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In this study, a process-based ecosystem model (Sima) was used together with the permanent sample plot
data of the Finnish national forest inventory (measured 1995) and different climate scenarios to analyze
how changing climatic conditions may affect forest growth and dynamics in Finnish conditions. In the
north, the productivity of the forest ecosystems may increase substantially. In southern Finland, climate
change may also increase the productivity of forest ecosystems in general, but the growth of Norway spruce may even decline throughout southern and central parts of the country. The dominance of Scots pine
and birch may increase, instead. Therefore, the management of Finnish forests should be adapted in the
future. These expected changes in growth and tree species composition may have a locally negative effect
on growth in Southern Finland, but nationwide it may increase by up to 44 %, with an increase of up to 82
% in the sustainable potential total cutting drain.
Metsäekosysteemin dynamiikkaa kuvaavan mallin (Sima) avulla on analysoitu, miten ilmastonmuutos
vaikuttaa metsien kasvuun ja kehitykseen Suomessa. Laskelmat perustuvat valtakunnan metsien inventoinnin pysyvien koealojen tietoihin (1995) ja erilaisiin ilmastoskenaarioihin. Pohjois-Suomessa metsien
kasvun oletetaan jopa kaksinkertaistuvan tarkasteluajanjakson kuluessa nykyiseen verrattuna. Myös
Etelä-Suomessa metsien kokonaiskasvun oletetaan lisääntyvän. Toisaalta kuusen kasvu voi jopa hidastua
Etelä-Suomessa, kun taas koivu ja mänty näyttävät hyötyvän ilmastonmuutoksesta. Männyn ja/tai koivun
suosiminen Etelä-Suomessa keskihyvillä kasvupaikoilla kuusen sijaan voi tämän vuoksi olla tarpeen tulevaisuudessa. Myös kuusen eteläisten alkuperien käyttäminen metsänviljelyssä voi vähentää kuusen kasvun taantumista. Koko maassa metsien kokonaiskasvu voi lisääntyä jopa 44 %, kun se Etelä-Suomessa lisääntyisi korkeintaan runsaat 10 %. Näin suuri kasvun lisäys mahdollistaisi jopa 82 % lisäyksen ainespuun
tuotannossa. Toisaalta nykyisiä metsänhoidon käytäntöjä jouduttaneen osin arvioimaan uudelleen ja jopa
muuttamaan tulevaisuudessa, jotta lisääntynyt puuston kasvu kyetään hyödyntämään metsätaloudessa.
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Preface
The Intergovernmental Panel on Climate Change (IPCC) defines adaptation as "Adjustment in
natural or human systems in response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities"1. The IPCC lists two reasons why
adaptation is important in the climate change issue. First, an understanding of expected
adaptation is fundamental in evaluating the costs or risks of climate change. Second,
adaptation is a key response option or strategy, along with mitigation. Even with reductions in
greenhouse gas emissions, some climate change is regarded as inevitable, and it will be
necessary to develop planned adaptation strategies to deal with the associated risks as a
complement to mitigation actions.
In Finland, there has been substantial progress during the past decade in investigating the
potential impacts of climate change on natural and human systems. In contrast, there has been
much less attention paid to adaptation. This was recognised by the Finnish Parliament as early
as 2001, when it recommended that a separate programme for adaptation to climate change be
initiated. As a result, a task force co-ordinated by the Ministry of Agriculture and Forestry
completed Finland’s first National Strategy for Adaptation to Climate Change in 2005.2
At about the same time as the Strategy document was being drafted, a research consortium
named FINADAPT also began its work. The goal of the consortium, involving 11 partner
institutions co-ordinated by the Finnish Environment Institute, was to undertake an in-depth
study of the capacity of the Finnish environment and society to adapt to the potential impacts
of climate change. FINADAPT was funded for the period 2004-2005 as part of the Finnish
Environmental Cluster Research Programme, co-ordinated by the Ministry of the
Environment. It comprised 14 work packages (WP) covering: 1) co-ordination, 2) climate
data and scenarios, 3) biodiversity, 4) forests, 5) agriculture, 6) water resources, 7) human
health, 8) the built environment, 9) transport, 10) energy infrastructure, 11) tourism and
recreation, 12) economic assessment, 13) urban planning, and 14) a stakeholder questionnaire.
The primary objective of FINADAPT was to produce a scoping report based on literature
reviews, interactions with stakeholders, seminars, and targeted research.
This report presents the findings of work package 4, describing the implications of climate
change for Finnish forests, their ecosystems and their management. Forests occupy a central
role in the landscape, economy and culture of Finland, and their continued vitality and
diversity under a changing climate are of paramount concern in this country and throughout
the boreal zone. The study builds on a strong tradition, over more than two decades, of
research on this theme in Finland.
Timothy Carter, Consortium Leader
Helsinki, December 2005
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Executive Summary
In this study, an ecosystem model (Sima), capable of predicting ecosystem level functioning
of boreal forests, was used together with a permanent sample plot data of the Finnish national
forest inventory (measured in 1995) and different climate scenarios to analyze, how increase
in temperature, precipitation and atmospheric carbon dioxide concentration may effect forest
growth and dynamics in Finnish conditions. Model simulations show that in northern Finland
the productivity of forest ecosystems may increase substantially (years 2000-2099), but the
special features of northern forests may be diminished even north of the current timber line.
Management of northern forests should be adapted to meet the higher productivity and
changing tree species composition characterizing these areas in the future. In southern
Finland, climate change may create an environment suboptimal for Norway spruce, the
growth of which may decline throughout southern and central parts of the country. The
dominance of Scots pine may increase on less fertile sites currently occupied by Norway
spruce. Birch may also compete with Scots pine at these sites, and the dominance of birch
may increase. These changes in growth and trees species composition have a negative effect
on the total growth locally, but nationwide total growth is estimated to increase by 44% under
the FINADAPT scenario giving the largest climate changes (Retrenchment − A2), with an
increase of 82% in the sustainable potential total cutting drain over the country.
In order to address the impacts of climate change in forestry and to adapt forests and forestry
to climate change, research is needed in the following areas:
•
•
•
•
•

Physiology and genetics to resolve the effects of climate and atmospheric changes on
regeneration, growth, mortality and adaptation of key species in the short and long
term.
Silvicultural management in relation to climatic factors, with a view to developing a
better understanding of how management could account for the physiological and
ecological performance of different tree species.
Biology of potential pest and disease organisms in relation to host physiology as
affected by climate change.
Risks due to extreme weather episodes (wind, snow, fire) and management of risks in
timber management planning, silvicultural management and harvesting.
Properties of wood in relation to climatic factors with a view to developing better
techniques to utilise wood with changing properties and altering tree species
composition.

1

•
•
•
•

Harvesting and maintenance of forestry infrastructure in relation to climatic factors
with a view to developing better techniques for modifying micro-climatic and soil
conditions.
Monitoring techniques to detect the effects of climate change with emphasis on
changes in productivity in existing forests.
Techniques to interface weather statistics, climate scenarios, forestry statistics and
ground-truth data with ecological simulation models for integrated assessment
techniques to assess the impact of environmental changes on forest resources.
Models for timber management planning, capable of handling changes in the climate
and applicable to management of major biogeochemical cycles controlling the
dynamics of forest ecosystems.

The research should be implemented in multi-disciplinary research consortia, which are also
capable of interpreting the findings in socio-economic terms in relation to societal needs and
constraints.
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1.

Introduction

1.1. Background
Finland is located in the boreal forest zone. Its forests are dominated by a few coniferous tree
species (Pinus sylvestris, Picea abies) with deciduous species (Betula pendula, Betula
pubescens) seldom dominating. The total area of forest land (the productivity ≥ 0.1 m3/ha/yr
of stem wood) is 26.3 million ha, which is 87 % of the total land area. The total stocking of
trees is 2049 million m3, which converts to 78 m3 ha-1 (Metsätilastollinen vuosikirja 2004).
The mean growth rate is 4 m3 ha-1 yr-1, respectively. In general, growth decreases towards the
north, but it varies substantially between regions following the variability of climate and
properties of forests. The time scale in forest production is long, with a rotation time of 60–
160 years according to species and region. Currently, growth exceeds cuttings.
Forests in Finland grow in conditions that are characterized by a pronounced seasonality
between the summer and winter seasons. Furthermore, abiotic disturbances induced by wild
fires, storms and heavy snowfall, and herbivores as well as fungi, control the basic
functioning and structure of the forest ecosystems. Many grazing vertebrates and invertebrates
plague boreal forests due to the low number of natural enemies controlling the herbivore
populations. Climate change may profoundly change the dynamics of forests, with changes in
the productivity and risk of abiotic and biotic damages. This will most probably require
modification of current management practices in order to sustain the future forest production.
Forest ecosystems may adapt autonomously to climate change, but the importance of forests
for society makes it important to influence the direction and timing of the adaptation
processes and measures. The adaptation refers to the management in order to reduce and
manage risks of unacceptable losses and to obtain benefits, which climate change may
provide in terms of growth (IPCC 2001, p. 90, Figure 1). These management efforts are much
affected by the residual or net impacts, which are not avoided through autonomous adaptation
due to the spontaneous response the forest ecosystems to the changing climate (acclimation).
There may be a need to the active or planned adaptation to the impacts and vulnerability
associated with climate change.
1.2. Adaptation
The production of ecosystem services is linked to the sucessional process of the forest
ecosystem. The successional process is directed through managing forests to function and to
produce such ecosystem structures, which facilitate the production of the services aimed at in
the management. Until now, only a few studies have analyzed the impacts of climate change
on managed forests (Kellomäki and Kolström 1993, 1994, Lasch et al. 2002), even though the
majority of the European forests, for example, are regularly utilized and managed. However,
the possible impacts of climate change on the European forests and forestry has recently been
reviewed within the IPCC process (Parry 2000). This review suggested that a range of
impacts could probably occur with clear need to modify the current management practices in
the different regions, including Finland. However, the methods of the adaptive management in
mitigating the adverse impacts of climate change on managed forests and the opportunities
under climate change are poorly known, and the development of response strategies in forest
management is only at its beginning (Lasch et al. 2002).
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Figure 1 Outline showing adaptation in relation to climate change and the mitigation of climate change
(modified from IPCC 2001, p. 90).

Following Spittlehouse and Stewart (2003), the adaptation of forestry to climate change needs
(Figure 2): (i) to monitor the state of the forests and identify when critical thresholds are
reached; (ii) to assess the need of adaptive management against the management objectives,
(iii) to identify the adaptive management strategies and measures, and (iv) to implement the
adaptive strategies and measures. The adaptation may concern (i) the management plans, (ii)
genotype management (tree species choice, provenance choice, tree breeding), (iii) protection
of forests from insects and pests, (iii) silvicultural management (regeneration practices,
precommercial thinning, thinning practices, rotation length etc.) and (iv) technology (e.g.
harvest technology) and infrastructure (e.g. forest roads) needed in forestry.
In this context, the vulnerability of forest ecosystems, forests and forestry refers to the extent
to which they are susceptible to sustaining damage from climate change. The risk of damage
may concern basic functioning and structures of the ecosystem, with a consequent imbalance
between different functions of forests to society. Thus, the risk of damage should be
considered in relation to the management objectives; i.e. what are the tangible and intangible
services aimed at in the management and how sensitive they are to climate change or climate
variability. This implies that the management for adaptation (or adaptive management) is
relative to the management objectives.
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Figure 2 Outline for first identifying the needs for adaptation and then defining an adaptive strategy and
measures (Spittlehouse and Stewart 2003).

