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Abstract

This chapter discusses challenges and possibilities involved in preserving biological diversity and the
diversity of ecosystem services in the boreal zone and yet at the same time maintaining intensive timber
extraction in boreal forests. Our focus is on Fennoscandian forests at the landscapes level, and we
consider economic, social and ecological in the sustainability of forest management. We provide an
outlook to boreal forest ecosystems and their history, and an overview of the forestry practices and
policies that aim to ensure multi-functionality of Fennoscandian forests, i.e. diversity of efforts on
sustaining biodiversity, timber production and other ecosystem services from forest landscapes. We
review the current scientific understanding management effects on the structure and dynamics of the
forest at different spatial, and the consequent repercussions on forest biodiversity and ecosystem
services. Evidence suggests that many ecosystem services and biodiversity are in conflict with intensive
timber production in boreal forests. We therefore present methods for assessing conflicts among
alternative forest uses and for finding solutions for conflicts. We conclude the chapter by providing
insights for future management aiming at sustainability from economic, ecological and social

perspectives.



1. Introduction

The boreal biome encompasses almost one third of the world’s forests (UNEP et al. 2009). Unlike
tropical and temperate forests, boreal forests have remained relatively stable in area in recent decades
(UNEP et al. 2009; FAO 2010). Overall, the region is characterized by a net gain in growing forest stock
(FAO 2010). However, extensive tracts of boreal forests are actively managed and harvested for timber
production, with changes to the structure and tree species composition of the forests and impacts on
wildlife and ecosystem functioning (Ostlund et al. 1997; Bradshaw et al. 2009; Kuuluvainen et al. 2012).
Moreover, there is ongoing pressure to increase forest biomass use to reduce CO2 emissions and increase

renewable energy use according to set targets (Stupak et al. 2007).

Even though forest cover is still extensive, forestry has caused profound changes in the landscape and
stand structure in the boreal zone (Bryant et al. 1997; Esseen et al. 1997). Boreal forests also harbor
unique biodiversity (UNEP et al. 2009). However, habitat availability and resources for species
associated with processes and structures characteristic for pristine forests has severely declined.
Consequently, forest management is the most prominent threat for a number of species in the north. For
a large proportion of the red-listed species for example in Finland and Sweden (totally about 1700 and
3500 species, respectively;) forestry is a main threat, and invertebrates and fungi are particularly

common among forest-associated red-listed species (Rassi et al. 2010; Westling 2015).

Throughout the boreal region, intact forests are concentrated in the northernmost or otherwise
inaccessible regions and, even still, are not extensively protected (Potapov et al. 2008). Protected areas
cover only less than 5% of productive forest land in the Nordic countries. There is also a strong bias
concerning protected areas so that most protected areas are situated in the north, and they consist, for

large part, of forest types that are less productive than average (e.g. Angelstam and Pettersson 1997).

The multifunctional role of forests is widely recognized from scientific (Harrison et al. 2010) and policy



points of view (e.g. the EU Forestry Strategy' ). Forests are a major source of timber, but also provide a
range of other goods and services that are essential to human societies (Vanhanen et al. 2012). In
addition to providing jobs, income and raw material to industry, forests, for example, regulate and purify
freshwater, prevent soil erosion, conserve biodiversity, protect against landslides, provide recreation and
non-timber products, and acts as carbon sinks thus contributing to climate change mitigation (EC 2012).
For both biodiversity and ecosystem services, it is crucially important how the forests outside the
protected areas are managed. Forest exploitation has a long history in the Nordic countries dating back
to the 17th century (Esseen et al. 1997). Intensive forestry practices such as clear-cut harvesting, soil
preparation and planting new trees were developed in the mid 20th century to maximize the production
of timber and pulpwood. Forest industry constitutes a large proportion of national gross production of
Nordic countries and is very important to many local economies. This imposes a great challenge: is it
possible to preserve biological diversity and the diversity of ecosystem services in the boreal zone and
yet at the same time maintain intensive timber extraction from Fennoscandian boreal forests? In this
chapter, we aim at providing an answer to this question based on the understanding provided by the
research on the natural dynamics of the boreal biome, on management effects on the structure and
dynamics of the forest at different spatial, and on multi-functionality of Fennoscandian forests. Our
focus is on Fennoscandian forest landscapes where we scrutinize sustainability of forest management

from economic, social and ecological perspectives.

We first provide a general overview of boreal forest ecosystems. We introduce main abiotic and biotic
factors affecting the distribution and causing variation in boreal forest, to lay a basis for understanding
factors affecting both biodiversity and ecosystem services. We provide an overview of the history of the

biome, describe the natural dynamics of boreal forests, and provide an overview of biodiversity patterns.

! http://ec.europa.eu/agriculture/fore/forestry strategy en.htm



Further, we describe the main ecosystem services from boreal forest and identify ecosystem services that
are typical for boreal forests, emphasizing differences with warm temperate forests. We provide insights

how important these ecosystem services are globally, regionally and locally. We particularly discuss the

so called every-man’s-right tradition in Fennoscandia, and how this influences possibilities to benefit

from forest ecosystem services.

Secondly, we describe the traditional and current forest management practices in Fennoscandia, and go
on by describing how management mechanistically connects with biodiversity and the flow of
ecosystem services. We review synergies and conflicts among alternative ecosystem services as well as
biodiversity. Third, we provide an overview of the forestry practices and policies that aim to ensure
multi-functionality of Fennoscandian forests, i.e. diversity of efforts on sustaining biodiversity, timber
production and other ecosystem services from forest landscapes. Finally, we present alternative methods
for assessing conflicts among different ecosystem services and for finding solutions for them. We
conclude the chapter by providing insights for future management aiming at sustainability from

economic, ecological and social perspectives.

It becomes obvious from our overview of boreal forest ecosystems that Fennoscandian forests are
probably the simplest of all forest ecosystems on Earth. Because of long traditions in natural history and
forest ecological research in all Nordic countries, Fennoscandian boreal forests are relatively well-
known ecosystems. From global perspective, national economies of the Nordic countries are affluent,
stable and predictable. We assert therefore that in comparative terms, Fennoscandia is an ideal test
laboratory to find out if sustainable forest management, in ecological, economic and social terms, is an

achievable goal (Monkkonen 1999).



2. Boreal forest ecosystem

2.1. Distribution of boreal forests

The boreal biome is characterized by a relatively cold climate, large differences between summer and
winter temperatures, and a persistent snow cover in winter. In some regions of the boreal, precipitation
may fall mainly as snow. This combination, along with nutrient poor soils, favors the preponderance of
conifer species (Pinus spp., Picea spp., Abies spp, Larix spp.), although species of broadleaved
deciduous trees, particularly Betula spp., Populus spp. and Salix spp., are also common. Compared to
lower latitudes, forests in the boreal biome are home to relatively few tree species. The boreal region
meets the tundra to the north and at high altitudes, and the temperate forest to the south (Fig 1). The
transition zone between the boreal and temperate regions, called the hemiboreal (or sometimes

‘boreonemoral’) zone, is characterized by a mixture of boreal and temperate elements (Nilsson 1997).

Olson et al. (2001) recognized 29 ecoregions within the boreal zone, eighteen in the Nearctic and eleven
in the Palearctic region. Boreal forests of Fennoscandia and western Russia, stretching a latitudinal
range of ~57°— 69° N, are one of the Palearctic boreal ecoregions. There are clear variations in climate at
larger scales within the ecoregion, i.e. a gradient from a maritime climate in Norway to increasingly
continental climates eastwards (Tuhkanen 1980), as well as a latitudinal and altitudinal gradient from the
southern boreal zone to the northern boreal zone (Moen 1999). The location of Fennoscandia at the
western edge of the Eurasian boreal forest belt makes the regions climatically different from other boreal
ecoregions. Because of relatively maritime climate, annual variations in temperature and precipitation
are less pronounced than in more continental areas in Siberia and the Nearctic. Also mean annual
temperature is higher in the western Palearctic than at the same latitudes elsewhere, and consequently,
the southern edge of the boreal zone in Fennoscandia is at the same latitude as the northern edge of the

zone, for example, in Eastern North America.



The main gradients of variation influencing the local characteristics of natural boreal forests are (a)
biogeographical patterns partly driven by climatic gradients, (b) the soil’s nutrient and moisture
gradients and their effects on tree growth and natural disturbances, and (c) time since disturbance (forest
development). All these three gradients represent continuous variation rather than discreet classes.
Nevertheless, classifying the gradients has large heuristic value in recognizing classes of forests and
their developmental stages because they provide tools to handle underlying abiotic and biotic factors

affecting both biodiversity and ecosystem services.

The biotic zonation of boreal forests in Fennoscandia has received much interest. Widely accepted
subdivision scheme was created by Ahti et al. (1968), which identified four zones mainly based on the
composition of plant communities in mesic sites. A main pattern is the increase of conifer tree
dominance from hemiboreal zone towards the north boreal and concurrent decline of temperate broad-
leaved trees. Likewise, the dominance of herbs in the field layer decreases and that of dwarf shrubs
increases with increasing latitude. In the middle boreal zone, herbs are restricted to nutrient-rich sites,
and even more so in the north boreal zone where bryophytes and lichens also become more abundant

(Esseen et al. 1997).

Variation in nutrient availability and moisture also causes variation in forest community composition,
which is summarized in forest site type classification systems (e.g. Cajander 1949; Arnborg 1990).
Generally, soil type, soil moisture and vegetation in the European boreal forest are closely related. The
vegetation of the understory of Fennoscandian boreal forest can be classified as follows. Very
dry/nutrient-poor sites are lichen-dominated heaths. Dry-mesic and moderately rich sites are dominated
by dwarf shrubs, e.g. Calluna vulgaris, Empetrum hermaphroditum, Vaccinium vitis-idaea and V.
myrtillus. Moist-wet, moderately rich sites are characterized by V. uliginosum and Ledum palustre,

while mesic, moderately rich by pleurocarpous mosses. In moist and rich sites herb layer with



pteridophytes and e.g. Maianthemum bifolium is typical, and in moist-wet and very rich sites tall herb

layer with e.g. Filipendula ulmaria.

Time since disturbance is yet another gradient of variation because boreal forests can be considered
disturbance driven ecosystems (see below). This variation can be classified into forest successional

stages based on stand structural characteristics (Shorohova et al. 2009).

2.2. History of boreal forests

Boreal forest biome is the youngest of the Earth’s forest biomes. It has developed during gradual cooling
that has characterized the global climate during the past 20 million years. During the early Oligocene,
some 30 million years ago, tropical and subtropical forests thrived as far north as the Spitzbergen or
Canadian (presently) artic. At the evolutionary time scale, the evolution of cold-hardiness in trees has
been critical. The origin of the present boreal tree taxa likely locates in East Asian mountain regions,
where frost-tolerance evolved in high altitude conifer and mixed forest during the gradual cooling of the
Miocene climate. During the Pleistocene, these cold-hardy tree taxa then spread across the Palearctic
and Neartic regions with further cooling of global climate (Latham and Ricklefs 1993). The current
extent of the boreal zone is relatively recent phenomenon, developed during the past 2 million years
when the global cooling culminated in the Pleistocene era. Thus, the boreal biome as we see it today is a

child of the Ice Ages.

Pleistocene differs from the preceding era not only in terms of cooler global climates but also in terms of
large climatic variations with recurrent glacial periods interrupted by warmer inter-glacial periods. Most
of the area currently occupied by boreal forests, particularly in the western Palearctic and the Nearctic
regions, was glaciated several times during the Pleistocene. Typically, tree species reacted to Pleistocene

climatic oscillations in idiosyncratic ways, and thus forest zones or communities did not retract towards



south during glaciations (Huntley and Birks 1983). Consequently, forests in the glacial refugia lack
modern equivalents in the present boreal tree communities both taxonomically and structurally. The
latest glacial period ended approximately 10,000 years ago, after which species gradually (re)colonized
the region. As a consequence, boreal species assemblages can be considered relatively ‘young’ from a

geological time perspective.

