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ABSTRACT 

 

 
This study employed scenario analyses to evaluate the effects of forest management and 

different CMIP5 climate projections on timber production and carbon stocks of upland boreal 

forests in Finland. The forest ecosystem model simulations were conducted over a 90-year 

period from the stand to regional level by using both model stand data (Paper I) and national 

forest inventory data (Papers II-III). In simulations, it was employed data from the current 

climate and several CMIP5 projections (multi-model means and individual climate model 

runs) under the RCP4.5 and RCP8.5 forcing scenarios. More specifically, it was studied the 

impacts of different climate projections and thinning regimes (Papers I and III), tree species 

preferences in forest regeneration (Paper II) and forest conservation scenarios (Paper III) on 

volume growth, carbon stocks and timber production (Papers I-III), economic profitability 

(Paper I), and the amount of deadwood of forests (Paper III).   

The effects of different climate projections on volume growth, carbon stocks, timber 

production and its economic profitability and the amount of deadwood varied largely, 

depending on geographical region, tree species, and severity of climate change. The degree 

of differences in the responses of tree species and boreal regions increased with the severity 

of climate change (Papers I-III). Regardless of the tree species, the positive impacts of climate 

change were larger in the north. In the south, Silver birch benefitted most from the climate 

change projections and the most under severe climate change. This was unlike Norway spruce 

and also partially, Scots pine (Papers I-II). An increase in forest conservation area increased 

volume growth, carbon stock, and the amount of deadwood in forests, unlike timber 

production. Depending on boreal region, tree species, and severity of climate change, 

different adaptive forest management measures would be needed to utilize the positive 

impacts of climate change and to minimize harmful ones.   

 

 

 

 

 

 

Keywords: conservation scenarios, deadwood, forest ecosystem model, RCPs, timber 
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ABBREVIATIONS AND DEFINITIONS  

 

 
Symbol 

 

Definition  

 

CanESM2 RCP4.5 Global climate model (GCM), developed by the Canadian 

Center for Climate Modelling and Analysis, Canada, with a 

radiative force of 4.5 W/m2 by the end of 2100 

     

CanESM2 RCP8.5 Global climate model (GCM), developed by the Canadian 

Center for Climate Modelling and Analysis, Canada, with a 

radiative force of 8.5 W/m2 by the end of 2100  

    

CMIP5 The Couple Model Intercomparison Project phase 5 database 

    

CMIP3 The Couple Model Intercomparison Project phase 3 database 

   

CNRM-CM5 RCP8.5 Global climate model (GCM), developed by the National 

Center for Meteorological Research, France, with a radiative 

force of 8.5 W/m2 by the end of 2100      

 

CO2 Carbon dioxide   

 

CU Current climate (CU, for the period 1981-2010)   

 

d.d  Degree days (TS > +5)   

 

Energy wood Stem diameter < 6 cm    

 

EU European Union   

 

FMI Finnish Meteorological Institute   

 

GCM Global Climate Model   

 

GFDL-CM3 RCP8.5  Global climate model (GCM), developed by National 

Oceanic and Atmospheric Administration (NOAA), USA, 

with a radiative force of 8.5 W/m2 by the end of 2100   

  

HadGEM2-ES RCP4.5 Global climate model (GCM), developed by the Hadley 

Center for Climate Prediction and Research, UK, with a 

radiative force of 4.5 W/m2 by the end of 2100   

 

HadGEM2-ES RCP8.5 Global climate model (GCM), developed by the Hadley 

Center for Climate Prediction and Research, UK, with a 

radiative force 8.5 W/m2 by the end of 2100   
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MIROC5 RCP4.5 Global climate model (GCM), developed jointly by 

Atmosphere and Ocean Research Institute (The University of 

Tokyo), National Institute for Environmental Studies and 
Japan Agency for Marine-Earth Science and Technology,  

Japan, with a radiative force of 4.5 W/m2 by the end of 2100   

   

MIROC5 RCP8.5 Global climate model (GCM), developed jointly by 

Atmosphere and Ocean Research Institute (The University of 

Tokyo), National Institute for Environmental Studies and 

Japan Agency for Marine-Earth Science and Technology,  

Japan, with a radiative force of 8.5 W/m2 by the end of 2100   

 

Mean RCP4.5 Mean climate projections of 28 GCMs with radiative force 

of 4.5 W/m2 by the end of 2100  

 

Mean RCP8.5  Mean climate projections of 28 GCMs with a radiative force 

of 8.5 W/m2 by the end of 2100  

 

MPI-ESM-MR-RCP8.5 Global climate model (GCM), developed by Max Planck 

Institute for Meteorology, Germany, with a radiative force 

of 4.5 W/m2 by the end of 2100  

 