1.3. Adaptive management
The concept of the adaptive management strategy refers to the management, which aims at
moderating or offsetting the potential damages and taking advantages of opportunities created
by a given climate change through adjusting and modifying the management. This implies
that tree populations and communities of varying structures (e.g. tree species composition,
size distribution) are variable in term of resistance and capacity to produce different services.
Variety of measures (planting, thinning, fertilizing etc.) is applied to control the successional
process of the forest ecosystem to produce the services aimed at the management and at
adapting the forest to climate change.
The choice and combination of the necessary measures are subjected to single populations of
trees or sites, but the adaptive management also needs the cross-landscape integration to
maintain the sustainability of timber and non-timber resources under climate change as
outlined in Figure 3. The adaptive management strategies and the choice of the adaptive
actions are specific for the site, tree populations and change of climate, which determine the
vulnerability of the forest ecosystem. On the other hand, the management objectives (e.g.
timber production, carbon sequestration, diversity) are also an important determinant of the
adaptive management strategies, which is thus dependent on the socio-economic conditions
and the forest policy affecting the management objectives. The choice of the adaptive actions
is a result of a process, where the set of the management operations are optimized as regards
the management objectives.

5

Figure 3 Outline of the factors affecting adaptive management.

The vulnerability of forest ecosystems and forests with impacts on forestry varies probably
substantially as related to the rate and magnitude of climate change in different parts of
Finland. Consequently, the need for adaptive forest management varies throughout the
country as related to the vulnerability of forests to climate change. Following the IPCC
principles (IPCC 2001, p. 89-200), the degree of vulnerability may be identified through
defining: i.e. (i) degree to what climate will change and what is the degree of the climate
variability; (ii) degree of exposure to which the forests are exposed to the climate hazards;
(iii) impacts or effects of climate change on the forests, with climate sensitivities; (iv) degree
to what extent the forests may adapt autonomously; and (v) residual or net impact, with a need
to actively adapt forests to climate change. Based on these points, the assessment principles
presented in Table 1 were identified by Kellomäki et al. (2005).
Following Spittlehouse and Stewart (2003), the adaptation in forestry may be broken into the
following topic areas: (i) gene management; (ii) forest protection; (iii) forest regeneration; (iv)
silvicultural management; (v) forest operations; (vi) non-timber resources; and (vii) park and
wilderness area management. Framework presented in Table 2 may be adopted to address the
actions needed in the adaptive management as presented by Kellomäki et al. (2005).
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Table 1 Guidelines for assessing the need for adaptive management (Kellomäki et al. 2005).

Topic area to
be assessed
Climate change
and climate
variability

Impacts or
effects of
climate change
on forests, with
climate
sensitivities
Capacity of
autonomous
adaptation

Vulnerability

Need for
planned
adaptation

Description of factors affecting the need of adaptive management
- Identifying how the climate will change in terms of temperature and
precipitation, with any changes in the seasonal variability in the climate
parameters.
- Identifying how climate change may alter the duration of snow cover and
soil frost.
- Identifying how climate change may alter risk of high winds and heavy
snow fall with wet snow.
- Identifying how climate change may alter soil moisture availability.
- Identifying how climate change may reduce and/or enhance regeneration
and growth.
- Identifying if any species is superior in utilizing climate change by gaining
dominance in the future species composition of forests.
- Identifying how risks of damages induced by fire, wind, snow, insects and
pathogens may be altered by climate change.
- Identifying the capacity of the main tree species to adapt to climate change
through genetic adaptation.
- Identifying the resistance of the main tree species to local insects and
pathogens, and to episodes of high wind and/or heavy snow fall and fire.
- Identifying how the main tree species may respond to climate change
through natural seeding.
- Identifying how the main tree species are responding to climate change
through growth with a consequent quality of timber.
- Identifying the most vulnerable forest areas, with the highest risk for the
current forest to disappear or to loose their unique feature.
- Identifying if there is any risk for permanent change in the tree species
composition, with disappearing genotypes currently dominating forests.
- Identifying any reduction in tree growth, and the quality of timber.
- Identifying if abiotic and biotic damages are likely to increase, with major
losses in the quantity and quality of timber, and the enhancement of
unscheduled cuttings and management.
- Identifying if there is any reduction of the carrying capacity of soils, with
problems in harvesting and transportation of timber.
- Identifying if there is any need to gene management, with necessary transfer
of genotypes and new species, in order to avoid any major damages and to
maintain the growth of forests.
- Identifying the suitable tree species composition for adapting forests to
climate change.
- Identifying if any modifications of thinning practices (timing, intensity) and
the rotation length are needed to avoid any adverse impacts and to utilize the
opportunities.
- Identifying if there is any additional need to management practices to
reduce the risk of abiotic and biotic damages.
- Identifying if there is an increased need to maintain infrastructure for
forestry and non-timber forest production.
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Table 2 Framework for the actions needed in adaptive management (Kellomäki et al. 2005).
Area to be assessed
Management planning
- Management planning systems, with a need to
include climate change impacts and risk
management and management plans.
- Management planning to modify the properties
of forest landscape to reduce the risk of abiotic
and biotic damage.
- Management planning to maintain and enhance
the structural properties of forest landscape
important for conservation of biodiversity.
Gene management
- Tree species composition and preference of
selected species currently dominating forests.
- Modification of genetic structure of forests
through proper choice of provenances, breeding
programme or introduction of exotic tree species.
Forest protection
- Risks of abiotic and biotic damage, measures to
curb the invasion of alien species representing
potential risk for forests.

Silvicultural management
- Regeneration, including natural regeneration
and plantation techniques.
- Tending of sapling populations and precommercial thinning.
- Stand management including thinning and
harvesting practices and rotation length.
- Soil management, including fertilization and
site preparation to enhance the nutrient cycle and
success of regeneration.
Technology and infrastructure
- Development of wood processing technology to
meet the possible changes in the supply of timber
representing different tree species and changes in
the quality of timber.
- Infrastructure for forestry and non-timber use of
forests.

Description
Management planning provides the strategic framework for
the management operation specified in the silvicultural
management used to adapt the functioning and structure of
the forests to climate change in order to avoid adverse
impacts of climate change and to utilize the opportunities
created by climate change.

Distribution limits and ranges for optimal site of different
tree species and provenances are expected to move upward
and northward, and new assemblages of species will occur
in space and time. Consequently, activities are required for
adapting forests to these changes and maintaining genetic
diversity and resilience in forests.
Changes in forest structure (tree species composition, age
distribution) may be expected through the changes in the
frequency and intensity of disturbances, such as fire, wind
and heavy snow fall. This may increase the risk of insect
and pest attacks, which are further increased through
enhanced life cycle of pathogenic organisms and invasion
of alien organisms.
Silvicultural management includes the management
operation, which are used to modify the functioning and
structure of the forest to the changing climate.
The operations are used to modify the tree species
composition and genetic structure of forests, to control
growth and development of tree populations, to reduce the
abiotic and biotic risks, and to maintain the site fertility to
meet the needs of tree growth and the success of
regeneration.
Technology and infrastructure refers to the need to meet the
changes in timber supply of varying species and the
changes in the quality of timber. Furthermore, the forest
infrastructure may require adaptation to cope with largescale disturbances.

1.4. Adaptive management of boreal forests in the European north
Kellomäki et al. (2005) have recently assessed the needs and patterns of adapative
management as regards the boreal forests in Europe in the context of the SilviStrat project
(Kellomäki and Leinonen 2005). In this assessment, the methodology was that presented in
Tables 1 and 2. The current forests are most vulnerable at the polar and alpine timber lines
(Table 3). In these conditions, the functioning and subsequent structure and tree species
composition of forests may undergo a thorough modification with a loss in their value for
conservation, recreation and landscaping and reindeer husbandry. In addition, an increase of
deciduous species may be expected in southern parts of the boreal forests. The timber
producing capacity of these forests may increase substantially, and thus provide more
8

opportunities for timber production, but reduce the opportunities for provision of non-timber
goods and services. However, on the western edge of the boreal forest in southern Norway
reduced snow accumulation on shallow soils may decrease the soil moisture in early spring
and early summer. This may cause problems for Picea abies and other shallow-rooted tree
species. It may also increase the risk of biotic damage, which may be increased throughout the
boreal forest due to the likely invasion of alien insects and pest and likely increase of abiotic
damage. The increasing temperature and precipitation may reduce the soil frost and increase
the soil moisture, with consequent problems in harvest and transportation of timber.
Table 3 Assessment of the need for adaptive management in boreal forests.
Topic area to
be assessed
Climate change
and climate
variability
Impacts and
climate
sensitivities
Capacity to
adapt
autonomously

Vulnerability

Need for
planned
adaptation

Description of factors affecting the need for adaptive management
Higher temperatures and precipitation, with shorter duration of snow cover and soil frost,
increasing risk of local thunder storms with high winds, increased risk of heavy snow fall with
wet snow, wetter soils with lower carrying capacity.
Enhanced regeneration and growth, increased dominance of deciduous species, thereby
reducing fire risk, increased risks of wind and snow damage, enhanced risk of insect and
pathogen damage, enhanced input of carbon in soils, enhanced decomposition of soil organic
matter.
Mainly native tree species are used, with large genetic variability to acclimate forests to
elevating temperature and high variability in temperature. Enhanced seed production and
success of natural seeding even in commercial forests, where two-thirds of the regeneration
occurs by natural regeneration (seed tree and shelterwood methods).
Enhanced forest productivity, with higher turnover of carbon in forest ecosystems. However,
the low supply of nitrogen may limit the enhancement of growth, which is the highest in the
northern part of the boreal forests.
Currently, trees are well adapted to the local insects and pathogens, with low frequency of
major outbreaks of insects and pathogens. The risk of the invasion of alien species and the
invasion of the local species further north may increase the risk of the major outbreaks of
damaging insects and pathogens. Increased risk of wind and snow damage, with possible
enhanced susceptibility to biotic damage.
Increased competition capacity of deciduous species may alter the species composition.
Timber line may move northwards and to higher altitudes, with a disappearance of the current
timber line forests.
Enhanced growth rate may reduce the timber quality (branchiness, wood density, fibre length).
Likely increase of abiotic and biotic damage may result in major losses in the quantity and
quality of timber, which may mean an increase in unscheduled cuttings and management.
Reduced soil frost along with higher precipitation will reduce the carrying capacity of soils,
with problems in harvesting and transportation of timber.
Control of tree species composition to meet the future needs and expectations.
Modifications of thinning practices (timing, intensity) and the rotation length to meet the
enhancement in the increasing growth and turnover of carbon, to maintain high quality of
timber, and to increase the resistance of forests to abiotic and biotic damage.
Maintain infrastructure for forestry and non-timber forest production.

