multi-layered stand structure could be created
but was not sustainable in the long run (Lundqvist et al. 2019). When basal area
exceeded 12—13 m?%ha, ingrowth past 1.3 m stopped along with regeneration of new
seedlings. In comparison, Moan Mn (2021) reported ingrowth rates between 15 and
20 pine stems/ha/year in pure Scots pine selection-system plots at a rather high
stand basal area, approaching 20 m*ha at the end of the observation period.

Rautio et al. (2023) studied the effect of stem density and site preparation on natural
regeneration and seedling growth in mature pine forests in Lapland. Even though new
seedlings emerged in their unthinned control stands, this was much less than in stands
thinned to 50 stems/ha. Regeneration density in stands thinned to 150 or 250 stems/ha
did not differ from that in unthinned control stands. In unthinned stands and in stands
with 150 or 250 stems/ha, over 70% of the seedling-monitoring plots were empty. This
suggests that although there is some regeneration under closed canopies, it is patchy
and most seedlings in these patches will not survive. Patchy pine regeneration has also
been observed by Karlsson and Nilsson (2005). All in all, these results suggest that
creating and maintaining an uneven-aged stand using only pine can be difficult, and
the long-term sustainability of multi-layered pine stands is questionable.

3.3 The Group System

Depending on the size of the gaps, this is the CCF system most similar to clearcut-
ting when it comes to regeneration. Although there is less ground-level light in a
group felling than in a clearcut, it is on average brighter than under the canopy of a
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selectively-cut stand (Hanssen 2007). Belowground competition is also lower, and
regeneration measures like soil scarification and planting are easier. Still, it is com-
mon to use natural regeneration after group felling.

The species, height and density of trees surrounding a gap influences regenera-
tion within it, depending on site conditions, size and shape of the gap, and the
regenerating species. The edge trees may both benefit (providing seeds, reducing
competition from brush and weed) and harm (exerting above- and below-ground
competition) regeneration. Seed dispersal of Norway spruce and Scots pine dimin-
ishes with distance from the edge (Hesselman 1938), but seed supply will usually
suffice throughout CCF-sized gaps (Lehto 1956; Hanssen 2003; Valkonen and
Siitonen 2016; Hallikainen et al. 2019). Furthermore, there are large within-gap
gradients in the competition for light, water, and nutrients by the dominant trees
surrounding a gap (Kuuluvainen et al. 1993; de Chantal et al. 2003). At high lati-
tudes, sunlight mostly falls in the northern part of the gap (de Chantal et al. 2003),
while competition for belowground resources is highest at gap edges and decreases
toward the centre (Smith et al. 1997). The location of seedlings within a gap affects
their emergence, survival, and growth, and spatial patterns within the gap differ
among those demographic phases.

The group system initiates regeneration in individual gaps, series of gaps, or
systematic grids of gaps. In the initial regeneration phases, gaps are isolated and
surrounded by closed mature stands. In later phases, new gaps are created next to
earlier gaps. Shading by adjacent tall trees means gaps created later have edge
effects and environmental conditions different from neighbouring earlier patches.
Existing studies have only investigated the establishment and development of regen-
eration in early gaps, which were surrounded by mature stands. The development of
later regeneration phases in the group system might deviate substantially from those
patterns. Later phases of the group system frequently remove the mature stand in
larger patches or use periods of shelter.

There are few studies of regeneration in gap cuttings, and their coverage is
uneven among regions, site types, treatments, and stand properties. Many region-
site combinations are still not covered. In Finland, large experimental studies have
recently begun in key areas, but it will still take several years to see conclusive
results, especially in the north.

3.3.1 The Group System in Norway Spruce-Dominated Forests

3.3.1.1 The Group System in Norway Spruce-Dominated Forests
on Mineral Soil

3.3.1.1.1 Seedling Density

According to experimental results, Norway spruce has regenerated rather well in
stands across Finland (Table 3.1). Site preparation has enhanced seedling densities
markedly on mineral soils in northern areas, but not much on fertile sites in the
south, where the proliferation of vegetation has tended to counteract the benefits
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Table 3.1 Average spruce-seedling densities and heights in gap-cutting studies conducted

in Finland

Region, site,
and site
preparation

South,
mineral,
submesic,
no site prep
South,
mineral,
submesic,
disc
trenching
Kainuu
(north),
mineral,
submesic,
no site prep
Kainuu
(north),
mineral,
submesic,
disc
trenching
South,
mineral,
Mesic and
submesic,
various site
prep
North,
drained
peatland,
fertile, no
site prep

Reference
no.

1

Gap shape and size
Square, 40 x 40 m

Square, 40 x 40 m

Shape variable,
diameter ~ 10-60 m

Shape variable,
diameter ~ 10-60 m

Shape variable,
diameter 10-60 (80)
m

Circular, diameter
10-25 m + 0.2-0.3 ha
patch cuts

Seedling
density
of main
species
(stems/
ha)

7600

6700

2400

9300

11,400

10,400

Density
of other
conifer
species
+ birch
(stems/
ha)

4000

12,300

5900

13,900

5800

3200

Main
crop
seedling
density?,
(stems/
ha)

1300

1300

1700

2000°

1770

2300

Mean
height of
crop
seedlings,
time since
treatment

60 cm,
10-11 year

80 cm,
10-11 year

50 cm,
13-15 year

50 cm,
13-15 year

105 cm,
7-10 year

73-84 cm,
10 year

* Main crop seedlings are defined as seedlings that would be retained in a pre-commercial thinning,

i.e. healthy seedlings with adequate spacing. See Valkonen et al. (2011)

® The number of main crop seedlings was 2300 stems/ha when planted pines were included and
prioritised in the survey. There were such huge numbers of natural seedlings that the average num-
ber of crop seedlings would have exceeded the target of 2000 stems/ha without the planted

seedlings

References: 1 = Valkonen et al. (2011), 2 = Valkonen and Siitonen (2016), 3 = Valkonen (2019), 4
= Hokka and Repola (2018)
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Table 3.2 Average pine-seedling densities and heights in gap cutting studies conducted in Finland
and Sweden

Seedling | Density of Mean height
density of |other conifer | Main crop | of crop
Region, site, main species + seedling | seedlings,
and site Reference | Gap shape | species birch, (stems/ | density® | time since
preparation no. and size (stems/ha) | ha) (stems/ha) | treatment
N Karelia, 1 Circular, 13,000 3400 1530 39 cm,
Finland, diam. 6-9 year
mineral, xeric 10-60 (80)
and subxeric, m
various site
prep
Northern 2 Circular, 21,700 7300 ~2000° 9 cm, 5 year
Finland, diam. 20,
mineral, xeric 40 and
and subxeric, 80 m
patch
scarification
Northern 3 Square, ~ 7800% Not 3200¢ 60 cm,
Sweden, 40 x 40 m applicable® 14 year

mineral, Mesic,
no scarification

2 See definition in Table 3.1. The Swedish study operates with closer spacing for crop trees than the
Finnish studies

b Calculated using the study’s model with the proportion of site preparation at 10-20%

¢ The Swedish study was established in a mixed pine-spruce stand, and no distinction is made
between seedling species. Pine constituted 45% of the main crop seedlings, birch 36%, and
spruce 19%

References: 1 = Valkonen (2019), 2 = Hallikainen et al. (2019), 3 = Goude et al. (2022)

much sooner. In southern Finland on the most mesic sites, the establishment of large
gaps >40 m wide has resulted in the intensive proliferation of brush and weed, hin-
dering regeneration (Downey et al. 2018; Valkonen 2019).

In Sweden, studies of chequered-gap systems have also shown good regeneration
results, for instance in a trial with 40 x 40 m gaps in mixed pine-spruce forest in
Gillivare, northern Sweden (Ackemo 2018; Goude et al. 2022, see also Table 3.2).

Seedling density is highest in the 5-10 m closest to the gap edge (Hanssen 2003;
Valkonen et al. 2011; Goude et al. 2022). Brush and weed may be less prolific near
the edge, so seedlings thrive better there. Goude et al. (2022) also found that there
were more seedlings in the north of the gap compared to the south, although the
density was generally sufficient everywhere.

Unlike studies in southern Finland, in spruce stands in Kainuu, northern Finland
(Valkonen and Siitonen 2016) with a lower fertility and a cooler climate, ground
vegetation barely changed and spruce-seedling density was similar throughout gaps.
As discussed above, studies show a relatively small influence of the diminishing
seed rain density toward gap centres in such small gaps (10-60 m diameter). It was
concluded that the spruce-seed rain from edge stands may be sufficient to restock
gaps up to 0.5-1.0 ha if the other main factors are favourable.
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3.3.1.1.2 Seedling Growth

Negative edge effects on spruce-seedling growth have been found in some
(Borgstrand 2014; Valkonen et al. 2011), but not all studies (Goude et al. 2022). In
southern Finland, Valkonen et al. (2011) found seedling height increased substan-
tially from stand edges into the gap centre up to a distance of at least 20 m for all
major species.

Even though seedling growth in gaps is more vigorous than under a canopy
(Granhus et al. 2003; Hanssen 2003, gap diameter 25-50 m), growth is usually less
than in open clearcuts (Valkonen et al. 2011, gap diameter 40 m). However, there is
a balance between competition from and facilitation by edge trees. Their positive
effects include checking weed growth and frost protection. Thus, some studies show
similar growth of spruce seedlings in gaps and on clearcuts (Borgstrand 2014, gap
size 30 x 45 m).

3.3.1.2 The Group System in Norway Spruce-Dominated Forests
on Drained Peatland

In drained-peatland spruce stands, regeneration after group felling has been studied
for 10 years at two sites in northern Finland (Hokki et al. 2011, 2012). The diameter
of the cut gaps was 10-25 m, the latter being about equal to dominant stand height.
Regeneration in four 0.2—0.3 ha (40 x 50 m to 50 x 60 m) patch clearcuts was also
investigated.

Advance regeneration formed a significant part of the seedling stock that devel-
oped in the gaps (Fig. 3.1). Five years after cutting, surviving advance regeneration
(>10 cm tall) accounted for almost half of all spruce seedlings. Within 3-5 years,
many small spruce seedlings (<10 cm) were found in all gap sizes. During the moni-
toring period, two good seed years occurred.

Downy birch accounted for 25-57% of all seedlings 5 years after cutting (Hokka
et al. 2011). The proportion of birch increased with gap size, suggesting that its
establishment requires increased light availability. Very few Scots pine seedlings
were found in the gaps. Ten years after gap cutting, spruce-seedling density varied
between 5500 and 12,500 stems/ha (Hokkd and Repola 2018). In the 0.2-0.3 ha
gaps, the 10-year regeneration result was poorer than on smaller canopy gaps, i.e.,
there were 850 spruce and 560 birch crop seedlings/ha. This suggests that in bigger
gaps, seedling establishment takes longer, the resulting stand is more irregular, and
the proportion of downy birch is higher than in smaller gaps (Hokkd and
Repola 2018).

Establishment was poor and slow in the most productive shallow-peated and
herb-rich sites due to aggressive growth of tall herbs, ferns, and grass. In sites with
thicker peat and Sphagnum, more rapid establishment of spruce seedlings took
place. Patch scarification appeared to hamper seedling establishment (Hokka et al.
2012). Site preparation destroyed part of the advance regeneration and fast-growing
herbs and grasses occupied the patches, effectively out-competing spruce seedlings.
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Fig.3.1 Regeneration in a small gap in Oulu (Finland), 12 years after cutting. Photo: Hannu Hokka

Ten years after cutting, spruce crop seedling density in gaps averaged 2200/ha
and their height varied between 73 and 84 cm (Hokké and Repola 2018). The tallest
seedlings were in the largest gaps. Taller advance-regeneration seedlings had faster
height growth. High seedling densities, including competing birch seedlings, indi-
cate that pre-commercial thinning is needed to promote good development of the
established seedling stand.

An inventory study (Pulliainen 2019) revealed that the quality of advance regen-
eration in gaps was variable. Many seedlings had leader shoots that had diebacks.
Almost one-third of the seedlings were infected with some sort of rot, making them
unsuitable to produce saw timber in the future.

3.3.2 The Group System in Scots Pine-Dominated Forests

3.3.2.1 The Group System in Scots Pine-Dominated Forests
on Mineral Soil

3.3.2.1.1 Seedling Density
For Scots pine, studies have also shown good seedling densities after group felling

(Hallikainen et al. 2019; Ackemo 2018; Goude et al. 2022, Table 3.2). Site prepara-
tion may enhance the emergence substantially. Exposing 10-20% of the mineral
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soil guaranteed abundant and evenly-distributed regeneration in a study by
Hallikainen et al. (2019). In an experiment in North Karelia, seedling densities were
only moderate, probably due to their measurement coming shortly after the treat-
ment (Valkonen 2019). A later substantial increase in seedling densities is expected,
and it was concluded that pure-pine stands on infertile sites are very favourable for
natural regeneration of pine, including in patches established by site preparation.

3.3.2.1.2 Seedling Growth

Pine seedling growth is noticeably influenced by surrounding stands (Axelsson
et al. 2014; Borgstrand 2014; Hallikainen et al. 2019). However, Goude et al. (2022)
found no edge effects on seedling growth (pine, birch, and spruce) in 40 x 40 m gaps
in northern Sweden after 14 years. Borgstrand (2014) found seedlings in northern
parts of gaps to grow 30% faster compared to other areas in gaps. However, com-
pared to a reference clearcut, the pines in the gaps grew about 30% less.

An average stand dominated by pine or spruce clearly reduces seedling growth
for at least 20 m beyond its edge (Ruuska et al. 2008; Valkonen et al. 2011). The
edge influence compounds as the seedlings grow taller. A study by Ruuska et al.
(2008) found that in 5-10 m tall pine sapling stands, stem density, height, and vol-
ume all decreased strongly toward the surrounding established pine stands in south-
ern Finland. Adjacent to the edge stand, there was a zone a few metres wide where
few or no pine saplings survived or grew.

3.3.2.2 The Group System in Scots Pine-Dominated Forests
on Drained Peatland

Pine regeneration after group felling on peatland in Finland has only been studied in
a few field experiments, with 20-40 m-wide strip-formed gaps. The regeneration
success has so far only been followed for a few years.

