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Forest operations in multifunctional forestry

Abstract

Forests provide a variety of ecosystem services and traditional forest management is
largely based on the extraction of one product, wood. Multifunctional forestry, forest
management aimed at benefitting multiple ecosystem services, has emerged as
awareness has grown of other forest ecosystem services. Nature conservation
management is a type of multifunctional forestry promoting ecosystem services
other than harvest of wood, most commonly biodiversity and recreation. While the
benefits of multifunctional forestry and nature conservation management is
recognised, there are knowledge gaps regarding how to perform these operations.
The overarching objective of this thesis is to increase knowledge and improve
implementation of multifunctional forest operations in Sweden. This is addressed
through four studies aiming at answering questions related to how forest operations
can be implemented in multifunctional forestry. The findings indicate that many
conservation values in forest land can be identified using commonly available GIS-
data. In most cases, nature conservation management operations are not complicated,
but forest managers are disincentivised by conflicting goals and fear of high costs
and criticism. The conclusion from detailed studies of operations is that costs in
multifunctional operations are higher than conventional operations, but when the
entire management system is analysed, effects on net revenues may be small. The
general conclusion is that, in many cases, multifunctional forestry is not limited by
the operations but rather a lack of clear goals and strategies for achieving goals and
evaluating their attainment.

Keywords: Natural disturbances; natural disturbance emulation; thinning; time
studies; StanForD; thematic analysis; GIS; harvester; forwarder; forest management

Author’s address: Orjan Grénlund, The Forestry Research Institute of Sweden,
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Avverkning i skogsbruk med flera mal

Sammanfattning

Skogen producerar ménga olika ekosystemtjénster. Ursprunget till dagens
konventionella skogsbruk é&r att frimja en enda ekosystemtjénst, trd (timmer, ved,
biobrénsle). Skogsbruk med flera mal har utvecklats som en f6ljd av att kunskapen
om andra ekosystemtjdnster har okat. Naturvardande skotsel kan betraktas som
skogsbruk med flera mal dir virkesproduktion inte &r ett av brukandets mal. Trots
att det finns omfattande forskning som visar pa vérdet av skogsbruk med flera mal
och naturvardande skotsel sa finns det betydande kunskapsluckor géllande hur dessa
atgdrder ska utforas. Det dvergripande syftet med denna avhandling &r att bidra till
6kad kunskap om och omfattning av skogsbruk med flera mal i Sverige. Detta gors
genom fyra studier som undersoker delar av frdgan om hur kunskap om avverkning
i konventionellt skogsbruk kan tillimpas i skogsbruk med flera mal. Resultaten
pekar pé att bevarandevarden i skog i stor utstrickning kan beskrivas med fritt
tillgédngliga GIS-data. Vidare framgar att naturvardande skdotsel ofta inte ar
komplicerat men att atgirderna uteblir pd grund av malkonflikter samt radsla for
hoga kostnader och kritik. Slutsatserna fran detaljerade analyser av avverkning i
atgdrder med flera mal visar att kostnaderna ofta &r hogre dn i konventionella
atgdrder men att effekten pé skogsbrukets lonsamhet kan vara liten, i synnerhet om
hela brukandet beaktas. Den overgripande slutsatsen ér att skogsbruk med flera mél
ofta inte begrdnsas av teknik och arbetsmetoder utan oftare av att det saknas
strategier for hur mal sétts upp och hur maluppfyllnaden utvérderas.

Amnesord: naturliga storningar; gallring; tidsstudier; StanForD; tematisk analys;
GIS; skordare; skotare; skogsskotsel.

Forfattarens adress: Orjan Gronlund, Skogsbrukets forskningsinstitut, Skogforsk,
Uppsala, Sverige. E-post: orjan.gronlund@skogforsk.se, orjan.gronlund@slu.se




Preface

Langt bortom dngar och berg fanns en skog. I skogen levde stora och sma
djur. Somliga hade sina bon under jorden, andra pa marken och en del levde

1 traden.

Och hogt dver tradtopparna seglade kungsornar pa breda vingar. Kungsoérnar
tycker om att flyga hogt. Alla utom ...

- Lars Klinting
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Definitions

In this thesis the following concepts are central, and are defined as follows:

Multifunctional forestry: Forestry intentionally promoting several
ecosystem services within a stand.

Multifunctional forestry intended for harvest of wood: Forestry intended
for promotion of several ecosystem services, one of which is harvest of

wood.