In boreal conditions with increased precipitation and reduced drought risk, several existing
tree species (both native and exotic) will probably grow faster with a more rapid life cycle and
consequent enhancement of turnover of tree populations (Table 4). This requires shorter
rotations and regular thinnings in order to avoid biotic damage associated with diminishing
tree growth. The preference for natural regeneration in management provides a huge genetic
potential to adapt forests to climate change. In northern Europe, this choice may be realistic,
since natural regeneration is a common practice in forestry and even in forest plantations
natural seedlings affect substantially the total success of reforestation. The preference of
natural regeneration may in the long-term lead to an inevitable shift of tree species
composition to more frequent dominance of deciduous tree species with a larger supply of
9

hardwood timber. The increasing precipitation and the increasing dominance of deciduous
species may reduce the fire risk if there is one.
Table 4 Outlines of adaptive management for boreal forests.
Changes in
climate, with
impacts on site
properties
- Higher air and
soil temperature
- More
precipitation, with
excess snow load,
reducing risk of
drought
- Longer growing
season
- Higher CO2
concentration in
the air
- Reduced
duration of frozen
soils
- Reduced
carrying capacity
of soils
- Increased
frequency of
higher wind speed
during the periods
of unfrozen soil
conditions

Sensitivity and
vulnerability
- Enhanced seed
crop, with higher
potentials for natural
regeneration
- Increased growth
and reduced timber
quality
- Increased
disturbances through
wind and snow
damage and insect
attacks and spread
of diseases
- Reduction of
competition capacity
of conifers in
relation to
deciduous species
- Enhanced growth
of ground cover
vegetation, with
lower success of
regeneration
- Short supply of
nitrogen in relation
to the growth
potential

Actions for adaptation
Future

Current

Management planning
- Include climate variables in
growth and yield models in
order to have more specific
predictions on the future
development of forests
- Include the risk management
into the management rules and
forest plans
Gene management
- Make choice about the
preferred tree species
composition for the future
- Identify more suitable
genotypes
- Launch breeding programmes
to enhance the resistance of
trees to biotic damage
Forest protection
- Revise the rules for importing
fresh timber, to reduce the risk
of introducing alien species
Silvicultural management
- Revise management rules to
consider the climate variability
on regeneration, growth and
mortality
- Prefer natural regeneration
wherever appropriate
Technology and infrastructure
- Develop technology to use
altered wood quality and tree
species composition
- Develop the infrastructure for
timber harvest and
transportation, and non-timber
use of forests

Management planning
- Plan the forest landscape (as
mosaic of forest stands) to
resist high winds
- Plan forest landscape to
minimise spread of insects and
diseases
Gene management
- Plant alternative genotype or
new species
Modify seed transfer zones
Forest protection
- Revise management rules to
enhance the resistance of forest
to abiotic and biotic damage
Silvicultural management
- Develop soil management to
reduce the influence of the
ground cover on the success of
regeneration and enhance the
supply of nitrogen
- Modify the management rules
to meet the enhancing growth
and turn-over of carbon
- Change rotation length to
meet the enhanced turn-over of
carbon
Technology and infrastructure
- Develop technology to use
altered wood quality and tree
species composition
- Develop the infrastructure for
timber harvest and
transportation, and non-timber
use of forests

The dominance of coniferous species may require careful choice of tree provenance and tree
species that have optimal response to a changing climate. Tree improvement programmes may
be launched in order to increase the genetic potential of tree plantations to adapt to higher
temperatures and lessen the risk of damage by late spring and early autumn frosts. However,
effective results and the availability of suitable material requires a minimum of about 25
years; longer for adequate testing. An increase in natural deciduous regrowth in coniferous
plantations may require more precommercial cuttings to favour the coniferous species. Later,
more frequent and intensive thinnings may delay early decline in tree performance and reduce
risks of biotic damage. Regular thinnings will also increase the mechanical strength of trees
due to the enhanced growth and thus reduce the risk of abiotic damage.
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1.5. Objectives of the assessment
This assessment addresses the impacts of climate change on forests ecosystems, forests and
forestry and the management of forests in order to adapt to climate change. Only selected
topic areas presented in Table 2 are addressed, with the main focus on the impacts on the
primary production of forests and the impacts on the growth and yield of timber resources.
The following questions are mainly addressed:
•
•
•
•
•
•

How may climate change affect the site properties in terms of temperature,
precipitation, and availability of water and nitrogen necessary to regeneration and
growth of tree species?
How may climate change affect the growth, development and structure of forests?
How may climate change affect the amount of potential cutting drain?
How may climate change affect the carbon sequestration and stocks in the forests?
How may climate change affect the amount of dead wood in forests, with impacts on
biodiversity?
How may the productivity of the forest ecosystems and forests be adapted to climate
change through a proper silvicultural management?

The assessment is based on model simulations, which provide data for the analysis of
different research themes. Furthermore, a literature review is used in identifying the risks of
abiotic and biotic damages to forests under climate change.

2.

Methods

2.1. Outlines of simulations
The assessment is based on simulations by a forest ecosystem model utilizing forest inventory
data available from the permanent sample plots of the National Forest Inventory and climate
data and climate change scenarios provided by the Finnish Meteorological Institute to the
FINADAPT project. In the forest ecosystem model, the dynamics of the forest ecosystem is
assumed to be determined by the dynamics of the number and mass of trees as controlled by
the birth, growth, and death of trees. All these processes are related to the availability of
resources as controlled by the dynamics of the gaps in the canopy of the tree stand in the
context of the Sima model, which is used in the simulations. The model is exhaustively
described by Kellomäki et al. (1992a,b), and Kolström (1999), and therefore only outlines of
the model with a validation exercise are described here.
2.2. Model structure and functions
2.2.1. Growth and mortality
The model incorporates four subroutines describing the site conditions (environmental
subroutines); i.e. temperature, light, moisture, and decomposition with availability of nitrogen.
These subroutines determine the site conditions regarding temperature sum (degree days),
within-stand light conditions, soil moisture, and soil nitrogen. These factors directly affect the
birth, growth, and (indirectly) the death of trees (Figure 4).
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Figure 4 Outline of the Sima model used in the simulations.

The environmental subroutines are linked by the multipliers to the demographic processes
(birth, growth, death); i.e. G = Go⋅M1...Mn, where G is growth and/or regeneration, Go growth
and/or regeneration in optimal conditions and M1...Mn multipliers for different environmental
factors. In the case of the elevating atmospheric CO2, the value Go is a function of the CO2
concentration in the atmosphere (Figure 5). The subroutine converts the temperature sum, the
availability of light, soil water and nitrogen into growth multipliers. The death of trees is
determined by the crowding with the consequent reduction in growth, which controls the risk
for a tree to die at a given moment. Furthermore, trees are dying due to random reasons. Litter
and dead trees end up on and in the soil, where they are decomposed.
2.2.2. Simulations and parameterization
The simulation of the above processes and the consequent succession that takes place in the
forest ecosystem is based on the Monte Carlo simulation technique; i.e. certain events, such as
birth and death of trees, are stochastic events. Each time when such an event is possible (e.g.,
it is possible for a tree to die every year), the algorithm selects whether or not the event will
take place by comparing a random number with the probability of the occurrence of the event.
The probability of an event is a function of the state of the forest ecosystem at the time when
it is possible. Each run of a Monte Carlo code is one realization of all possible time courses of
the forest ecosystem. Therefore, the simulation of succession in the forest ecosystem must be
repeated several times in order to determine the central tendency of variations in the time
behaviour of the forest ecosystem.
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Figure 5 Potential growth of Scots pine as a function of atmospheric CO2 concentration.

The model is parameterized for Scots pine (Pinus sylvestris), Norway spruce (Picea abies)
and birch (Betula pendula and Betula pubescens), aspen (Populus tremula) and grey alder
(Alnus incana) growing between the latitudes 60ºN and 70ºN and longitudes 20ºE and 32ºE
within Finland (Kellomäki et al. 1992a,b, Kolström 1998). The model is run on an annual
basis. The computations are applied to an area of 100 m2 and they were repeated 50 times.
2.2.3. Sites, initial tree stands, management and climate scenarios used in simulations
2.2.3.1.

Soil

The assessment utilizes the permanent sample plots of the Finnish National Forest Inventory
established by the Finnish Forest Institute in 1985. The plots are located in blocks of four
plots in the south and three in the north. The blocks form a regular 16 km x 16 km grid in
southern Finland and a 32 km x 32 km grid in northern Finland (Figure 6). In this assessment,
only plots on upland mineral soil sites on forest land were used. The measurements updated in
1995 are utilized in the simulations.
Most of the plots (1176 of 1256) are located on sites of medium fertility or close to it, i.e.,
Oxalis-Myrtillus type (OMT, 233 sites), Myrtillus type (MT, 580 sites) and Vaccinium type
(VT, 363 sites). Only 18 plots represented the most fertile Oxalis-Maianthemum (OMaT) site
type and only one plot for the least fertile Cladonia type (CIT) site type. The dominant tree
species on the OMaT and OMT sites is Norway spruce with admixtures of Pendula birch,
while the MT site type is often a mixture of Norway spruce, Pendula birch and Scots pine,
and on VT, CT, and CIT site types, the main tree species is mostly Scots pine.
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Figure 6 Grid of the permanent sample plots used in the Finnish National Forest Inventory.

The site type of the plots was used to define the soil type (Urvas and Erviö 1974) applying the
classification of soils into coarse moraine, fine moraine, gravel, sand, fine sand, silt, and clay
as presented by Talkkari and Hypén (1996). Most of the plots (1006 of 1256) were located on
unsorted soils, i.e., coarse and fine moraine soils. The most common soil textures among the
sorted soils were sand and fine sand (177 of 1256). Regarding the soil type, the values of field
capacity and wilting points in Table 5 were used in calculating the water holding capacity of
the soil in the plots down to 30 cm.
Table 5 Values of field capacity and wilting point used to describe the water holding capacity of soil in a
30 cm layer in the permanent plots of the Finnish National Forest Inventory.

Soil type
Rough moraine
Fine moraine
Gravel
Sand
Fine sand
Silt
Clay

Field capacity, mm
60
105
12
15
75
120
126

Wilting point, mm
9
45
0
3
6
30
75

The amount of litter and humus (soil organic matter, SOM) on the plots was defined on the
basis of the humus layer measured during the inventory of the plots. The thickness was
converted into the mass of SOM using the bulk density of SOM considering the site type and
tree species dominating the plot (Tamminen 1991, Talkkari and Hypén 1996). Thereafter, the
mass of SOM was regressed against the prevailing temperature sum of the plot by the site
types as presented in Figure 7. These values were used in initializing the simulations. The
values were further used in calculating the initial amount of nitrogen in soil applying the
values of the total nitrogen concentration of humus layer by site type and tree species as
presented by Tamminen (1991).
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Figure 7 Mass of the soil organic matter as a function of the temperature sum used in initializing the
simulations.

2.2.3.2.