During the peak of glaciations, forests were almost completely wiped out from Europe except from the
south- and sea-facing slopes of mountains in the Balkan, Apennine and Iberian peninsulas. Further north
the climate was too cold and lower down in the Mediterranean region too dry for forest growth. Of the
boreal tree species, glacial refugia of the Scots pine (Pinus sylvestris) and birches were much larger than
those of the Norwegian spruce (Picea abies) that only existed in the Balkans and further east. In the
Neartic and in eastern Palearctic, total forest area remained much more extensive than in the western
Palearctic. In the Nearctic, both conifer and temperate deciduous zones extended across the entire

continent as continuous belts (Cox and Moore 2010).

2.3. Natural disturbances in boreal forests

Boreal forests are shaped by a range of disturbances varying in size, severity and frequency, including
fire, flooding, windthrow, snowbreak, avalanches, soil erosion, fungal diseases, outbreaks of defoliating
insects, ungulate browsing, and the actions of beaver (Castor fiber in Eurasia) (Esseen et al. 1997).
Disturbances are important natural drivers of forest ecosystem dynamics (Kuuluvainen and Aakala
2011), and have strong effects on the structure and functioning of forest ecosystems (Turner 2010).
Particularly, fire has been one of the disturbances most studied because fires have been the most

important factor shaping the structure and dynamics of natural boreal forests (Gromtsev 2002).

The boreal forest disturbance regimes range from natural succession following disturbances, such as
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severe stand-replacing fires and wind-storms, to small-scale dynamics associated to gaps in the canopy
created by the loss of individual trees (Angelstam and Kuuluvainen 2004). Furthermore, boreal forest
disturbance regimes may vary considerably depending on the characteristics of the dominant tree
species, landscape, local site conditions and regional climate (Angelstam and Kuuluvainen 2004).
According to Angelstam (1998), three main broad types of boreal forest can defined based on natural
disturbance regimes in northern Europe: (1) Norway spruce dominated forest on wet and moist soils,
characterized by internal gap dynamics, and often forming more or less narrow elements in the
landscape along depressions and water courses; (2) successional forest following stand-replacing
disturbance such as fire (commonly on mesic soils), characterized by a gradual change from open
conditions to closed forest, and from more deciduous trees and pine shortly after disturbance to more
Norway spruce after several decades; (3) Scots pine dominated forest on drier sites subjected to frequent
low-intensity fires, with different cohorts of trees having survived past fire events (Fig. 2). Evidence
suggests that in Fennoscandian conditions gap dynamics (1) and cohort dynamics (3) were much more
common than successional dynamics following stand-replacing fires (2) under natural disturbance
dynamics (Angelstam and Kuuluvainen 2004). Also simulations suggest that old-growth forests
dominated the natural landscapes of northern Europe, including the European part of the Russian boreal
zone (Gromtsev 2002; Pennanen 2002). Similarly in northeastern North America, pre-settlement forests
were dominated by relatively frequent, low intensity disturbances that produced a heterogeneous mosaic,
while large-scale stand-replacing disturbances were rare (Seymour et al. 2002). In more continental
regions such as Siberia and central Canada, stand-replacing fires and subsequent even-aged successional

forests have been the dominating natural dynamics (Cogbill 1985).

Many studies showed that natural disturbances have a positive effect on biodiversity. Therefore,

emulation of natural disturbances has been proposed as a sustainable forest management (Kuuluvainen
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and Grenfell 2012). In boreal forest ecosystems where fire is the major natural disturbance agent, it has
been suggested the application of prescribed burning as a measure to restore natural forest conditions
(Toivanen and Kotiaho 2007) whereas in wind- and bark beetle-dominated disturbance regimes the
creation of gaps of various sizes and shapes has been recommended to increase biodiversity

(Kuuluvainen 2002).

In recent decades, forest disturbances have increased their frequencies and severity in many parts of the
world (Chapin et al. 2000) and it is expected to increase even more in the future as a result of climate
change (Seidl et al. 2014). As a consequence, it is very important to know the impacts of natural
disturbances on boreal forests biodiversity and ecosystem services. A recent review by Thom and Seidl
(2015a) carried out in temperate and boreal forests to evaluate the impacts of three of the most relevant
disturbance factors (fire, wind and bark beetle) on 13 different ecosystem services and three indicators
of forest biodiversity revealed a ‘disturbance paradox’ reporting that disturbances can have negative
effects on ecosystem services while simultaneously facilitating biodiversity. Thom and Seidl (2015)
found that under a high-severity disturbance event, it was expected a loss of 38% of carbon storage
while an increase in species richness by 36%. However, since negative effects on carbon are rapidly
reduced with time, the positive effects on biodiversity do not substantially change over time. Therefore,
managing for a low to medium frequency disturbance regime would result in a reduced negative impact
on ecosystem services while still benefiting biodiversity. This emphasises the need to put more attention
on disturbance risk and resilience in ecosystem management and new strategies to address the

disturbance paradox in management are needed.

2.4.Biodiversity in boreal forests

The deep evolutionary history and Pleistocene glaciations are etched in the species diversity of current

temperate forest regions. For example, the effects of Pleistocene glaciations have been most drastic in
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the western Paleartic region where several tree species and genera went extinct, mostly due to
diminishing area of forests. Consequently, forests in the western Palearctic are less diverse in tree
species than Nearctic and eastern Palearctic forests (Huntley 1993). Fennoscandian boreal forests
contain only two common conifer tree species (Scots pine and Norway spruce) whereas in eastern
Siberia there are eight common conifer species, and in the eastern Nearctic typically 4-6 widespread
conifers. Parallel differences among regions with the boreal zone are evident in forest-associated
vertebrate species (Monkkonen and Viro 1997). Compared to tropical forests where up to 300 tree
species may occur in a single hectare (Gentry 1988) or temperate deciduous forest biome with almost
1200 tree species in total (Latham and Ricklefs 1993), boreal forests may appear dull. However, for
some taxa such as beetles, the monotonous appearance is misleading, and consequently, Hanski and
Hammond (1995) asserted that “if we do not soon recognize that boreal forests are not simple stands of

pine and spruce, that is just what they may become”.

Disturbances and processes following them are important drivers of biodiversity in boreal forests. Large
scale disturbances such as forest fires or storms create structural variation at the landscape scale, and
boreal ecosystems under natural disturbance regimes are composed of forests representing different
developmental stages (Syrjénen et al. 1994; Kuuluvainen and Aakala 2011) providing habitat and
resources for species with varying preferences and requirements. Smaller scale disturbances resulting in
replacing individual trees or group of trees by new individuals provide structural variation within forest
stands, e.g. maintain mixed species tree communities and variation in tree ages, which is important from

biodiversity perspective.

Tree deaths following disturbances influence a number of patterns and processes occurring in forest
ecosystems (Franklin et al. 2002). Large quantities of decaying wood are one of the most characteristic

features of natural, both young and old boreal forests. Decaying wood is important resource and habitat
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for a very large number of species. Both in Sweden and Finland, about 20-25% of all multicellular forest
species (20000 in Finland, 25000 in Sweden) are associated with dead-wood, i.e. 5000 and 6500
saproxylic species in Finland and Sweden, respectively (Siitonen 2001; De Jong et al. 2004). Because of
intensive forestry, dead-wood volumes in managed Fennoscandian boreal forests have decreased by
some 95% compared with forests under natural disturbance regime. This is a prime example of the fact
that forestry-induced disturbances typically differ from natural disturbances in their effects on structures

and processes important for biodiversity (Fig. 2).

The non-linear relationship between the number of species and area is one of the few recurrent pervasive
patterns in ecology (Rosenzweig 1995). When the area of a habitat type starts to diminish, for example,
on old-growth forests, the changes in the species number are very small at first, but the rate of loss of
species accelerates considerably with further habitat loss. Habitat loss is globally the main reason for
increasing species extinction rates (MEA 2005). The proportion of old-growth forests in the present
Fennoscandian landscape is getting so small in the modern landscape that we very likely operate on the
steeply declining part of the species-area relationship for species strictly associated with old-growth
forests. For example in Finland, forests more than 120 years in age comprise about 4% and 18% of
forest land in southern and northern parts, respectively (Peltola 2014); in a natural boreal landscape this
percentage is much higher, e.g. 70% in pristine NE European taiga in Russia (Syrjdnen et al. 1994).
Similarly, resulting from diminishing habitat availability for dead-wood associated species, they are
disproportionally numerous among the threatened species in Fennoscandia: the reduction of large
diameter dead-wood has been identified as the principal threat factor for more than 50% of forest species

(Berg et al. 1994; Siitonen 2001).

A simple calculation suggests that many species associated with virgin forests and their characteristic

forest structures have either become extinct or will be lost in near future, as these natural forests
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comprise an ever-decreasing fraction of the total land area in Fennoscandia (Hanski 2000). This is a
sheer challenge for sustainable forest management. Because of pressures to increase forest biomass
harvesting, future boreal landscapes will likely face further reductions in the area of old, mature forests.
The sustainability challenge actually is to break the species-area relationship with careful landscape
level planning, i.e. maintain species and their populations when their habitat is decreasing. This seems
very challenging indeed, because with low proportion of original habitat and resources in the landscape,
the secondary consequences of habitat fragmentation such as edge effects tend to draw down the species

number even more than predicted by the species-area-relationship (Monkkonen 1999).

2.5.Main ecosystem services from boreal forests

Ecosystem services can be divided into three main classes: regulating, provisioning and cultural
services according to the Common International Classification of Ecosystem Services (CICES) (Haines-
Young and Potschin 2011; Haines-Young and Potschin 2013). Regulating services are the benefits
obtained from the regulation of ecosystem processes such as climate regulation and pest control.
Provisioning services are the products obtained from ecosystems such as food and fresh water. Cultural
services are non-material benefits that people obtain from ecosystems such as recreation and spiritual
enrichment. Here, we provide an overview of the main ecosystem services in boreal forests for each

class.

2.5.1. Regulating

Globally the most important regulating service in boreal forests is the climate regulation (Burton et al.
2010). Carbon storage and sequestration by boreal forests is hugely important for global climate change
mitigation. Boreal forests contain more than 30 % of the global carbon storage and more than 20 % of

the global carbon sinks in forests (Pan et al. 2011). In boreal forests, 60% of carbon is stored in soil and
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20% in woody biomass whereas in other forests, such as tropical forests, the shares are opposite (56% in
biomass and 32% in soil). In addition, especially old natural boreal forests store and also sequestrate
carbon (Luyssaert et al. 2008) and contrary to temperate deciduous forests, some forested areas in the
boreal zone still exist without human disturbance (Burton et al. 2010). Moreover, there are differences
between forest biomes in climate regulation in terms of evapotranspiration and albedo effects (Snyder et
al. 2004). In the boreal zone albedo effect is more important for climate change mitigation than in
tropical and temperate forests where cooling effects by evapotranspiration is more important (Bonan et

al. 2008).

Many regionally and locally important regulating services in forests are related to water and soil
and are considered as public goods. Boreal forests are part of hydrological cycles and regulate water
flows, they filter ground water and act as buffer zones for adjacent waters by retaining nutrients
(Saastamoinen et al. 2014). Boreal regions have one of the largest freshwater supplies in the world
(Schindler 1998). In addition, boreal forests retain nutrients and maintain soil productivity (Maynard et
al. 2014), and provide resistance against natural disturbances such as pests, diseases, fire, wind and
floods, which may become even more important in the future if climate change increases disturbances
(Thom and Seidl 2015b). Furthermore, they provide habitats for many beneficial organisms, such as
pollinators and decomposers, e.g., honeybees living in forests are pollinators of many commercially

valuable crop species (Kettunen et al. 2012).
2.5.2. Provisioning

Timber production is the economically most important provisioning service in boreal forests (Burton et
al. 2010; Vanhanen et al. 2012). Boreal forests contain approximately 45% of the world’s stock of
growing timber and approximately 25% of global exports of forest industry derives from boreal forests.