Nature conservation management (NCM): Operations intended to
promote ecosystem services other than harvest of wood.
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1. Introduction

1.1 Forest ecosystem services

The UN-initiated Millennium Ecosystem Assessment (2005) defines
ecosystem services as “the benefits people obtain from ecosystems”. Forests
are the source of many ecosystem services, and a sustainable use of forest
resources relies on simultaneous production of multiple ecosystem services
(United Nations, 1992). The multiple ecosystem production in forests is
implied in many of the Sustainable Development Goals (Sachs et al., 2019).
The Millennium Ecosystem Assessment (2005) presents a structure that
divides ecosystem services into four groups, with forest context examples
from Pettersson et al. (2018); provisioning services (e.g. wood production),
regulating services (e.g. water purification and regulation), cultural services
(e.g. facilitating recreation), and supporting services (e.g. biodiversity). All
ecosystem services in an area are connected, and the extraction of one
influences other ecosystem services (TEEB, 2010). Quantifications and
appraisals of ecosystem services is a large field of research that has devised
an array of methods suitable, not without flaws, when analysing effects on
ecosystem services, e.g. from different management strategies (Norgaard,
2010).

While the human use of wood has long traditions, it was not until there
was a scarcity of forest land that practices developed aimed at controlling
forest establishment, composition, and growth i.e. silviculture and forest
management were born (Baker et al., 2009). The general purpose of forest
management is to maximise profitability and supply industries with raw
materials, thereby securing one of the provisioning ecosystem services
(Puettmann et al., 2015). Most other ecosystem services are difficult to
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quantify (Nilsson et al., 2001) and monetise, while many do not primarily
relate to a specific stand, e.g. carbon sequestration, decomposition, and water
purification (Sukhdev et al., 2014).

As a consequence of the challenge to monetise many ecosystem services
and the long time frames in forest management, there is often a difference
between an individual short-term optimal forest management and a long-
term optimum that benefits societies. For example, a small-scale forest
management operation with a short time horizon would neither prioritise
reforestation nor consider potentially negative effects on biodiversity. To
address this, and to promote society’s interest, forestry legislation developed
alongside forest management (Wiersum, 1995; Fernow, 1907).

In the Scandinavian countries, the initial goal of forest legislation was to
prevent deforestation. The first forestry acts were introduced at different
times during the 19" and 20" century; in Denmark 1805 (Fritzboger, 2018),
in Finland 1851 (Kotilainen & Rytteri, 2011), in Sweden 1903 (Nylund,
2009), and in Norway 1965 (Frivold & Svendsrud, 2018).

Revised and expanded in several stages since 1903, mainly 1923, 1948,
1979 and 1993, the Swedish Forestry Act (SFS, 1979:429) has provided the
legal framework for forest management in Sweden for more than a century
(Nylund, 2009).

1.2 Swedish forests and forestry

Situated in northern Europe, most forests in Sweden are in the boreal forest
zone (i.e. the Taiga) while the southern regions are in the boreal-nemoral
zone. The former is characterised by a large element of coniferous species,
while the latter contains a mixture of deciduous and coniferous trees.

Sixty-nine percent, 28 million hectares (ha), of Sweden is covered with
forest. Of this area, 23.6 million ha are defined as productive forest land since
annual growth is greater than one cubic metre (m?) per ha. The most common
tree species in Swedish forests are Norway spruce (Picea abies (L.) Karst.),
Scots pine (Pinus sylvestris L.) and birch (Betula pendula Roth. and Betula
pubescens Ehrh.), making up 40, 39 and 13% of the standing volume,
respectively (Nilsson et al., 2020).

Even-aged forest management is common practice in production-oriented
forest management. In northern, central, and most of southern Sweden, forest
management concerns a small number of tree species, mainly Norway
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spruce, Scots pine, and the locally predominant birch species, downy birch
and silver birch. In some parts of southern Sweden, oak (Quercus robur L.)
and beech (Fagus sylvatica L.) can be added to the species of importance. In
most cases, stands are artificially regenerated by means of planting
genetically improved seedlings, and the main source of revenue is the final
felling (Albrektson et. al., 2012). In thinning and final felling operations,
mechanised cut-to-length methods are used (Brunberg, 2016), while some
non-industrial private forest owners carry out manual cut-to-length
operations in their forests using chainsaws and farm tractors or quad bikes
(Edlund, 2019; Lindroos et. al., 2005).

The average annual cut in Sweden in the past five years has been more
than 80 million m* (Nilsson et al., 2020), of which slightly more than half
was Norway spruce, one-third was Scots pine, and the remainder deciduous
trees. Two-thirds of these volumes originates from approximately 200 000
ha of final felling, while the remaining third originates from the
approximately 300 000 ha of thinning carried out. Approximately half of the
forest land in Sweden is owned by ~300 000 non-industrial private forest
owners while the other half'is owned by a set of large forest companies, state-
owned forest companies, dioceses, common forests, and regional companies.
While forest companies aim to maximise revenues and secure wood supply
to their industries, there is greater diversity regarding the aim for the
management among small-scale forest owners (Ingemarson et al., 2006).