MPI-ESM-MR-RCP8.5 Global climate model (GCM), developed by Max Planck 

Institute for Meteorology, Germany, with a radiative force 

of 8.5 W/m2 by the end of 2100  

 

MOTTI Statistical growth and yield model developed at the National 

Resources Institute, Finland 

 

NFI National Forest Inventory  

 

NPV Net present value  

 

SIMA  A gap-type forest ecosystem model developed at the 

University of Eastern Finland 

 

Timber  Sawlog and pulpwood  

 

TS Temperature sum  

 

TSopt Optimum temperature sum  

 

TSmin Minimum temperature sum  

 

TSmax Maximum temperature sum  
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1 INTRODUCTION  

 
 

1.1 Impacts of forest management and climate change on Finnish forests and forestry 

 

Finland is one of Europe’s most densely forested countries with 26.2 million hectares of 

forested land, where about 90% of forest area is assigned for timber production. In recent 

decades, the annual increment of the volume of growing stock (e.g., 104 million cubic meter 

a-1, in 2013) has exceeded the annual round wood harvest (e.g., in 2004-2013, about 60 

million m3, see Finnish Statistical Yearbook 2014). However, there is pressure to increase 

volume growth in Finnish forests to both accomplish the bioeconomy and climate change 

mitigation targets (Ministry of Employment and the Economy 2014; COM/2014/0015 2014). 

In this context, 10-30 million m3 of additional forest biomass supply is needed to meet the 

bioeconomy targets, where approximately 55% of the biomass supply is predicted to 

originate from forests (Ministry of Employment and the Economy; Scarlat et al. 2015). This 

would also create new opportunities for forest owners to boost the economic profitability of 

forestry. In addition to wood production, there are also other ecosystem services, such as 

carbon sequestration, maintenance of biodiversity, and recreational values of forests that 

should be safeguarded and considered in sustainable forest management strategies. The 

recent EU Parliament resolution also clearly calls for considerable measures to sustain and 

maintain forest biodiversity in European forests (EU Parliament 2016). One of the main 

drivers of forest conservation in Finland is the small amount of deadwood in managed forests 

and the shrinking area of old-growth forests (Rassi et al. 2010).      

Nowadays, the growth of boreal forests in northern Europe is limited by a relatively short 

growing season, low summer temperatures, and limited supply of nutrients (see e.g., Briceño-

Elizondo et al. 2006 a, b; Hyvönen et al. 2007; Kellomäki et al. 2008). Yet, under a gradually 

changing climate, forest growth is predicted to increase in Nordic countries, including 

Finland (see e.g., Saxe et al. 2001; Bergh et al. 2003; Hyvönen et al. 2007; Kellomäki et al. 

2008; Linder et al. 2010; Poudel et al. 2011, 2012). This is because of lengthening of growing 

season and warmer conditions, which subsequently increase the decay of soil organic matter 

and the supply of nutrients available for growth, respectively (see e.g., Saxe et al. 2001; 

Hyvönen et al. 2007). Likewise, elevation of the atmospheric CO2 concentration would 

further enhance forest growth (see e.g., Peltola et al. 2002; Ellsworth et al. 2012; Kellomäki 

et al. 2018). As a result of an increase in forest growth, also timber production and carbon 

stock of boreal forests may increase under a changing climate (see e.g., Kellomäki et al. 2008; 

Lindner et al. 2010; Poudel et al. 2011, 2012).   

The severe climate warming and associated increase in drought events may make the 

current growing conditions suboptimal for some tree species and more optimal for others (see 

e.g., Kellomäki et al. 2008, 2018; Allen et al. 2010; Lindner et al. 2010, 2014; Kolström et 

al. 2011; Granda et al. 2013; Taeger et al. 2013; Schäfer et al. 2017). Currently, the growing 

conditions in southern Finland are near optimum, especially for Norway spruce (Picea abies 

(L.) Karst.), and partially for Scots pine (Pinus sylvestris L). The responses of different tree 

species to climate change and extreme weather events may differ largely, depending on the 

geographical region and the severity of climate change (Kellomäki et al. 2008; Granda et al. 

2013; Torssonen et al. 2015). For instance, under severe climate change associated with 

increasing drought episodes, the growth of cold-adapted species, particularly Norway spruce 

with its shallow rooting system, may decline, especially on sites where water availability is 



limited (see e.g., Kellomäki et al. 2001, 2008, 2018; Mäkinen et al. 2000, 2001, 2002; Jyske 

et al. 2010; Ge et al. 2010; Ge et al. 2013 a, 2013 b; Hanewinkel et al. 2013; Torssonen et al. 

2015).    

The current Finnish forest management guidelines for practical forestry (Äijälä et al. 