Tree population

For initializing the simulation, the properties of tree population is described in terms of tree
species with the number of trees per hectare in each diameter class. The diameter (D, cm at
the height 1.3 m above soil surface) is used to calculate the mass of tree organs (foliage,
branches, stem, roots) by applying allometric equations with species-specific parameter
values (Kolström 1998). The diameter was used also in calculating the tree height (H, m) by
applying height model of Näslund (1937) modified by including the prevailing temperature
sum (TS, degree days with +5 oC threshold) of the sample plots in the model.
C

⎡
⎤
D2
⎡ TS ⎤
H =⎢
1
.
3
×
+
⎢
2 ⎥
⎥
( A + B × D) ⎦
⎣1000 ⎦
⎣

(2.1)

where A and B and C are parameters (Table 6). The prevailing temperature sum indicates the
geographical location of the plot; i.e. the ecotype differences (provenances) in the growth
responses of trees to the climate. An example in Figure 8 shows that in the north a given
diameter of Scots pine implies shorter trees than in the south as one may expect on the basis
of the provenance experiments (Beuker 1994, Beuker et al. 1996).
Table 6 Values of the parameters of the height model (Equation (2.1) by tree species.

Tree species
Scots pine
Norway spruce
Pendula birch
Pubescens birch
Aspen
Alder

A
2.117
2.137
1.669
1.336
1.157
1.489

B
0.166
0.159
0.169
0.200
0.208
0.201

C
0.435
0.669
0.730
0.941
1.053
0.896
15

R2
0.848
0.918
0.885
0.867
0.899
0.745

N
4170
3017
340
924
116
152

2.2.3.3.

Management

The algorithm allows simulating the management including nitrogen fertilization, thinning,
terminal cut and regeneration subjected to the site and tree population occupying the plots.
Fertilization directly affects the availability of nitrogen in the soil. The thinning rules
followed those currently recommended for different tree species, site types and regions of
Finland (southern and northern Finland separately) (Yrjölä 2002). Whenever a given upper
limit for the basal area (thinning threshold) was encountered at a given dominant height,
thinning was prompted. Thinning was done from below, and trees were removed from the
population to such an extent that the remaining basal area was reduced to the expected value
at a given dominant height. Thus, the timing of thinning was adjusted to the growth and
development of the tree population in such a way that loss through mortality is excluded, with
an exception of random mortality.
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Figure 8 Performance of the height growth model for Scots pine as a function of diameter and prevailing
temperature sum (symbols) of the plots, applying values of the parameters of Equation (2.1) given in
Table 6.

Terminal cut will be executed whenever the mean diameter of trees on the plots exceeds the
given value indicating the maturity of tree population for regeneration following the current
recommendation (Yrjölä 2002). Optionally, the terminal cut can be done whenever the time
from the previous regeneration cut (rotation length) exceeded a given value. However, these
management rules are only seldom applied systematically in practice. This has led to the
situation characterized by increasing stocking due to cuttings less than allowed by growth
(Metsätilastollinen vuosikirja 2004). This is the case especially in southern Finland, where
cuttings are clearly delayed compared to that indicated by the management rules.
Consequently, straightforward simulations with the current management rules would have led
to too large cutting drain and large reduction of stocking right at the beginning of the
simulation. Therefore, the deterministic application of the management rules was replaced by
a random procedure. Whenever the management rules indicate thinning or terminal cut for a
tree stand, a random number r (0…1) will be selected, and its value will be compared to the
value of the parameter p. If r < p, no cutting will be executed. The value of p = 0.95 was
selected. This implies that the mean delay (x) for cutting is 13 years compared to that
indicated by the management rules; i.e.
p x = 0.5 ⇒ x = 13 years

(2.2)
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This delay resulted in that the no major change in the stocking just at the beginning of the
simulation occurred, with an implication that simulated cuttings were comparable to the
business-as-usual management currently applied in Finland.
The terminal cut was done in the form of clear cut, and the site was planted with the same tree
species occupying the site before the terminal cut. The planting density was 2000 for Scots
pine, 2000 for Norway spruce and 2000 for birch. The same planting densities were used
throughout the country regardless of site type. Furthermore, clear cut areas were allowed to
invade by other tree species assuming natural regeneration from forest around the plots. The
natural regeneration was simulated with the model built by Pukkala (1987) based on the longterm seed crop inventories throughout Finland (Koski and Tallqvist 1978). This model was
integrated into the Sima model and it utilizes the thermal conditions, site type and properties
of parent tree stands in calculating the seed crop and the consequent establishment of
seedlings. These plants were included into the new tree population, if the site quality was
proper for the species. Scots pine seedlings were accepted over the whole range of site types.
Norway spruce and birch were accepted only on the sites of Myrtillus, Oxalis-Myrtillus and
Oxalis-Maianthemum types.
Trees removed in thinning and final cut were converted to saw logs and pulp wood. The
concept of saw log refers to the butt part of the stem with a minimum diameter of 15 cm at the
top of the log, while pulp wood refers to the other parts of the stem, with a minimum diameter
of 6 cm. Rest of the stem represents logging residue. In calculating the amount of different
timber assortment from stem, empirical tables (Snellman, V., Finnish Forest Research
Institute, unpublished) given the amount of saw logs, pulp wood and logging residue as a
function of the breast height diameter of the stem were used. In thinning and terminal cuts,
only stem wood was harvested.
2.2.3.4.

Climate data used in the simulation

The simulations utilize the climate data provided by the Finnish Meteorological Institute for
the FINADAPT project (Carter et al. 2005). The current climate (1991–2000) is given in 10
km x 10 km and the climate scenarios in 50 km x 50 km grids (Venäläinen et al. 2005). The
climate change scenarios were given in three periods; i.e. 1991–2020, 2021–2050 and 2070–
2099 (Ruosteenoja et al. 2005). The data for the current climate and the climate scenarios
represented the daily values. Based on these, the monthly mean temperature with standard
deviation and the monthly mean precipitation with standard deviation were calculated over
the periods applicable in the context of the Sima model. In the case of the climate scenarios,
the mean temperature and precipitation represent the mid point of the period used in the
model. The values between the mid points are based on a linear interpolation between the
values at two consecutive mid points. The concentration of CO2 in the atmosphere follows
that of the scenarios adopted in the FINADAPT project, starting from 352 ppm in 1990 and
ending to 841 ppm in 2099. In the simulations for a given sample plot, the calculation
algorithm utilizes the climate in the closest grid point of the climate data.
2.2.3.5.

Performance of the model

The model was validated against the growth of different tree species available for different
Forest Centres provided on the basis of the National Forest Inventory (Metsätilastollinen
vuosikirja 2004). Altogether, there are 13 Forest Centres, which are the local administrative
and extension bodies of the forestry organization in Finland covering totally 26 million
17

hectare of forest land. The same growth values were calculated with the model, based on the
permanent sample plots located in the territory of a given Forest Centre. Only the plots on the
upland mineral soils were included. Figure 9 shows that there is close a correlation between
the values provided by the National Forest Inventory for different Forest Centres by species
and the simulated values, respectively.
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Figure 9 Simulated growth values of different tree species for different Forest Centres against the values
provided by the National Forest Inventory (Metsätilastollinen vuosi-kirja 2004).

3.

Results

3.1. Impacts and sensitivities in growing conditions
3.1.1. Thermal conditions
Figure 10 shows the distribution of annual mean temperature currently and under climate
change. In the southernmost country, the annual mean temperature is currently 5–6 oC, at the
level of Oulu about 0 oC and in the northern most country -3…-2 oC. Under climate change,
these temperature zones shift northwards in such a way that in the later part of the simulation
(2070–2099), the annual mean temperature in southernmost Finland is 9–10 oC and the zero
value of the annual mean temperature shifts from Oulu level about 500 km northwards to the
northernmost part of the country above the current timberline.
Temperature sum is widely used in forestry to indicate the growing conditions. Figure 11
shows that even in the first simulation period the value of the temperature sum increases 10–
15 % throughout the country. During the second calculation period, the increase is already
30–50 % and during the third calculation period 50–90 %, the increase being larger in the
northern than in southern Finland. Now the temperature sum would be 800–900 d.d. in
northernmost part of the country and up to 2000–2300 d.d. in the southernmost country.
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Figure 10 Distribution of annual mean temperature currently (1961-2000) and under climate change in
the periods 1991–2020, 2021–2050 and 2070–2099. Numbers in Figures refer to the Forest Centres: 1 =
Rannikko, 2 = Lounais-Suomi, 3 = Häme-Uusimaa, 4 = Kaakkois-Suomi, 5 = Pirkanmaa, 6 = Etelä-Savo, 8
= Etelä-Pohjanmaa, 8 = Keski-Suomi, 9 = Pohjois-Savo, 10 = Pohjois-Karjala, 11 = Kainuu, 12 = PohjoisPohjanmaa and 13 = Lappi.

Figure 11 As in Figure 10 but for annual mean temperature sum.

3.1.2. Hydrological conditions
Figure 12 shows the distribution of annual precipitation over Finland currently and under
climate change. In southernmost country, the annual precipitation is currently 600–700 mm, at
the level of Oulu about 500–600 mm and in the northern most part of the country 300–400
mm. Under climate change, the precipitation increases most in the northern part of the
country; i.e. up to 15 % in the period 2021–2050 and up to 40% in the period 2071–2099.
During the latter period, the precipitation increase in the south-western part of Finland was
only up to 10 %.
Climate change increased the evaporation up to 5 % during the first calculation period, more
in the south than in the north (Figure 13). During the second calculation period, the
evaporation increased further up to 8–13 %, again more in the south than in the north. During
the last calculation period, the evaporation increased up to 25 % in the south and 10–15% in
the north. These findings imply that in the south the evaporative demand increased more than
precipitation (Figure 14). In the north, the situation tended to be opposite except the
northernmost part of the country, where the precipitation increased more than the evaporation
did.
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Figure 12 As in Figure 10 but for annual precipitation currently (1961-2000) and change (%) under
climate change in the periods 1991–2020, 2021–2050 and 2070–2099.

Figure 13 As in Figure 12 but for annual evaporation.

Figure 14 As in Figure 12 but for the ratio of annual evaporation to precipitation.

3.1.3. Soil moisture
The changes in precipitation and evaporation and their relations are also reflected in the
number dry days, which indicate the number of days in growing season with soil moisture less
than that at the wilting point specific for each soil type (Figure 15). During the first
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calculation period, the number of dry days even reduced in some place, but there is clear
increasing trends towards the south. This tendency is further increased during the second
calculation period, and during the third calculation period the number of dry days is increased
up to 90 % in the area south from the axis from Joensuu to Oulu. Even above this axis, the
number of dry days increased several tens of percentage, and in the north-western Lapland
against the Norwegian border the increase in the number of dry days was fairly similar than
that in the southern and central parts of the country.

Figure 15 As in Figure 12 but for annual number of dry days

3.1.4. Soil organic matter and availability of nitrogen
Figure 16 shows that the amount of soil organic matter will increase up to 5 % during the first
calculation period, notably in central part of the country. Later in the second calculation
period, this tendency was found also in the northern part of the country, where the amount of
the soil organic matter increased even more, up to 15 % in some places. During the third
calculation period, the amount of soil organic matter was further increased in the northern
Finland, where the increase exceeded 30 % occasionally. In southern Finland, the amount of
soil organic matter reduced at the same time, in some case by 20–30 %.