The latest major revision of the Swedish Forestry Act, in 1993, removed
the detailed regulations in the wood production-oriented 1979 Forestry Act.
The term sector responsibility was introduced, implying the responsibilities
for the sector to act in accordance with the intent of the law, even if there
were few specific regulations (Bush, 2010). This was at a time when there
was an increased interest in government through governance (Rhodes, 1996),
a method considered particularly suited for the government of natural
resources (Ostrom, 1990).

Sparked by the debate regarding conservation starting in the 1970s, the
1993 Forestry Act had greater emphasis on other ecosystem services than
production of wood, and forest owners were to give environmental and
conservation objectives the same weight as production goals. Retention
forestry (i.e. a practice where non-timber ecosystem services are to be
considered in all operations) was introduced in Sweden (Simonsson ef al.,
2015).
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In Sweden, the area of forest certified under forest certification schemes
is increasing, and in 2019, 63% of the productive forest land in Sweden was
certified by FSC and/or PEFC (The Swedish Forest Agency, 2020). These
are high proportions, both in relation to other European countries and on a
global scale (Kraxner et al., 2017). While it can be argued that the
certification standards poorly reflect evidence-based knowledge (Angelstam
et. al., 2013) and implementation of certification standards in large
organisations is a challenge (Keskitalo & Liljenfeldt, 2014; Hogvall Nordin,
20006), forest certification has played an important role in strengthening non-
timber ecosystem services in Swedish forestry (Johansson, 2013).

The 2020 FSC Sweden certification scheme (FSC, 2020) requires forest
owners to set aside at least 5% of the productive forest land, in what is
referred to as voluntary set-asides. Another stipulation is that the aim of
management should be a combination of wood production and other
ecosystem services on a further 5% of the productive forest land.

Pettersson et al. (2018) has analysed the status of forest ecosystem
services in Sweden, implicitly evaluating whether the Swedish national
strategy is efficient for producing sufficient levels of all ecosystem services.
The status of ten of the 30 ecosystem services is classified as ‘sustainable’,
while seven face major challenges. The status of the remaining 13 ecosystem
services is classified as ‘intermediate’. One of the conclusions of the
mapping is the need to adapt practices in Swedish forestry to improve
conditions for other ecosystem services.

1.3 Forest management

On the most fundamental level, there are two forest management systems:
even-aged (rotation) forestry and uneven-aged (selection) forestry. The
former is characterised by a cyclic rotation where treatment units are single-
storied for most of the cycle. Even-aged forest management is the dominant
method for forest management intended for wood harvest in much of the
world (Robinson, 1988). Uneven-aged forestry uses selection cutting to
create full-storied treatment units (Lundqvist, 2017). Both types of forestry
involve what Albrektson er al. (2012) refer to as different management
philosophies where forest management is based on moral or philosophical
principles, e.g. strategies aiming for ‘no clearcuts’ or ‘thinning for maximal
timber quality’.
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Both even-aged and uneven-aged forestry are characterised by aims to
maximise profitability and ensure a sustainable wood supply. However, in
recent decades, uneven-aged forestry has been seen as an alternative that
avoids the negative effects associated with even-aged forest management
(O'Hara, 2014). Uneven-aged forest management is part of the broad concept
of continuous cover forestry (CCF). Many studies have explored the various
differences between even-aged forestry and CCF, e.g. biodiversity (Nolet et
al., 2018; Schall et al., 2018; Kuuluvainen et al., 2012; Lindenmayer &
Franklin, 2002), recreation values (Gundersen & Frivold, 2008), and
nitrogen leaching (Gundersen et al., 2006). Some researchers consider CCF
to be too broad a term, so drawing general conclusions about its benefits and
drawbacks is a challenge (Pommerening & Murphy, 2004).

Uneven-aged forestry is only possible with late-succession species. In
order to avoid issues associated with final felling where management also
involves pioneer species, several even-aged forestry management methods
have been introduced or reintroduced, e.g. shelterwoods (Raymond et al.,
2009; Bergqvist, 1999; Hannah, 1988; Keenan, 1986) and patch cuttings
(Erefur, 2010).

The objective of even-aged forestry is wood harvest. This management
has negative effects on some ecosystem services, while other ecosystem
services are unaffected or benefit from even-aged forestry. As even-aged
forestry is common in much of the world, the ecosystem services that are
unaffected or benefit from even-aged forest management need less
promotion under current conditions. Accordingly, the efforts that are made
to promote other ecosystem services are aimed at introducing other practices,
i.e. alternative management strategies or exempting areas from management.