Tentative results show that, especially on dwarf-shrub-dominated sites, the big-
gest regeneration problem is uneven seedling establishment among gaps. It is caused
by dense ground coverage of raw humus, forest moss, and dwarf shrubs. Over half
of the seedlings were located on Sphagnum surfaces or machine tracks. Light site
preparation disrupting raw-humus and forest-moss surfaces could result in more
even seedling establishment.

3.3.3 The Group System in Broadleaf-Dominated Forests

Downy and silver birch are shade-intolerant species. Conifers, especially spruce,
strongly suppress shade-intolerant seedlings, and large-diameter gaps, at least 20 m
(Valkonen et al. 2011) and maybe over 50 m, are required to allow birch
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development near their centres. More experimental results are needed for more gen-
eral conclusions and recommendations.

Shade-tolerant broadleaved species, for instance European beech (Fagus sylvat-
ica), could possibly expand into today’s boreal forest areas in southern Fennoscandia
given climate change (Kramer et al. 2010). For beech, both the group and shelter-
wood systems are suitable silvicultural methods.

3.4 The Shelterwood System

Compared to the seed-tree cutting, the shelterwood cutting(s)provides several ben-
efits in addition to seed sources (see Sect. 3.1). The shelterwood system also has
higher stocking levels and longer-duration retention.

A common shelterwood density in Fennoscandia is about 10-12 m?/ha after the
first regeneration cut. It should be noted however, that optimal shelter density varies
among species, sites and management objectives. Generally, higher retention levels
are desirable on more-fertile sites with high competition from ground vegetation,
and on sites prone to frost or waterlogging. On less-fertile sites, a lower density of
shelter trees may be a sufficient seed source and enhance establishment of light-
demanding tree species.

Regeneration in shelterwood systems can either be planted or naturally recruited.
The next generation often consists of several years of seedling cohorts, with the
entire regeneration process spanning around 10-30 years; the faster end of this
range is typical of Scots pine and the slower end for Norway spruce.

3.4.1 The Shelterwood System in Norway
Spruce-Dominated Forests

3.4.1.1 The Shelterwood System in Norway Spruce-Dominated Forests
on Mineral Soil

Norway spruce is generally well suited to regeneration under shelter. However,
irregular seed years, high susceptibility of the shelter trees to wind damage, and
shallow root systems restricting mechanical site preparation complicate shelter-
wood regeneration. In Fennoscandia, there have been relatively few controlled stud-
ies that assess the suitability of shelterwood regeneration of Norway spruce.
Furthermore, little is known about the recruitment patterns and regeneration dynam-
ics in such stands.

In northern Sweden, Hagner (1962) surveyed 58 Norway spruce and Scots pine
shelterwood cuttings (totalling 10,000 ha), which they defined broadly as shelters of
varying densities, from widely-spaced seed trees to closed forests. Based on the col-
lected data and an estimate of the seed production after shelterwood cuttings across



60 M. Lula et al.

Sweden, Hagner (1962) concluded that Norway spruce, with a combination of a
shelter and mechanical site preparation, may naturally regenerate at satisfactory
levels across the entire country. However, seed years play a decisive role in the suc-
cess of the regeneration process.

Sikstrom (1997) examined 52 shelterwood cuttings in southern and central
Sweden, representing a wide range in site fertility (site indices 18-30 m). Higher
regeneration success in the southern locations (65% of sites had a density > 4000
Norway spruce seedlings/ha, compared to 38% in the north) was thought to be due
to more favourable climatic conditions, higher seed production, and more common
fresh-moist and moist soils.

Leinonen et al. (1989) studied the regeneration success of spruce shelterwood
cutting on mineral soil sites in south-central Finland. The amount of regeneration
stocking was inventoried before cutting, during the summer after cutting, and 1 year
after cutting. The mean retained volume after cutting was 120 m’/ha (observed
range 39-220 m*/ha) and stem density 186/ha. Prior to cutting, the density of accept-
able seedlings was 1440/ha and 1 year after cutting 1546/ha. The result was found
unsatisfactory, and the method considered risky, although the monitoring period
(two growing seasons) was very short.

Several authors recommend combining a shelter basal area of around 10 m*ha
with mechanical site preparation as a tradeoff between satisfactory seedling survival
and growth (Leinonen et al. 1989; Nilsson et al. 2002; Orlander and Karlsson 2000).
Higher seedling survival under shelter trees compared to open clearcut areas was
mainly due to: (1) less-extreme temperatures that cause frost and frost heaving
(Langvall and Orlander 2001; Lofvenius 1995), (2) reduced competition from
ground vegetation (Hagner 1962), and (3) reduced pine-weevil damage to seedlings
(Petersson 2004).

According to Nilsson et al. (2002) denser shelters (basal area 13.2-28.2 m?/ha)
and mechanical site preparation promote emergence of Norway spruce seedlings in
southern Sweden. However, Orlander and Karlsson (2000) concluded that denser
shelters depress seedlings’ height growth. In Norway, Skoklefald (1989) compared
planting and natural regeneration in shelterwoods (250 trees/ha) with clearcutting
(50 x 90 m) with or without site preparation in a bilberry spruce stand in SE Norway.
After 11 years, natural regeneration was clearly denser under shelterwoods with
mechanical site preparation. However, seedlings germinating after the initial cut
were only 17 cm tall after 11 years, compared to 42 cm in the clearcut.

Overstorey depression of seedling growth is most likely due to the combination
of above- and below-ground competition from shelter trees. Although light avail-
ability does not limit germination and initial seedling growth, it may limit growth in
the longer run. Orlander and Karlsson (2000) reported relatively slow growth of all
sized advance-growth seedlings during the first 3—4 years following the release cut-
ting, but it was most pronounced for the shortest (< 100 cm) seedlings (see also
Skoklefald 1967). Delayed growth of taller (>100 cm) seedlings was explained by
needles needing time to adapt to brighter light, whereas small seedlings probably
struggled with both needle adaptation and dry humus. Shade-grown seedlings sud-
denly exposed to bright light may suffer photosynthetic damage, something known
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as the release effect. This effect is generally greater in shade-tolerant species
(Grossnickle 2000) like Norway spruce. To avoid post-release seedling damage, the
shelter should be removed gradually. Orlander and Karlsson (2000) tested shelter
densities from 0.9-32.7 m*ha, finding that 24% of seedlings under 20 cm died if
shelter basal area was <7 m/ha. The corresponding mortality under denser (basal
areas >12 m*ha) shelters was only 1%. Mortality was attributed to release effects
(25%), pine weevils (28%), and unknown factors (47%). In Norway, Skoklefald
(1989) reported high mortality of Norway-spruce seedlings after overstorey removal,
reducing the seedling density by about 80%. Skoklefald (1967) reported 16 and
38% mortality after overstorey removal in two shelterwoods in southeastern Norway,
with small seedlings (< 10 cm) clearly being the most vulnerable.

Pre-cutting height and leading-shoot length are good predictors of post-release
seedling survival (Orlander and Karlsson 2000; Skoklefald 1967). Orlander and
Karlsson (2000) showed that, for shelters of basal area 12-33 m*/ha, seedling sur-
vival probability decreases dramatically, when pre-cutting seedling heights are
below 50 cm. This is likely because small seedlings are more susceptible to the
release effect and pine weevils compared to larger seedlings. Therefore, the authors
recommended that the seedlings should not be released until a sufficient number are
at least 50 cm tall.

On the other hand, taller seedlings suffer more logging-related damage
(Skoklefald 1967; Sikstrom and Glode 2000). Sikstrém and Glode (2000) reported
that around one-third of all saplings 1-1.5 m tall (at densities of 6400-25,400/ha)
suffered serious logging damage. The proportion of damaged seedlings increased
with increasing shelterwood stem volume (132-234 m’ha). The most common
causes of seedling damage were burial under slash (32-58%), machinery (12-31%),
felling (3—20%) and tree dragging (up to 4%). It should be noted, however, that
damage sources were often difficult to identify.

3.4.1.2 The Shelterwood System in Norway Spruce-Dominated Forests
on Drained Peatland

Drained peatlands (regardless of the peat thickness) promote coniferous-seedling
establishment relatively well. Dense cover of advance regeneration before shelter-
wood cuttings was reported in several studies (Moilanen et al. 2011; Hanell 1993;
Orlander and Karlsson 2000). The shelterwood system is a possible strategy to miti-
gate the negative effects of clearcutting. For instance, shelterwood retention may
reduce post-harvest water-level rises, competition from ground vegetation, frost and
frost heaving.

Hanell (1993) and Holgen and Hanell (2000) investigated effects of two shelter-
wood densities (140 and 200 stems/ha) for natural and artificial regeneration on
highly-productive peatlands (peat depth 1.3 m) in nine mature Norway spruce for-
ests across Sweden. Stocking levels of large (> 10 cm) naturally-regenerated
Norway spruce seedlings (five growing seasons after the cut) were on average 4500
and 9000 seedlings/ha in stands of 140 and 200 stems/ha, respectively (Hénell
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1993). The results from underplanting showed that mechanical site preparation with
mounding promoted both seedling survival and height growth (Holgen and Hénell
2000). At the end of the 6-year study period, 43% and 38% of shelter trees were
blown down in 140 and 200 stems/ha stands, respectively (Hanell and Ottosson-
Lofvenius 1994). These results do not mean shelterwood cutting in peatland spruce
forests should be avoided due to windthrow risks. However, to minimise the risks,
higher shelterwood densities were recommended.

Moilanen et al. (2011) compared regeneration results after different regeneration
methods in a thick-peated drained spruce mire in eastern-central Finland. Fifteen
years after shelterwood cutting, spruce-, birch- and pine-seedling densities were
7000, 16,000 and 200 stems/ha, respectively. Of those, the crop-seedling densities
for spruce, birch and pine were 2215, 355, and 25 stems/ha, respectively. The crop-
seedling density results were comparable to treatments using different soil-
preparation methods (mounding, patch scarification) and planting with spruce
or pine.

Only a limited number of Fennoscandian shelterwood experiments have been
carried out in fertile Norway spruce-dominated drained-peatland forests. The few
published studies suggest that the shelterwood system provides quick and abundant
natural regeneration of spruce and downy birch on drained-peatland sites, even
without site preparation.

3.4.1.3 The Shelterwood System in Norway Spruce-Dominated Forests
in Mountain Areas

The shelterwood system for Norway spruce in mountain areas shows many of the
same benefits and disadvantages seen elsewhere for establishment, survival and
growth. Elfving (1990) studied a Norway-spruce-dominated shelterwood (240
stems/ha) and an adjacent clearcut area near the treeline in northern Sweden (lati-
tude 63.28° N, elevation 550 m), both planted with 4-year-old seedlings at 2 x 2 m
spacing. At the end of the 27-year observation period, the average sapling height
under the shelter was 2.24 m, approximately 0.75 m shorter than average saplings
on the clearcut. The observed slowing of height growth corresponds to 5 years of
development, and a loss of 18 m*ha over the rotation. However, the volume loss in
the new generation was more than offset by the increment of the shelter trees (44 m?/
ha during 27 years). At the time of the inventory, natural regeneration consisted of
1300 spruce and 700 birch seedlings/ha. The average height of naturally-regenerated
Norway-spruce seedlings was 1.77 m. The reported survival rates for planted seed-
lings were 90% and 59% in the shelterwood and the clearcut, respectively. Higher
seedling survival under the shelterwood was likely due to a reduced risk of
frost damage.
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3.4.2 The Shelterwood System in Scots
Pine-Dominated Forests

Successful implementation of the shelterwood system in Scots pine stands may
yield very dense regeneration, sometimes reaching tens of thousands of seedlings/
ha. In a study in southern Sweden, Beland et al. (2000) reported that 4 years after
regeneration cutting and mechanical site preparation, natural regeneration of Scots
pine yielded 53,000 and 90,000 seedlings/ha in shelters with basal areas of 12 and
15 m? ha, respectively. Kyro et al. (2022) and Lula (2022) found comparable results.
Although several reports show a clear positive effect of shelter density on seedling
densities (e.g. Beland et al. 2000), a study conducted by Rautio et al. (2023) in
northern boreal Finland found the opposite trend. This is likely due to shading by
shelter trees limiting seed germination and seedling survival.

Thick humus layers and competing ground vegetation are among the most
important constraints on natural regeneration, especially in southern Fennoscandia.
Competition from ground vegetation generally increases in more-productive sites.
Therefore, natural regeneration is usually applied on low- to medium-fertility sites,
where mechanical site preparation is also often recommended. Mechanical site
preparation promotes seedling establishment (Kyr6 et al. 2022), height growth
(Hagner 1962), and increases regeneration homogeneity (Fries 1979).

Kyro et al. (2022) observed 1000-4400 and 32,000-92,000 seedlings/ha on
intact and prepared ground, respectively. However, seedling emergence and survival
on intact ground depended on the ground cover’s species composition. The benefit
of mechanical site preparation diminishes over time, primarily due to the gradual
invasion of ground vegetation. However, as suggested by Beland et al. (2000) and
Hagner (1962), this process is slower under a shelter, giving several years of seed-
ling cohorts a chance to grow into future stands. Several studies have reported
steadily-increasing seedling density up to 10 years after the regeneration cut (Beland
et al. 2000; Kyr6 et al. 2022; Lula 2022; Rautio et al. 2023). Hence, gradual and
constant seedling emergence seems possible on favourable seedbeds, as some via-
ble seeds are produced in most years.

Kyro et al. (2022) reported that seedling mortality declined from a maximum in
the first year to a fraction of the initial level 8 or more years after emergence.
Therefore, these authors concluded that regeneration success can only be assessed
after seedling mortality has stabilised sufficiently after emergence of the main seed-
ling cohort. Beland et al. (2000) and Lula (2022) reported that the seedling cohort
established in the first year after the regeneration cut constitutes >50% of the entire
5—-6-years post-cutting seedling population.