Figure 16 Distribution of soil organic matter currently (1961-2000) and change (%) under climate change
in the periods 1991–2020, 2021–2050 and 2070–2099. Numbers in Figures refer to the Forest Centres: 1 =
Rannikko, 2= Lounais-Suomi, 3= Häme-Uusimaa, 4= Kaakkois-Suomi, 5 = Pirkanmaa, 6= Etelä-Savo, 8 =
Etelä-Pohjanmaa, 8 = Keski-Suomi, 9 = Pohjois-Savo, 10 = Pohjois-Karjala, 11 = Kainuu, 12 = PohjoisPohjanmaa and 13 = Lappi.
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Table 7 shows the mean amount of organic matter in soil (i.e. litter on soil and organic matter
in soil profile) for southern and northern Finland currently and under climate change. The
impact of climate change is very small during the early part of the simulation period, but by
the end the simulation the amount of soil organic matter increased by 66 % in southern
Finland and by 40 % in northern Finland. The increase is mainly due to the increase in growth
and the consequent increase in the litter fall. On the other hand, the simulation period is still
short to show that in the long term the amount of soil organic matter will probably reduce in
southern Finland due to reduction in forest growth and the consequent reduction in litter fall
and enhancement in the decomposition rate.
Table 7 Mean amount of soil organic matter (litter, humus) in soil currently and in different time slices
under climate change divided between southern and northern Finland. Northern Finland includes the
forests of the Lappi, Kainuu and Pohjois-Pohjanmaa Forest Centres and southern Finland the forests of
the rest of the Centres. Percentage changes in relation to current climate are shown in parentheses. Note
that the results represent only upland sites on mineral soils, excluding peatlands.

Region
Southern Finland
Northern Finland
Total

Organic matter, Mg/ha (percentage changes in parentheses)
1990–2020
2021–2050
2050–2099
Current
80.3
80.3 (0)
104.0(29.5)
133.5 (66.3)
63.2
63.1(-0.3)
74.2(17.4)
88.6 (40.1)
73.4
73.3(-0.1)
91.9(25.3)
115 (57.1)

The dynamics of the soil organic matter controls the amount of nitrogen available for tree
growth. Figure 17 shows that climate change may increase the availability of nitrogen up to
10 % during the first and up to 20 % during the second part of the simulation period, but up to
40 % during the third period. This applies especially for southern Finland, where soil organic
matter starts to reduce at that time. In this respect, there seems to be a point of discontinuity,
at which the increase of soil organic matter is switched into a reduction with a consequent
enhancement of the release of nitrogen.

Figure 17 As in Figure 16 but for available nitrogen.
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The rapid change during the last part of the simulation period can also be found also Table 8,
which shows the mean amount of available nitrogen currently and under climate change for
southern and northern Finland. However, the percent changes in the north may clearly exceed
those in the south, where the absolute values are even at the end of the simulation period still
larger than in the north.
Table 8 As in Table 7 but for available nitrogen in soil.

Region
Southern Finland
Northern Finland
Total

Available nitrogen, kg/ha (percentage changes in parentheses)
Current
1990–2020
2021–2050
2050–2099
43.2
44.5(3.0)
55.4 (28.3)
63.7 (47.6)
26.2
27.1(3.7)
43.4 (65.9)
46.7 (78.2)
36.3
37.4(3.2)
50.4 (39.3)
56.8 (56.6)

3.2. Impacts on growth, development and structure of forests
3.2.1. Growth over the species
Figure 18 shows that the growth integrated over the tree species varies currently from less
than 1 m3/ha/yr in the north up to 6 m3/ha/yr in the south depending on the site fertility, tree
species and age (or developmental phase) of tree populations. Climate change results in the
largest change in growth in the northernmost part of the country; i.e. any increase to a low
growth rate may result in a large percentage change. Throughout the northern Finland, the
growth increase is several tens of percentages. In southern Finland, the increase is much less
ranging mainly from 10 % to 20 %; i.e. the integrated growth may increase up to 7 m3/ha/yr in
the south. This implies that the growth at the rate of 3–4 m3/ha/yr currently prevailing in
central part of Finland may shift up to the Arctic Circle (66ºN).

Figure 18 As in Figure 16 but for integrated growth of different tree species.

Table 9 summarizes the mean growth rate per unit area under the current and changing
climate making the distinction between southern and northern Finland. In southern Finland,
the growth may increase up to 12 % in this century due to climate change. This is
substantially less that that in northern Finland, where the growth may be doubled compared to
that under the current climate. Over the whole country, an increase of 44 % was obtained,
mostly effected by the large increase in northern part of the country.
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Table 9 As in Table 7 but for mean growth of forests.

Region
Southern Finland
Northern Finland
Total

Growth, m3/ha/yr (percentage changes in parentheses)
1990–2020
2021–2050
2050–2099
Current
5.5
5.9 (7)
6.3(11)
6.8(12)
2.2
2.6(18)
3.7(68)
4.6(109)
4.1
4.5(10)
5.3(29)
5.9(44)

The area of productive forest land (the current productivity ≥ 1 m3/ha/yr representing both
upland sites and sites on mires) in Finland is totally 20.3 million ha (Metsätilastollinen
vuosikirja 2005), with 11.2 million ha in the southern and 9.1 million ha in northern Finland.
Applying the changes presented in Table 9, the total growth of forest resources presented in
Table 10 will be obtained; i.e. the total growth may increase up to 76 million m3/yr in
southern and up to 42 million m3/yr in northern Finland by the end of this century. Over the
whole country, this makes 118 million m3/yr, with an increase of 36 million m3/yr compared
to the current situation.
Table 10 Total growth of forests currently and in different time slices under climate change divided
between southern and northern Finland. Northern Finland includes the forests of the Lappi, Kainuu and
Pohjois-Pohjanmaa Forest Centres and southern Finland the forests of the rest of the Centres.

Region
Southern Finland
Northern Finland
Total

Current
61.4
20.1
81.5

Total growth, million m3/yr
1990-2020
2021-2050
65.9
70.4
23.8
33.8
89.7
104.2

2050-2099
75.9
42.1
118.0

3.2.2. Species-specific growth
The growth response and the consequent changes are species-specific ones, which affect the
spatial variability of the growth change presented in Figure 18. In southern Finland, the
growth increase of Norway spruce is many places (mainly south from the latitude 62ºN) small
or even negative (Figures 19-21), especially during the latter phase of the simulation period.
This is much due to the clear increase in the occurrence of drought periods during the latter
part of this century. Thus, climate change may create environment suboptimal for Norway
spruce, the growth of which may reduce throughout southern and central parts of the country.
It is probable that Norway spruce may be successful only on most fertile and the moist upland
sites (e.g. sites of Oxalis-Myrtillus type) and fertile peatlands, where water supply is sufficient
even under longer drought periods. In these conditions, Norway spruce is probably
competitive with birch and other deciduous species, even though the dominance of birch
increased on the fertile sites in southern Finland. This implies also that the dominance of
Scots pine increased on less fertile sites currently occupied by Norway spruce, e.g. sites of
Myrtillus type. However, these changes in growth and trees species composition have a
reducing effect on the total growth locally, but at the nation-wide the total growth may
increase. This is mainly due to the growth increase of all the species in northern Finland and
the growth increase of Scots pine throughout southern and central Finland except southwestern and south-eastern corners of the country. In the former case, Scots pine is currently
occupying mainly the poor sites with rocky soils. In such conditions, the increased occurrence
of drought periods may reduce even the success of Scots pine.

24

Figure 19 As in Figure 16 but for growth of Scots pine.

Figure 20 As in Figure 16 but for growth of Norway spruce.

Figure 21 As in Figure 16 but for growth of birch.

3.2.3. Stocking
Stocking refers to the total stem wood volume of trees per hectare at the specific point in time,
with indication of the interaction of growth, management and cuttings over the time before the
specific point in time. Currently, the stocking in southern Finland is up to 180 m3/ha, the
highest values representing south-western parts of the country (Figure 22). In northern
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Finland, the stocking is up to 100 m3/ha at the maximum, but in large areas the values are
much less than this. Under climate change, most increase may occur in northern Finland as
can be expected on the basis of changes in growth. In southern Finland, the stocking may
increase, too, except the south-western and south-eastern parts of country, where reduction in
the growth of Norway spruce leads to the reduction in stocking.

Figure 22 As in Figure 16 but for stocking of trees.

Table 11 shows the mean stocking in southern and northern Finland currently and under
climate change. In the latter part of this century, the mean stocking in the southern Finland
may be 144 m3/ha and in northern Finland 145 m3/ha. The mean stocking in southern Finland
remained fairly same as currently, but in northern Finland it was doubled compared to the
current situation.
Table 11 Mean total stocking of trees in different time slices under climate change divided between
southern and northern Finland. Note that the results represent only upland sites on mineral soils,
excluding peatlands. Percentage changes in stocking are shown in parentheses. Northern Finland includes
the forests of the Lappi, Kainuu and Pohjois-Pohjanmaa Forest Centres and southern Finland the forests
of the rest of the Centres.

Region
Southern Finland
Northern Finland
Total

Total stocking, m3/ha (percentage changes in parentheses)
1990–2020
2021–2050
2050–2099
Current
144
146 (1)
173 (20)
144 (0)
78
82 (5)
125 (59)
145 (86)
117
120 (2)
154 (31)
144 (23)

3.2.4. Tree species composition
Tree species composition refers to the percentage share of the stem wood volume of different
tree species of the total stem wood volume (stocking). As in the case of stocking, the tree
species compositions at a particular point of time is dependent on growth, management and
cuttings over the time before the specific point in time.
The reduction in the growth of Norway spruce in southern and central parts of the country
indicates the reduction in the share of this species in tree species composition (Figures 23-25);
i.e. Scots pine and partly birch may utilize more effectively the changing climate than Norway
spruce in some places. The share of Scots pine in southern Finland may increase through the
whole simulation period up to 60 % of the total volume in the latter part of this century (Table
12). At the same time, the share of Norway spruce may decline down to 10 %. Most of the
reduction occurs during the latter part of the simulation period, when birch seems to replace
Norway spruce. In northern Finland, too, the share of Norway spruce may reduce, but now
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Norway spruce is replaced by Scots pine, whose share exceeds 70 % of the total stem wood
volume. In northern Finland, the share of birch seems to remain quite similar to currently or
even reduce slightly. Over the whole country, the total volume comprised 68 % of Scots pine,
12 % of Norway spruce and 20 % of birch at the end of the simulation period.

Figure 23 Proportion of Scots pine from the total stocking currently (1961-2000) and under climate
change in the periods 1991–2020, 2021–2050 and 2070–2099. Numbers in Figures refer to the Forest
Centres: 1 = Rannikko, 2 = Lounais-Suomi, 3 = Häme-Uusimaa, 4 = Kaakkois-Suomi, 5 = Pirkanmaa, 6 =
Etelä-Savo, 8 = Etelä-Pohjanmaa, 8 = Keski-Suomi, 9 = Pohjois-Savo, 10 = Pohjois-Karjala, 11 = Kainuu,
12 = Pohjois-Pohjanmaa and 13 = Lappi.

Figure 24 As Figure 23 but for Norway spruce.

Figure 25 As Figure 23 but for birch.
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Table 12 Tree species composition as a percentage of total stocking in different time slices under climate
change. Note that the results represent only upland sites on mineral soils, excluding peatlands. Northern
Finland includes the forests of the Lappi, Kainuu and Pohjois-Pohjanmaa Forest Centres and southern
Finland the forests of the rest of the Centres.