1.4 Forest conservation

Globally, around two billion ha forest land are within protected areas,
equivalent to 15% of the total forest land, and of this area, 700 million ha are
within formal preserves, [IUCN categories I-IV (Lausche & Burhenne-
Guilmin, 2011). South America is the region with highest proportion of
forest land in formal preserves (31%) while Europe has the lowest proportion
(5 %) (FAO & UNEP, 2020). The remaining protected areas are in [UCN
categories V and VI, which include ‘Protected area with sustainable use of
natural resources’ (Dudley et al., 2013).
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In Sweden, formal preserves comprise 2.3 million ha, of which 1.4
million ha are productive forest land (The Swedish forest agency, 2019).
Formal preserves are found throughout the country but make up more of the
forest land in northern Sweden in proximity of high mountains, than in other
regions (The Swedish forest agency, 2019).

Voluntary set-asides have been instigated by forest certification, and
surveys indicate that these areas are increasing, comprising 1.2 million ha of
productive forest land in the most recent survey (Eriksson, 2019; Claesson
& Eriksson, 2017; Stal et al., 2012; The Swedish Forest Agency, 2008; The
Swedish Forest Agency, 2002). Voluntary set-asides have been one of the
main instruments for certification-driven improvement of biodiversity
(Elbakidze et al., 2016; Elbakidze et al., 2011). Voluntary set-asides also
occupy a middle ground in terms of continuity; the selection is not permanent
but investigations indicate a slow turnover (Finnstrom & Tranberg, 2014).

The concept of tree retention has been introduced with the aim of
providing habitat lifeboats during the reforestation phase in even-aged forest
management for species living in mature forests (Lindenmayer et al., 2012;
Rosenvald & Lohmus, 2008; Franklin et al., 1997). Tree retention has been
required in all forest operations in Sweden since the 1993 revision of the
Forestry Act. The interpretation and implementation of tree retention vary
but, on average, 3-5% of the area is retained in final felling (Gustafsson et
al., 2012), and The Swedish Forest Agency (2019) found 0.43 million ha
currently preserved through tree retention. As most current stands were cut
in final felling prior to 1993, these areas currently have no tree retention.
Claesson et al. (2015) estimated that, when tree retention is fully
implemented, 1.6 million ha will be preserved through tree retention.

The different forms of protection result in different levels of continuity,
size, and frequency, and serve different functions. Consequently, there are
systematic differences regarding data availability between areas with
different form of protection, e.g. on conservation values. Formal preserves
are larger, fewer, better described, and intended as permanent habitats for
long periods of time. In comparison, retained patches are small, occurring in
almost all forest stands, and often less clearly defined and described, and the
patch is intended as a lifeboat habitat for which the major benefit is attained
within 20 years. Voluntary set-asides are somewhere between the two
extremes in all these aspects (Simonsson et al., 2016).
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1.4.1 Disturbances in ecosystems

There are many definitions of disturbances in ecosystems. One often used is
that presented by Pickett and White (1985): ‘any relatively discrete event that
disrupts the structure of an ecosystem, community, or population, and
changes resource availability or the physical environment’. It can be argued
that disturbances are central in all ecosystems (Sousa, 1984). Deriving from
this view, a sub-discipline within ecology, disturbance ecology, has evolved
(Turner, 2010) and remains relevant (Newman, 2019). Different disturbances
have different scales, and Drever et al. (2006) illustrate these relationships
for disturbances in boreal forests in one, fairly simple, picture (Figure 1).

1 10 100 1 10 100 1000
m m m km km km km
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4 J -<+— 10 000 years
landscape
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2 4 budworm  change [<— century
patch stand
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Figure 1. The time-size relationship between disturbances that effect boreal forests
(Drever et al., 2006).

When using the term disturbances, it is often implied that these are ‘natural’.
Natural disturbances as described by Pickett and White (1985) have since
been referred to as simply ‘disturbance’. As the understanding of human

influence on nature has grown, disturbance ecology argues that there is a
need to recreate/simulate/emulate disturbances to avoid loss of biodiversity.
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Several theories have been presented in support for this approach; the most
frequently cited are the intermediate disturbance hypothesis (Connell, 1978),
the coarse and fine filter metaphor (Hunter Jr. et al., 1988), the historic range
of variability (Keane et al., 2009; Morgan et al., 1994) or the natural range
of variability (Landres ef al., 1999).

1.4.2 Nature conservation management (NCM)

The initial challenge in the management of protected areas is to determine
which ecosystem services that are to be promoted. The second is to determine
whether those ecosystem services require human intervention. Another
challenge is to determine which actions are most likely to result in the
intended outcomes.

While the importance of natural disturbances is recognised, several
approaches have argued in favour of human intervention to reach this state.
While Pickett and White (1985) and later Attiwill (1994) described this as
nature conservation management (NCM), several other concepts have been
introduced, e.g. natural disturbance-based management (NDBM) or natural
disturbance emulation (NDE) (Kuuluvainen & Grenfell, 2012; Drever ef al.,
2006).