In naturally-regenerated stands, dispersed seeds land on all types of seedbeds
present. Mechanical site preparation creates different seedbed types; bare mineral
soil is the most favourable for emergence, but is not necessary for seedling survival.
High mortality on mineral soil, however, is outweighed by abundant emergence,
resulting in a constant seedling-density increase following mechanical site prepara-
tion (Kyro et al. 2022). A mixture of mineral soil and humus is often perceived as
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the most favourable seedbed for natural regeneration, as it provides an optimal com-
promise among satisfactory seedling emergence, survival, and growth (Beland et al.
2000; Kyro et al. 2022). Low seed production and insufficient seedling recruitment
are two of the major limitations of natural Scots-pine regeneration in northern
Fennoscandia. The frequency and viability of seed years generally decrease at
higher latitudes and elevations (Valkonen 1992; Henttonen et al. 1986). Seed years
occur irregularly at intervals of 2—5 years south of 60° N, and up to 100 years at the
northern treeline (~ 70° N, Heikinheimo 1937; Numminen 1982; Valkonen 2000).
Therefore, timing site preparation for a good seed year is recommended (Karlsson
and Orlander 2000). Release cuttings lead to several years of increased cone pro-
duction (Karlsson and Orlander 2002), consequently promoting pine regeneration.
Furthermore, compared to fully-stocked stands, year-to-year variation in seed crops
is generally lower in the released stands (Heikinheimo 1937).

Shelterwoods can help reduce the risk of pine weevil (Hylobius abietis L.) dam-
age to both planted and naturally regenerated conifer seedlings. The riskiest time for
pine weevil damage is when removing the shelter, as pine weevils are attracted by
the odour of newly-cut stumps (Sundkvist 1994). To reduce this risk, Wallertz et al.
(2005) recommend that shelter trees not be removed until most seedlings have
reached the safe sizes of 9 mm basal diameter for Norway spruce and 12 mm for
Scots pine.

Shelter trees inhibit growth of the next generation, especially for light-demanding
species like Scots pine. The high stocking levels and long retention periods of the
shelterwood system result in slower regeneration compared to seed trees. Scots pine
thus has shorter shelter periods than Norway spruce. Beland et al. (2000) suggested
that removal of the dense shelter with a basal area of approximately 15 m*ha should
begin when seedlings reach about 0.5 m tall, and the overstorey should be main-
tained until regeneration reaches about 6 m. In a contemporary Finnish shelterwood
variant for pine, some overstorey trees are retained throughout the rotation to pro-
mote ecosystem services and production of very-high-quality timber (Aijili et al.
2019; Valkonen 2020). The system generates within-stand tree-size stratification
through differences in growth rates, leading to more heterogeneous stands
(Lundqgvist et al. 2019).

In Norway, the shelterwood system has been practised in Scots pine in some
places (see picture in Chap. 2). The practice was catalysed by the impossibility of
successfully regenerating pine due to excessive moose-browsing damage. Harvesting
old pine trees successively created an open shelter, although the name ‘“‘shelter-
wood” was not used. High-density natural regeneration of pine established under
the shelter and has now been released and developed into young stands. These
examples illustrate that pine can be successfully managed using the shelterwood
system, and not just with the seed-tree method.
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3.5 Conversion to Continuous Cover Forestry

Regeneration is an important process in the conversion to CCF. Applying the shel-
terwood and group systems in stands not previously managed this way needs no
specific adaptation of the regeneration management, as conversion starts with the
regeneration cuts. Conversion to the selection system, on the other hand, is a long
process toward a multi-storied stand, and regeneration is essential in this conver-
sion. Conversion to the selection system requires initiating regeneration at an earlier
stage than usual of stand development.

A proposed method for conversion to the selection system is variable-density
thinning (VDT, Brodie and Harrington 2020), which creates gaps in young stands to
initiate regeneration. Another method is more homogeneous, open shelters, for
example created after snow damage (Knoke and Plusczyk 2001). Openings enable
natural regeneration and give good results if they stay open long enough. Rapid
growth and development of young stands closes gaps and canopies, and further
interventions are essential to continue regenerating seedlings and saplings. VDT
creates horizontal small-scale variation in tree size rather than vertical stratification,
so seems more appropriate for young stands at the beginning of the conver-
sion period.

Low seed production in young stands is usually caused by high stand density and
small crowns (Hagner 1965; Nygren et al. 2017). Reducing stand density promotes
seed production, but in some methods only for edge trees next to openings.

Artificial regeneration is often used alone or in combination with natural regen-
eration in conversion methods, particularly to introduce new species (e.g., Knoke
and Plusczyk 2001), especially in the context of climate adaptation.

A conversion concept tried in Sweden (Drossler et al. 2014), based mostly on
heavy thinning, suffered low regeneration during the first 10 years. The trials have
been modified to maintain more open stands (Goude et al. 2022).

Target-diameter harvest can also be used as a conversion treatment. Experiments
in Sweden have used it to study early-regeneration establishment (Drossler et al.
2015, 2017). In response to the harvests, seedling and sapling density and growth
have increased, not only of Norway spruce, but also of more light-demanding
species.

Conversion to the selection system is a topic only addressed during recent
decades, and so far little covered by regeneration studies in Fennoscandia. The few
results available from other regions are not especially relevant for the Nordic region
due to species and site differences, but VDT has been tried in Washington, Oregon,
and Chile (Dodson et al. 2012; Donos et al. 2020; Puettmann et al. 2016). VDT cre-
ates openings that allow regeneration to establish and develop while also promoting
further development of spatially-variable advance regeneration, in a way similar to
the group system.
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3.6 Conclusions

In the context of CCF, the preferred form of regeneration is natural regeneration, but
this is a slow and complex process. Managing natural regeneration requires insight
into all stages and processes, and above all patience. Common to all CCF silvicul-
tural systems are the varying effects of shelter density (in the group system this
refers to the adjacent tall trees) on the regeneration outcomes. Managing shelter
density is therefore an essential method to optimise regeneration.

In the selection system, continuous germination of new seedlings and ingrowth
into larger size classes is required to replace harvested trees for long-term sustain-
able management. Regeneration and ingrowth rates vary significantly between
stands, influenced by historical factors, with no clear relationship to current stand
conditions, particularly stand density. The system is more suitable for shade-tolerant
species like Norway spruce, while pine-dominated stands struggle to achieve and
sustain regeneration due to their shade intolerance and high stand densities.

In the shelterwood system, a successive, uniform opening of the canopy pro-
motes regeneration. Shelter trees provide seeds, while reducing damage to seedlings
and competition from ground vegetation. On the other hand, they can also have an
adverse effect on seedlings by directly competing with them. Evidence from the
reviewed literature from Fennoscandia shows that both Scots pine and Norway
spruce can be successfully regenerated using the shelterwood system. Although the
system is generally more suitable for Scots pine, high densities of shelter trees,
especially if retained over a long period, may hinder artificial or natural regenera-
tion of light-demanding Scots pine seedlings.

In the group system, regeneration is initiated in individual gaps, series of gaps, or
systematic grids of gaps. The edge trees influence regeneration through providing
seeds, checking weed growth, and exerting competition. Fennoscandian studies on
regeneration in individual gaps generally show satisfactory seedling density for
both Norway spruce and Scots pine. However, seedling growth is usually slowed,
especially close to the gap edges. The edge effect increases as seedlings grow taller,
making long-term survival difficult for light-demanding pine saplings nearest
the edge.

Conversion to the selection system initiates regeneration in young stands, and
tries to maintain a continual regeneration process with sustained slow recruitment.
Given the rapid growth and crown closure of young stands, frequent manipulation
of shelter density is essential during conversion. Initiating regeneration in small
gaps, for example using variable-density thinning, might therefore be easier than a
homogeneous shelter approach.
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Chapter 4 )
Growth and Yield Creck o

Simone Bianchi, Andreas Brunner, Kjersti Holt Hanssen, Hannu Hokka,
Urban Nilsson, Nils Fahlvik, and Jari Hynynen

Abstract

e There is still a lack of knowledge on growth and yield (G&Y) in continuous
cover forestry (CCF). Most published studies are on the selection system with
Norway spruce.

¢ Published comparisons of the selection system with rotation forestry (RF) show
contrasting results. Generally, there seems to be a trend toward faster stand
growth in RE.

e However, there are many uncertainties due to several confounding factors, such
as stand-density effects, site-quality classification, and/or growth models used.
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Most studies do not properly account for all these factors, making it difficult to
generalise their results.

* The optimal stand density trade off for the selection system between stand growth
and recruitment should be better investigated. Preliminary results show this
could strongly affect stand growth.

e There is even less knowledge related to G&Y during conversion, a potential
bottleneck for full implementation of CCF in the region.

Keywords Growth modelling - Site quality - Stand density - Stand structure -
Stand dynamics

4.1 Introduction

4.1.1 Main Drivers of Forest Growth and Yield

Growth and yield (G&Y) studies investigate the dynamics of forest increment, usu-
ally to formulate growth models able to predict the future development of forest
stands, and thus support decision making for their management. G&Y has been
widely studied in even-aged stands of the clearcutting system. However, it has been
less studied in continuous cover forestry (CCF) where there are additional intrinsic
challenges, briefly mentioned in this introduction and expanded on in later sections.

In even-aged stands, trees have similar ages, the structure is relatively homoge-
neous, and average stand variables are highly correlated to stand age. Age is often
used directly or indirectly as a predictor in modelling. An important example of this
is the site index, a system widely used to evaluate stand productivity based on the
height of the dominant trees at a given age (Skovsgaard and Vanclay 2008). However,
this index is not directly applicable to CCF, as we will see in Sect. 4.2.3.

Stand density is also an important driver of growth and yield. In CCF, stand den-
sity varies greatly in space, much more than in even-aged stands. It is often not even
possible to accurately assess stand density with simple metrics in structurally-
complex multi-layered stands.

Ingrowth is a major contribution to total production in CCF. This complicates
G&Y studies. Regeneration and ingrowth are complex processes (see Chap. 3) that
vary greatly in space and time, and are too poorly understood to be represented in
process-based models. Empirical models of regeneration or ingrowth need exten-
sive data which often does not exist, and need to incorporate many random effects.
G&Y models without such tools are incomplete for CCF studies (cf. Ekholm
et al. 2023).

In Chap. 12 an analysis of various disturbances will be presented. G&Y studies
often do not include losses due to episodic events, like windthrow, snow breakage,
or bark-beetle attacks, which are likely to be less significant in CCF than in even-
aged stands. On the other hand, during conversion of even-aged stands to CCF
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windthrow risk may be higher (see Sect. 4.3). The limited knowledge about damage
further hinders the comparison of G&Y between CCF and even-aged stands.

4.1.2 Forest Growth Models for CCF

All factors mentioned in Sect. 4.1.1 influence what types of forest growth models
can be suitable for CCF stands. Kuuluvainen et al. (2012) suggest developing
“growth models general enough to describe both [even-aged and CCF] management
alternatives relatively well,” whereas Lundqvist (2017) argues that it “is difficult to
know whether the model used can handle different stand structures and silvicultural
systems equally well.” Forest planning needs simulators adequate for stands man-
aged under any system, without over-predicting yields from one system relative to
the other (see Chap. 5). At a minimum, forest growth models need to comprise tools
for regeneration or ingrowth, growth, and mortality.

Stand-level models, where only average stand characteristics are simulated, can-
not be used for CCF due to the high variation of tree age, size, and spatial distribu-
tion. The best alternative is individual-tree models, which track each tree in the
simulation unit. Another important characteristic of individual-tree models is their
approach to spatial distributions. In distance-independent models, resource compe-
tition is based only on average stand conditions. If asymmetric competition is con-
sidered, i.e., where larger individuals obtain more resources and suppress the growth
of smaller individuals (Weiner 1990), it is only based on competitors’ size and not
on their location. In distance-dependent or spatially explicit models, resource com-
petition is also a function of the subject tree’s location relative to its competitors.
Some studies find that distance-dependent models only slightly improve on distance-
independent models, even in spatially- and structurally-complex stands, questioning
if their higher complexity is worth the small improvements (Kuehne et al. 2019;
Bianchi et al. 2020). However, those studies only simulated single growing periods.
Assuming that competition pressure is equal for all trees of the same size within an
irregular stand may have big consequences in long-term simulations. For example,
simulated tree growth would not be influenced by local density, and trees released
from competition due to nearby harvesting would not increase their growth more
than trees further from newly opened gaps. This issue should be investigated more.

In Finland, Pukkala et al. (2013, 2021) prepared distance-independent tree-level
models claimed to be suitable for both CCF and even-aged forestry, comprising
tools for simulating ingrowth, growth, and mortality. The most recent models
(Pukkala et al. 2021) have been fitted to Finnish national forest inventory (NFI)
plots, and a version based on Swedish NFI plots is in preparation. Both models have
been used widely for simulation studies comparing CCF and even-aged forestry
(e.g, Parkatti et al. 2019; Osterberg et al. 2023). Bianchi et al. (2023) independently
validated their basal area increment component together with a new alternative fit-
ted to most recent Finnish NFI plots, confirming that all those models could be used
both in even-aged forestry and CCF, although with slight differences in accuracy.
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Other existing forest growth models in Fennoscandia are fitted and targeted to
even-aged stands. In Finland, MELA and MOTTI are simulators using the same
growth models. They use stand- and tree-level tools to simulate full-rotation devel-
opment. MOTTI implements regeneration models by Eerikdinen et al. (2007) for
uneven-aged stands and CCF, based on the permanent experimental ERIKA plots.
They cover establishment and height development of the established seedlings. For
trees past the regeneration phase, there are calibration functions for diameter and
height growth to adapt the original growth models to CCF (Lee et al. 2024). In
Sweden, the models of Elfving and Nystrom (2010) within HEUREKA, originally
suited only for even-aged stands, were independently validated with CCF data by
Fagerberg et al. (2022), showing some biases. CCF results from HEUREKA are less
precise than for the clearcutting system (Lamas et al. 2023). In Norway, the models
of Andreassen and @yen (2002), Bollandsas and Nesset (2009), and @yen et al.
(2011) could be used on CCF data although they need a site index, whose limita-
tions for CCF were previously noted. Also in Norway, a transition-matrix model
from Bollandsas et al. (2008) was used to compare CCF and even-aged stands in
Parkatti et al. (2019). All these simulators use distance-independent models.

4.2 The Selection System

Productivity of forest stands managed with the selection system may vary over time,
among sites, with stand density, and with stand structure. All of these factors affect
all productivity-related processes (growth, mortality, and ingrowth), and must be
considered in growth and yield studies. Comparing productivity under the selection
system and even-aged forestry is a topic of great interest that needs to consider these
effects (Sect. 4.2.6).

The selection system in Fennoscandia has mostly been studied for stands domi-
nated by Norway spruce, as it is the most shade-tolerant of the important timber
species. In this chapter, we therefore focus mostly on spruce and only briefly discuss
this system in Scots pine or mixed-species stands. In addition, mountain forest
selection cutting is practised in Norway and Sweden (Sect. 4.2.7).