Region and species
Southern Finland
Scots pine, %
Norway spruce, %
Birch, %
Northern Finland
Scots pine, %
Norway spruce, %
Birch, %
Over Finland
Scots pine, %
Norway spruce, %
Birch, %

Current

1991–2020

2021–2050

2070–2099

42
49
9

44
45
11

54
33
13

62
8
30

62
27
11

63
26
11

68
22
10

77
14
8

47
43
10

49
39
12

59
29
12

68
12
20

3.3. Impacts on potential cutting drain
The potential cutting drain refers to the commercial round wood removals plus logging
residual representing the top part of stem not filling the dimensions of timber. Table 13 shows
the potential cutting drain for southern and northern Finland as a function of climate change.
The numbers represent the maximum sustainable removals when applying the current
management recommendation (Yrjölä 2002), with a mean delay of 13 years in thinning and
terminal cut. In southern Finland, the potential cutting drains may increase up to 56 % by the
end of this century. In northern Finland, the increase is much larger (up to 170 %), but there
the absolute value (3 m3/ha/yr) is still less than two thirds of that in southern Finland (5
m3/ha/yr).
Table 13 As for Table 11 but for potential cutting drains.

Region
Southern Finland
Northern Finland
Total

Potential cutting drains, m3/ha/yr (in parenthesis the per cent change)
1990–2020
2021–2050
2050–2099
Current
3.2
3.3 (3)
4.2(31)
5.0(56)
1.1
1.2(9)
2.2(100)
3.0(168)
2.3
2.4(4)
3.3(52)
4.2(82)

The total potential cutting drain over the whole of country increased during the simulation
period up to 83 million m3/yr in such a way that 53 million m3/yr were obtained from
southern Finland and 27 million m3/yr from northern Finland (Table 14). Note that the
potential cutting drains represent only the upland sites on mineral soils excluding peatlands.
Partly for this reason, the values for the current climate are 85 % of that presented in the
forestry statistic (e.g. 56 million m3/yr for 2003 – Metsätilastollinen vuosikirja 2004).
Furthermore, the distribution of timber assortments changed; i.e. in southern Finland, the
share of saw logs increased from 77 % at the beginning of the simulation to 82 % at the end of
the simulation and in northern Finland from 74 % to 82 %, respectively.
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Table 14 As for Table 11 but for total potential cutting drains.

Region
Southern Finland
Northern Finland
Total

Current
36
10
46

Total potential cutting drains, million m3/yr
1990–2020
2021–2050
2050–2099
37
47
56
11
20
27
48
67
83

3.4. Impacts on carbon sequestration
Carbon in the forest ecosystems follows currently the same pattern than that growth and
stocking had; i.e. in southern Finland the total amount of carbon is 100 Mg/ha over larger
areas, whereas in northern Finland the amount of total carbon remains 50 Mg/ha (Figure 26).
Under climate change, the amount of carbon increased more in the north than in the south as
one may expect on the basis of the changes in growth (Table 15). However, the mean total
amount of carbon remains somewhat smaller in the north than in the south, where the total
amount of carbon may reduce in the areas with the largest reduction of growth and stocking of
Norway spruce. Over the whole country, the total amount of ecosystem carbon is still close to
30 % larger than currently.

Figure 26 Total carbon in forest ecosystems currently (1961-2000) and under climate change in the
periods 1991–2020, 2021–2050 and 2070–2099. Numbers in Figures refer to the Forest Centres: 1 =
Rannikko, 2 = Lounais-Suomi, 3 = Häme-Uusimaa, 4 = Kaakkois-Suomi, 5 = Pirkanmaa, 6 = Etelä-Savo, 8
= Etelä-Pohjanmaa, 8 = Keski-Suomi, 9 = Pohjois-Savo, 10 = Pohjois-Karjala, 11 = Kainuu, 12 = PohjoisPohjanmaa and 13 = Lappi.
Table 15 As for Table 11 but for amount of carbon in the forest ecosystem.

Region
Trees
Southern Finland
Northern Finland
Total mean
Soil
Southern Finland
Northern Finland
Total mean
Trees and soil
Southern Finland
Northern Finland
Total mean

Carbon, Mg/ha (percentage change in parentheses)
Current
1991–2020
2021–2050
2070–2099
49
25
39

52 (5.9)
28 (11.9)
42 (8.3)

57 (17.1)
36 (45.8)
50 (28.8)

53 (8.3)
40 (60.8)
51 (29.7)

40
32
37

40 (0.1)
32 (0)
37 (0)

43 (7.2)
34 (6.1)
39 (6.8)

50 (23.9)
41 (28.4)
46 (25.7)

89
57
76

90 (1.5)
58 (2.2)
77 (1.8)

100 (12.6)
70 (23.0)
89 (16.8)

102 (14.7)
82 (45.3)
96 (27.1)
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3.5. Impacts on the amount of decaying wood
Decaying dead wood refers to the stem wood of standing dead trees and the stem wood of
dead trees laying on soil. In the latter case, the stem wood belongs to the decaying dead wood
as long as it can be identified morphologically. Figure 27 shows the amount of decaying dead
wood under the current climate and under climate change in such a way, that the decaying
dead wood under the current climate represents the last time slice of the simulation period.
This was used because of the amount of dead was not available from the permanent sample
plots. Currently, the amount of dead wood correlated positively to the productivity of forest
land; i.e. the amount of dead wood in southern Finland was up to 5 Mg/ha, whereas in
northern Finland the amount was in large areas less than 1 Mg/ha. Climate change may
increase the amount of dead wood throughout the country in such a way that at the end of the
simulation period the amount of decaying wood may exceed 7 Mg/ha in southern Finland. In
northern Finland, too, the amount of decaying wood may increase in some places by 60–70 %
from the current one due to the increase in the productivity of forest land. Again, note that
these values exclude any dead wood currently existing in the forests, but the results are purely
based on the simulations. Thus, they indicate the output of the processes maintaining the dead
wood resources based on endogenic mortality processes related to the life span of trees. The
effects of exogenic factors as wind and snow damages were excluded from the simulations.

Figure 27 Simulated amount of decaying dead wood currently (1961-2000), under future climate (2070–
2099) and the percentage change between the two periods. Numbers in Figures refer to the Forest
Centres: 1 = Rannikko, 2 = Lounais-Suomi, 3 = Häme-Uusimaa, 4 = Kaakkois-Suomi, 5 = Pirkanmaa, 6 =
Etelä-Savo, 8 = Etelä-Pohjanmaa, 8 = Keski-Suomi, 9 = Pohjois-Savo, 10 = Pohjois-Karjala, 11 = Kainuu,
12 = Pohjois-Pohjanmaa and 13 = Lappi.

3.6. Management to adapt forests to climate change – model experiments
The simulations showed that the forest ecosystems are most impacted in the most northern
and southern parts of the country. In the north, the productivity of the forest ecosystems may
be increased substantially, but it will be still less than that currently in southern Finland. The
special features of northern forests and terrestrial ecosystems may be diminished even above
the current timber line. This development is probably quite inevitable, and little can be done
in order to conserve the present character of the northern forests.
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In southern Finland, climate change may create environment suboptimal for Norway spruce
throughout southern and central parts of the country. This may reduce the productivity of the
forest ecosystem in general and reduce the availability of Norway spruce timber. In adaptive
management, there may be thus two main tasks; i.e. to maintain the productivity of the forest
ecosystem and the growth of Norway spruce, both of which having large impacts on the
structure and functions of the forest ecosystems and, e.g. on the biodiversity of forests. In
order to achieve these goals, three basic strategies were applied in reformulating the
management used in the simulations above. The simulations were limited into the southern
Finland.
First, the length of the rotation was reduced by making the terminal cut when the minimum
value of the mean diameter of trees indicating the maturity for regeneration was exceeded
instead of making the terminal cut when the maximum mean diameter was exceeded. Second,
Norway spruce was replaced by Scots pine or birch on sites of Myrtillus type and Norway
spruce was preferred in planting only on the sites with higher fertility, if this species was
occupying the site prior the terminal cut. Third, a more southern provenance of Norway
spruce was used in planting. New provenance was described by changing the maximum and
minimum temperature sum in the temperature sum multiplier of the growth model as regards
Norway spruce. Now, the maximum values were 2500 d.d. (previously 2060 d.d.) and the
minimum value 360 d.d. (previously 170 d.d). The form of the function of the multiplier
remained the same. This will also demonstrate the sensitivity of the model output to the
changes (and uncertainties) in these parameters, which are among some key parameters
defining the success of different tree species. In summary, the following management regimes
in the simulations were used as regards the simulations for southern Finland.
•
•
•
•

Length of rotation was reduced by applying the lowest value of the mean diameter
range indication the maturity for terminal instead of the maximum value of this range.
Consequently, the rotation length was reduced.
Scots pine was preferred on sites of Myrtillus type and let Norway spruce to grow only
on the most fertile sites. The modified length of rotation was applied otherwise the
management regime was the same as in the original one.
Birch was preferred on sites of Myrtillus type and let Norway spruce to grow only on
the most fertile sites. The modified length of rotation was applied otherwise the
management regime was the same as in the original one.
Minimum and maximum values of temperature sum limiting the success of Norway
spruce were increased in such a way that the form of the response function was the
same assumed to represent Norway spruce acclimated to more higher temperatures
than the local provenances.

The simulations showed that the reduction of rotation length clearly reduced the growth of
Norway spruce (up to 16 %) but increased the total growth (up to 28 %) (Table 16), because
the growth of Scots pine and birch increased. The increase was the largest in the south, where
the total growth increased up to 35 %. This was much more than that obtained under the
preference of Scots pine on sites of Myrtillus type (12 %); i.e. the increased growth of Scots
pine was not able to compensate the reduction in the growth of Norway spruce and birch on
the contrary to the preference of birch. In this case, the total growth increased most (38 %).
The use of the more southern ecotype of Norway spruce also increased the total growth (31
%), especially the growth of Norway spruce as expected.
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Table 16 Mean growth of different tree species in southern and northern Finland, 2070-2099, under
selected management regimes. In parentheses: growth under a selected management regime as a
percentage of that under a management regime with no modification.