Slow tree growth produces strong, narrow-ringed wood with excellent properties as construction timber
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and fiber for paper-making. Logging residues and small diameter trees are used for bioenergy

production to substitute for fossil fuels (Repo et al. 2011, Lempricre et al. 2013).

The intensity of forestry varies greatly across boreal forests. Most of Alaska’s boreal forests are beyond
timber production whereas only 7 % of Finland’s forestland is excluded from timber production. The
share of the forest sector in the Gross Domestic Product (GDP) is approximately 1% in Russia, 2% in
Canada and Sweden and even 4% in Finland (Vanhanen et al. 2012). Especially in Fennoscandia, many
forests are privately owned and provide economic benefits from timber for private people. In addition,

forest industry is an important employer and creates jobs for many local people.

In addition, non-timber forest products, such as mushrooms and berries are valuable provisioning
services in boreal forests (Burton et al. 2010; Saastamoinen et al. 2014). These products are
economically and culturally important especially for rural and aboriginal communities (Turtiainen et al.
2012; Natural resources of Canada 2016). Every-man’s-right tradition in Fennoscandia allows all people
to have access to forested areas and opportunity to collect products even in privately owned forests
(Kettunen et al. 2012). This right makes berries and mushrooms a public good (Paassilta et al. 2009).
The berries and mushrooms are mainly collected for household use but some species, such as bilberries
(Vaccinium myrtillus, Vaccinium corymbosum), cowberries (Vaccinium vitis-idaea), and mushrooms,
particularly Lactarius spp. and Boletus spp., are also commercially harvested. In Fennoscandia,
approximately 5-10% of the berry and mushroom crops are harvested annually. Selling collectables is

tax-free thus providing income for local people (Turtiainen et al. 2012).

Commercial harvesting of non-timber products of boreal forests and their international trade are
increasing Finland and Sweden are the main exporters of bilberries (Paassilta et al. 2009) and Canada is

the main producer of maple products (Natural resources of Canada 2016). Wild mushrooms from boreal
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forests, such as cep (Boletus edulis) and chanterelle (Cantharellus cibarius) species are exported to

Central Europe and Asia (MARSI 2014; Natural resources of Canada 2016).

Moreover, hunting game species, such as moose (4lces alces), provide income for local people,
and in Fennoscandian countries, the economic value of game meat is between 44 and 125 million euros
per year (Kettunen et al. 2012). Nature tourism is both nationally and regionally important sector in the
Nordic countries. For example, in Finland nature tourism provides employment for 32000 persons;
forestry for 25000 persons (Ministry of Employment and the Economy 2014). In Finnish Lapland,
nature tourism is the most important regional economy sector. Other regionally and locally important
provisioning services distinct to boreal region are services such as reindeer herding and Christmas tree

harvesting (Kettunen et al. 2012; Natural Resources of Canada 2016).

2.5.3. Cultural

Many non-timber forest products are also categorized as cultural ecosystem services because of their
recreational and cultural value. Recreational berry and mushroom picking as well as hunting are popular
activities for local people (Kettunen et al. 2012; Brandt et al. 2013). For example, more than half of the
Finns annually participate picking berries and mushrooms (Turtiainen et al. 2012). Hunting has long

traditions and it still has importance to local communities also in terms of cultural identity.

Boreal forests are used also for other recreational outdoor activities, such as hiking, camping and
watching e.g., bird species. For example, almost half of the Norwegians go hiking in forests or
mountains more than twice a month (Kettunen et al. 2012). Also the scenic beauty of forest landscape
and national species have their own cultural and recreational values (Saastamoinen et al. 2014). Forests
also provide possibilities to improve human health conditions. The results of a vast amount of research
show that forest visits promote both physical and mental health by reducing stress (Karjalainen et al.

2010). In Fennoscandian countries, blueberry and cloudberry as well as birch sap are used for health
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related products and cosmetics (Kettunen et al. 2012). Aboriginal communities in Canada have long
traditions using medical plant species (Uprety et al. 2012). In general, a great potential exist in the

development and utilization of health benefits deriving from boreal forests.

3. Past and present forest use and management in the boreal zone

3.1. Historical use of boreal forests

From a global perspective, the boreal biome has sparse human population and relatively low
anthropogenic impacts (Gauthier et al. 2015). In the boreal, only a minor proportion of the boreal forest
has been converted to farmland, and land clearing for agriculture has mostly occurred in lowland areas
along the seacoasts, near large lakes and in river valleys. Forest land is a dominating land use type
across the entire boreal zone but still, large parts of the European boreal forest have been influenced by a
long history of shifting slash-and-burn agriculture (Myllyntaus et al. 2002). Importantly, most of the
European boreal forest has been subjected to some form of logging or management for wood production
(Bryant et al. 1997). In Fennoscandia, the history of logging is relatively long compared to other parts of
the boreal biome. Already in the 17"-19' centuries, forests were logged for charcoal production to
supply the mining industry, and potash and tar production had large impacts on forests in some regions

(Esseen et al. 1997; Ostlund and Roturier 2010).

Extensive logging for saw timber — typically diameter-limit cutting targeting the largest trees — increased
mostly from the 19" century, spreading gradually from the south into the north and inland of
Fennoscandia (Imbeau et al. 2001a). Also the demand for pulp wood considerably increased in the first
half of the 20™ century. Since the 1950s, even-aged forestry involving clear-felling and thinning has

been the dominating management regime throughout the boreal zone. In Russia, forest management has
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thus far been less intensive than in the Nordic countries from a silvicultural perspective (Elbakidze et al.
2013), although logging has affected most parts of the Russian boreal forest (Potapov et al. 2008). In the
Nearctic boreal zone, large scale forest management and harvesting started in the mid-20"™ century, and
harvesting for timber still largely considers pristine forests (Bryant et al. 1997; Imbeau et al. 2001b).
Moreover, forest fires have been suppressed very successfully in the Nordic countries since the later
parts of the 19" century (Zackrisson 1977), whereas they still are a relatively more common disturbance

agent in Russia and in Canada.
3.2.  Forestry

In today’s Fennoscandia, most of the productive forest area is under management for timber production,
while low-productive areas are typically less affected by forestry. At a larger scale, there are still some
relatively intact forest landscapes in the boreal region, unlike the situation in most of temperate Europe.
However, these landscapes are confined to the northern parts of European Russia (Potapov et al. 2008)

as well as to areas along the Finnish-Russian border and the Scandinavian and Ural mountain ranges.

Forest management is the conduct of human actions to extract resources and modify the growing
potential of the forest. From a recently harvested stand (or bare ground) there are regional level
recommendations “best practice” guidelines that indicate which actions may be suitable to conduct on
different forest structures (i.e. Aijild et al. 2014). The set of management actions possible depend on the
age and density of the stand, and the access to the site. On recently harvested stands, the primary interest
is often to ensure the rapid establishment of an appropriate tree species. In Fennoscandia, there is
generally access to the forest site, silvicultural treatments may be applied to assist in the establishment
and early development of the stand. For instance, preparatory actions may be conducted to aid in
regeneration and planting, to sowing seeds or leaving a selection of seed trees to allow for natural

regeneration. Once the stand has been established, and has grown for several years, the option to
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conduct a pre-commercial thinning could increase growth by reducing competition between trees. Once
the forest has matured, there are possibilities to extract timber resources. Two different methods of
extracting timber are possible: to conduct thinnings (selective removal of trees) or to conduct a clear
felling (removal of most trees in the stand), returning the stand to a ‘bare ground’ state. When access to
the forest site is the key limitation (such as in Russia and Canada), road construction is required to do

forest operations. This restricts the economically feasible management alternatives.

When access to site is not a limiting factor, the exact timing of the operations depends upon the ability
of the forest to grow. The key input variables for growth models relate to conditions specific to the stand
(Skovsgaard and Vanclay 2008). This includes the quantity of sunlight received, the soil conditions and
water availability determines the fertility of the site. For instance, forests located on sites with reduced
soil nutrition or water viability will require a longer growing period, resulting in a delayed harvest when

compared to a site with improved soil nutrition and improved water availability.

In Finland, the legal restrictions have been removed with an update of the forest law (Finnish Forest Act
2014) in 2014, continuous cover forestry (CCF) or uneven aged forestry is now allowed. Currently there
is substantial research being conducted to find the most appropriate method of conducting CCF
operations (Pukkala et al. 2011; Ra4md6 and Tahvonen 2014; Lundmark et al. 2016). Although the legal

restrictions have been relaxed, the primary method to extract timber resources is through a clear felling.

In Fennoscandia, predictions of future forest resources are conducted through forest management
software. These tools integrate a large number of models to predict development of the forest. Models
predict the growth, mortality and ingrowth of the trees dependent on the specific site conditions
(location, fertility, soil type). There is a wide variety of software options, for instance in Finland there
are three primary options: MELA (Redsven et al. 2012), MOTTI (Hynynen et al. 2005) and SIMO

(Rasinmaéki et al. 2009), in Sweden the Heureka system (Wikstrom et al. 2011), and AVVIRK in
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Norway (Eid and Hobbelstad 2000). In addition to generating predictions of future forest development,
these software packages also include optimization tools (i.e. linear programming and heuristics; Kangas

et al. 2015), which can be used to develop forest management alternatives.
4. Conflicts and synergies among ecosystem services and biodiversity
4.1. Mechanistic pathways from management to biodiversity and ecosystem services

The structure of forests under natural disturbance regime vs. managed forests differ at several spatial
scales (Fig. 2). These are important to acknowledge because species possess adaptations to structures
that they have encountered during the evolutionary past and may therefore have difficulties in coping
with changes in forest structures due to forest management. The basic pattern is that natural disturbances
such as forest fires and gap formation create much structural variation and functional diversity in forest
ecosystems that are missing, severely diminished or altered in managed forests (Hansen et al. 1991;
Esseen et al. 1997). These stem from differences in the disturbances: natural disturbances show much
variation in their intensity and extent whereas forest management actions usually follow standard sets of
measures with little variation among stands (Table 1). At the stand scale, the most significant differences
are low diversity of tree species, low amount of dead wood and low abundance of very large tree
individuals in managed stands compared with stands under natural dynamics. At the landscape scale,
differences in size and age distribution of stands are large, managed forest landscapes having much less
variation in the size of disturbed (managed) areas and more even age-distribution. Managed landscapes
typically are patchworks of stands at different developmental stages having more sharp edges between

stands and less connectivity between patches of similar habitat types.

These structural differences have important repercussions to biodiversity and potentially also to
ecosystem services in managed forests because of the tight links between the structure and function of

ecosystems. Structural differences have direct effects on species ability to find habitats, disperse in the
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landscape and eventually persist as viable populations, and thereby indirect effects on the functioning of
forest ecosystem. Indeed, in boreal forests where extensive areas have been actively managed and
harvested primarily for timber production for decades, changes in forest structure and negative impacts
on biodiversity and ecosystem functioning are now apparent (Bradshaw et al. 2009; Kuuluvainen et al.
2012). For example, the clear-cutting of even-aged forest stands commonly used in boreal timber
production can radically change both biotic and abiotic conditions within a very short time, leading to
negative impacts on biodiversity. In Finland, where production forests have been intensively managed
with clear-cutting for almost 100 years, within-stand forest structure has become relatively even-aged,
and the amount of deadwood has been considerably reduced (e.g. Vanha-Majamaa et al. 2007). As a
consequence species requiring e.g. dead-wood and very large (over-mature) trees have faced severe

habitat loss.