4.2.1 Variation in Time

In contrast to clearcutting and most other CCF methods, the selection system main-
tains a long-term target stand structure with frequent cuts. Therefore, stand density
and productivity vary less over time compared to other systems. Current annual
increment (CAI) is defined as the annual volume increment for a specific and short
period, while mean annual increment (MAI) is the total volume increment averaged
over the full rotation. For the clearcutting system, MAI is calculated over a rotation
from planting to final felling to provide the long-term productivity estimate, while
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CAI varies greatly within the cycle (Fig. 4.1). For the selection system, CAI
increases slightly as density increases within a period between two cuts, but stays
relatively constant among cut periods in optimal management and remains very
similar to MAI (Fig. 4.1). Given optimal management, including adequate ingrowth,
observation periods of only a few decades might suffice for estimating long-term
productivity in the selection system. This possibility is frequently overlooked in
studies comparing the selection system with the clearcutting system (Ekholm
et al. 2023).

Growth rate (m’/ha/year)

Time

Clear-cutting system Thinning Thinning Clear cut

Selection system Selection cutting Selection cutting

Fig.4.1 Comparison of forest growth between the clear-cutting and selection systems during their
corresponding cycles. Top: how current annual increment (CAI, green) and mean annual increment
(MAL red) vary between clearcut forestry (continuous line) and the selection system (dashed line)
over time. In this example, MAI was set to be the same for both systems over the full cycle.
Bottom: simplified phases of stand development and removals. Redrawn from Ekholm et al. (2023)
and Routa and Huuskonen (2022)
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4.2.2 Site Quality Effects

Site quality, defined as “the combination of physical and biological factors charac-
terizing a particular geographic location or site,” has large effects on forest produc-
tivity (Skovsgaard and Vanclay 2008). While site quality is a descriptive assessment,
site productivity is “a quantitative estimate of the potential of a site to produce plant
biomass” (Skovsgaard and Vanclay 2008). For even-aged stands, site productivity
has been often quantified with a dendrocentric classification such as site index (SI),
the dominant stand height at a given age. SI was developed for stands managed with
thinning from below, mainly removing non-dominant trees without affecting the
dominant height. SI cannot be easily applied to uneven-aged CCF stands; tree age is
unknown or does not relate in the same way with average stand characteristics, and
selection harvesting cutting affects the stand dominant height. There could be fur-
ther confounding effects due to increased species diversity in CCF (del Rio et al.
2016). Variation of G&Y with site quality is so large that other effects, like stand
density, cannot be studied without correcting for site quality effects.

In the Norwegian selection system experiments, SI has been estimated with a
number of alternative methods developed for the clearcutting system in that country
(Andreassen 1994). In Finland and Sweden, there are models for calculating SI
based on environmental data, including climate, geographical variables, and ground
vegetation, known as the geocentric approach (Hégglund and Lundmark 1977;
Hynynen et al. 2002). Such an age-independent system could in theory be applied
to CCF stands, although its application should be properly validated.

Some studies outside Fennoscandia have explored height-diameter relationships
for site quality estimation, calculating indices where dominant diameter replaces
age in determining site index. The dominant stand height is calculated at a reference
dominant diameter (Huang and Titus 1993; Wang 1998; Beltran et al. 2016; Duan
et al. 2018; Castafio-Santamaria et al. 2023). In two studies (Beltran et al. 2016;
Castafio-Santamaria et al. 2023), the diameter-based index was well correlated with
the age-based index, but not in a third study (Wang 1998). However, although these
studies used uneven-aged stand data, all were unmanaged. After selection cutting,
the relationship between dominant height and dominant diameter may be different.
Stand density may have further confounding effects on dominant diameter. In con-
trast, the tree-level height-diameter relationship is more stable over time in the
selection system, with a sigmoid shape (Pretzsch 2009). The asymptote of this rela-
tionship indicates maximum dominant height and might therefore indicate site qual-
ity. These concepts need to be developed further for Fennoscandian conditions. An
alternative approach stemming from age-based site indices uses dynamic dominant
height models derived from differential equations (Salas-Eljatib 2020). Riofrio
et al. (2023) transformed an age-based site index formula into a differential time-
based formula, independent of the actual age, to create a site index based on
dominant-height growth rate. The geocentric approach was applied by Hennigar
et al. (2017), modelling total biomass increment of naturally-regenerated stands
with a non-linear function whose asymptote was estimated mainly from
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environmental variables. Such an asymptote could be computed for any site provid-
ing an estimate of its maximum productivity.

4.2.3 Stand Density Effects

Managing the selection system requires information about stand density effects on
growth and ingrowth. Optimal management not only has to maintain the desired
stand structure, but also a stand density that leads to maximum stand growth and
sufficient ingrowth.

Lundqvist (2017) reviewed 14 selection system field studies starting from the
1980s, finding a positive relationship between standing volume and volume growth
in all cases. The standing volume in those stands ranged up to about 300 m*ha. He
suggested that the repeatedly-harvested study plots had yet not reached a maximum
growth rate; the density-growth relationship had not peaked. He also noted that the
lack of site quality corrections for these datasets might make the density-growth
relationship appear linear rather than asymptotic. Ekholm et al. (2023) showed a
similar positive density-growth relationship in their Fig. 5, partly based on the same
data as in Lundqvist (2017). A similar trend is shown in the Swedish report from
Goude et al. (2022) up to 200-300 m?* ha, after which the increase in growth with
increased standing volume tapered off. Most likely the optimal stand density for
volume growth varies with site quality. However, too little data is currently available
to quantify this.

Variation in growth between individual saplings in selection system plots can
only be partly explained by neighbourhood stand density variables (Lundqvist
2017). However, if mean stand density changes, regeneration and therefore ingrowth
might change in reaction. Moan (2021) found no correlation of mean stand density
with ingrowth in the Norwegian series across a rather wide range of densities below
300 m*/ha. Lundqvist (2017) summarises a number of ingrowth studies and reports
inconsistent stand density effects, and calculates ingrowth rates above 8—10 cm
diameter at breast height to be around 10 trees/ha/yr. Using the results from Moan
(2021) more broadly could justify a simple non-spatial ingrowth modelling
approach. The Swedish report from Goude et al. (2022) also seems to show no stand
density effect on ingrowth in their Fig. 6. The Finnish models of Eerikdinen et al.
(2007) found distance-dependent competition to significantly affect ingrowth, but
stand-level basal area was not significantly correlated with regeneration below
28 m?/ha.

These studies should jointly underlie investigating the optimal stand density for
both stand growth and ingrowth. They suggest maximum growth at a standing vol-
ume of around 300 m3/ha, up to which the effect of stand density seems to not be
significantly correlated with ingrowth. Further research is needed to validate these
results.

Recently, the selection system has also been applied to Scots pine forests, for
example in recreation areas. In the context of climate adaptation, it will be
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necessary to include mixtures of less shade-tolerant species in the selection system.
To allow sufficient ingrowth of the light-demanding species, stand density needs to
be reduced with the consequence of reduced growth. Thinning appears to reduce
Scots pine growth more strongly than Norway spruce growth based on the density-
growth relationship observed in thinning experiments in the region (Mikinen and
Isomiki 2004).

4.2.4 Stand Structure Effects

The stand density effect on growth is further modified by the tree size distribution
and the tree-size-growth relationship (Forrester 2019). In other words, given the
same stand density and tree growth rate, the size distribution has a profound effect
on stand growth. Lundqvist (2017) suggests that the stand structure of older CCF
studies, more two-storied than full-storied, may have caused slower growth.

Stands with irregular structure have been sometimes shown to have significantly
higher tree-level growth, perhaps due to better resource use efficiency (Lei et al.
2009; Bianchi et al. 2020). However, as discussed by Forrester (2019), those results
must still be analysed in the complementary framework of stand density, structure,
and size growth to avoid biased conclusions. For example, Moan (2021) found no
significant relationships between structural diversity and stand volume growth.

4.2.5 Comparison with Clearcutting Forestry

Selection system and clearcutting system productivity can only be directly com-
pared on the same site, under optimal management, and over a full rotation. This
type of experiment has never been started, let alone completed, in Fennoscandia. All
studies comparing selection and clearcutting system productivity have either used
short-term experimental data or growth model predictions. For these comparisons,
all factors that have been addressed in the previous sections need to be controlled or
corrected for simultaneously. However, most studies of selection system productiv-
ity in Fennoscandia lack these corrections, and sometimes crucial variables like site
quality are not even reported in the publications (see Sect. 4.2.3). This leads to
highly contradictory published results, from underyielding to overyielding in the
selection system compared to the clearcutting system (Andreassen 1994; Lundqvist
2017), and limits possible conclusions and generalisations. For example, a review
by Kuuluvainen et al. (2012) found that almost half of studies show faster long-term
growth in uneven-aged stands (using a definition broader for CCF than in this book)
than in RF. They examined seven simulation studies and four field studies, but with-
out considering or discussing any of the above-mentioned confounding factors.
The review and earlier studies by Lundqvist (2017) have addressed and tried to
consider the density effect when analysing results from previously published
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studies. Problems quantifying site quality correctly for both systems appear to be a
major obstacle to drawing valid conclusions. Lundqvist (2017) noted that selection
system field studies often report slower growth than for the clearcutting system.
However, despite an extensive description of stand density effects in an earlier sec-
tion of the review, the author did not correct for it in the growth comparison section.
Eventually, he suggested that selection systems should be managed with moderate
harvests at relatively short intervals to maintain a larger growing stock. This could
achieve sustainable volume growth approaching the site productivity estimated by
environmental factors. However, Lundqvist also pointed out that the current SI sys-
tem in Sweden underestimates stand productivity in newer even-aged stands
(Tegnhammar 1992; Elfving and Nystrom 1996; Yue et al. 2014). If true, this would
suggest a bigger difference in long-term growth rates between the two systems.
Lundqvist (2017) also describes in detail how systematic, but small, selection sys-
tem experiments were established in the early twentieth century. Time series pub-
lished for the experiments in Norway (Andreassen 1994) clearly illustrate how
insufficient their diameter distributions and stand densities were during their first
60 years. Results and data from these experiments are still used for other studies
(e.g. Lundqvist 2017; Moan 2021) but need to be interpreted carefully or original
results often need to be corrected.

Hynynen et al. (2019) compared selection system productivity from the ERIKA
experiments (see Chap. 3) with: (1) mid-rotation empirical CAI from thinning
experiments, and (2) MAI from model simulations of even-aged stands at the same
sites. In both cases, even-aged stands showed higher productivity. In comparison
(1), selected thinning experiments were geographically close to the CCF stands, and
with similar site fertility according to the vegetation type. Since a difference in the
growing conditions was still possible, a modelling framework was applied to remove
the effects of site quality and stand density. However, the empirical comparison was
confounded by using CAI from thinning experiments instead of MAI (see Sect.
4.2.2). The model comparison (2) showed a 15% higher MAI in the clearcutting
system. Using the same data, the study also suggested a faster stand-level reaction
after thinning than after selection cutting.

Moan (2021) simultaneously corrected for stand density and site quality effects
in data from two experimental series in Norway. She found that selection system
plots managed at an optimal density had much smaller MAI differences from even-
aged forests than reported by Andreassen (1994) for earlier data from one of the
experimental series without correction for stand density effects.

Ekholm et al. (2023) discussed several limitations in comparisons carried out
both using empirical studies and model simulations that are likely responsible for
the large variation in the published results and make conclusions about productivity
differences impossible. Use of CAI instead of MAI (see Sect. 4.2.1), unclear site
quality effects (see Sect. 4.2.2), missing density corrections (see Sect. 4.2.3), poor
experimental design (see Sect. 4.1), poor ingrowth models in simulators (see Sect.
4.1), and missing validation of growth models are discussed. However, many of the
studies reviewed there do not investigate selection systems but thinning methods in
transformation treatments to the selection system (see Sect. 4.5).
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We must also highlight that there are continuous advancements in soil prepara-
tion methods (see Hjelm et al. 2019 and references within), fertilisation, and
improved regeneration material that increase growth in clearcutting systems. A
review of forest tree breeding programmes in Scandinavia found that they can cur-
rently increase volume growth by 10-25% (Jansson et al. 2017) but it might be
much higher in the future (Rosvall and Wennstrom 2008). However, such advance-
ments cannot be applied as easily to the selection system.

To conclude, interpretation of data on selection system productivity is difficult,
mostly due to inadequate descriptions of density and site quality effects in published
studies. Although the trend leans toward faster growth in the clearcutting system,
the first attempts to correct for density effects alone (Lundqvist 2017; Ekholm et al.
2023) illustrate that productivity of the selection system might be closer to the pro-
ductivity of clearcutting system. Simulation models have not been validated against
empirical data from selection system stands, have poor representations of ingrowth,
and show biased predictions compared with empirical data for the selection system
(Ekholm et al. 2023).

4.2.6 Mountain Forest Selection Cutting

In general, harsh climate and low site indices in mountainous areas of Fennoscandia
hinder regeneration and restrict investments in planting. This has led to the practice
of mountain forest selection cutting (“fjellskoghogst™), where selection cutting is
often combined with other types of CCF, especially group cuttings. The harvesting
level has traditionally been high, removing damaged trees as well as most merchant-
able timber. Despite long harvesting cycles, low stand density reduces growth and
yield, and regeneration is usually slow due to the cold climate (Chap. 3).

Reducing stand density to very low levels at harvesting inevitably leads to low
forest growth. Lundqvist (2004) found that heavy partial harvests in sub-alpine
stands in northern Sweden, leaving standing volumes below 50 m®/ha, resulted in
volume increments less than half the estimated site productivity. @yen and Nilsen
(2004) studied mountain-forest growth after selection cutting in four irregular
spruce forests in Nordland, Norway. The volume increment amounted to approxi-
mately two-thirds of the yield table figures for dense even-aged stands. They inter-
preted the reductions as resulting from a low initial density after heavy cuttings
(removing 50-65% of the standing volume) two to three decades before the
inventory.

Granhus et al. (2020) studied growth 13—44 years after selection cutting in 16
mountain forest stands in Norway. Average harvested basal area was about 50%,
ranging from 20% to 80%. The volume increment in the post-felling period varied
considerably among sites but on average met the estimated production capacity for
even-aged forests at the same site index. However, this was only the case many
decades after the cuttings, with considerably lower growth for decades. Both basal
area and volume growth between felling and measurement were positively
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correlated with post-felling basal area, and negatively correlated with basal-area-
weighted mean diameter.