The process of creating management plans for protected areas is complex,
and there are many aspects to consider (cf. Nitare et al., 2014; Gotmark,
2013; Alexander, 2008; Lindenmayer & Franklin, 2002). Human
interventions can only partly emulate the natural processes. In the process of
evaluating management, studies have used both simulations (Seidl et al.,
2011) and evaluation through field trials (Haeussler & Kneeshaw, 2003;
McRae et al., 2001; Burton et al., 1999).

In Sweden, there has been a shift in disturbances over recent centuries.
Human interventions have reduced the frequency of wildfires (Ostlund et al.,
1997) while mechanisation of agriculture has resulted in less grazing of cattle
on forest land (Lagerds, 2007). Consequently, voluntary set-asides in
Sweden are divided into two groups: areas intended for free development
(i.e. non-management), and areas where NCM is required to create or uphold
intended values. In the Swedish context (as well as in this thesis), NCM
includes all operations intended for promotion of ecosystem services other
than harvest of wood.

While Nitare et al. (2014) present approaches to attain biodiversity values
through NCM, Westin (2014) argues for the need for adapted NCM to
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preserve cultural values, and Andersson et al. (2016) describe biotopes
requiring consideration in forest operations. One issue about NCM in
Sweden is the lack of knowledge regarding these areas and the management
carried out. It has been estimated that NCM is not implemented to the extent
needed to prevent losses of conservation values (Swedish environmental
protection agency, 2012; Regeringskansliet, 2001).

1.5 Forest operations

Forest operations research is the term for describing (and studying) the tasks
set out in forest management (Heinimann, 2007; Samset, 1992). The most
fundamental goal of operations is to fully reach the management goals.
Operations in themselves often have several goals, and the design of
operations relies on a trade-off between goals. Since forest management
relies on a series of operations carried out at different times, one intervention
cannot be expected to fulfil all goals (Albrektson et al., 2012). In even-aged
forestry the management cycle contains many different interventions (e.g.
soil preparation, planting, pre-commercial thinning, thinning, and final
felling) throughout the rotation period, whereas in uneven-aged forestry
there are fewer types of interventions (in an idealised situation only
thinning). The conditions and operations in one intervention are influenced
both by previous and subsequent interventions, as well as operations by other
actors within interventions (e.g. forwarder work in final felling is influenced
by the work carried out by the harvester, which in turn has been influenced
by previous thinnings and considerations for future operations). The
possibilities and limitations differ between management strategies and
operations. The driving force for forestry has been harvesting operations
since they result in the yields and revenues that justify all other interventions.
In forest operations, efficiency and productivity are key concepts.
Efficiency can be defined as the input per produced unit for a given
production system while productivity is the inverse (e.g. hours per m* versus
m® per hour) (Bjorheden ef al., 1995). The actual productivity reached in
operations is then a result of the interactions between human, technological,
environmental, and organisational factors (Haggstrom & Lindroos, 2016).
Reducing costs in harvesting operations has been, and remains, a driving
force in the development of forest operations (Ager, 2014). Minimising costs
is also a key factor in the design of operations and choice of machinery.
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Comparisons of costs, i.e. benchmarking, between countries and regions is
useful for identifying state-of-the-art and potential areas of development (Di
Fulvio et al., 2017; Ackerman et al., 2014; Miyata, 1981; Stridsberg &
Algvere, 1964). One general conclusion from these kinds of comparisons is
that, in countries with high labour costs, highly efficient (i.e. expensive)
machinery is implemented.

In Sweden, costs of harvesting operations comprise more than half of the
costs for forestry (Eliasson, 2020). In addition to forestry costs (Table 1),
average road transport costs in 2019 were €7.9-10.5 m™ solid. Harvesting
operations therefore comprise approximately 40% of the industry wood
procurement costs.

Table 1. Forestry costs (€ m™ solid under bark) in Sweden. Conversion rate €1 = SEK10.
Data from Eliasson (2020)

Southern  Northern

Cost Sweden Sweden
Harvesting operations 133 13.2
Regeneration and early stand-management 5.9 54
Forest roads 2.5 33
Miscellaneous 0.6 0.7
Over-head 1.8 2.1
Total cost, at landing 24.1 23.6

The initial determinants for the choice of technology in harvesting can be
separated into stand factors, e.g. ground conditions and size of the trees that
are to be harvested, and organisational factors, e.g. type of operation,
legislation, and harvesting method. When harvesting operations are to be
undertaken, there are two main types of logging systems: whole-tree logging
and cut-to-length methods, where the latter involves bucking trees crosscut
into logs before extraction from the forest to the landing (Sundberg &
Silversides, 1988). Legislation on road transports often prevents transport of
full-length trees and may thereby necessitate some cross-cutting and
delimbing of the whole-tree logs at the landing before onward transport.