The delivery of ecosystem services may be described as a process with four interacting stages:
ecosystem structures, ecosystem functions, benefits experienced by humans, and finally the values
assigned to these benefits (Haines-Young and Potschin 2010). Here, ecosystem structures refer to both
the biotic and abiotic components of the ecosystem. As described above, in boreal forest ecosystems
these characteristics (Fig. 4)) are heavily modified by forest management, and this has potential impacts
on ecosystem functions. As these structures and functions are the basis of ecosystem services, the
changes to the forest ecosystem following management interventions may thus extend to the various

benefits required by different stakeholders (Fig. 4).

Species biodiversity, encompassing the diversity of species, the ecological functions that they possess,
as well as their phylogenetic history, form the basis of ecosystem functions, which in turn provide
ecosystem services to humans (Duncan et al. 2015). Both experimental and correlational research into

the links between biodiversity and ecosystem functioning have shown that losses in biodiversity have
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clear negative impacts on ecosystem functioning (Cardinale et al. 2012; Tilman et al. 2012). For
example, Costanza et al. (2007) showed a positive link between vascular species diversity and net
primary productivity in North America. Similarly, Paquette and Messier (2011) showed that increased
functional diversity of shrubs and trees were associated with increased forest productivity in temperate
and boreal forests in Canada. In addition, studies looking at the links between biodiversity and
ecosystem services have shown a similar pattern. For example, Gamfeldt et al. (2013) showed in
Sweden that forests with a higher diversity of tree species showed higher levels of ecosystem services,
namely biomass production, berry production and soil carbon storage. Similarly, Vila et al. (2007)
showed that in the Mediterranean tree species richness was positively associated with wood production.
Maes et al. (2012) found that on a European scale, increased levels of biodiversity had a general positive
influence on forest-associated ecosystem services such as timber production, carbon storage and
recreation. Although previous research into the links between biodiversity and ecosystem functioning
and services has focused on species richness, it has become increasingly clear that the diversity of

functions processed by species plays the most important role (Diaz et al. 2007).

In general, the relation between biodiversity and ecosystem services is complex because biodiversity
plays an important role at many levels of ecosystem service production (Mace et al. 2012). Multiple
species are involved in producing ecosystem functions, and multiple ecosystem functions can be
required to produce even a single ecosystem service. Biodiversity is also a multifaceted concept with
several alternative elements (e.g. species) and attributes (e.g. amount or composition) whose role in
providing any given ecosystem service can vary from indispensable to harmful. In addition, the links
between biodiversity and ecosystem functioning, and biodiversity and ecosystem services are not always
linear. For example, even though Gamfeldt et al. (2013) showed a positive association between

biodiversity and several ecosystem services, in half of the cases the relation was hump-shaped. In
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practice this means that sites with six or more tree species had diminishing levels of biomass and
bilberry production. Spatial scale also plays an important role since positive relationships between
biodiversity and ecosystem services have been found at the global scale (e.g. Strassburg et al. 2010) but

this relationship weakens at national or regional scales (e.g. Thomas et al. 2013).

Despite the uncertainties outlined above, the majority of evidence points to a positive impact of
increased biodiversity on ecosystem functioning and services. Thus, forest management practices, such
as timber felling, that have negative impacts on biodiversity can also negatively impact both ecosystem
functioning and ecosystems services. In addition to final harvesting, other forest management practices
can also impact ecosystem services. For example, the frequency and intensity of thinning play very
important roles in timber production and carbon sequestration yet thinning also reduces structural
diversity important to biodiversity. Indeed, simulation studies have shown that foregoing thinning
altogether can have clear positive impacts on biodiversity and ecosystem functioning by resulting in 5-6

times more dead wood than green tree retention (Tikkanen et al. 2012).
4.2. Conflicts

As described above, forest management actions taken to increase timber yields affect also other forest
functions and services. If stand management and harvesting cause losses in ecosystem services, these
functions are in conflict and there are trade-offs between timber production and other benefits provided
by the forest. These situations have been found to be common in boreal forests. For example,
Pohjanmies et al. (unpublished) evaluated all of the pairwise conflicts among timber production and four
other ecosystem services (bilberry production, carbon storage, pest regulation, and biodiversity
conservation) using forest management simulations. They found strong conflicts between timber
production and the other ecosystem services to be common, whereas conflicts among the four non-

timber objectives were less severe (Fig. 4). For example, prioritizing timber production caused an
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average loss of 58% in the ecosystem service of pest regulation, while prioritizing carbon storage caused
an average loss of only 9% in the same service. Similarly, prioritizing pest regulation caused average
losses of 94% and 5% in timber production and carbon storage, respectively. According to these results,
timber production and pest regulation are thus strongly conflicting but carbon storage and pest
regulation are highly compatible management objectives. However, Trivifio et al. (2016) showed that
targeting high levels of timber revenues creates conflicts also between non-timber benefits (here, carbon

storage and biodiversity).

The forestry activities with the most substantial effects on ecosystem services are those that most
severely affect the structure of the forest ecosystem. These include, for example, intensive and/or
extensive wood harvesting, management of stand structure and tree species composition, and mechanical
soil preparation. However, the natural processes that generate ecosystem services may be very complex,
and much information on forestry’s effects on them is still lacking. The effects of timber production on
ecosystem services may be highly site-dependent and varied — simultaneously harmful for some services

and beneficial for others.

One of the most extensively studied ecosystem services with respect to its responses to forest
management is climate regulation via carbon dynamics. Carbon storage and sequestration by boreal
forests is hugely important for global climate change mitigation (Pan et al. 2011), and forestry may have
substantial impacts on these functions. However, these impacts are not always straightforward. Timber
production and climate regulation via carbon sequestration are in conflict if forestry operations decrease
the system’s ability to fix carbon or if they result in releases of carbon into the atmosphere from long-
term storages in the forest ecosystem, e.g. from forest soils. Generally, management choices increasing
tree growth have a positive effect on the balance whereas increasing the harvesting level results in

negative effects (Liski et al. 2001). Management strategies to increase forest carbon stocks include,
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extending rotation lengths (Cooper 1983; Liski et al. 2001; Kaipainen et al. 2004; Trivifio et al. 2015a),
changes in initial stand density and thinning strategies (e.g. Niinimiki et al. 2013; Pihlainen et al. 2014)
and forest fertilization (e.g. Boyland 2006). Extending forest rotation period allows trees to grow larger
and forests to accumulate more litter and soil organic matter, whereas forest fertilization increases tree
growth and litter input to the soil from living biomass and forest thinnings. Forest management choices
can also reduce the carbon stocks and the carbon sink capacity of through the intensification of biomass
harvests in the form of timber or forest harvest residues (Repo et al. 2011; Kallio et al. 2013; Sievdnen et
al. 2013) and the shortening of forest rotation period (Kaipainen et al. 2004). Forest management
minimizing the disturbances in the stand structure and soil reduces the risk of unintended carbon losses
(Jandl et al. 2007). However, there may be trade-offs between short-term and long-term carbon
sequestration. On top of the direct effects of forest management on carbon-related ecosystem functions,
forestry’s contribution to carbon sequestration and/or emissions may crucially depend on the entire life-
cycle of the forest product. Moreover, the role of forests in climate regulation is not limited to carbon
dynamics, but includes processes such as water and energy fluxes (Naudts et al. 2016), surface albedo
(Lutz and Howarth 2014), and production of aerosols that contribute to cloud formation (Spracklen et al.

2008).

Another extensively studied forest ecosystem service is regulation of surface water quality. Clear-cut
harvesting and mechanical site preparation, which are common practices in boreal forestry, may have
negative impacts on runoff water quality by increasing nutrient and organic matter load (Kreutzweiser et
al. 2008). Also fertilization may increase the nutrient load from forests to surface waters (Laudon et al.

2011), while also affecting ground vegetation (Strengbom and Nordin 2008).

Alterations to the structure and composition of the stand and the physical properties of the soil may

affect the site’s suitability as habitat for beneficial species such as collectable forest products,
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pollinators, natural pest control agents, and decomposers. Here, it is particularly typical that forestry has
contrasting impacts on the various benefits, because different species have differing habitat and resource
requirements. For example, the recreationally and economically important wild bilberry (Vaccinium
myrtillus) has declined in abundance in Fennoscandia due to extensive clear-cut harvesting and soil
preparation activities. Conversely, species that thrive in young stands or benefit from increased canopy
openness may benefit from forestry activities (Clason et al. 2008). Pest outbreaks may be controlled by
removing naturally felled trees and thus minimizing the availability of food and breeding resources of
pest species (Jactel et al. 2009). Then again, the lack of nesting resources created by natural disturbances

has been also suggested to negatively affect pollinators (Rodriguez and Kouki 2015).

Some of the ecosystem services provided by production forests directly benefit forestry itself. These
include ecosystem functions that maintain the productivity of the forest ecosystem or protect the forest
property, such as nutrient cycling, erosion prevention, mitigation of storm damages, and regulation of
pest outbreaks. Losses in these ecosystem services would eventually risk also timber yields. The impacts
of forestry operations on the physical and chemical properties of soils that maintain productivity are
highly site-dependent, but in many cases they have been estimated to be small in effect (Kreutzweiser et
al. 2008). Boreal forests are typically able to recover from nutrient losses caused by biomass removal
and increased leaching due to comparatively long rotation cycles as well as atmospheric deposition
(Kreutzweiser et al. 2008). However, this ability may be threatened if productivity is artificially
increased or biomass harvesting is intensified (Laudon et al. 2011). This would mean there is a conflict
between these services and timber production, but only if the services are evaluated in a short time

perspective.

The importance of the prevention and mitigation of natural disturbances is increasingly recognized as

these disturbances are predicted to become more common in response to global change. The storm
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resistance of a stand may potentially be reinforced by choices regarding the structure of the stand and
the surrounding landscape, that is, by stand diversification and minimization of height differences, gaps,
and stand edges (Zeng et al. 2009; Zeng et al. 2010). Resistance to biotic disturbances may be more
complicated to promote, because different pests may respond to stand management differently and
because actions planned to control pest populations may also harm their natural enemies (Jactel et al.

2009).

Overall, it can be concluded that there is great variation between different ecosystem services in the
extent to which the impacts of forestry on them are known. Changes in processes that involve
interactions within species communities over various temporal and spatial scales are difficult to quantify
and predict. The negative effects of forestry on numerous forest species and species groups have been
recognized, but the long-term implications for the forest functions that rely on these communities are
still poorly understood. Moreover, even when changes in the supply of ecosystem services are predicted,
the consequences of these changes to human well-being are rarely evaluated. However, it is clear that
intensive forestry has the potential to lead to substantial losses in several crucial forest ecosystem

services.

Because of the linkages between management, biodiversity and ecosystem services it is obvious that
economically, ecologically and socially sustainable forest management planning must simultaneously
consider all these aspects. Management solely focusing on intensive timber production at the landscape
scale will (and has) incur(red) severe ecological and societal costs in terms of loss of ecosystem
structures and functions as well as species, and consequently, may put many ecosystem services at risk.
Over the past 20-30 years, forest management has been in transition from mere exploitation to
sustainability, and has adopted several methods to allow for more balanced use of the goods and benefits

forests provide. In the next section we provide an overview of these methods. While debate on the most
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beneficial forest management methods is ongoing and important information is still lacking
(Kuuluvainen et al. 2012), one general message can already be derived from the past research: we need
more variation in management regimes. In the following section, we also provide insights how to
combine alternative management regimes at the landscape level to figure out desirable management

plans that will meet the potentially conflicting objectives in an optimal way.