4.2.7 Selection Systems on Peatlands

There are no published studies from the Nordic countries based on empirical growth
data from peatland forests treated with the selection system. In a recent simulation
study, profitability of the selection system has been compared to the clearcutting
system in peatland spruce stands in Finland (Juutinen et al. 2021). Stand develop-
ment was predicted with the EFIMOD process model (Shanin et al. 2016). EFIMOD
is a spatially-explicit individual-tree growth model, developed to simulate carbon-
and nitrogen-pool dynamics in a tree-soil system, along with population dynamics
of forest stands. The model was originally developed for mineral soil stands. In
Juutinen et al. (2021) the EFIMOD model was calibrated to data from a peatland
stand not managed with the selection system. When the retained basal area was
above 10 m?/ha, the MAI of selection system simulations was higher than for the
clearcutting system on the same site. Because the calibration data originated from a
naturally established drained peatland spruce stand, the simulated MAI most likely
underestimated what the clearcutting system can achieve when sites are prepared
and planted using present-day methods and material.

Peatland forests have two specific features needing consideration in all kinds of
management: soil water level and nutrient availability. Changes in stand volume due
to growth and cutting impact the water table level, which in turn may affect stand
growth. In general, deeper water tables enhance growth (Hokka et al. 2008), while
high water tables (within 35 cm of the soil surface) may hinder growth. Especially
if the retained volume is very low, as in heavy selection cutting, the technical drain-
age may require maintenance. These feedback effects and need for ditch network
maintenance (DNM) where retained basal area is very low were accounted for in the
Juutinen et al. (2021) study. In such situations, DNM significantly and profitably
increased stand growth, but because of additional costs, the profitability was less
than in scenarios where DNM was not needed. Peat-soil nitrogen content is dispro-
portionately high compared to phosphorus and potassium. Specifically, potassium
deficiency significantly reduces needle mass and growth. Hence, fertilisation with
wood ash may be needed every 40 years no matter the stand-management method.

Six field experiments have been established in Finland from 2014-2016 in
Norway-spruce-dominated stands to investigate the response of peatland forests to
the selection system. The retained basal area after cutting varies from 6-17 m*ha.
Results from those experiments cover only the first five-year growth period and are
not yet published.
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4.3 The Shelterwood System

In Sweden, Lula et al. (2021) have used growth models to study production and
profit in planted and naturally regenerated stands under dense Scots pine shelter-
woods, using starting values from experiments on relatively fertile sites in southern
Sweden. They compared different initial tree densities, including a shelterwood
maintained at around 15 m%*ha, but production after natural regeneration was on
average about 10-20% lower compared to planting. However, wood quality was
found to be higher after natural regeneration than after planting (Agestam et al.
1998), which could economically offset the loss of production. Lula et al. (2021)
estimated the cost and income of shelterwoods and the future stands and concluded
that shelterwoods and natural regeneration could be an economically feasible alter-
native to clearcutting and planting due to low regeneration costs.

Since the study cited above was based on relatively fertile sites, little is known
about long-term production and profit on less fertile sites in northern Scandinavia
where abundant Scots pine stands are available for the shelterwood system. Elfving
and Jakobsson (2006) concluded that the negative effect of retained Scots pine trees
on understorey tree growth was relatively higher on low fertility sites than on more
fertile sites. However, the retention time was between 30-90 years and overstory
density low, so it is not totally comparable to a shelterwood that is removed when
the new regeneration is established but is much denser than green-tree retention.
Therefore, establishing experiments for comparing long-term growth of planted and
naturally-regenerated stands along a fertility gradient should be prioritised.

The risk for windthrow increases after shelterwood cutting and may significantly
affect total volume production. Orlander (1995) investigated shelterwood stability
in southern Sweden. He found shelter tree windthrow rates of 18% for Scots pine vs.
35% for Norway spruce. Nilsson et al. (2006) investigated 22 Scots pine shelter-
woods from all regions of Sweden. On average, windthrow was 9% in the south and
north and 18% in central Sweden. Sikstrom (1997) studied damage to shelter trees
in 52 Norway spruce-dominated shelterwoods. The shelterwoods were measured
2-6 growing seasons after cutting, showing on average 15% windthrow of shelter
trees. Different weather conditions and variable length between cutting and mea-
surement could have caused these differences among studies. In Finland, Pukkala
et al. (2016) showed that shelterwood stands have higher windthrow risk than
clearcutting system stands, which in turn are at higher risk than selection system
stands. Such risks must be considered in G&Y forecasting.

4.4 The Group System

The only available results related to G&Y in gap cutting are on their regeneration
dynamics, which are discussed in Chap. 3. For G&Y studies, the edge effects on the
growth of both adult trees and the regeneration are important and need to be
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considered in experimental designs and modelling approaches (e.g., Shell et al.
2022). Edge trees next to gaps also have higher mortality risks.

Strip cutting in pine peatland relies on seed production from the edge stand to
naturally regenerate the clearcut strip, for example 16-25 m wide in Stenberg et al.
(2022). As a pioneer species, Scots pine needs light for seedling establishment and
growth, so as a variation of the group system, strip clearcutting may provide such
conditions. Strip cutting is chosen over larger clearcuts in pine on drained peatlands
to mitigate the water table rise (Stenberg et al. 2022) commonly observed after
peatland clearcuts (e.g., Heikurainen 1970). Rising water tables after stand removal
cause problems by releasing nutrients (specifically phosphorus) and metals (iron,
aluminium) from the surface peat into watercourses (Kaila et al. 2015). By cutting
only half of the peatland area and keeping the other part forested, a sufficiently deep
water table (at least 35 cm below ground) can be maintained without additional
ditch cleaning.

Ahtikoski et al. (2022) used a simulation to compare the financial performance
of rotation forestry (clearcutting with site preparation, planting, and regular ditch
cleaning) and cutting in 20, 35, and 50 m-wide strips in drained peatland Scots pine
stands in southern, central, and northern Finland. Growth of sapling and edge stands
was modelled using a stand-level model that accounted for edge stand height and
the variation in shading when different strip widths were used. Changes in ditch
depth and mean water table depth due to cuttings were incorporated to guarantee
that water tables remained sufficiently far from the soil surface. The second strip
cutting (of the edge stands) was done when the sapling stand reached a volume of
80 m3/ha. The simulation showed that the geographical location and strip width had
a significant impact on the cutting removals and the length of the conversion phase
before the steady state in strip cutting management. The wider the strip and the
more southern the location the faster was the development of the sapling stand.
However, with 50 m strip width the clearcut area is so wide that water level may rise
and cause harmful loads to water courses before the sapling stand has established.
Strip cutting is thus balancing between good growth of the sapling stand and suffi-
ciently deep water level (Ahtikoski et al. 2022).

4.5 Conversion to CCF

Finding efficient conversion methods is crucial for adoption of CCF in northern
Europe, where even-aged forest management has long been dominant. At present, a
lack of experience in transforming from the clearcutting system to CCF is a major
obstacle for wider scale introduction of CCF (Mason et al. 2022). Concepts for
conversion of even- to uneven-aged forests have been discussed and general strate-
gies to achieve this goal formulated (Schiitz 2001; Nyland 2003). These concepts
normally include repeated thinning, target diameter cutting, and patch cutting. The
overall goal of the cuttings is to increase dimensional variation by manipulating the
existing stand’s size distribution and favouring regeneration. Recruitment is
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essential for the long-term transition to CCF (Hanewinkel and Pretzsch 2000).
Conversion concepts typically include greater initial removals than in conventional
thinnings to initiate regeneration (Drossler et al. 2014; Juutinen et al. 2018).
However, heavy cuttings might decrease volume production (Hanewinkel and
Pretzsch 2000) and increase the risk of storm damage losses (Wallentin 2007).
Schiitz (2001) stressed the importance of timely onset of conversion measures to
allow stabilising measures and to assure the present stand lives long enough to com-
plete the transition. In the Nordic context this consideration is even more important
because target diameters of only around 40 cm limit the life time of shelter trees
much more.

There is a great need for empirical data to evaluate and formulate conversion
concepts adapted to regional conditions in northern Europe. There are ongoing
efforts to establish field trials but currently few experiments are available, and they
have been monitored for a limited time. One experimental series exists in Sweden
to study the conversion of an even-aged Norway spruce stand to a multi-layered
forest (Drossler et al. 2014). A heavy first thinning (60% of basal area) was carried
out focusing on removing medium-sized trees and leaving the smallest and the larg-
est ones. Simulations of continuous conversion measures during a 50-year period
indicated a transition to a multi-layered stand in central but not southern Sweden.
The estimated volume production of the conversion forestry was one-third lower
than a conventional clearcutting system (Drossler et al. 2014). Recent measure-
ments of the series showed adequate regeneration in central Sweden but no regen-
eration in the south (Goude et al. 2022). This calls for modifications of the treatment
to adapt the conversion strategies to local conditions.

Another experiment was established in a structured mature stand dominated by
Scots pine in southern Sweden (Drossler et al. 2012, 2015, 2017). The treatments
included target diameter cutting with or without silvicultural actions to favour
regeneration. Continuous target diameter cutting was simulated for 50 years and
compared to an alternative scenario where the present stand was clearcut and
replaced by a Norway spruce plantation. The estimated basal area growth was one
third lower for scenarios with target diameter cutting compared to replanting with
spruce (Drossler et al. 2012). Later revisions of the experiment indicated that simu-
lated growth in the target diameter cutting scenarios might have been underesti-
mated (Drossler et al. 2012; Goude et al. 2022). The revisions reveal an increasing
share of spruce in the regeneration after initial establishment of birch in the new gaps.

In northern Sweden, larger scale conversion to CCF was tested in field experi-
ments by cutting chequered patches (0.135-0.16 ha) in 35-120 year-old coniferous
stands from 2005 to 2012 (Erefur 2010; Goude et al. 2022). Production and the
abundance and growth of the regeneration have been followed. Preliminary results
indicate adequate regeneration in the patches with a more hindering edge effect on
tree growth in smaller gaps (Goude et al. 2022).

Due to the rarity of conversion experiments in northern Europe and their variety
of initial stand and site conditions, it is difficult to draw firm conclusions. Conversion
might also span several decades (Schiitz 2001; Drossler et al. 2014), requiring
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long-term studies. Growth modelling could help elaborate different conversion
alternatives (Sterba 2004).

Several papers have been recently published summarising 30 years of experi-
ments in Washington and Oregon (USA) dealing with G&Y in variable-density
thinning conversions (e.g. Roberts and Harrington 2008; Dodson et al. 2012; Willis
et al. 2018). They are difficult to transfer to Fennoscandian conditions due to differ-
ences in the conversion objective, tree-marking methods, and tree species. New
experiments with this method adapted to the Nordic conditions are being estab-
lished in Norway.

4.6 Conclusions and Future Research Needs

Knowledge is still lacking on the many drivers of G&Y in CCF. Most published
studies are on the selection system with Norway spruce. Furthermore, the few field
experiments are sometimes managed with different criteria (some are even misclas-
sified in terms of system), resulting in different or unknown tree size distributions.

Most growth modelling tools, from site quality classification to forest growth
simulators, are targeted at even-aged stands. Site quality assessment is crucial for
choosing the best species or treatment for a given site. Alternative, age-independent
site classifications are being published and should be further developed for
Fennoscandia. Existing forest growth simulators (such as MOTTI and HEUREKA)
are being patched with additional tools for CCF, but work is in progress, and they
have not been independently validated.

Many empirical studies show stand growth in the selection system increasing
with stand density until values around 300 m*/ha. Stand density also affects regen-
eration, and high density may not provide sustainable levels of ingrowth. However,
empirical studies have found no significant relationship between stand density and
ingrowth up to 300 m*/ha. Thus, more research is needed into investigate what stand
density optimises the growth and ingrowth simultaneously.

Lack of knowledge on aspects of G&Y such as site quality, stand density, and
ingrowth makes it difficult to compare CCF and the clearcutting system productiv-
ity in field experiments. Similarly, a lack of proper growth models limits simulation
studies. There are contrasting results in the published literature that are difficult to
reconcile. However, the trend leans toward higher growth in the clearcutting system.
New CCF field experiments should comprise adjacent thinned and unthinned
clearcutting system plots to minimise site quality effects. Growth models should
better analyse ingrowth with larger datasets and investigate the feasibility of spatial
or non-spatial approaches for long-term simulations. Mortality also affects G&Y
and needs to be represented with empirical models for all silvicultural systems.

Some important topics, such as peatland CCF and the conversion to CCF have
been even less studied. There are ongoing efforts to establish more experiments
(peatland in Finland, conversion in Norway and Sweden), but existing data are
insufficient.
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Abstract

Forest planning requires unbiased and sufficient information on current forest
resources, their anticipated dynamics under different management scenarios, and
the objectives of the decision maker.

Forest planning systems need to be adapted to improve their potential to deal
with continuous cover forestry (CCF).

The current forest planning systems and associated models can be adapted to
group systems by treating each group as a separate calculation unit.

In the selection system, currently available growth models may not realistically
describe the growth reaction of trees, which causes additional uncertainty in
forest-planning calculations. Furthermore, field-data collection based on air-
borne laser scanning alone is not sufficient for planning of CCF, and additional
field measurements are needed.
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* Tree-level measurements by drones open interesting opportunities for forest
planning, which might be especially useful under CCF.

Keywords Decision support - Software - Forest inventory - Simulation - Forest
dynamics - Optimization - Forecasting

5.1 Introduction

5.1.1 What Is Forest Planning?

The use of a certain forest area is affected by the available forest resources, their
future production possibilities, the objectives of the decision maker (e.g. forest
owner, company, stakeholders or society), and restrictions set by laws, agreements
and guidelines. Besides wood production, forests provide a multitude of other
goods, services and values, including non-wood products such as berries and mush-
rooms, biodiversity, carbon storage and sequestration, recreation opportunities, and
a basis for reindeer husbandry. The objectives include those related to the produc-
tion of all goods, services, and values. Forest planning can provide valuable infor-
mation for the decision maker on how to manage the forest to reach the objectives.