2014) emphasize timber production, particularly sawlog production, as a main goal of 

management because of its higher economic profitability in terms of NPV (2% interest rate), 

compared to pulpwood and bioenergy wood. For that purpose, precommercial thinning 

(tending of seedling stand) is carried out in even-aged forest management once or twice, and 

it is followed by commercial thinning one to three times before final felling, depending on 

geographical region, tree species and, site fertility type. Forest management intensity together 

with environmental conditions (climate and site) affects the growth, carbon sequestration and 

stocks, and timber production in Finland (see e.g., Thornley and Cannel 2000; Liski et al. 

2001; Garcia-Gonzalo et al. 2007 a, b; Routa et al. 2011; Pyörälä et a. 2014; Sievänen et al. 

2014).   

In Finland, Scots pine, Norway spruce, Silver birch (Betula pendula Roth), and Downy 

birch (Betula pubescens Ehrh.) are the most important commercial tree species (Finnish 

Forest Research Institute 2014). Based on the Finnish management recommendations for 

practical forestry, it has been suggested to regenerate Norway spruce and Silver birch on 

upland forests sites of medium fertility with adequate supplies of nutrients and water. 

Meanwhile, Scots pine is recommended to be regenerated on upland forests on medium and 

lower fertility and water availability (Äijälä et al. 2014). In spite of this, Norway spruce is 

still widely regenerated on less fertile sites because of moose and other mammal’s damages 

to young Scots pine and birch stands. The extensive planting of Norway spruce on less fertile 

sites in southern Finland may reduce the moose and mammal damages. However, it may 

reduce forest productivity and increase mortality, particularly in southern Finland under the 

severe climate change (Kellomäki et al. 2008; 2018). This may affect negatively wood supply 

for both the forest-based bioeconomy and climate change mitigation targets (Ministry of 

Employment and the Economy; COM/2014/0015 2014).  

As a result of increasing mortality, the amount of deadwood available for forest dwelling 

species most likely would increase under warming climate (Mazziotta et al. 2014). The mean 

volume of decaying deadwood and other dead trees is currently low in managed forests (i.e., 

on average < 4 and < 8 m3 ha-1 in the south and north), compared to the natural forests, where 

it is usually > 40 m3 ha-1 (Siitonen et al. 2001; Finnish Forest Research Institute 2014). In 

boreal forests, 20-25% of forest-dwelling species (Saproxylic species) are mainly dependent 

on deadwood of different decay stages and dead trees (Siitonen et al. 2001; Tikkanen et al. 

2006; Mökkönen et al. 2011). They require 20-40 m3 ha-1 of deadwood and decaying 

deadwood (Junninen and Komonen 2011; Müller and Butler 2010). Therefore, maintenance 

of sufficient amount of deadwood in forests is needed for persistence of deadwood-dependent 

species.  

The development of forest resources and the production of different ecosystem services 

are strongly affected by prevailing environmental conditions (climate and edaphic factors), 

current forest structure (age and species composition), the severity of climate change, and the 

forest management applied (see e.g., Garcia-Gonzalo et al. 2007 a, b; Kellomäki et al. 2008, 

2018; Poudel et al. 2012; Hynynen et al. 2015). Sustainable forest management requires a 

better understanding of possible trade-offs among different ecosystem services. It also 

requires better understanding on how they are affected by alternative management scenarios 

under the current and changing climate in different regions and time spans (see e.g., Seidl et 
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al. 2007; Seidl and Lexer 2013; Kindermann et al. 2013; Hynynen et al. 2015; Triviño et al. 

2015; Bottalico et al. 2016). 

Empirical growth and yield models are widely used to support decision making in 

practical forest management under the current climate (Hynynen et al. 2015). On the other 

hand, process-based ecosystem models may be helpful and valuable tools to study the impacts 

of management on different ecosystem services under the current and changing climate. This 

would not be possible by employing statistical growth and yield models if assuming no 

changes in environmental conditions (Kellomäki et al. 2018). So far, most of the previous 

forest ecosystem model-based impact studies in Finland from the stand to regional level (e.g., 

Kellomäki et al. 2008; Torssonen et al. 2015; Zubizarreta-Gerendiain et al. 2015) have used 

climate projections derived from the previous Coupled Model Intercomparison Project  3, 

CMIP3, or other ones. Few impact studies have used multi-model mean projections (e.g., 

Ikonen et al. 2017, Kellomäki et al. 2018) or individual GCM projections (Lehtonen et al. 

2016 a; Ruosteenoja et al. 2018) of the most recent Coupled Model Intercomparison Project 

5, CMIP5 database, under the Representative Concentration Pathways (RCPs), RCP4.5 and 

RCP8.5 forcing scenarios (e.g., Ruosteenoja et al. 2016). Use of different climate change 

projections is required for a better understanding of the uncertainties related to the projected 

climate change and its impacts on forests and forestry.  