Cut-to-length methods are often carried out using a two-machine system
with a harvester for felling, delimbing, and bucking the trees and a forwarder
for terrain transport of logs to landing. Mechanised cut-to-length methods
are cost-effective (Eliasson et al., 2019) and reduce risk of work-related
accidents (Axelsson, 1998) but rely on highly skilled operators (Purfiirst &
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Erler, 2011; Ovaskainen ef al., 2004) and high investment costs (Spinelli et
al., 2011; Gellerstedt & Dahlin, 1999).

The technological development and mechanisation of forest operations
over the past half-century has reduced harvesting costs and improved the
work environment (Eriksson, 2016). Current forest technology and work
methods are mainly developed for operations in homogeneous even-aged
forests. The choice of technology often depends on terrain, costs, and
availability. In flat terrain, wheeled machines dominate, with tracked
machines as an option in more challenging terrain (steeper, or with lower
bearing capacity) (MacDonald, 1999), and in very steep terrain, cable
systems have been used for a long time (Cavalli, 2012; Studier & Binkley,
1976). A variety of machines have been developed for addressing challenges
in logging, e.g. lightweight machines (Lazdins$ ef al., 2016), pendulum arm
forwarders (Gelin ef al., 2020), rubber-track forwarders (Gelin & Bjorheden,
2020), and cable logging systems for flat terrain (Erber & Spinelli, 2020).
All of these have been developed to reduce ground disturbances from forest
operations, which lead to fewer limitations on logging and subsequently
lower costs and impact. Practices have also developed where machinery
initially designed for other purposes, e.g. excavators and farming tractors,
are adapted for forestry.

For harvesters, much of the observed variation in productivity (time
consumption) can be attributed to the positive correlation between
productivity and the volume/size of the harvested tree (Figure 2) (c.f.
Nurminen et al., 2006; Brunberg, 1997; Kuitto ef al., 1994; Brunberg et al.,
1989). The above cited sources have also identified several additional site-
specific attributes as influencing harvester productivity, e.g. number of
assortments harvested, terrain conditions, and tree species composition in the
stand.
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Figure 2. Relationship between time consumption and average tree size in final felling
and thinning of coniferous trees. The number of assortments is two for pine, spruce and
birch in final felling and one for pine in thinning (Nurminen et al., 2006).

Harvester productivity in even-aged thinnings has been found to be in the
order of 30% lower than those for final felling of trees of equal size (Jonsson,
2015; Nurminen et al., 2006; Eliasson, 1998; Brunberg, 1997; Kuitto et al.,
1994). The lower productivity in thinning and shelterwood establishment
operations can be explained by the restrictions in movements caused by
residual trees and regeneration (Eliasson, 1998). Eliasson (2020) found that
average harvesting costs varied greatly between thinning and final felling,
mainly due to different sizes of harvested trees (Table 2).

Table 2. Harvesting costs in Sweden. Conversion rate €1 = SEK10. Data from Eliasson
(2020).

Final felling Thinning

Southern Northern Southern Northern
Sweden Sweden Sweden Sweden

Harvesting costs (€*m=solid) 9.8 10.6 20.7 19.9
Average harvested
tree volume (m3 solid) 0.43 0.24 0.10 0.092
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Several large-scale field studies have developed models for forwarder
time consumption (Nurminen et al., 2006; Brunberg, 2004; Kuitto et al.,
1994; Bergstrand, 1985; Lonner, 1964). Briefly, the factors found
influencing forwarder productivity are logging type (final felling or
thinning), wood concentration along strip road, size and arrangement of
piles, extraction distance, terrain conditions, load size, average tree size, and
number of assortments.

As conditions vary between logging sites (no two forests are alike), the
operator also has a significant effect on productivity. Not only is there a
difference between operators but large differences can be observed within
work carried out by the same operator over time, both short and long term
(Purfiirst & Erler, 2011; Purfiirst, 2010; Ovaskainen et al., 2004; Gullberg,
1995; Samset, 1990).

The development of forest machines is ongoing, and has reached a state
where the operator in many cases has become the limiting factor for
productivity (Héggstrom, 2015). Research has therefore also focused on
reducing operator work load, e.g. through improved work methods
(Gronlund et al., 2015; Bergstrom, 2009; Bergstrom et al., 2007), decision
support systems (Ronnqvist et al., 2021), and automation or autonomous
systems (Parker et al., 2016).

It is also worth noting the concluding remarks by Nurminen et al. (2006)
in a study of harvester and forwarder performance: “Durability of machinery,
operative planning and the operators’ skills have a crucial effect on long-
term productivity”. It is therefore important to consider the entire system
when determining its viability.