We can also conclude from the overview we provider earlier that even if biodiversity is the basis for
ecosystem functioning and services thereof and there tends to be a positive correlation between them,
management for a full set of ecosystem services does not necessarily align with the management that
most effectively supports biodiversity. For example, prevention and mitigation of natural disturbances is
increasingly recognized as an important regulating ecosystem service but many studies have shown that
natural disturbances are crucial to the maintenance of biodiversity. Thus, while management planning is
increasingly incorporating measures to ensure multiple ecosystem services simultaneously, we cannot

assume that this will be good for biodiversity as well.

5. Management for solving the conflicts

5.1.  Management approaches for multi-use forestry management approaches for multi-use forestry
The currently dominant practice of even-aged management with clear felling was originally targeted to
solely maximize the volume of harvested timber. However, there is a gradual recognition of
shortcomings on the economic effectiveness of clearcutting (Hyytidinen and Tahvonen 2002; Hyytidinen
et al. 2004; Kuuluvainen et al. 2012) and of the conflict of such approach with other services from forest
habitats beyond wood extraction. To address these, there has been a range of alternatives proposed. The
common denominator in the deviations from the general practice is the preservation of key structural
and biological elements necessary for certain ecological processes of forest ecosystems (e.g. seedling,

ground water regulation, connectivity between forest stands).
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Monocultures are largely preferred in current intensive forestry (Clark and Covey 2012). For instance, in
Finland and Sweden only 14% and 10% of the total forest land, respectively, is composed of mixed
forests (Christiansen 2014; Peltola 2014) with the proportion of mixed forest in Finland seeing a
reduction by half since the 1950’s in favor of monocultures of coniferous species (Parviainen and
Vistild 2011). The model of monoculture is attractive in intensive forestry for its conceptual and
management simplicity while providing large amounts of timber by focusing on the most productive,
commercially interesting tree species. Nonetheless, mixed woods have a series of advantages that can
make them appealing to stakeholders. First, mixed stands are usually not so badly affected than
monocultures by extreme conditions linked to climate change such as wind throw, pest outbreaks or
drought (Kelty 1992; Felton et al. 2010; Felton et al. 2016). Second, mixed stands still enjoy relatively
high timber productivity (Kelty 1992; Gamfeldt et al. 2013). This is due to broadleaved trees reducing
soil acidification typical in monocultures of preferred coniferous species (Jonsson et al. 2003) and to
niche partition (i.e. use of partly different resources) between species (Kelty 1992; Amoroso and
Turnblom 2006). Eventually this translates into higher carbon sequestration. For instance, Gamfeldt et
al., (2013) calculated that forest stands with five species incorporated 11% more carbon to the soil than
monocultures. Third, the number of tree species in a stand is directly related to general species diversity
(Felton et al. 2010; Gamfeldt et al. 2013; Felton et al. 2016). This is not surprising as several specialist
forest species use resources from one or just a few species, while other species benefit from

heterogeneity of resources found in mixed forests.

Another fundamental approach to reconcile wood production with other functions is through retaining
trees in the harvesting interventions (so called green tree retention) (Rosenvald and Lohmus 2008;
Gustafsson et al. 2012; Fedrowitz et al. 2014). From the forestry perspective, leaving trees in the stand

can be cost-efficient way to facilitate forest regrowth. Trees of the commercially interesting species are
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sometimes left as seeding trees or as shading trees for sun-intolerant species of interest. Also, given that
a significant portion of trees retained it is possible prevent the rise of the water table in the stand that can
be detrimental for forest regrowth. Additionally, some commercially less interesting tree species (e.g.
Aspen) may be best left untouched to avoid sucker regeneration (Frey et al. 2003). Beyond timber
production, tree retention can have important implications for other ecosystem services and biodiversity
by preserving biological resources, promoting stand heterogeneity and connectivity. In this sense one
can expect that the output of the tree retention option is directly related to what percentage of the forest
is retained and to what tree species are spared. For instance, although stands with retained trees contain
more threatened species than clear-cut forests, its relevance is related to how much is left (Vanha-
Majamaa and Jalonen 2001; Hyvirinen et al. 2006; Aubry et al. 2009; Santangeli et al. 2013).
Aggregating retained trees also seems to be more successful in retaining biodiversity value (Carlén et al.
1999; Aubry et al. 2009) as opposed to the preferred practice in silviculture of random tree retention
when seeking seeding and shadow trees. It has also been recommended that green tree aggregations
should be situated in areas rich in threatened species, typically moist sites (Vanha-Majamaa and Jalonen
2001) and in different woodland key habitats (Timonen et al. 2010) if they are present in the stand.
Given that a large portion of species, especially invertebrates and fungi, are dependent on deadwood, it
is also advisable to leave dead or decaying trees also because the economic value of those is rather
small, and this may even have positive economic effects via better seedling establishment (Alaspéi et al.

2015).

A special case of green tree retention is the continuous cover or uneven-aged management, where the
upper stratum of the forest is removed (also called thinning from above) inducing faster growth of the
lower strata (Pommerening and Murphy 2004). Mounting evidence shows that this approach can be

equally or more worthy for forestry purposes as the conventional model with clearcuts (Laiho et al.
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2011; Kuuluvainen et al. 2012; Rd&mo and Tahvonen 2014; Tahvonen 2015). Additionally, it is
considered more resilient than the even-aged models to natural disturbances like windthrow, insect pests
or fires partly because of the different age classes and more alternatives to recovery after disturbances
(O’Hara and Ramage 2013; Felton et al. 2016; Pukkala 2016). It can also outperform the conventional
approach when considering some other ecosystem services, e.g. climate regulation (Pukkala 2016) but
not all, e.g. collectable goods (Peura et al. 2016). From a biodiversity point of view, the largest
contribution of continuous cover forestry is on the grounds of habitat connectivity; a key threat to
intensively managed landscapes (Fahrig 2003; Nordén et al. 2015). One has to note that despite the
concept of continuous cover forestry has received more interest for restoring biodiversity it is obvious
that a landscape covered by intensively managed uneven-aged forests cannot fulfill the demands of all
species, particularly specialist species that rely on large amounts of deadwood or require closed forest
structures. Uneven-aged management can, however, improve connectivity between more suitable
patches for most of those more selective species. Still, applying permanent tree retention where some
trees are allowed to grow, die and decay within the context of continuous cover forestry is likely to

greatly improve potential of this management model.

The clear-cut approach in intensively managed forests often includes a number of interventions with
thinning from below to select the tree species of commercial interest, to promote faster growth of the
remaining trees and to prevent natural mortality (Daniel et al. 1979; Bamsey 1995). Despite of the fact
that it takes longer for a non-thinned stand to reach equally large trees than a thinned stand, the
additional dead wood generated in non-thinned stands can render non-thinning a cost-efficient strategy
for promoting those species dependent on deadwood (Tikkanen et al. 2007; Tikkanen et al. 2012;

Monkkonen et al. 2014).
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Under the risk of potential hazards to forest, managers might be moved to shorten the rotation times on
the clear-cut model. However, while reducing rotation cycles may be good against some risk agents like
windthrow, cambium feeders or root rot, at the same time this strategy increases the risks of regeneration
pests and fire (Bjorkman and Nimeld 2015; Roberge et al. 2016). At the same time, shortening rotation
typically has negative effects (vice versa for extending rotation) on relevant attributes for forest
biodiversity (e.g., connectivity of old forest, reduction of dead wood, reduction in understory
complexity), and regulating and supporting services (e.g., carbon storage, soil quality. hydrologic
integrity) (Jandl et al. 2007; Pawson et al. 2013; Pihlainen et al. 2014; Trivifio et al. 2015b; Felton et al.

2016; Roberge et al. 2016).

5.2. Policy tools to enforce and promote management for multi-objective forestryios’:

There is an interlinked array of policy tools designed to promote sustainable forestry. National forest
legislation set minimum standards for forest management. In addition, international forest certification
standards are developed to promote sustainable forest management. The forest certification standards use
the compliance with national laws as a starting point but have some elements that require more than the

national legislation.

In Nordic countries two voluntary forest certification standards prevail: the Forest Stewardship Council
(FSC) and the Programme for the Endorsement of Forest Certification schemes (PEFC). Both systems
include certificates for forest management and for the chain-of-custody. The standard for forest
management sets requirements for responsible forest management, whereas the chain of custody is a
mechanism for tracking certified material from the forest to the final product to ensure that the wood,
wood fiber or non-wood forest produce contained in the product or product line can be traced back to
certified forests. In Finland, 17,6 million hectares of the 20,3 million hectares of productive forest land

are certified with the PEFC and approximately a million hectares with the FSC. In Sweden 11,5 million
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hectares are certified with the PEFC, and FSC certificates are given to 12 million hectares, which
corresponds to almost half of the productive forest land in Sweden. Globally 300 million hectares of forest
are certified with the PEFC and 190 million with the FSC (FCS International 2017%, PEFC International

20173).

The FSC and the PEFC schemes consider ecosystem services and biodiversity. The standards do not use
the concept of ecosystem services but explicitly account for multiple benefits of forests and their
multifunctionality (FSC Finland 2010). A forest owner is required to acquire information on the
occurrences of threatened species and plan the management activities safeguarding protection of rare,
endangered species and their habitats. For instance, fellings are forbidden during the bird nesting season
in both standards. Forest owners are also encouraged to ensure adequate resources for the protection of
biological diversity, and soil and water resources. The standards also require consideration of recreation
values, and forest owners are required to take into consideration routes and structures for ecotourism and
recreational use when planning forest management activities. The PEFC standard also recognizes the
carbon sequestration in forests and requires that forest stands should be preserved as carbon sinks (e.g.
PEFC Finland 2014). In addition, the Nordic everyman’s rights or the freedom roam is safeguarded in the
standards. In environmental considerations the FSC is more demanding than the PEFC (Gulbrandsen
2005). The most noticeable difference is that FSC requires that at least 5% if the productive forest is

permanently set aside (FSC Finland 2010; FSC Sweden 2010).

Forest certification can contribute to biodiversity conservation but the level and the effect depend on the
requirements of the forest certification scheme, and its implementation (Elbakidze et al. 2011). According

to Gullisson (2003), forest certification can generally benefit biodiversity conservation in three ways by

2 https://ic.fsc.org/en (accessed 3.4.2017)
3 www.pefc.org (accessed 3.4.2017)
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1) reducing logging pressure on high conservation value, 2) preventing land use change, and 3) improving
ecological value of certified forests for biodiversity. In Nordic countries, national Forest Acts together
with other environmental legislation set minimum environmental requirements for forest management.
Nieminen (2006) concludes that direct, additional ecological benefits from forest certification in Finland
are small compared to the environmental requirements in national legislation. However, the Forest Acts
in Finland and Sweden only require conservation of biodiversity values already present, whereas the FSC
standard demands the creation of new values by creating snags, leaving retention trees and prescribed
burning. These restoration measures are important in creating new structures such as old trees, deadwood,
and deciduous trees and disturbances like fire that have decreased in managed forests (Johansson et al.

2013).