Growth, m3/ha/yr (% of management with no modifications)
Scots pine
Norway spruce
Birch
Total
Management with no modifications
South
2.81
0.26
3.62
6.69
North
3.19
0.58
0.84
4.61
Total
2.96
0.39
2.49
5.84
Management with terminal cut when the minimum diameter requirement is exceeded
South
3.42 (+22)
0.24 (-8)
5.36 (+48)
9.02 (+35)
North
3.70 (+16)
0.49 (-16)
1.07 (+27)
5.26 (+14)
Total
3.54 (+20)
0.34 (-13)
3.62 (+45)
7.5 0 (+28)
Preferring Scots pine on Myrtillus site if previously occupied by Norway spruce.
Terminal cut at minimum diameter requirement
South
4.06 (+44)
0.17 (-35)
3.29 (-9)
7.53 (+13)
North
3.99 (+25)
0.39 (-33)
0.70 (-17)
5.08 (+10)
Total
4.03 (+36)
0.26 (-33)
2.24 (-10)
6.53 (+12)
Preferring birch on Myrtillus site if previously occupied by Norway spruce.
Terminal cut at minimum diameter requirement
South
3.12 (+11)
0.17 (-35)
6.79 (+88)
10.08 (+51)
North
3.53 (+11)
0.49 (-16)
1.14 (+36)
5.16 (+12)
Total
3.29 (+11)
0.30 (-23)
4.49 (+80)
8.08 (+38)
Preferring Norway spruce of more southern ecotype.
Terminal cut at minimum diameter requirement
South
3.04 (+8)
0.67 (+158)
5.56 (+54)
9.27 (+39)
North
3.60 (+13)
0.44 (-24)
1.23 (+46)
5.27 (+14)
Total
3.27 (+10)
0.57 (+46)
3.80 (+53)
7.64 (+31)
Management regime

There seems to be several ways to respond to climate change in such a way that the total
growth may be maintained or even to increase and in this way to utilize the opportunities,
which climate change may provide. The success of Norway spruce may also be maintained by
preferring ecotypes, which are adapted to warmer climate. This is further demonstrated in
Figure 28. It shows that this choice may reduce the negative effects of climate change on the
growth of Norway spruce throughout southern Finland, but it may not fully eliminate these
effects, especially in the south-western and south-eastern corners of the country. However, the
choice of more southern provenance may be a cost-effective way to adapt the forest to climate
change as regards the success of Norway spruce under climate change.
3.7. Uncertainties
Uncertainties refer to the probability of a future scenario being realized. In the following, the
uncertainties are assessed only in terms of total growth since it is in the central position in
linking the ecosystem dynamics with climate change. Figure 29 shows the total growth per
hectare over the hundred-year simulation period used in the study. The values are calculated
on the basis of single simulations, which are produced in the Monte Carlo-simulation
principle used in the study. If no risk is accepted (or the probability is 1), the growth increase
in southern Finland is small (less than 10 %), but in northern Finland still quite high (44 %). If
accepting a higher risk, e.g. a 10 % risk (probability = 0.9), one may say that in southern
Finland the growth may increase slightly more than 10 %. In northern Finland, the equivalent
value is 45 %. Consequently, one may say with a fairly low risk, that climate change may
increase forest growth over Finland, especially in the northern part of the country.
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Figure 28 Growth of Norway spruce under climate change representing the original genotype (left) and
more southern genotype (right).
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Figure 29 Probabilities for given amounts of total growth over the simulation period under current
climate (1961-2000) and a climate change scenario for 2070-2099 (A2) for southern Finland (left) and
northern Finland (right).
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4.

Discussion and conclusions

4.1. Impacts of climate change on productivity of forests
The simulations showed that the forest ecosystems are most impacted in the most northern
and southern parts of the country. In the north, the productivity of the forest ecosystems may
be increased substantially, but it will be still less than that currently in southern Finland.
However, the special features of northern forests and terrestrial ecosystems may be
diminished even above the current timber line. This development is probably quite inevitable,
and little can be done in order to conserve the present character of the northern forests. This
implies that the management of northern forests should be adapted to meet the higher
productivity and changing tree species composition, which may characterize these areas in the
future. In this respect, the northern forests may provide many opportunities for forestry and
timber production, while the forest environment may turn suboptimal for reindeer husbandry
and the recreation business, which is currently accustomed to utilizing the landscapes of
subalpine forests in the north.
In southern Finland, climate change may create an environment that is suboptimal for Norway
spruce, the growth of which may decline throughout southern and central parts of the country.
It is probable that Norway spruce may survive only on the most fertile and moist upland sites
(e.g. sites of Oxalis-Myrtillus type) with sufficient water supply even under longer drought
periods. In these conditions Norway spruce is probably competitive with birch and other
deciduous species. This also implies that the dominance of Scots pine may increase on less
fertile sites currently occupied by Norway spruce, e.g. sites of Myrtillus type. However, the
growth of birch may compete with Scots pine even in these sites, and dominance of birch may
increase substantially. However, these changes in growth and trees species composition have
negative effect on the total growth forests only locally, and at the nation-wide the total growth
may increase substantially. Consequently, the potential cutting drain may increase, too. The
distribution of timber assortment may, however, change clearly towards birch and Scots pine
timber on the expense of Norway spruce timber.
4.2. Impacts of climate change on the timber industry
The simulations showed that in southern Finland the potential cutting drains may increase up
to 56 % by the end of this century. In northern Finland, the increase is much larger (up to
170%), but there the absolute value (3 m3/ha/yr) is still less than two thirds of that in southern
Finland (5 m3/ha/yr). These changes imply that the potential total cutting drain over the
country may increase up to 82 %. The simulations are done by assuming that there is a mean
delay of 13 years in thinning and terminal cut compared to the management rules currently
recommended. On the other hand, the results represent only the upland sites on mineral soils
excluding peatlands. The increase in productivity of forest land and in the timber resources
imply that under climate change the amount of carbon in the forest ecosystem may increase
throughout the country. However, the mean total amount of carbon remains somewhat smaller
in the north than in the south, where the total amount of carbon may reduces in the areas with
the largest reduction of growth and stocking of Norway spruce. Over the whole country, the
total amount of carbon in upland sites may be still close to 30 % larger than currently.
4.3. Impacts of climate change on biodiversity
The simulations provide information that can also be used to indicate climate change impacts
on biodiversity. In general, the higher productivity of forest land may increase species
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richness and biodiversity, especially in the northern part of country. On the other hand, the
change in the tree species composition, especially the poor success of Norway spruce in
southern Finland, changes drastically the properties of forest habitats. This may imply the
reducing success of true taiga species, which may be partly replaced by more southern species
even in the central part of country. On the other hand, the simulations showed that even under
the current management the amount of decaying wood may increase under climate change on
the conditions that the current management is applied. This is due to the higher productivity
of forest land and faster maturation of trees, which results in shorter life span of trees and
increases the mortality of trees not met by cuttings. The increase in decaying dead wood may
increase the success of many rare and endangered species fully independent on decaying dead
wood.
4.4. Uncertainties due to risk of abiotic and biotic damage
4.4.1. Interaction between abiotic and biotic risks
The uncertainties associated with the model structure and functions are discussed exhaustively
elsewhere (Kellomäki et at. 1992a,b, Kolström 1998). In this respect, the main uncertainties
are in the exclusion of risks of the the abiotic and biotic damages outside the simulations.
Mortality of trees is endogenic related to the growth and life cycle of trees or exogenic related
to the abiotic (frost, wind, snow, fire) and biotic (insect and fungal pests) factors. Whenever
climate change increases the growth of trees, an enhancement of endogenic mortality may be
expected due to a more rapid life cycle. The enhancement of endogenetic mortality may also
increase the risk of exogenic mortality, since major outbreaks of many damaging insects and
fungi are closely related to the occurrence of dead and dying trees produced by abiotic
damages. Following wind and snow damage, trees are often susceptible to consequential
damages (Figure 30). Broken and uprooted trees can lead to detrimental insect attacks on the
remaining trees because of the increased availability of breeding material. High summer
temperature and associated drought increase the growth of insect population through
enhancing the physiological activity and the turnover of insect populations.