Motor-manual operations can mainly be divided into operations carried
out with chainsaw and operations carried out with clearing saw. Productivity
in chainsaw operations is mainly influenced by the size of the trees harvested,
distance between trees, and intensity of removal (Behjou et al., 2009; Lortz
et al., 1997; Kilander, 1961). Clearing saws are mainly used in pre-
commercial thinning in even-aged forestry. Time consumption in pre-
commercial thinning is mainly determined by height and number of trees per
ha in the area (Uotila et al., 2014; Ligné, 2004; Bergstrand, 1986). While
pre-commercial thinning is carried out on more than 200 000 ha annually in
Sweden (Nilsson ef al., 2020), the use of chainsaw is limited to non-industrial
private forest owners and niche cuttings, e.g. some nature conservation
operations and salvage logging.
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Alternative systems for forest harvesting using other equipment than
wheeled harvesters and forwarders are not implemented on a large scale in
Sweden, much due to the versatility of the harvester forwarder system, the
comparatively flat terrain and the use of frozen ground for operations on
sensitive soils. In other countries, conditions (topography, climate, soils,
and/or legislation) are different, and these alternative systems are more
common (Mederski et al., 2020). Increasing industry demand for a steady
flow of raw material and milder winters have stimulated an interest in
machinery and decision support systems that reduce the impact of forest
operations in Sweden (Mohtashami et al., 2017; Mohtashami et al., 2012).
However, the trend is leaning more towards improving the two-machine
system rather than introducing new systems. This may be due to a
combination of tradition and the fact that two-machine systems are flexible
and, in most cases, cost-efficient; the high costs in some operations are
compensated by versatility.

1.6 Forest operations in multifunctional forestry

Multifunctional forestry is used to describe forestry intended for promotion
of more than one ecosystem service (Sabogal et al., 2013). The concept
covers many practices, and there are many similar, largely overlapping
terms, e.g. multiple-use, multipurpose, diversified, and integrated forestry,
or forest management. There has been a scientific discussion regarding
whether multifunctional forestry should be defined on stand or landscape
level. Vincent and Binkley (1993) presented the idea that a landscape level
is suitable, and these ideas have been developed by Binkley (1997) and
Zhang (2005). Others argue that several ecosystem services should be
produced simultaneously in the same area in order to be considered
multifunctional forestry (Campos Arce ef al., 2001; Panayotou & Ashton,
1992).

The production of one forest ecosystem service affects the status of other
ecosystem services (Felton et al., 2016; Nordin et al., 2011). Several
investigations have used simulations and optimisations to analyse
management strategies for maximisation or trade-offs between different
ecosystem services. Examples are a literature review on balancing cultural
values with other ecosystem services (Roos et al., 2018), case-studies on
modelling maximum carbon sequestration (Diaz-Balteiro et al., 2017),
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carbon stock and carbon sequestration (Gusti et al., 2020), carbon stock,
carbon sequestration, and biodiversity (Diaz-Yafez et al., 2019), recreation
and wood production (Eggers et al., 2018), economic, ecological, and social
sustainability (Eggers et al., 2019), and wood production, biodiversity,
reindeer husbandry, carbon sequestration, and recreation (Eggers et al.,
2020).

While even-aged, single-species forestry is dominant, other management
philosophies are also implemented in Sweden. Two shelterwood methods are
used, mainly to promote regeneration: young and middle-aged birch
shelterwoods aimed at promoting regeneration of Norway spruce while
increasing stand yields (Holmstrom, 2015; Bergqvist, 1999; Mard, 1997),
and mature Norway spruce or Scots pine shelterwoods aimed at promoting
natural regeneration and reducing mortality in artificially regenerated
saplings (Erefur, 2007; Glode, 2001).

Although limited in terms of implementation, other management
strategies in Sweden have been studied, e.g. full-storied uneven-aged
forestry (cf. Lundqvist, 2017; Ahlstrom & Lundqvist, 2015; Lundqvist,
1991) and progressive patch cutting (Erefur, 2010). Interest has also grown
among the general public and non-industrial private forest owners to
diversify from even-aged forestry (Claesson et al., 2015).

Although not uneven-aged forestry, patch cutting is considered a
continuous cover forestry management system, one that partly emulates the
partial and small-scale disturbances suggested to be the most common
natural disturbance regime in boreal forests (Kuuluvainen & Siitonen, 2013;
Kuuluvainen & Aakala, 2011). As an alternative compared to thinning,
harvesting operations in patch cutting has been found less costly in southern
Europe (Mercurio & Spinelli, 2012), western Canada (Phillips, 1996) and
Norway (Suadicani & Fjeld, 2001; Fjeld, 1994), but costlier than final
felling. Productivity in shelterwood felling of mature trees has been found to
be more influenced by residual trees compared with final felling (Laitila et
al., 2016; Niemisto et al., 2012; Eliasson et al., 1999).