From an economic point of view, harvesting decisions are particularly influenced
by forecasts of the value of the felled and remaining trees in each stand, as well as
the interest rate used by the decision maker. Economic analyses are often based only
on the revenues from timber sales and silvicultural costs, but can include markets
for other products, such as biodiversity, carbon sinks and recreation. Other goals,
such as those related to the timing of harvest revenue, the harvested volume, the
structure of the landscape, biodiversity, carbon sinks, and other goods, services and
values discussed above have been considered by using different methodological
approaches like multi-attribute utility theory (Kangas et al. 2015).

Forest planning can encompass a wide range of time spans and spatial scales. In
the narrowest sense, forest planning is the search for a treatment schedule (a
sequence of activities for a stand over the entire planning horizon) for an individual
stand in the near future. In the broadest sense, forest planning designs long-term
scenario analyses about the development of forest resources under different harvest
levels at the national level. In tactical forest planning, forest management is planned
for a landowner’s forest property for the next 10-20 years. From the forest planning
situations described above, it is important to distinguish between genuine planning,
where the landowner sets the management objectives and accepts and implements
the plan, and calculations for public operators which can only be implemented indi-
rectly through various forest policy incentives.

The starting point of forest planning is the clarification of the decision maker’s
goals. After that, the planning often proceeds in the following steps: (1) Based on
the inventory data, a detailed description of the current state of the forest is
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produced, allowing (2) simulation of alternative treatment schedules for each stand
to sufficiently cover the range of acceptable management alternatives, and (3) the
optimal combination of treatment schedules for all stands is identified by solving an
optimisation problem with mathematical programming or some heuristic method.
Steps (2) and (3) could involve interactive processes where new alternative treat-
ment schedules are designed, and updated preference information on the forest
owner’s goals becomes more precise and integrated into the optimisation approach
(Eyvindson et al. 2018). The simulation of alternative treatment schedules in step
(2) requires models that can predict the dynamics of all decision variables over time
under different management alternatives, as well as realistic algorithms to describe
the silvicultural operations.

However, the method consisting of simulation and optimisation, is not the only
planning approach. If the management objectives do not interlink the individual
stands’ optima, the management plan can be produced by optimising the manage-
ment of each stand separately, using approaches where simulation and optimisation
are integrated into a single step. Stand-level optimisation can also be used when
there are management goals that make stand-level decisions interdependent (for
instance the requirement of a steady flow of timber or revenue). This requires the
stand-level objective functions to be augmented with a penalty function that mea-
sures deviations from the forest-level constraints (see Hoganson and Rose 1984;
Pukkala et al. 2009). The penalty function is gradually adjusted during the process,
and the stand-level optimisations are repeated after every adjustment, until the
forest-level constraints or targets are met.

In addition, for large-scale scenario analyses, only one scenario may be simu-
lated for each management unit using a rule-based approach, and optimisation is
not used.

5.1.2 Current Forest Planning Approaches

The forest resource data used for planning may be based on sample plots with mea-
sured tree diameters and heights. Such data is often used in country-level scenario
analyses, where the national forest inventory (NFI) sample plots are commonly
used as input data, and not all forest stands need to be covered. When all forest
stands of a certain area do need to be covered, tree-level diameter and height mea-
surements and/or tree maps are often considered too costly for the increased accu-
racy they would provide. In such a case, only stand-level characteristics, such as the
basal area or number of stems, mean diameter, mean height and mean tree age by
tree species and canopy layer are recorded (either using remote sensing and or field
cruising as described below) and used as input for forest planning. However,
increased availability of drone- or smartphone-based inventory methods may alter
this situation soon by allowing low-cost tree-level inventories.
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The stand characteristics of interest are used to generate a tree list using models
that predict the parameters of a diameter-distribution model and height-diameter
curve (Mehtitalo and Kangas 2005) separately for all species and canopy layers of
the stand. Other approaches can be used that estimate all or some of these parame-
ters mathematically (Mehtitalo and Lappi 2020, Chap. 11). Thereafter, a systematic
sample of trees can be generated from those models to provide an artificial tree list
for the stand or plot.

In the systems used in Sweden and Finland, forest development is described
using tree-level growth-model systems (see Chap. 4), which are sometimes cali-
brated using the most recent NFI plot data. Tree-level models are favoured because
they allow flexible simulation of different harvest operations. Based on the tree
stocks the models produce, a diverse set of structural indicators can be computed for
biodiversity, such as area of mature broadleaf-rich forest, volume of deadwood, etc.
(e.g. Kangas and Pukkala 1996). Furthermore, static predictive models have been
fitted to various ecosystem services, such as berry (Kilpeldinen et al. 2016) and
mushroom yield (Tahvanainen et al. 2018), amenity values, and habitat suitability
(e.g. Tikkanen et al. 2007). The inputs for these models are usually ordinary stand
characteristics whose values are predictions from the growth simulator. Based on
these models, the effects of forest management on various values can be estimated
and used in planning calculations. After final felling, a new stand is generated based
on the commonly applied guidelines for artificial regeneration and empirical knowl-
edge about the amount of natural regeneration in planted or seeded areas (e.g.
Wikberg 2004). If a seed tree or shelterwood method is used, natural regeneration is
the only source of the new tree generation.

The collection of stand-level forest resource information for strategic and tactical
forest planning in Nordic countries is often based on remote sensing and field data
using the area-based approach (ABA, Nasset et al. 2004). In the ABA, the forest
stand characteristics of the training plots (usually some 500 plots per campaign) are
explained with the features of the remote sensing data (laser scanning and aerial
photographs). The models are then used to predict the characteristics for all areas
covered by the remote sensing data. Such data is collected using public funding and
is made available to the public for free or at low cost. The remote-sensing-based
data may be augmented with field assessment, especially to assess the progress of
regeneration in different stands.

5.2 Forest-Planning Challenges of Continuous
Cover Forestry

Forest planning allows decision makers the opportunity to explore possible out-
comes from a wide range of silvicultural methods. Silvicultural treatments that fol-
low the concepts of continuous cover forestry (CCF) and rotation forestry (RF) can
be simulated for the forest, and the choice of how the forest is managed should be
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based on the goals of the decision maker. For example, in thinning a near-mature
even-aged stand, the understorey can be spared. The decision on how to continue
can be made later, when the decision maker sees what kind of understorey has been
created. A slightly different approach is any-aged forestry, where the management
schedules are never classified to represent either CCF or RF (Pukkala 2020).

The choice between CCF and RF can also be made as a categorical decision. In
this case, the selection of the silvicultural method itself does not require more
detailed calculations: when preparing the forest plan, only treatment options that
relate to the chosen silvicultural method are simulated. Such a decision can also
take into account how well the consequences of the decision are currently thought
to be known. RF has prevailed in the Nordic countries for the last 70 years, so its
productivity and risks are quite well known, at least under past conditions. There is
less empirical information about the productivity and risks of CCF. However, some
risks (e.g. disturbances under a changed climate) may be large and are poorly known
for both forest management regimes.

In Chap. 2, the CCF management approaches were classified into selection sys-
tems, shelterwood systems and group systems. Because all these approaches may
require natural regeneration, a realistic description of ingrowth is essential for plan-
ning in all cases. In addition, the selection and shelterwood systems require imple-
mentation of the specific thinning operations and a description of their effects on the
growth of remaining trees. The group systems can be implemented by treating the
gaps as separate management units when simulating growth and harvests.
Furthermore, specific models for describing forest-stand structure, such as diameter
distributions and height-diameter curves, are needed for the selection system. The
challenges set by CCF to different parts of forest planning are discussed in detail in
the next subsections.

5.2.1 Challenges for Field Data Collection

The canopy structure of stands managed according to selection systems is different
compared to RF (Bianchi et al. 2020). However, in the practical implementation of
ABA for forest inventories, only a small share of training plots typically originates
from forests managed using selection systems. Therefore, remote sensing may not
provide very good estimates of stand characteristics for such forests (Maltamo et al.
2000). However, currently it is even more important to be able to detect forests with
an understorey that allows switching to CCF. Such forests do exist in the training
data, but the estimation methods may not be sufficiently well optimised for detect-
ing them. Jarron et al. (2020) were able to predict the structure of understorey trees
with reasonable accuracy for a study area in British Columbia. Bollandsas et al.
(2008a) also obtained similar results from uneven-aged forests in Norway. In
Finland, understorey characteristics could be estimated from laser scanning data,
but the accuracy of the assessment depended on the density of the dominant tree
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layer (Maltamo et al. 2005). In general, forest planning for CCF requires either
information on the diameter distribution in the form of several differently defined
diameters (i.e. moments or percentiles) or information by tree storey. Neither is well
supported by the currently implemented ABAs; field-measured forest resource
information is needed. The situation might change over time as methods for the
aerial inventories develop.

Attempts are being made to efficiently obtain tree-level forest inventory data for
planning purposes. The potential methodologies include smartphone applications
(e.g. Trestima, Katam) and individual-tree detection from remote sensing data (e.g.
Kostensalo et al. 2023). These methods produce either a tree list (diameter distribu-
tion) or true tree-level data where the location of each tree in the stand is known.
The latter case makes it possible to take the spatial distribution of trees into account
in growth prediction and harvest planning. It is also possible to optimise harvest
decisions at the tree level, at least for the next cutting.

5.2.2 Challenges Describing Stand Structure

Predicting diameter distributions and height-diameter curves is often based on
regression models from existing datasets which are mainly based on even-aged for-
est management. The diameter distribution is usually narrower and the height-
diameter curve flatter compared to uneven-aged stands that include several cohorts
(Siipilehto et al. 2023). Therefore, using the models developed for even-aged stands
in CCF leads to insufficient variation in tree diameter and height.

A theoretically sound way to predict the diameter distribution is using parameter
recovery methods based solely on the mathematical relationships of the stand char-
acteristics (Siipilehto and Mehtitalo 2013, Mehtitalo and Lappi 2020; Chap. 11), or
calibrating the models using field-measured tree samples or diameter quantiles
(Mehtitalo et al. 2006). These methods require additional information besides mean
diameter. If this information is not available, but characteristics measured by tree
strata in the field are available, the models developed for even-aged stands can be
used for each stratum separately. In both cases, the diameter distribution can be
further rescaled based on other field-measured quantiles such as the maximum and
minimum diameters and the Gini coefficient derived from them (Valbuena et al.
2017). The height model can also be calibrated separately for each canopy layer
using the layers’ field-assessed mean diameters and heights. Siipilehto et al. (2023)
developed separate models based on uneven-aged stands. They also found that
stand-level calibration of the height-diameter curves based on even-aged stand data
will work if sufficiently many height-sample trees are used for calibration.

The stand characteristics commonly used in RF poorly describe the condition of
the uneven-aged stands generated by selection systems, but work well for forests
under transition. They give means and totals of (more or less) even-aged cohorts. In
selection systems, characteristics that describe means, variance and distribution of
uneven-aged tree stocks may be of interest, as well as methods using such
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information. One essential difference is that the age of a CCF forest cannot be
defined. In this respect, the field inventory is simpler than in RF forests, but on the
other hand, stand age cannot be used in models of stand structure and development.
Other commonly used stand-level characteristics, such as mean diameter or height,
also become less meaningful because they do not vary much between truly uneven-
aged stands. Therefore, in addition to the traditional mean variables, characteristics
that can describe differences between the stands, for example the variation in diam-
eter, may be useful in CCF stands. If both the basal area and number of stems are
known, the mean height and diameter combined with this information might
describe the trees well enough (Mehtitalo et al. 2007). The advantage of such sam-
ple-tree measurements is that they can be chosen based on the desired accuracy of
the stand description.

5.2.3 Challenges for Predicting Stand Dynamics

Technically, the growth models used in forest planning should be suitable for both
continuous cover and rotation forestry, as discussed in Chap. 4. In CCEF, it is essen-
tial to be able to predict the establishment of new trees. Since the survival of small
seedlings is very uncertain, usually only seedlings that have exceeded the set mini-
mum height or diameter (known as ingrowth) are considered. Ingrowth modelling
has proven very challenging. Correctly predicting average ingrowth is not enough.
The model must be able to describe (1) whether ingrowth occurs, (2) how much
ingrowth occurs, if it does occur, and (3) whether ingrowth is distributed sufficiently
evenly over the forest (Lappi and Pukkala 2020).

It is also worth distinguishing whether the model realistically describes these
three aspects of ingrowth regionally, or whether it can also reliably assign forecasts
to different target stands. The latter is hardly possible without field checks even
though laser scanning gives reasonably good information about the existence of
undergrowth. In large-scale scenario analyses, treatment schedules are not allocated
to specific stands. For planning calculations, it is therefore sufficient to have a model
that accurately predicts the proportion of forest stands where sufficient ingrowth
takes place, by site condition, age group, and region, with continuous cultivation
in mind.

Even though the models can technically be used in both forest management sys-
tems, it is possible that not all factors affecting the differences between the even-
aged and uneven-aged forestry are appropriately taken into account. For example,
information describing the health status of the trees and the condition of the canopy
is not currently used in the growth models. Therefore, there may be systematic dif-
ferences in these factors favouring one of the silvicultural methods.

In general, ideal data for modelling stand structure and dynamics in continuous
cover forests is not available. Stands in Nordic countries have high variety in tree
size, and there is plenty of empirical information on the growth of both suppressed
and dominant trees in them. However, there is not enough knowledge on the growth
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reaction of trees after a strong thinning treatment. Existing experimental datasets
are highly valuable for that purpose, even though they do not fully represent all
spatial distributions, sites and species. However, extensive highly representative
data will not be available in the near future, especially for growth modelling that
requires repeated measurements. Therefore, it seems that forest planning in CCF
requires more field information than RF, and would benefit greatly from approaches
combining remote sensing data and predictions with local field data (e.g., Myllyméki
et al. 2024).

5.2.4 Challenges for Optimisation

Optimisation does not differ between CCF and RF if all relevant factors affecting
growth and yield are described with a simulator suitable to describe both silvicul-
tural methods. However, if the simulator systematically over- or underestimates the
development of one of the methods or response to a specific treatment, the problem
will be further exacerbated in the optimisation. This is because optimisation, by its
very nature, chooses extreme solutions, and even the smallest advantage in favour
of one method can produce a plan in which treatments according to this method are
chosen significantly more often than others (e.g., Kangas and Kangas 1999).