Although a direct cause-effect relationship between forest certification and environmental benefits is
difficult to show (Rametsteiner and Simula 2003; Gulbrandsen 2005; Johansson and Lidestav 2011),
studies conducted in Finland and Sweden indicate that forest certification can bring additional
environmental benefits compared to requirements of the legislation. These benefits result mainly from
criteria for retention trees, prescribed burning, areas set aside from management, and restrictions in
management operations in valuable habitats (Nieminen 2006; Johansson et al. 2013). Tree retention aims
to reduce the intensity of harvest in clear-cutting by leaving single trees or tree groups and has several
important functions, it 1) can “lifeboat” species over the regeneration phase, 2) increases structural
diversity in young production forests, 3) enchase the connectivity in forest landscape, 4) promote species
dependent on dead wood and living trees in early successional environments and 5) sustain ecosystems
functions such as nitrogen retention (Gustafsson et al. 2010; Kruys et al. 2013). The Finnish legislation
has no specific requirements for retention trees whereas as according to the Swedish legislation 2 to 10%

of timber value should be left after harvesting, prioritizing rare and broadleaved species as well as old
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trees and nesting trees (Johansson et al. 2013; Finnish Forest Act 2014). The FSC scheme gives specific
quantitative and qualitative requirements for retention trees. Neither the Finnish nor the Swedish
legislation has requirements for prescribed burning. The Finnish and Swedish Forests Acts list key habitats
and require that these habitats are managed and used in such a manner that the general conditions for the
preservation of these habitats important for the biological diversity of forests are safeguarded (Finland) or
that damage from forestry is minimized or avoided (Sweden) whereas the FSC standard does not allow
any commercial forest measures in these key habitats (FSC Finland 2010; FSC Sweden 2010; Johansson

et al. 2013).

Forest certification has also indirect environmental benefits. Forest certification has harmonized forest
management practices, improved communication among stakeholders and clarified practical instructions
for forest management (Nieminen 2006). In addition, the certification schemes have increased
environment awareness and consideration of environmental aspect among forest owners (Johansson and
Lidestav 2011) and employees of the forest sector (Nieminen 2006). Studies on corrective action
requirements issued by certification bodies indicate that the auditing process improves the management
of existing forests because the corrective action requirements must be addressed to obtain the certificate

(Gullison 2003; Auld et al. 2008).

Forest certification has positive but limited impact on sustainable forest management, maintenance of
ecosystem services and biodiversity conservation. For example, tree retention may reduce harmful
consequences of clear-cutting on biota but it cannot maintain the characteristics of intact mature forests
(Gustafsson et al. 2010). In addition, the long-term benefits of tree retention to red-listed species are
questioned (Johansson et al. 2013). The forest certification integrates conservation measures into
production forests, which complies with sustainable land use strategy of the Millennium Ecosystem

Assessment (2005) promoting different ecosystem services with the same land use. However, according
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to Johansson et al. (2013) forest certification together with environmental legislation does not guarantee
biodiversity conservation in Sweden. This is because the levels of dead wood, the share of deciduous trees,
areas for set aside and other environmental consideration in the standards do not meet the thresholds
identified in the scientific literature (Johansson et al. 2013). In conclusion, forest certification can alleviate
the negative effects of forest management and be seen as a complementary, but not substitutive, measure

to formal forest protection (Rametsteiner and Simula 2003; Elbakidze et al. 2011; Johansson et al. 2013).

In addition to forest certification, new payment schemes have been proposed to guide forest management
with economic incentives (e.g. Farley & Costanza (2010)). According to Engel et al. (2008) payments for
ecosystem services (PES) are voluntary transactions for a well-defined environmental services that a
service buyer acquires from a service provider, who secures services provision of this service. Besides
traditional tax and subsidy instruments these new PES instruments can promote the provision of public
goods in forestry (see review by Ollikainen (2016)). For example, subsidize-and-tax model and carbon
rent models have been proposed as alternatives to implement payments for carbon sequestration and
storage for forest owners (van Kooten et al. 1995; Lintunen et al. 2016). An interest to participate to carbon
offset mechanisms has been shown, for example, among Norwegian forest owners (Habesland et al. 2016).
Previous studies on offset mechanism for ecosystem services and biodiversity have introduced new,
promising instruments for policy-makers. However, the development of operational PES systems in
forestry is in its infancy (Ollikainen 2016). One example of existing PES system in boreal forests is
Southern Finland Forest biodiversity Programme METSO. The METSO programme is a voluntary-based
conservation program aiming to halt the ongoing decline in the biodiversity of forest habitats and species,
and establish stable favourable trends especially in Southern Finland’s forest ecosystems. The program
offers monetary compensation for forest owners for permanent or temporary protection of forest, or

support for nature management in forest habitats (METSO 2015).
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5.3.Evaluating conflicts

Conlflicts exist when there is a need to balance between the desired outcomes of different objectives.
Conlflicts between different functions and services of the forest ecosystem can be evaluated in a variety
of fashions. One common way to evaluate conflicts between two services or functions is by evaluating
their trade-offs (King et al. 2015). The key idea behind the trade-off analysis is to gain an understanding
of loss in one objective that must be endured for the benefit of a second objective. The trade-off analysis
can be done through an optimization framework, which seeks to find the maximum of one objective
while a second objective is constrained to a specific proportion of the specific objectives maximum.
Though an iterative method of adjusting the proportion required, a frontier can be established, and the

trade-offs which occur between the objectives can be examined.

With a two dimensional problem, the conflict between each objective is easy to graph and describe to
policy makers. When the problem involves the consideration of conflicts between multiple ecosystem
services, describing and portraying the conflicts become complicated. By analyzing the potential change
in management prescriptions, the conflicts can be examined through a multi-objective optimization
problem (Miettinen 1999). Through an interactive process (such as Nimbus; Ojalehto et al. 2007) it is
possible for stakeholders to define their preferences between the selected set of criteria. These kinds of
interactive processes work well when there is a clear decision maker who can accurately define his/her
preferences. When considering the potential stakeholders in landscape level planning, each stakeholder
may provide a different perspective of how to evaluate the environment. Some of the stakeholders may
not be able or willing to accurately define their preferences (i.e. Nordstrom et al. 2009). In these group
decision-making processes, the focus is to promote understanding between stakeholders and improve the

acceptability of the management plan (Hjortse 2004).
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Rather than simply evaluating alternative management plans, is it also possible to quantify the conflicts
between objectives (Mazziotta et al. 2017). When evaluating ecological objectives, the case may exist
where some objectives are compatible and maximizing one objective causes only a small decrease in the
possible maximum of the other objective. This is, for example, the case with the habitat availability of
the capercaillie (Tetrao urogallus) in Finland which can be maximized with fairly small reductions in
timber production (Monkkdnen et al. 2014). Alternatively, when the objectives are not compatible,
maximizing one objective will cause a large decrease in the possible maximum of the other objective;
this is the case e.g. between timber production and carbon storage. Mazziotta et al. (2017) developed an
index of compatibility, which is essentially the percentage of an objective (x) possible when maximizing
a second objective (y). These compatibility indices are not symmetrical, so the compatibility index of x

when maximizing y, does not necessarily equal the compatibility index of y when we maximize x.

From decision-making and forest management planning perspectives, trade-off analysis can be divided
into two classes (Felton et al. 2017). The problem can be formulated as a ‘how to’ questions focusing on
identifying a single or limited set of management alternatives from a larger set, which meet a specific set
of objectives and desired constraints. Often this approach provides a mean of determining the optimal
values for a set of objectives. In contrast, a ‘what-if” approach aims at understanding the implications of
different scenarios regarding ‘what’ will be the implications for the objectives, ‘if” this policy or

management intervention takes place.

Along the lines of how-to approach, it is possible to develop an objective function, which finds a
suitable compromise solution for a set of objectives. Mazziotta et al. (2017) suggest the use of a
compromise programming formulation (Yu 1973; Zeleny 1982), where the idea is to minimize the
maximum deviations from the ideal value for all objectives under consideration, i.e. to minimize total

losses due to a decision. The solution produced demonstrates how maximizing a set of objectives
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requires that no objective obtains their maximum potential values. One must consider the preferential

interpretation of the objective function (Diaz-Balteiro et al. 2012).

Quantification of conflict between ecological objectives can enhance our understanding of trade-offs
between various conservation objectives. However, the key conflict is between economic and ecological
objectives. Mazziotta et al. (2017) highlighted how much the ecological objectives would suffer by
requiring 95% of the maximum net present value be extracted from the forest. As expected, the
achievement of all objectives decreased substantially. On average, the values of the ecological
objectives decreased about 20% from the case when only ecological objectives were considered. From a
conservation perspective, this is a substantial decline. To resolve the conflicts caused by the economic
requirement, a reduction to 2/3rds of the maximum NPV would be required (Mazziotta et al. 2017).
From an economic perspective, this may not be an acceptable reduction. From this point, the trade-off

between ecological objectives and economic demands are evident, and will require some compromise.

Alternatively, rather than comparing specific management alternatives to evaluate the conflicts between
criteria, we can view the issue through shifts in policy. Policy suggestions can be evaluated by analyzing
the statements, objectives and goals using the ‘what-if” approach. Optimized forest management plans
can be made by making specific assumptions which correspond to the policy statement. The conflict
between criteria of interest can then be evaluated through the systematic relaxation of the assumptions
made, i.e. adjusting the ‘if” part. So rather than finding a specific solution which best fits the policy, we
can find a set of solutions (which are Pareto optimal; any positive adjustment in one objective must be
offset by a negative adjustment in another objective) which highlights the potential conflicts between

criteria.
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5.4. Consequences of increasing timber harvesting rate - A case study

The Finnish government is currently promoting the growth of the bioeconomy, where the use of
renewable resources is encouraged (Ministry of Employment and the Economy 2014). For forestry in
Finland, this is being implemented through an increase towards the maximum annual allowable harvest.
Currently, forest operations in Finland are not near the maximum annual allowable harvest (Peltola
2014) but because of conflicts, increases in harvests will most likely cause harm to other ecosystem
services such as climate regulation, recreational use and biodiversity. Through modeling and simulation
by use of forest management software, it is possible to predict future forest resources according to
different management regimes and then evaluate the ecological performance of the forest. By adjusting
the management alternatives for different portions of the forest, we can predict how the increased use of
forest resources will impact the forest’s other uses. To conduct the analysis in a more systematic fashion,
optimization can be used to determine the optimal spatial allocation of the specific management

regimes.

For this example, we evaluate the trade-offs and potential conflicts for a variety of criteria at a watershed
level when there is a requirement for even-flow of timber harvested. We apply a what-if approach with
the policy statement of maximizing the even-flow of timber over the duration of the planning horizon.
We compare this policy shift to the case were only a proportion of the maximum even-flow of timber
will be harvested. In principle, the amount of timber provided by the forest will be constant for all
periods during the planning horizon. However, the required timber harvested will be less than the

theoretical maximum.

For this example, we analyze a watershed located in central Finland. The region consists of slightly over
5,060 ha (composed of 3,356 stands) of managed boreal forests. This region is composed of primarily

three tree species, by Norway spruce (Picea abies (L.) Karst.) composes 57% of the total volume, Scots
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Pine (Pinus sylvestris L.) is 26% and Silver birch (Betula pendula) is 16.5%. The remaining (0.5%)
component consists of other deciduous trees (Betula pubescens, and Populus tremula). Figure 6
describes the age distribution of the forest, which is rather even — with a slight bulge in the age classes

of 60- 80.

To predict the possible future states of the forest holding, we used the forest management software
SIMO (Rasinmaéki et al. 2009). For each stand, 19 alternative management regimes were simulated. All
stands included the option of not conducting any actions in the forest, otherwise to set the stand aside.
Other regimes followed the recommendations from the forest management guide (Aijili et al. 2014),
including slight variations on these recommendations (such as to delay or speed up the timing of the
management actions, Table 2). Additionally, a management regime corresponding to a method of

conducting continuous cover forestry (CCF) was included (Pukkala et al. 2013).