Selection cuttings, i.e. thinning operations, in uneven-aged forestry share
many characteristics with thinnings in even-aged forestry, so productivity is
similar (Andreassen & @yen, 2002). The main difference between the
systems is frequency between removals and size of removal, which has been
modelled and/or simulated in numerous studies under different conditions
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(R&mo, 2017). In conclusion, the question of overall profitability when
comparing systems is complex.

There are few published scientific studies of operations in NCM. As
Armsworth (2014) notes, “Among relevant studies, there is surprisingly little
attention given to the costs that conservation organisations actually face.
Instead, there is a heavy reliance on untested proxies for conservation costs.”
Apart from the investigations by Nordén et al. (2019) in restoration of
deciduous preserves and set-asides, and a study by Santaniello ez al. (2016)
of effects on harvester productivity from different levels of tree retention, no
studies have been found.

In conclusion, multifunctional forestry has been found beneficial for
many ecosystem services, and is encouraged by legislators. However,
management is not being carried out to the extent needed to avoid losses of
conservation values and it is clear that there are knowledge gaps in the field.
Despite extensive literature on what should be done in multifunctional
forestry and nature conservation management, and literature on Asow to
perform tasks in wood harvest operations, there is a lack of knowledge in the
crossover between the two, i.e. how should operations in multifunctional
forestry be carried out? And what are the costs and revenues associated with
these operations?
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2. Objectives and goals

The overarching objective of this thesis is to increase knowledge about, and
improve implementation of, multifunctional forest operations in Sweden.
This is attained through the following more specific aims:

To provide a comprehensive description of areas in Sweden intended
for NCM at county, regional and national level (Paper I).

To describe current NCM practices in voluntary set-aside areas in
Sweden (Paper 1I)

To identify factors in current Swedish forestry affecting whether or
not NCM is being practised in voluntary set-aside areas (Paper II).
To analyse time consumption and net revenues for harvester and
forwarder work in two examples of multifunctional forestry
operations: (a) removal of birch shelterwoods (Paper III), and (b)
patch cutting of an old mixed coniferous stand (Paper IV).

All studies were carried out in Sweden. While the results from Paper I and
Paper Il are applicable in Sweden, results from Paper III and Paper IV could
be applied more broadly in boreal forests.
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3. Materials and methods

The aim of the thesis is to address a diverse set of issues and the most
pressing knowledge gaps. Various methodologies have been applied in the
studies that make up this thesis.

3.1 Description of areas intended for NCM (Paper 1)

Five Swedish forest companies each provided spatial data (polygons and
accompanying stand registry attributes) on all their voluntary set-aside areas
currently intended for NCM. The companies together own approximately 8
million ha of productive forest land (34% of Sweden’s total productive forest
land) spread over the entire country, but with greater representation in the
northern parts. Of this area, 136 672 ha, comprising 1.7% of the companies’
holdings, were intended for NCM. The data covers 26 953 stands with an
average area of 5 ha and a median area of 2.4 ha. The data was divided into
four regions, from south to north; south, mid, mid-north, and north-north. No
analysis was done at company level, i.e. it was assumed that there are no
systematic differences between companies’ implementation of NCM.

A set of 40 forest types with their own separate identifiers and goals was
devised after combining information about the habitats requiring
conservation measures (Andersson et al., 2016) with publicly available forest
company voluntary set-aside guidelines (The Church of Sweden, n.d;
Holmen skog, 2017; SCA skog, 2017; Sveaskog, 2016; Gronlund, 2014;
Skelleftea Kraft, 2013; Aulén, 2012). Thirty-one of the 40 forest types were
described as requiring NCM, at least under certain conditions, to attain or
maintain intended values.

A set of six NCM area categories were created based on these 31 forest
types, by grouping them according to their main attributes. The six area
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categories were complemented by a category for stands that met none of the
listed criteria (Table 3). The forest types in each area category had common
denominators in terms of aims and management strategies or stand
characteristics. Each area category included criteria deemed identifiable
given the available data, and chosen to prevent overlaps between area
categories.

Table 3. Names, titles and a brief description of the criteria for identification of each
category (Gronlund et al., 2019).

Designation in

Category text Criteria

Areas with high Protected Areas overlapping nature reserves, national

degree of parks or some other formally protected

formal forest

protection

Areas close to  Anthropogenic Stands within 300 metres (m) of residential

anthropogenic buildings and stands overlapping areas or

activity within 20 m of lines and points identified as
being sites with cultural heritage value

Areas close to ~ Water Stands within a 30-m buffer zone of water

water surfaces

Areas with Accessibility  Areas with limited accessibility due to low

limited bearing capacity, high ground roughness, or

accessibility steep slopes

Old coniferous  Coniferous Stands where > 70 % of standing volume is

forests coniferous species and stand age > 120 years

Old deciduous  Deciduous Areas where > 25 % of standing volume is

forests deciduous species and stand age > 60 years

Zero-category  Zero Stands mee