An optimisation method that recognises stochasticity is needed to consider the
different uncertainties between uneven-aged and even-aged forestry (Eyvindson
and Kangas 2014; Pukkala 2015; Malo et al. 2022). The stochastic method can take
into account, for example, the methods’ different risks for regeneration. Other dam-
age risks that may differ between the methods (such as wind, bark beetles or root
rot) should be accounted for in a similar way. If different risks are not considered,
the planning system inevitably favours the silvicultural system that produces a bet-
ter result on average, regardless of the differences in risks.

5.3 Continuous Cover Forestry in Currently Available
Decision Support Systems

5.3.1 Tools in Sweden

Heureka is a forest decision support system widely used in Sweden with different
modules applicable for analysis at stand, estate, landscape and national levels
(Lamas et al. 2023). The system includes both a simulator for generating treatment
schedules using tree- and plot-level growth and yield models and an optimisation
tool based on linear and integer programming. Heureka can generate treatment
schedules with uneven-aged forestry. However, the growth functions have not been
fully designed or properly validated for uneven-aged forestry. Therefore, results for
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uneven-aged forestry are less certain compared to even-aged forestry. A serious
drawback of the current growth function for uneven-aged forestry is that it includes
age as variable. There are indications that the current growth function underesti-
mates long-term growth in uneven-aged forestry and thus introduces a bias in the
simulation and optimisation results (Fagerberg et al. 2022).

While the empirical experience from uneven-aged forestry in Sweden is limited,
long-term field experiments do exist and more data is now available compared to
15 years ago, when Heureka was initially developed. There are ongoing research
efforts to validate and improve or replace the current growth models for uneven-
aged forestry in Heureka.

Heureka includes functionality for patch cutting. However, no edge effects are
included, which means that the new stand in the gaps is not affected by competition
from the adjacent mature forest. The remaining mature forest is also unaffected by
release from the gap felling. The models for shelterwood management in Heureka
also need to be validated and improved.

5.3.2 Tools in Finland

MELA and MOTTI are area-level and stand-level decision-support systems devel-
oped at Luke for assessing the effects of alternative forest management practices on
growth, yield and profitability (Salminen et al. 2005). Previously, MOTTI was used
mainly as a test platform for new growth and yield models as well as for formulating
and comparing stand-level forest management alternatives to develop silvicultural
guidelines. MELA has been used for large-scale analyses since the 1980s (Siitonen
1983). These systems currently include the same growth and yield models which
can predict growth responses to silvicultural practices. Both simulators produce
growth and yield information covering the development and structure of growing
stock and deadwood by tree species, the amount and structure of cutting removals
and natural mortality, and predictions of the biomass dynamics of different tree
strata. The main difference between the systems is currently in the simulation of
treatment schedules: MELA automatically simulates all treatment options that are
acceptable according to the silvicultural guidelines, while in MOTTI treatments
tailored specifically for a problem at hand can be simulated. In the future, the best
properties of both systems will be merged to form a next-generation planning system.

In both simulators, optimisation can be done using JLP, a system to handle large-
area calculations using linear programming (Lappi 1992). Spatial description of the
forested area and spatial optimisation are not available in JLP.

Development of the young even-aged stands is based on stand-level models until
a stand reaches an 8-m dominant height. Thereafter, tree-level models are used,
which are fitted separately for mineral soils (Hynynen et al. 2014) and peatlands
(Repola et al. 2018). For uneven-aged stands and CCF, models by Eerikidinen et al.
(2007) are implemented based on the permanent experimental ERIKA plots which
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represent single-tree selection in Norway-spruce-dominated uneven-aged stands.
Models cover regeneration establishment, and height development of the estab-
lished seedlings. For larger trees, calibration functions for diameter and height
growth for CCF are under development (Lee et al. 2024).

The Monsu forest planning system has been developed for multi-objective forest
planning at the University of Eastern Finland. It has been widely used in education
and research for more than 20 years, and is also used in practical forest planning.
Monsu allows both automatic and manual simulation of management alternatives.
Optimisation is based on multi-attribute utility functions using heuristic methods.
Spatial optimisation is also possible, which could be useful in CCF based on a group
system. CCF using selection systems became possible in Monsu already in 2014
when growth models that allow both RF and CCF were implemented (Pukkala
2014). Several growth models are available for the simulation, including those of
Pukkala et al. (2021). The management schedules can be simulated according to
both RF and CCF, and the optimisation selects the one that best meets the manage-
ment objectives. Alternatively, the simulation can be restricted to RF, CCF, or any-
aged management where treatment schedules cannot be classified as RF or CCF
(Pukkala 2020). Beyond the models that describe the dynamics of living trees,
Monsu includes models for the dynamics of deadwood, soil carbon, wood products,
and biodiversity which enable additional analyses. These include the effects of for-
est management on forest carbon balance and wood-based products (Heinonen et al.
2018), on water systems (Nieminen et al. 2023), and a responsibility report of the
applied forest management (Pukkala 2022).

5.3.3 Tools in Norway

Norway has long traditions of developing decision-support systems for forest man-
agement, but they have mainly focused on RF in even-aged stands and used area-
based growth models (e.g., Eid and Hobbelstad 2000; Strimbu et al. 2023). A few
attempts have been made to adapt the area-based growth models for selective cut-
ting in uneven-aged stands, but these solutions have been based on rather subjective
considerations due to a lack of empirical data from experimental research plots (Eid
and Hobbelstad 2005).

The only decision-support system developed for Norwegian conditions based on
individual tree-growth models aiming for selective cutting in uneven-aged stands is
T (Gobakken et al. 2008). T is a bio-economic forest simulator that can be applied
to stand-level analyses. The simulator produces alternative treatment schedules with
all feasible combinations of user-defined treatment and regeneration options, which
were supposed to cater for both even- and uneven-aged forestry. The system has no
functionality related to large-area (forest holding) analyses. The simulator relied on
distance-independent diameter growth and mortality models, and area-based recruit-
ment models (Bollandsés et al. 2008b; Bollandséas and Neasset 2009) calibrated to
Norwegian NFI plots. The economic features of the simulator include timber values
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and cost calculations (harvesting, forwarding) for different harvesting methods
(clearcutting, seed tree establishment and cutting, and selective cutting) based on
individual trees. The simulator also provides costs related to silvicultural treatments
such as planting and young growth tending, and calculates a net present value
(NPV) for all treatment schedules over an infinite planning horizon.

Gobakken et al. (2008) evaluated and demonstrated the performance of the simu-
lator. At the time of development, the simulator was judged to work appropriately,
meaning vital silvicultural treatments under different conditions were handled rea-
sonably, yielding logical and consistent biological and economic results, in accor-
dance with previous experience and research. Fifteen years later, it has become clear
that the biological and economic empirical data the simulator relies on is both
uncertain and outdated.

In Norway we have seen two recent forest-simulator initiatives facilitating analy-
ses of selective cutting through SiTree (Antén-Fernandez and Astrup 2022) and
TreeSim (Nabhani and Sjglie 2022). These initiatives are interesting as frameworks
and technical solutions, but the simulators, as they are now, still rely on old biologi-
cal models (Bollandsas et al. 2008b), and incorporate no or very limited economic
features. An ideal decision-support system covering both even-aged and uneven-
aged forestry developed for Norwegian conditions will require significant long-term
research. Among other features, such a system should probably include a simulator
based on distance-dependent tree growth (diameter and height) and mortality mod-
els for a more accurate description of horizontal and vertical variations in tree
growth (Sharma and Brunner 2017). Such models could possibly be calibrated
based on a combination of NFI plots and research plots from experiments where
selective cuttings have been followed over time.

5.4 Conclusions

From a technical point of view, forest planning does not differ between CCF and
RF. Forest planning has similar stages of data collection, simulation and optimisa-
tion, and also similar information needs about decision makers, forest resources and
their dynamics under different treatments. For forest planning, a strict difference
between RF and CCF is not very useful. Treatment schedules can be simulated and
selected that best serve the management objectives of the decision maker. These
may include a variety of management alternatives, including CCF, RF, extended
rotations and other intermediate approaches.

Incorporation of CCF into forest planning involves a variety of challenges to the
specific application of models. These challenges involve natural regeneration,
description of forest structure, and reactions of forests to types of forest manage-
ment operations that have not been extensively applied during the last 70 years.

Some tools for planning CCF are already available in the Nordic countries, but
further development is still needed for better decision support. Fulfilling some of the
requirements will take time because long-term datasets on CCF are scarce. The
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planning of CCF management might benefit from approaches combining model
predictions with local field data from stands of interest.

The development of remote sensing methods for tree-level mapping of forests
opens exciting possibilities for forest planning. First, models are no longer needed
to generate the initial tree list for simulation. In addition, a spatial description of the
stands could be used, allowing distance-dependent growth models and simulating
tree extraction in a spatially and temporally explicit manner. These new possibilities
will be especially useful under forest management like CCF that does not follow
previously used RF practices.
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Harvesting of Continuous Cover Forests S
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Juha Laitila, Stephan Hoffmann, and Timo Muhonen

Abstract

* Overall forest management objectives and stand properties set the requirements
and possibilities for harvesting in continuous cover forestry (CCF).

* Harvester and forwarder operators play a key role in successful CCF harvesting,
as both productivity and quality of work are essential factors in harvesting
operations.

* Optimal stand conditions improve work productivity on selection harvesting
sites; harvested stem volume correlates well with work productivity in cutting,
and density of remaining trees does not significantly reduce work productivity in
forwarding.

* Carefully executed group cutting and shelterwood harvesting can reduce the
number of damaged remaining trees, which is beneficial for future tree
generations.

¢ Research-based information is needed about work productivity in harvesting,
damage caused by harvesting, and optimisation of strip road and forest road net-
works for CCF.
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6.1 Introduction

Harvesting operations in Fennoscandia are characterised by highly productive,
fully-mechanised harvester-forwarder systems using the cut-to-length (CTL)
method (Uusitalo 2010). The forest machines are flexible and can be used for all
current cutting directives. Apart from occasional cable yarding operations in
Norway, motor-manual tree felling and processing has been replaced by the fully-
mechanised CTL system in Fennoscandian commercial forestry, accounting for up
to 95% of harvests in Finland, Sweden and Norway (Lundbéck et al. 2021). This has
shifted the sector from labour intensive to capital intensive, where high levels of
machine utilisation and throughput volumes have reduced harvesting costs and
increased work safety (Axelsson 1998). A shift towards CCF will significantly
affect current harvesting operations, by increasing demands on planning and opera-
tor skills (Uusitalo 2010).

Technological advances in machinery and other equipment can also facilitate
more precise and efficient harvesting operations, supporting the implementation of
CCF. For example, modern harvesters and forwarders equipped with satellite posi-
tioning systems (GNSS) and advanced boom controls can accurately fell and extract
selected trees, while minimising damage to the remaining trees. In Fennoscandian
countries, it is the responsibility of the harvester operator to select trees, which fur-
ther increases the mental workload during logging operations. However, improve-
ments in remote sensing and forest inventories are improving strategic and operative
decision-making in CCF harvesting.

In Fennoscandian CCEF, the harvester operator is responsible not only for select-
ing and harvesting individual trees but also for maintaining optimal forest health for
future activities. This requires a high level of skill and precision in identifying and
targeting specific trees for removal, while leaving remaining trees intact. The opera-
tor must assess the quality, size, position, and growth potential of individual trees
when making selection decisions during harvesting. In Fennoscandia, the working
environments can vary significantly, from peatland soils with poor bearing capacity
in Finland and Sweden to steep rocky terrains in Norway. Operators must be able to
adapt to various conditions when logging, so they play a key role in successful
execution of CCF harvesting. Training and skills maintenance, and continuous
learning, are extremely important.

There are currently several national and international ongoing research and
development projects, aimed at improving efficiency of forest operations in CCF
harvesting. This is achieved by improving working methods or by using decision-
support tools when planning the harvesting activities.

The aim of this chapter is to provide information about planning and execution
of selection, group, and shelterwood harvesting in CCF, focusing on stand-level
decision-making. The chapter considers first the planning phase of the logging
activities, and then key features, such as expected work productivity or harvesting
damage, associated with each harvesting method.
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6.2 Planning Harvesting

Once the forest owner has made the decision to apply CCF harvesting in a selected
stand, operational planning begins. Harvesting planning is usually carried out by a
forestry professional, representing either the forest industry, the local forest owners’
association, or a forestry service provider. In the planning phase, the forest owner
chooses the desired and most suitable harvesting method—selection, shelterwood,
or group cutting. The method selected depends on access, stand properties, manage-
ment guidelines, regulations, and the forest owner’s management objectives. The
expected volumes of different timber assortments influence the requirements for
landing sites and logistics.

Planning of harvesting (cutting and extraction) of a stand begins with evaluating
accessibility. Accessibility depends on forest road quality and network density, and
stand accessibility (topography). These are affected by weather conditions, which
also impact logging operations. CCF is particularly affected by accessibility of for-
est roads, since the frequency of harvesting operations in a single stand is assumed
to be higher compared with rotation forestry (RF). For example, Finnish forestry
management guidelines (e.g. Metsidnhoidon suositukset Tapio 2023) state that selec-
tion harvesting in spruce stands in southern Finland should take place after approxi-
mately 10-20 years, whereas in RF, thinning can be carried out after around
3040 years and final felling at 60-100 years, depending on forest management
plans. The more frequent harvesting in CCF favours a permanent forest road net-
work, but this is an additional cost factor due to construction and maintenance work.
In individual cases where volume of timber from harvests is expected to be low over
longer periods, a focus on efficient machine trails might be more relevant to keep
road costs low, despite higher extraction costs associated with the longer routes.
Innovative planning aids, such as depth-to-water maps (Hoffmann et al. 2022) to
identify suitable and trafficable machine routes for ground-based equipment, and
software tools like Seilaplan (Bont et al. 2022) for cable yarding layouts, could be
used in such situations to ensure low impact and efficient timber extraction.

Throughout Fennoscandia, current planning methods for harvesting from stump
to roadside storage were mainly developed for traditional RF. In CCF harvesting
operations, it is crucial that strip roads are placed according to log concentration, so
that the work can be carried out efficiently with minimum damage to soil and
remaining growing stock. Moist peatlands with low bearing capacity should be har-
vested in winter when the soil is frozen, whereas stands on mineral soils with good
bearing capacity can be harvested at any time of the year. Compared to selection
cutting, strip cutting, which can be considered a variant of group cutting, allows
greater freedom in the location of on-site forwarding routes, as well as in organising
route schedules. This is particularly beneficial in peatland forests (Laitila et al. 2020).