Once the alternative management alternatives were simulated, the next step is to find the combination of
management actions which best fulfills the objectives of the stated policy. For this case, the policy is to
increase harvests to the maximum allowable sustainable harvestable yield. At the country level, this
value is computed by the authority responsible for natural resources, and take into account the growth
rate of the forest, protected forested areas to evaluate what is the maximum sustainable harvestable
yield. For a watershed level, the maximum sustainable harvestable yield could be comparable to the
maximum even-flow of timber for the area under consideration. Finding the maximum even-flow of
timber is an optimization problem which maximizes the first period harvested yield, subject to a
constraint that for all other periods under consideration, the yield cannot be less than the first period

yield. The object function is [Model 1]:
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where K is the total number of stands of the forest holding, J, is the number of management regimes for

stand &, ¢y j; 1s the amount of timber which is available by managing stand & according to management

regime j at time period i, X ; is the decision to manage a specific proportion of stand & according to

management regime j, / is the total number of time periods under consideration and z will represent the

maximum amount of even-flow timber for the duration of the planning horizon. Constraint [2]
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represents the requirement for even flow, constraint [3] is an area constraint, requiring that the sum of
the decisions must equal 1, constraint [4] is requires that the decision variable is not a negative number.
In forest management, this type of problem is referred to as a model I problem (Johnson and Scheurman
1977), and one of the key features is that the spatial integrity of the stands is maintained. This allows for

easy mapping of which management regimes are proposed for which stand.

Once we have evaluated the maximum amount of even-flow of timber, we can then analyze the possible
impacts of relaxing the specific constraints. In this specific case, we will reduce the required annual
timber harvested and simultaneously maximize a set of normalized ecosystem services. Other than
timber provided, we are interested in promoting the production of bilberries (Vaccinium myrtillus),
increasing the amount of carbon stored in the forest, increasing the amount of deadwood in the forest
and increasing the habitat suitability for a set of species. We included six vertebrate species representing
a wide spectrum of habitat associations and also conservation and social values ranging from game birds
(capercaillie, hazel grouse) to red-listed (Siberian flying squirrel) and indicator species (three-toed

woodpecker, lesser-spotted woodpecker and long-tailed tit) (Monkkonen et al. 2014).

To do this, we employ a different optimization model. This model optimizes the normalized set of
ecosystem services, while introducing an additional constraint to ensure that the first period timber
harvest meets a proportion of the maximum even-flow of timber (z). The objective function of this

model is [Model 2]:

subject to:
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and constraints 2, 3 and 4, where dy j;; is the value of the specific ecosystem service (/) of interest from

the set of all ecosystem services under consideration (L), y; is the normalization constant for the
ecosystem service /, and p is a parameter which represent the desired proportion of the maximum even-
flow of harvest. The objective function [5] maximizes the normalized set of ecosystem services while
constraint [6] requires that the first period timber is at a specific proportion of the maximum even-flow.

Constraint [2] ensures that all future timber harvest is not lower than the first period harvests.

By running Model 2 iteratively, it is possible to evaluate how the relaxation of the even-flow constraints
will impact the other ecosystem services. For those ecosystem services which are negatively impacted
by increased harvests, by relaxing the even-flow constraint, it is expected that those ecosystem services
will increase. Alternatively, for those ecosystem services which are positively impacted by increased
harvests, relaxing the even-flow constraint will reduce those ecosystem services. To provide an example,

we have conducted this analysis by adjusting p from 0.6 to 0.95 in increments f 0.05 and with p =0.975.

To provide an elaborative description of how tightening the timber requirement impacts the selected
ecosystem services, we set the case where p = 0.6 to be the starting point, and all other iterations are
compared to that case. The current harvest rate in Finland varies annually between 60-75%, and thus the

starting point roughly corresponds with the current situation.

Figure 7 highlights the trade-off between increasing timber harvests and the biodiversity and ecosystem

service indicators of interest. With an initial small increase in required timber harvests (i.e. from p = 0.6
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to p = 0.65), the decrease in the ecosystem services other than timber is rather small; however, with a
continued increase in timber harvested the impact on the ecosystem services becomes rather severe.
Alternative indicators of ecosystem services and biodiversity, nonetheless, show different patterns of
decline. Carbon storage linearly declines monotonically with increasing harvest rate (proportion of the
maximum even-flow of harvest) whereas bilberry yield shows first slight increase and very steep decline
at very high levels of timber harvesting. Thus, each increment in harvest rate results in equal reduction
in carbon storage but bilberry yields can be maintained at the initial levels until timber harvesting
exceeds 95% of the maximum. Bilberry benefits from open forest structures, e.g. after thinning, but
suffers from clear-cutting (Peura et al. 2016) explaining the non-linear response to increased timber

harvesting.

The shift of increased sustainable harvest implies an intensification of forest use. When we move
towards the maximum sustainable harvest, a greater proportion of forest area moves from being ‘set
aside’ towards other management regimes (Fig. 8). When the required sustainable harvest is relatively
low, the majority of the area that is harvested is done using the management regime of CCF. As the
required level of harvest increases, all management regimes which conduct harvests increase and forest
managed according to CCF also increases. Only at the maximum sustainable harvest level does the
traditional management regime become the dominant method of managing the forest. However, there is
still a large component of the forest being managed with CCF, and still some forest being managed

without the conduct of thinnings prior to final felling.

With optimization processes, finding an optimal solution to a particular case is rather straight forward,
the difficulty remains in being able to implement the solution. In Scandinavia, being able to implement
these kinds of solutions requires motivation for the policy makers, but more importantly requires

acceptance and a majority of compliance to be able to achieve these kinds of results.
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6. Towards sustainable management of boreal forests — landscape level planning

Natural boreal forests are disturbance driven ecosystems. Some consequences of industrial forest
harvesting resemble the effects of natural disturbances such as forest fire. Although the analogy between
forest management and fire disturbance in boreal ecosystems has some merit, it is important to recognize
that natural disturbance and human-induced disturbances differ considerably (Bergeron et al. 2002;

Table 1).

Research has shown that many ecosystem services and biodiversity are in conflict with intensive timber
production in boreal forests. The conflicts stem from the changes forest management causes to the
structure and dynamics of forests. The conventional regeneration forest management including site
preparation, planting trees and 1-3 thinning operations before final felling by clear-cutting (see section
3.2.), if applied consistently on the entire landscape, causes ecological (Monkkonen et al. 2014) and
social costs (Trivifio et al. 2015a). Biodiversity losses are because a proportion of species do not have
adaptations to cope with changes in resource availability, habitat structures and their spatial
configuration. Also ecosystem functioning is altered. There are some conflicts among non-timber
ecosystem services and moreover, some between biodiversity and ecosystem service indicators but these
conflicts are generally weaker than for timber provision (Pohjanmies et al. 2017, Trivifio et al. 2017).
Because alternative management regimes such as continuous cover forestry (Peura et al. unpublished) or
retaining from thinnings (Mdnkkonen et al. 2014) are more beneficial for some objectives but worse for
some others than the intensive Fennoscandian forest management regime, no management regime alone
is optimal. Therefore, the best option for multiple objectives would be to diversify management, but

finding an efficient balance among alternative management options requires careful planning.

Forest management planning can be conducted for a wide range of interests and for varying spatial

scales. For forest owners who own small parcels of land, their interests may be purely financial or they
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may be interested in managing the forest with an aim to enhance the ecological functions of the forest. A
key issue in forestry planning is the spatial scale. At stand scale, reconciling alternative economic,
ecological and social objectives is difficult because only one management regime can be applied at a
time. But at the landscape scale, it may be possible to find plans, i.e. combinations of management
regimes, that provide acceptable compromise solutions because of flexibility provided by increasing
combinations of stand level management decisions. Large scale planning would be desired also because
some ecological functions depend upon stand structures operate at scales larger than a single holding
(i.e. habitat requirements of species; Monkkonen et al. 1997; Kurki et al. 2000). The costs of increasing
the scale are obviously the increasing complicatedness of the problems and the difficulty of putting
plans into practice when they encompass several forest holdings. Because of the dynamism of the forest
ecosystems, forest planning should also consider long time perspectives and future generations: the

consequences of today’s management decisions may realize only after several decades.

Resolving the conflicts necessitates applying a mixture of management regimes on a landscape, i.c.
applying the conventional regeneration harvest regime on a proportion of stands and alternative regimes
on others to better achieve multiple objectives. The desired combination of alternative management
regimes depends on the decision maker’s preferences and objectives. Even when the decision maker
aims at maximizing timber revenues, she should not apply the recommended management consistently
but only on a fraction of stands (Monkkonen et al. 2014; Fig 8). With decreasing emphasis on timber
production and increasing emphasis on non-timber benefits and biodiversity, the utility of the
conventional regeneration harvest management further decreases. Retaining from intermediate
thinnings, extending stand rotations, and increasing the amount of area set aside from forestry seem

necessary to safeguard biodiversity and non-timber ecosystem services (see e.g. Trivifio et al. 2016).
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The good news is that typically pair-wise conflicts are solvable at relatively low cost if land-use
planning is done at the landscape scale (Pohjanmies et al. unpublished). For example, giving up 5% of
the maximum timber revenues enabled maintaining up to 278 % more habitats for species (Monkkdnen
et al. 2014) or increasing the landscape’s capacity to store carbon by 9% and to sequester carbon by 23%

(Trivifio et al. 2015a).

The bad news is that attaining to high values for more than two objectives at the same time seems very
difficult. In fact, the objective of having high timber harvest rates aggravates the conflicts among non-
timber objectives as shown by Trivifio et al. (2016). Trivifio et al. (2016) aimed at reconciling timber
production with provisioning of other ecosystem services (i.e. store carbon for climate regulation) while
maintaining suitable habitat for forest biodiversity. They applied seven alternative forest management
regimes, ranging from the current recommended regime to set aside, using a forest growth simulator in a
large boreal forest production landscape. With multi-objective optimization, they identified the optimal
combination of forest management regimes to minimize the trade-offs between timber harvest revenues,
carbon storage and biodiversity maintenance. Results indicate that it was not possible to achieve high
levels of carbon storage or biodiversity if the objective of forest management was to maximize timber
harvest revenues. However, with small reductions of timber revenues (1- 5%) it was possible to greatly
increase the multifunctionality of the landscape, especially the biodiversity indicators (47-90% of the
maximum deadwood and 65-88% of the habitat availability) (see Fig. 9). For more severe reductions in
timber harvest revenues, e.g. 80-95%, it was possible to almost achieve the maximum levels for both
carbon storage and biodiversity indicators (see Fig. 9). Even with modest levels of timber objective,
there was a strong trade-off between carbon storage and biodiversity objectives and both objectives
remained far from their maximum values. When timber objectives were relaxed, close to maximum

levels for both carbon storage and biodiversity objectives could be achieved.
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The results also showed that no management regime alone is able to maximize timber revenues, carbon
storage and biodiversity individually or simultaneously, and that a combination of different regimes is
needed to resolve the conflicts among these objectives (see Fig. 10). Forest management actions,
alternative to the conventional regeneration harvest, such as reducing thinning intensity, extending the
rotation period and increasing the amount of area set-aside from forestry may be necessary to safeguard
biodiversity and non-timber ecosystem services in Fennoscandia. They concluded that it is possible to
reduce the trade-offs between different objectives by applying diversified forest management planning at

the landscape-level.

The example above suggests that strong emphasis on timber production at the landscape scale makes it
impossible to simultaneously achieve high levels in more than one other objective no matter how
landscape is managed. Intensifying timber production results in increasingly strong conflict biodiversity
protection and climate regulation via carbon storing, even though initially biodiversity and carbon-
related ecosystem services were not in conflict. We can therefore conclude that the current objective of
bioeconomy policies to considerably increase timber flow from forest is not sustainable in
Fennoscandian forests (see also section 5.4.) because already at current timber harvest rates biodiversity
is at risk (Hanski 2000; Monkkdnen et al. 2014), many ecosystem services have declined (Pohjanmies et
al. unpublished), and even with very careful landscape level planning and management, optimization

resolving the conflicts among several objectives is not possible.