Figure 30 Outline showing how weather and climate affect outbreaks of populations of damaging insects
and fungi, both directly and mediated by the occurrence of abiotic damages.
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4.4.2. Risk of frost damage
In the boreal forests, the timing of budburst is related to spring temperatures, as found for
birches and Scots pine (Myking and Heide 1995, Häkkinen et al. 1998). The budburst is
preceeded by low chilling temperaures during winter. Even under elevated temperature, the
chilling requirements of trees are likely to be fulfilled, and earlier budburst may be expected.
On the other hand, there is no empirical evidence that earlier bud burst under the climatic
warming would lead to catastrophic frost damage. On the contrary, in old provenance transfer
experiments where northern provenances of Norway spruce and Scots pine were grown in
southern Finland, thus undergoing considerably “climatic change” (increase of temperature
sum by up to 600 d.d.), the bud burst was hastened, but also the growth was highly increased
(Beuker 1994, Beuker et al. 1996). This is in line with the findings, that the frost hardiness of
Scots pine is at the bud burst still more than -20 oC even under the elevated temperature
(Miina Jahkonen, Aija Ryyppö and Seppo Kellomäki, unpublished measurements, University
of Joensuu).
4.4.3. Risk of wind damage
Strong winds blow down and break trees with large economic losses in timber production and
productivity of the forest ecosystems. The occurrence of wind damages is tightly linked with
the occurrence of high windspeeds. The risk of wind damages is increasing in the interaction
with maturing of trees, taller trees being in higher risk than smaller ones. On the average, the
mean regional windspeed more than 15 m s-1 with the windspeed up to 30 m s-1 in gusts seems
to be threshold for the occurrence of wind damages.
The overall risk is the greatest in stands adjacent to newly clear-felled areas and within newly
thinned stands, especially if stands not previously thinned are suddenly thinned intensively.
This is because wind is able to penetrate deeper into the canopy following thinning, with the
subsequent increase in the wind load imposed on the trees, while dense stands dissipate
incoming winds. The probability of damage decreases, however, with the time elapsed since
the thinning. This is the consequence of the increasing capacity of trees to resist dynamic load
due the enhanced growth after thinning and the increase in root mass and strength of roots.
Thus, the risk of wind damage is related to the management and growth of trees.
In the future, the risk of wind damages may be increased solely by the large-scale maturing of
forests beyond the economically feasible rotation length. On the other hand, the preference of
clear cuts in timber harvest modify the structure of forests susceptible to wind-induced
damages. However, the changes in occurrence of extreme windspeeds along with the
changing climate is of the greatest importance. It is still open, whether climate change may
induce changes in the wind pattern. However, the higher frequency of strong winds during the
periods of unfrozen soils in late autumn and early spring might be the most alarming scenario
(Peltola et al. 1997, Päätalo et al. 1999, Venäläinen et al. 2001). The changing climate may
decrease the duration of snow cover and frozen soil with the reduction in the overall
anchorage and an obvious increase of wind-induced forest damages under the changing
climate. The mean return period of major wind damages is currently two to three years.
4.4.4. Snow damage
The severity of snow damage mainly depends on the amount of snowfall. Snowfalls of 20–40
cm or more under temperatures of around 0oC appear to produce low to moderate risk,
whereas snowfalls of about 60 cm mean a high risk (Päätalo et al. 1999). Windspeeds less
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than 9 m s-1 appear to intensify the risk of snow damage otherwise induced by the
accumulation of wet snow, whereas snow would more probably be dislodged from the tree
crowns by windspeeds greater than 9 m s-1 (Peltola et al. 1997). In the boreal conditions, the
mean return period of severe snow damages is 5–15 years.
The changing climate may affect the risk of snow damages in several ways. The share of
snowfall from the total winter-time precipitation may be reduced with a obvious reduction of
risk. On the other hand, the increased winter precipitation may increase the weather episodes
with temperature conditions, which enhance the attachment of snow and the concurrent
accumulation of snow on tree crowns. Furthermore, the increasing winter precipitation may
imply the increased intensity of snowfall and the accumulation of snow with the increased
risk of snow damage, if the temperature and wind conditions are in favour of excessive snow
accumulation. These factors are probably balancing in such a way, that at the higher altitude
or most northern areas the risk of snow damage may increase, but at the lower altitude or
areas outside the northern regions the risk may decrease.
4.4.5. Fire damage
In northern Europe, forest fires are rare, the percentage of forest land burnt annually being
less than 0.05 %. The mean size of fires is less than one hectare (Zackrisson and Östlund
1991). The return period of fires is 50-100 year on the average on dry upland sites, and much
longer for moist upland sites. In the boreal conditions, one to two weeks without rain is
needed to increase significantly the fire risk even under the current precipitation (250-700 mm
per year). The increase of the frequency of drought spells, especially in southern Finland,
shows that under climate change forest the risk of wild fires may increase substantially from
the prevailing one. The main uncertainties are related to the seasonal distribution of
precipitation. Warmer temperatures in spring and early summer may lead to earlier melting of
snow and drying of soil in summer, if the precipitation does not increase at the same time
(Zackrisson 1977). The temperature increase of 3-5 oC in June - August may increase the fire
area by 15 to 50 times in western Europe (Suffling 1992), if no increase in precipitation
occurs.
4.4.6. Damage due to insect attacks
Climate change can affect the outbreak of insect pests through several mechanisms, by
altering (Evans et al. 2002): (i) the survival and reproduction of the insects; (ii) natural
enemies of the pests, the nutrient content of the host trees; and (iii) vigour and defence
capabilities of the hosts and phenological synchrony of the pest and host.
The northward expansion of several insect species and forest pests is likely to occur (Battisti
2004). However, the net impact of climate change on pests is very complicated and difficult to
predict (Bale et al. 2002). Increasing CO2 concentration will probably increase the C:N
balance of the tree tissues and increase which in turn will result in a lower food quality for
many defoliating insects. This increases the amount of fibres in foliage material and reduces
the palatability and nutritive value of forage. Consequently, larvae of damaging insects may
grow and develop slower with a higher risk to be attacked by natural enemies. This
mechanism may alter the dynamics of the whole food web system, but the long-term effects
of these changes on the dynamics of forest ecosystems are still very poorly known. However,
forest pests are likely to increase in frequency and intensity under climate change, particularly
in the margins of the host tree species (Harrington et al. 2001).
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The winter minimum temperature is the most important factor delimiting the pest distribution
in the north. A warmer climate could provoke the increase of the distribution of outbreaks
towards the north and accelerate the intensity and frequency of population peaks, although
parasitoids and other natural enemies may provide higher mortality of larvae in the summer
(Niemelä et al., 2001). A drier and warmer summer is favourable to the life strategy of many
dangerous pests, and insects occurring in periodic outbreaks have a large potential for genetic
adaptation to a new environment and substantially higher migration level than host tree
species.
Obviously, no insect pest currently damaging trees is likely to have reduced success under
climate change. On the contrary, many of them will have higher success like Ips typographus,
the occurrence of which is typically related to the prevailing temperature conditions. The
flight period of Ips typhographus is initiated when the daily mean temperature exceeds 18 oC
in spring. Evidently, the increasing spring and summer temperatures may increase the number
of generation and the success of this species throughout Europe. Similarly, the populations of
Neodiprion sertifer, Diprion pini, and Panolis flammea may grow due to the temperature
elevation by 2–3 oC during the summer. The temperature elevation may also expand the
occurrence of Lymantria monacha far up above the 60th latitude over the Scandinavia.
Currently, this insect damages Norway spruce mainly in central and southern Europe
everywhere, where the mean temperature of July exceeds 16 oC and the mean temperature of
September exceeds 10.5oC.
European forests seem to be quite well buffered against damages induced by new species
originating from outside Europe. A good example of new organisms with large potential to
damage trees is Bursaphalencus xylophilus nematode originating from North America. This
pine nematode is quite easily transported in fresh timber, but its success is quite closely
related to the temperature conditions. Until now, low summer temperatures and short growing
seasons have effectively limited the success of this species outside northern Europe, even
though it has frequently occurred in imported timber. Climate change also seems to remove
these limitations for ambrosia beetle (Gnathotrichus materiarius) originating from North
America. It was introduced into Europe in 1930s. Since then, it has become established in
many Central-European countries and in late 1990s the first records were made from southern
Scandinavia in warm summer conditions. It is very possible that cool summer temperatures
and a short growing season have limited the spread of this species towards the north, and
climate change may change the situation.
4.4.7. Damage due to pests
High summer temperature along with drought may dampen down the epidemics of damaging
fungi, but they may flourish in cool rainy summers. On the other hand, higher winter
temperature may enhance epidemics of damaging fungi like Gremmenniella abietina and
Lophodermella sulcigena. The frequency of root rot induced by Heterobasidion annosum may
also be larger, if the autumn, winter and spring temperatures are higher and the duration of
soil frozen is shorter. In northern Europe, especially, climate change seems to enhance the
occurrence of root rot with an increase in loss of timber and productivity of forests.
4.4.8. Damage due to large herbivores
Currently, large herbivores like moose (AIces alces) is now one of most important factors
defining species composition of young forests in Finland. Current and future distribution of
large herbivores is affected by high temperature in summer, depth and seasonal distribution of
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snow. The latter ones represent thinner snow cover with easier movement for mooses to move
in the winter time. On the other hand, moose becomes stressed by temperature above 5oC in
winter and above 14°C in summer. Furthermore, composition and palatability of tree species
are also important for the success mammalian herbivors The elevated CO2 can decrease the
palatability of birch (Betula pendula) with respect to the hare (Lepus timidus) (Matsson et al.
2004).
4.5. Adaptation of forests to climate change through proper management
In Finland, the forest growth is currently limited by low temperature, and often by nutrient
availability. Precipitation is normally not limiting. Higher air temperature predicted by
scenarios for the future climate will prolong the growing season and thereby increase growth,
but short supply of soil moisture may limit forest growth in southern part of the country.
However, the elevated CO2 may counteract potential negative effects of changes in the
climate.
In Finland, there are only a few tree species of economic importance in forestry. However,
changes in tree species composition may be an appropriate adaptive management strategy.
The following changes in tree species composition may be considered in implementing
adaptive management strategies (Badeck et al. 2005, Kellomäki et al. 2005):
•
•
•
•

Incorporation of more sounthern provenances of main tree species and/or use other
indigenous tree species currently of minor importance in forestry, but with high
potential for timber production or carbon sequestration under climate change.
Increased share of broadleaved species, because broadleaved species are probably to
perform better under climate change.
Substitution of species sensitive to drought with more drought-tolerant tree species or
provenances.
Replacement of low productivity tree populations with high productivity ones
whenever the current population does not make full use of the potential productivity of
a site.

Mixed forests occur commonly in Finland, whenever the site fertility supports several species.
One tree species may naturally dominate the stand, but in most cases, other tree species also
make up a certain proportion of the stand. Mixed stands are often considered more “natural”,
and more resilient to changing climatic conditions, or to likely consequences of climate
change, e.g. increased risk of insect infestations. The diversity of stand types at the landscape
level also has a mitigating influence on the proliferation of forest fires and infestations.
Furthermore, mixtures of tree species and stand types also have a positive influence on overall
biodiversity, soil properties and recreational values.
The tree species choice is a basis for an appropriate adaptive management strategy, which
further includes the adjustment of thinning (intensity, interval, pattern (from above, from
below)) into the changing productivity. In this context, the regulation of the rotation period is
an effective way to manage the timber production and carbon budget of forests. Over the
rotation, the timing and intensity of thinning determine the growth rate and stocking, which
control the rate of carbon sequestration and the amount of carbon retained in trees and soils.
In most European countries like in Finland, growing stock is still increasing, because timber
harvest (thinning, final felling) is below the increment. This implies that the total carbon
storage is increasing but the carbon fixation rate is decreasing. On the other hand, the age39

class distribution in Finland is shifting towards the older age classes, and overall the rotation
period is increasing. This implies that the rate of carbon sequestration is declining. However,
replacement of over-mature old forests with new fast-growing ones with the objective of
carbon sequestration in the biomass of the new stand, is not always an adequate option, as old
forests and their specific characteristics are generally thought to have benefits for
conservation of biodiversity.
4.6. Research priorities for responding appropriately to climate change
In order to address the impacts of climate change in forestry and to adapt forests and forestry
to climate change, research is needed in the following areas:
•
•
•
•
•
•
•
•
•

Physiology and genetics to resolve the effects of climate and atmospheric changes on
regeneration, growth, mortality and adaptation of key species in the short and long
term.
Silvicultural management in relation to climatic factors, with a view to developing a
better understanding of how management could account for the physiological and
ecological performance of different tree species.
Biology of potential pest and disease organisms in relation to host physiology as
affected by climate change.
Risks due to extreme weather episodes (wind, snow, fire) and management of risks in
timber management planning, silvicultural management and harvesting.
Properties of wood in relation to climatic factors with a view to developing better
techniques to utilise wood with changing properties and altering tree species
composition.
Harvesting and maintenance of forestry infrastructure in relation to climatic factors
with a view to developing better techniques for modifying micro-climatic and soil
conditions.
Monitoring techniques to detect the effects of climate change with emphasis on
changes in productivity in existing forests.
Techniques to interface weather statistics, climate scenarios, forestry statistics and
ground-truth data with ecological simulation models for integrated assessment
techniques to assess the impact of environmental changes on forest resources.
Models for timber management planning, capable of handling changes in the climate
and applicable to management of major biogeochemical cycles controlling the
dynamics of forest ecosystems.

The research should be implemented in multi-disciplinary research consortia, which are also
capable of interpreting the findings in socio-economic terms in relation to societal needs and
constraints.
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future. These expected changes in growth and tree species composition may have a locally negative effect
on growth in Southern Finland, but nationwide it may increase by up to 44 %, with an increase of up to 82
% in the sustainable potential total cutting drain.
Metsäekosysteemin dynamiikkaa kuvaavan mallin (Sima) avulla on analysoitu, miten ilmastonmuutos
vaikuttaa metsien kasvuun ja kehitykseen Suomessa. Laskelmat perustuvat valtakunnan metsien inventoinnin pysyvien koealojen tietoihin (1995) ja erilaisiin ilmastoskenaarioihin. Pohjois-Suomessa metsien
kasvun oletetaan jopa kaksinkertaistuvan tarkasteluajanjakson kuluessa nykyiseen verrattuna. Myös
Etelä-Suomessa metsien kokonaiskasvun oletetaan lisääntyvän. Toisaalta kuusen kasvu voi jopa hidastua
Etelä-Suomessa, kun taas koivu ja mänty näyttävät hyötyvän ilmastonmuutoksesta. Männyn ja/tai koivun
suosiminen Etelä-Suomessa keskihyvillä kasvupaikoilla kuusen sijaan voi tämän vuoksi olla tarpeen tulevaisuudessa. Myös kuusen eteläisten alkuperien käyttäminen metsänviljelyssä voi vähentää kuusen kasvun taantumista. Koko maassa metsien kokonaiskasvu voi lisääntyä jopa 44 %, kun se Etelä-Suomessa lisääntyisi korkeintaan runsaat 10 %. Näin suuri kasvun lisäys mahdollistaisi jopa 82 % lisäyksen ainespuun
tuotannossa. Toisaalta nykyisiä metsänhoidon käytäntöjä jouduttaneen osin arvioimaan uudelleen ja jopa
muuttamaan tulevaisuudessa, jotta lisääntynyt puuston kasvu kyetään hyödyntämään metsätaloudessa.
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