Stand properties set the framework for the work environment, harvesting produc-
tivity, costs, and quality of silvicultural outcome. The work environment includes
technical harvesting factors: (1) stand structure before cutting, (2) amount of
removal (m*/ha), (3) stem volume (m?/stem), (4) size distribution of removed trees,
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and (5) terrain characteristics (soil bearing capacity, slope, terrain roughness, and
potential ditch network). These technical factors influence the productivity and
costs of harvesting, and affect the accessibility of stands from and to the roadside. A
recent study by Manner et al. (2023) supports earlier studies showing that the stem
volume of removed trees is the most significant variable affecting productivity in
selection cutting (Fjeld 1994; McNeel and Rutherford 1994; Suadicani and
Fjeld 2001).

Stands on steep terrain comprise challenging environments for harvesting,
mainly in Norway, but also in Sweden to some extent. Harvesting operations in
steep terrain are expensive due to restricted access, the high level of planning
required, use of specialised work systems with adapted equipment, and commonly
lower productivity rates (Ghaffariyan et al. 2010; Bohm and Kanzian 2023).
Lundbick et al. (2021) note that, globally, mechanisation level falls as terrain steep-
ness increases, although in Fennoscandia, the level of mechanisation used in steep
terrain is higher than the worldwide average. Specialised machinery and equipment
designed for steep terrain is required, such as ground-based machines with traction
winches and steep-slope cable yarders that improve worker safety and operational
efficiency (Holzfeind et al. 2020).

Planning of harvesting in steep terrain must also include protecting forest land
from erosion as much as possible. Cable yarding has low environmental impact and
is suitable for application in complex alpine silvicultural systems (Spinelli et al.
2015), but is only used on a limited scale in Fennoscandia. In Norway, less than
30,000 m* timber is produced annually through cable yarder operations, with no
indication of expansion due to unavailability of a suitable workforce (Ottaviani
et al. 2011).

CCF operations are not excluded from steep terrain, but they require well-
conducted and adapted mechanised operations. Suadicani and Fjeld (2001) proved
that carefully-planned mechanised selective harvesting in steep terrain can be pro-
ductive, especially with larger stem volumes. The suitability of traction winches for
overcoming technical terrain limitations and mitigating site impacts will be of par-
ticular interest in upcoming research, and projects are ongoing in Norway. Future
technical developments must determine whether fully mechanised operations can
be used in terrain conditions previously only harvestable using motor-manual fell-
ing and yarder extraction. One consideration is whether harvesting operations need
to be conducted in all terrain conditions in the forested landscape, or whether other
management objectives should be given priority in less-accessible areas.

Forest management guidelines, successful planning of harvesting, and appropri-
ate technologies and cutting methods all contribute to the profitability of timber
production, forest recreational values, and high biodiversity levels. However, the
stand structure, i.e. distribution of suitable seedlings, can vary considerably within
an individual cutting area (Fig. 6.1), which is why cutting may not always follow
local forest management guidelines (e.g. Metsidnhoidon suositukset Tapio 2023).

Professionalism and expertise of the harvester operator are particularly impor-
tant in CCF, where the work environment, work planning, feasibility of the work
method, and avoidance of damage to remaining trees ultimately determine the
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Fig. 6.1 The thinning treatment and its timing are crucial in the success of CCF. Left: an even-
structured stand. Right: a more irregular-structured stand. Photos: Erkki Oksanen/Luke

success of harvester work. The impact of the harvester operators’ skills has been
identified as a major factor in work efficiency (Sirén 1998; Ryynénen and Ronkko
2001; Vaitidinen et al. 2005; Kariniemi 2006; Palander et al. 2012; Purfiirst and
Erler 2011; Liski et al. 2020). Differences in operator skills increase as harvesting
conditions become more difficult, and work planning and skills of the harvester
operator significantly affect the number of damaged seedlings. In a simulation study
(Miettinen 2005), when trees away from the strip road were felled, 45% of seedlings
were exposed to damage. When trees were felled on the strip road where possible,
38% of seedlings were exposed. Use of the same felling directions and strip roads
requires the harvester to have sufficient power and good control over the tree during
felling. According to a pilot study by Manner and Ersson (2023), forwarding pro-
ductivity in selection harvesting was found to be dependent on log concentration on
the strip roads, while the density of remaining trees had very little effect. These
issues must be carefully considered when planning and selecting a suitable CCF
harvesting method for each stand.

Especially in CCF, where logging activities are frequent, the quality of remain-
ing trees after each harvesting is crucial for maximising the future harvesting poten-
tial. However, the amount of information available is rather limited. Generally,
selection cutting is perhaps the most demanding CCF harvesting method, while for
example in group cutting, the proportion of damaged remaining neighbouring trees
has been observed to be small.

Silvicultural outcome refers to the structure and quality of the residual trees, and
soil damage and root system breakage in strip roads after cutting and forwarding
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(Surakka and Sirén (2007). Harvesting maps predicting the bearing capacity of the
terrain are available for most of Finland through the Finnish Forestry Center
(Peuhkurinen 2017). In Sweden (Mohtashami et al. 2022) and in Norway
(Heppelmann et al. 2022) there are hydrological models that can be used for pre-
dicting the risks of track rutting when planning CCF logging operations. The con-
troller area network (CAN) of the harvester’s on-board production statistics system
makes it possible to compile a map of strip roads for forwarding (Ala-Ilomiki et al.
2020). With better pre-harvesting information from remote sensing and other
sources such as soil maps, harvesting activities can be planned to improve cost-
efficiency and minimise damage.

6.3 Selection Cutting

In Fennoscandia, selection cutting is a method used in CCF management in forest
dominated by Norway spruce (Picea abies (L) Karst.; Ldhde et al. 1999). It is
mostly the largest trees that are felled to vacate growth space for the remaining
trees, and dense groups of smaller trees are thinned (Surakka and Sirén 2007;
Puettmann et al. 2015; Sirén et al. 2015, Lundqvist 2017).

There are challenges in the actual practice of selection cutting. One is the con-
stant care needed to avoid damaging standing trees, which hampers harvester crane
movements (Surakka and Sirén 2007). There is also a risk of damage to smaller
trees in the lower canopy layers (Fjeld and Granhus 1998; Himildinen 2014; Sirén
et al. 2015; Nyman 2016).

Finnish management recommendations for CCF (Metsinhoidon suositukset
Tapio 2023) suggest no pre-clearing of undergrowth before selection cutting.
However, dense undergrowth reduces visibility, and disrupts harvester head opera-
tion. In forests harvested by selection cutting, the location and quality of log bunches
are not always as good for forwarding as in traditional thinning. This slows the load-
ing work phase in the CCF stand.

The structure of timber assortments and volume of removal in the first CCF
selection cutting (the conversion of even-aged stands into continuous cover stands)
is generally positive for harvesting productivity. Laamanen (2014) explored the
structure of eight CCF logging sites. The basal area of the sites before cutting was
approximately 19-30 m%ha and the volume 157-285 m?ha. After cutting, the basal
area was 6.6—14.3 m*ha and the volume 46—121 m*ha. The harvested volume was
110-231 m’/ha, and average stem volume of the removed trees varied between
0.251 and 0.410 m’. It should be noted that volumes from conversion harvestings
may not fully correlate with future harvesting; in a long perspective, the volumes
would vary according to variables like tree species, stand structure, and site index.

Several studies on work processes (e.g. Suadicani and Fjeld 2001; Manner et al.
2023) indicate that the harvester’s processing time consumption (seconds per stem)
in CCF selection cutting does not vary much from that in clearcutting, given trees of
similar size. However, overall harvester productivity (m*/hour) in selection cutting
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may differ slightly from final felling in RF, because selection cutting removes
mostly the largest stems in the stand (Fjeld 1994; Lilleberg 1998; Suadicani and
Fjeld 2001; Andreassen and @yen 2002; Himéldinen 2014).

When harvesting costs of CCF are compared with those of RF, calculations must
include all harvesting treatments over the entire rotation period. However, forest
owners and forest managers are more interested in revenues (timber sales) and har-
vesting costs (cutting, forwarding and relocation costs) when assessing feasibility in
the next management decision. Lilleberg (1998) and Imponen et al. (2003) reported
that the lower productivity of cutting and forwarding increased the cost of selection
thinning by about 10% compared to clearcutting. However, the experimental sites
were RF spruce stands without undergrowth. In Sweden, Jonsson (2015) found that
the cost of CCF harvesting over the entire rotation cycle was 28% higher and
machinery fuel consumption 21% higher than in RF. In Norway, Andreassen and
@yen (2002) compared selection thinning and clearcutting in uneven-aged spruce
stands, with an average stem volume of 0.6 m? in selection thinning and 0.3 m® in
clearcutting. The harvesting cost of selection cutting was about 10% higher than in
clearcutting.

The structure and condition of standing trees after selection cutting determine
the development of the forest and the timing of the next cut, and therefore the silvi-
cultural outcome of harvesting is crucial (Sirén et al. 2015). The most important
feature for near-term timber production and harvesting opportunities is trees of
height 5-15 m. Studies report that 10-20% of these trees are damaged (Fig. 6.2) in

Fig. 6.2 Breakage of tops and damage to bark are typical examples of damage caused by selection
cutting. Photos: Erkki Oksanen/Luke
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the first mechanised selection cutting (Fjeld and Granhus 1998; Hamaélédinen 2014;
Sirén et al. 2015; Nyman 2016).

In CCF, the emergence of new seedlings and survival of existing ones are crucial
for the long-term stand development. According to Hagstrom (1994), Granhus and
Fjeld (2001), Vanha-Majamaa et al. (2002), Hanssen et al. (2007), and Surakka et al.
(2011a, b), the damage rate of saplings of 0.5-3.0 m was between 2 and 61% in
mechanised selection cutting. Laitila and Repola (2023) found that 2—4% of remain-
ing trees were damaged after selection cutting of two Scots pine stands. The greater
the volume extracted (m*/ha) and the closer the seedlings are to the strip road, the
greater the proportion of damage. There is also a large variation in the proportion of
damage (Sirén et al. 2015). Similar observations in selection harvesting were found
by Metslaid et al. (2018). Generally, the highest damage rates may be expected at
high harvest levels in densely-stocked stands, since these conditions leave little
room for the harvester operator to ensure the felling direction is kept away from
residual trees and advance regeneration (Fjeld and Granhus 1998).

Weather conditions may also affect levels of damage in the residual stand. While
snow cover may offer some protection to young seedlings, severe frost makes the
shoots and stems of seedlings and saplings increasingly brittle and prone to break-
age (Eliasson et al. 2003). Severe frost also increases risk of breakage of the tops
among the intermediate canopy layer trees. However, more important than the dam-
age proportions is the quantity, condition, and uniform spatial distribution of the
undamaged standing seedlings.

In selection cutting, it can be challenging to obtain enough logging residue to
create an adequate brush mat for protecting the roots of residual trees (Fig. 6.3).
Auvailability of brush material is determined by the amount and distribution of trees
to be removed, and their size and species (Surakka et al. 2011a, b). According to
Sirén et al. (2013a, b), in RMF spruce stands, 15-20 kg/m? spruce and pine logging
residues can be generated by processing as many of the trees on the strip road as
possible.

Digital operator-assistance systems will be important in the challenging working
environments of selection cutting (Yliméki et al. 2012; Véétdinen et al. 2013). Pre-
information about the stand and terrain is important in selection cutting, and this can

Fig. 6.3 Uneven-structured forests after selection cutting during the previous winter. Left: peat-
land. Right: mineral soil. Photos: Erkki Oksanen/Luke



6 Harvesting of Continuous Cover Forests 117

be obtained through laser scanning. However, detection of undergrowth shorter than
3—4 m may be poor (Hovi 2011).

6.4 Group Cutting and Shelterwood Cutting

Knowledge about mechanised group cutting is based on a small set of studies, e.g.
Fjeld (1994) and Eliasson et al. (2020). The knowledge base is greater for shelter-
wood cutting, with studies of shelterwood establishment (Eliasson et al. 1999;
Eliasson 2000), shelterwood thinning (Eliasson 2000; Hanell et al. 2000), and final
overstorey removal (Glode 1999, 2001; Glode and Sikstrom 2001). Harvesting of
groups or gaps has been found to be more expensive than final fellings due to
reduced extraction productivity and, to some extent, lower harvester productivity.
More studies are needed of group and patch cutting, not only to identify efficient
work methods but also to find suitable group designs that enable efficient harvesting
operations. In the establishment and thinning phases of a shelterwood, the smaller
size of the harvested trees and the restrictions caused by remaining trees both con-
tribute to lower cutting productivity than in final felling. In the final overstorey
removal of a shelterwood, the trees, on average, are larger than in clearcutting and
thinning but harvesting profitability is lower, due to both the low removal volume
per hectare (Mikeld 1992; Glode 2001) and the care needed to avoid damage to the
regeneration (Glode 2001; Glode and Sikstrom 2001).

Group cutting and shelterwood cutting are hampered by the need for seedlings to
become established, so strip roads must be planned well and their density mini-
mised. In stands with established regeneration, the strip roads should be located,
where possible, by making use of natural and harvested groups or gaps. In shelter-
wood stands with a dense understorey at the sapling stage, the strip roads should be
systematically opened as in traditional thinning stands; when possible, existing strip
roads should be used. When trees are being felled in small groups, care should be
taken to avoid damaging the trees at the edge of the group (Isoméki and Niemisto
1990; Mikeld 1992). In shelterwood cutting, the distance between strip roads can be
extended by using a chain saw towards the end of the harvester’s boom reach to fell
inaccessible trees, which will be processed and bunched by the harvester. However,
organising the work safely can be problematic, and the harvesting cost is higher
than in simple harvester work (Mékeld 1992).

The shelterwood is usually removed all at once to minimise harvesting costs and
reduce damage to growing stock and soil (Hypp&nen and Niemisto 1998), although
there may be variation in the number of shelterwood removals depending on tree
species. In seedling stands where maximum height is 0.5 m, it is best to remove the
overstorey trees in winter when a thick snow cover protects the seedlings (Maukonen
1987). In both shelterwood cutting and gap cutting, seedlings protruding from the
snow surface are especially susceptible to harvesting damage during frost (Roiko-
Jokela 1983), so harvesting should take place in frost-free periods. In harvester
work, the accumulation of logging residues can be controlled by adjusting working
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technique without reducing productivity (Nurmi 1994). The emerge