Two alternative forest harvesting strategies are proposed to meet timber demands with other objectives:
land sharing, which combines timber extraction with other objective protection across the entire
concession; and land sparing, where high intensity harvesting in one place is combined with the low
intensity or no harvesting somewhere else (Edwards et al. 2010). Discussion above clearly suggests that

sustainable forest use via landscape sharing would require rather low overall intensity of timber
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production. Thus, if timber requirements are large landscape sparing becomes a desired option for
economic and social reasons. Segregating the role of landscapes is justified also from the mere nature
conservation point of view. Several ecological processes underpinning both ecosystem services as well
as biodiversity have a minimum threshold that is context dependent. Ecological research has concluded
that if a limited area of species habitats can be protected, they should be protected in spatially
aggregated clusters rather than as randomly scattered fragments. This will generally increase the
conservation benefits for a given total area protected (Rybicki and Hanski 2013). The Nagoya agreement
recognizes the need to focus on ‘especially areas of particular importance for biodiversity and ecosystem
services, ... ecologically representative and well-connected systems of protected areas ... integrated into
the wider landscapes’ (http://www.cbd.int/doc/strategic-plan/2011-2020/Aichi-Targets-EN.pdf, strategic
goal C, target 11). Thus, we conclude that regional forest resource management planning should start
differentiating landscapes where environmental and social objectives have priority over timber

production landscapes.

Finding a balance between timber production landscapes and multiuse landscapes is yet another
challenging objective for natural resource management. Hanski (2011) suggested the third-of-third rule
of thumb, which implies that conservation landscapes would cover one-third of the total region, and
within conservation landscapes one-third of the total area be protected resulting in roughly 10% level of
set asides. This is less than the target set in Nagoya, but this 10% would be additional to the existing
protected areas. Further, this 10% figure is only a double amount of set asides required by FSC
certification standards. Within conservation landscapes, biodiversity and people coexist, and the
ecosystem services provided by biodiversity and natural habitats is an integral part providing direct

benefits to local communities and to the society at large.
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In boreal forest settings, Hanski’s (2011) suggestion would mean concentrating timber production on
two-thirds of the total area within a region. Also in timber production landscapes, applying multiple
management regimes, including extended rotations, refraining from thinnings and continuous cover
forestry, is necessary for maximum timber values. Multi-use landscapes would cover the remaining one
third. Here set-asides comprise a prominent proportion of area but still managed forest for multiple
purposes dominate. There is a growing support for management in production forest to recreate
conditions found within a given region by natural disturbances with the rationale that the process and
species are adapted to such conditions (Attiwill 1994; Burton et al. 2003; Kuuluvainen 2009;
Kuuluvainen and Aakala 2011; Larocque 2016). However, vast forest areas of the boreal biome have
much lower natural disturbance rate than that required from forestry sectors. Therefore, it has been
suggested to conduct functional zoning in which one part of the region focuses on protection, another
part is managed according to natural disturbance dynamics, and the rest is devoted to intensive forestry
(Seymour and Hunter 1992; Coté et al. 2010; Strengbom et al. 2011; Lindenmayer et al. 2012; Tittler et

al. 2016).

According to mitigation hierarchy, avoidance is often the easiest, cheapest and most effective way of
reducing potential negative impacts of any development

(http://www .thebiodiversityconsultancy.com/approaches/mitigation-hierarchy/). Therefore,
development, e.g. forestry, should be concentrated on areas where negative impacts can be avoided.
Kareksela et al. (2013) developed the method of inverse spatial prioritization and applied it to land-use
allocation for peat-land mining. This approach can also be used to identify multi-use landscape vs.
timber production landscapes within a region. In practice, this means finding landscapes with the lowest
timber but highest biodiversity and non-timber ecosystem service values (multi-use landscapes), and

conversely, landscapes with the highest timber production potential and lowest biodiversity and non-
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timber ESS values (timber production landscapes). We suggest that a regional approach where timber
production landscapes are separated from multi-use landscapes using systematic zoning tools, such as
the inverse spatial prioritization, would be a promising way of reconciling multiple conflicting

objectives for boreal forests and their management.

7. Concluding remarks

In this chapter, we have provided a general overview of boreal forest ecosystems and their management
for timber production, maintaining biodiversity and ensuring the flow of non-timber ecosystem services.
We showed evidence that in boreal production forests the conflicts between the primary provisioning

service of timber and other benefits are real, severe, and challenging to solve. This in line with the more
general finding that unbalanced focus on one or few provisioning ecosystem services typically results in
severe trade-offs (Howe et al. 2014). Research into the processes affecting the supply of different forest
ecosystem services may assist in designing forestry practices and planning management regimes that

protect diverse forest benefits. We need to understand the mechanisms causing trade-offs and recognize

situations where they likely occur when we want generate solutions to these trade-offs.

Forestry’s effects on ecosystem services may be generated at various spatial scales (e.g. a single stand, a
landscape) that are relevant for different forms of forest ownership and management (e.g. a private
forest holding, a state-owned forest). We concluded that long-term landscape level planning that
simultaneously takes into account alternative objectives and the capacity of each land parcel (stand) to
meet these objectives is a necessary, but not sufficient, condition for sustainable forest use. In addition,
regional level planning where the roles of landscapes are differentiated is needed. Maintaining a diverse
set of forest services requires coordination of activities among forest owners. Therefore, we need

incentives for landowners to make decisions that reflect the value of ecosystem services and biodiversity
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conservation in general. This is, however, particularly challenging in several parts of the boreal forests

like Fennoscandia where ownership of forest land propriety is heavily divided.

An extra challenge in regional or landscape level forest planning stems from the fact that biodiversity or
alternative ecosystem services provide goods and benefits to different stakeholders. Some commodities
such as timber are considered private property, benefiting primarily the landowner while others are
considered public goods. For example, climate change mitigation provides a global benefit by reducing
atmospheric COz levels, while water quality regulation, and recreational use, natural collectable
products (e.g., berries and mushrooms) profit mostly the local community. Private landowners typically
lack the incentive to manage land to provide ecosystem services and biodiversity conservation benefits
in cases where the benefits produced on their land accrue to others. A recent review (Howe et al. 2014)
showed that trade-offs among ecosystem services are especially likely to occur when one of the services
is a provisioning service and one of the stakeholders involved has a private interest in the services. In
summary, besides new management practices and planning tools, new regulations and/or incentives are

required to improve the protection of public interests in boreal production forests.
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Tables

Table 1. Comparison of disturbance dynamics between natural disturbance dynamics and modern

intensive forestry (managed forests). Modified from Kuuluvainen et al. (2004).

remaining as dead wood on

site

Disturbances Natural forest Managed forest
Number of different Large Small
disturbance factors

Qualitative variation of Large Small
disturbances

Proportion of trees dying 0-100 % 95-100 % !
during disturbance

Proportion of dead trees 100 % 0-5 %

Recurrency of disturbances

Every 10 to 500 years

Every 70-130 years >

Occurrence of disturbances

Irregular

Regular

Area disturbed

0.001 =>100.000ha

0.5-10 ha

! Proportion of trees harvested at final felling

2 Average forest rotation length in Fennoscandia
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Table 2. Alternative management regimes simulated for stands in the landscape. The brackets after the

abbreviation indicate the number of years final felling is sped up (-) or delayed (+).

Management regime

Description

Tapio (BAU)

Conventional regeneration harvest regime (see section 3.2). Simulated

sped up (-5) and delayed (5, 10, 15, 30) final fellings.

Tapio harvesting w/o

thinnings (BAU wo thin)

Otherwise similar to Tapio but no thinnings applied before final felling by
clear-cutting. Simulated sped up (-5) and delayed (5, 10, 15, 30) final

fellings.

Tapio harvesting w

thinnings (BAU w thin)

Otherwise similar to Tapio but thinnings are always applied before final
harvest by clear-cutting. Simulated sped up (-5) and delayed (5, 10, 15,

30) final fellings.

Tapio Seed Tree (GTR,

GTR w thin)

Otherwise similar to Tapio but regeneration after harvest is through seed
trees, rather than planting (with and without thinning). Simulated sped up

(-10) and delayed (20) final fellings.

Continuous cover

forestry (CCF)

Rather than conducting harvests, only thinnings are conducted, depending
on the specific stand properties. Follows suggestions by Pukkala et al.

2013.

Set-aside (SA)

No management
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Figure legends
Figure 1. Map showing the global extent of the boreal zone (outlined) and estimated cover of woody
vegetation greater than 5 meters in height in 2010. Darker colours represent more dense forest cover.

Data source: Tree Canopy Cover, 2010, Global Land Cover Facility, www.landcover.org.

Figure 2. Illustration on how the three types of natural disturbance regimes are not totally distinct but
form a continuum in terms of size, severity and repeatability of disturbance. Gap disturbances are
frequent at landscape scale, small in size and often low in severity leaving most of the vegetation alive.
Partial disturbances in cohort dynamics is in the middle of the gradient. Succession is caused by severe
disturbances such as fire or strong wind, which often cover large areas, but may occur relatively seldom.

Figure taken from Angelstam and Kuuluvainen (2004).

Figure 3. Forests under natural disturbance regime vs. under intensive management. Pictures on the left
show early successional (top), middle-aged (appr. 80 years old), and old-growth boreal forest (bottom),
and on the right, there are corresponding developmental stages in managed forests. Notice the higher
level of structural diversity in forests under natural disturbance regime, particularly at early and late

successional stages. All photos by Timo Kuuluvainen.

Figure 4. Framework linking forest management activities via forest structures and functions to final

benefits and values experienced by humans. Modified from Pohjanmies et al. (2017).

Figure 5. Pairwise conflicts between five ecosystem services measured as the level of one service when
forest management has been planned to maximize another service. The black points show the average
value of the services across nearly 30,000 forest stands in Central Finland. These values are expressed as

percentage of the maximal achievable value; units on all axes are thus percentages (%). Dashed grey
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lines have been added to all plots at y = 100 and x = 100 for graphical comparison. The closer to the
point (100, 100) the two points are, the weaker is the conflict between the two services. Modified from

Pohjanmies et al. (unpubl.).

Figure 6. Age distribution of the forest within the watershed.

Figure 7. Represents the normalized change in the five criteria under consideration. Income increases

linearly (due to the flow constraint), while the remaining criteria vary dependent on the optimization.

Figure 8. Proportion of management regimes as the proportion of timber harvest is increased. BAU
refers to alternative clear-cut based management regimes with variable thinning intensities and rotation
lengths (GTR = green tree retention, w thin = with thinnings before clear felling, wo thin = with no
thinnings). CCF refers to continuous cover forestry with not final felling by clear-cut, and set aside

denotes permanent protection (no management). For description of management regimes see Table 2.

Figure 9. Multi-objective optimization results: curves representing the trade-offs between carbon storage
and two biodiversity indicators (deadwood index and combined habitat availability of 6 vertebrate
species) for different levels of timber harvest revenues. The black star in each Pareto optimal set

indicates the compromise management plan. Figure adapted from Trivifo et al. 2016.

Figure 10. Changes in percentage of area in the landscape allocated for the different management
regimes for the compromise outcome in the Pareto optimal set (the black stars from Fig. 9) at decreasing
levels of timber harvest revenues (from 99.9% to ‘no constraints’). The acronyms of the management

regimes are: BAU (Business as usual); EXT10 (Extended rotation by 10 years); EXT30 (Extended



rotation by 30 years); GTR30 (Green tree retention); NTSR (No thinning short rotation); NTLR (No

thinning long rotation and SA (Set aside). Figure adapted from Trivifio et al. 2016.
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