 

 

1.2 Uncertainties related to future climate  

 

The use of global climate model (GCM) simulations may help to understand the gradual 

climate change and its impacts on forests and forestry. The climate model simulation outputs 

are freely available for researchers from the international data archives. The climate data are 

available through the Earth System Grid Federation (ESGF), which is an international 

collaboration that develops, deploys and maintains software infrastructure for the 

management, dissemination, and analysis the model outputs and observational data. The most 

recent openly available GCMs were produced under the umbrella of the Coupled Model 

Intercomparison Project 5, CMIP5. The GCMs are been developed continuously and the 

model simulations are re-simulated regularly to provide most reliable and updated climate 

projections.  

However, the climate model simulations differ from one model to another and due to 

greenhouse concentrations used in the simulations. Therefore, and to enhance the robustness 

and credibility of the projections, an ensemble approach (average and variability among e.g.  

28 individual climate models) enhance the value of impact studies. In estimation of the future 

greenhouse gas concentrations, the Representative Concentration Pathways (RCPs) adopted 

describe four different radiative forcing pathways (RCPs) of year 2100 (e.g. 2.6, 4.5, 6 and 

8.5 W/m2). More specifically, under the RCP8.5 scenario, emissions continue to increase 

throughout the 21st century, ultimately nearly three folding and the concentration of CO2 

would approach 1000 ppm by 2100, compared to the current level. In the current CMIP5 

GCMs, the horizontal grid size typically varies between 100 and 300 km. This resolution 

gives rather coarse view on high resolution spatial variation of climate and downscaling of 

GCM simulation is often needed. As well, GCMs have often systematic biases that have to 

be corrected prior to use.  

Large uncertainties still exist in projections related to climate change. Based on the 

CMIP5, higher increases in the mean annual temperature are expected and only marginal 

changes in the mean annual precipitation, compared to the CMIP3 (see Ruosteenoja et al. 



2016). In Finland, based on the multi-model mean (RCP4.5 and RCP8.5) projections, the 

mean temperature during the potential growing season (April-September) is expected to 

increase by 3-5 C°, and precipitation by 7-11% by 2070-2099, compared to the current 

climate, depending on greenhouse gas emission scenarios (Ruosteenoja et al. 2016). This 

corresponds with an increase in atmospheric CO2 concentration from the current level of 360 

ppm to 536 ppm (multi-model mean RCP4.5), and to 807 ppm (multi-model means RCP8.5) 

during the period 2070-2099. However, at the same time, some individual global climate 

models (GCMs), such as GFDL-CM3 RCP8.5 and HadGEM2-ES RCP8.5, predict, 

depending on geographical region, up to a 6–7°C increase in temperature in Finland during 

the potential growing season by 2070–2099. They predict also a slight to moderate increase 

in precipitation in the north, but only a slight increase (GFDL-CM3 RCP8.5) or decrease 

(HadGEM2-ES RCP8.5) in precipitation in the south. Thus, individual GCMs may give very 

different predictions even if they have used the same radiative forcing (e.g. RCP8.5) scenario. 

This is due to several reasons, e.g. models may differ in terms of model parametrization and 

structure, and they may use different input datasets, spatial resolution and numerical 

algorithms, respectively. Depending on predictions by individual GCMs (and RCPs), various 

adaptive measures may be suggested. 

 

 

1.3 Aims of the study  

 

This study employed scenario analyses to evaluate the effects of forest management and 

different CMIP5 climate projections on timber production and carbon stocks of upland boreal 

forests in Finland. The forest ecosystem model simulations were conducted over a 90-year 

period from the stand to regional level by using both model stand data (Paper I) and national 

forest inventory data (10th NFI data, Papers II-III). In simulations it was used data from 

current climate (period of 1981-2010) and several CMIP5 projections (multi-model means 

and individual climate model runs) under the RCP4.5 and RCP8.5 forcing scenarios for 2010-

2099 (Figure 1). More specifically, the study addressed the following research questions in 

Papers I-III:     

 

i. How different climate change projections and thinning regimes affect the volume 

growth, carbon stocks, timber production, and profitability in managed Scots pine, 

Norway spruce, and Silver birch stands under southern and northern boreal 

conditions (Paper I)?   

 

ii. How different climate change projections and tree species preferences in forest 

regeneration affect volume growth, carbon stock and timber production in managed 

boreal forests throughout Finland (Paper II)?    

 

iii. How different climate change projections and forest management and conservation 

scenarios affect the volume growth, carbon stock, timber production, and amount of 

deadwood in boreal forests throughout Finland (Paper III)?  
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Figure 1 Outline of the study 

 

2 MATERIALS AND METHODS  
 

 

2.1 Outline of the forest ecosystem model (SIMA) used in the simulations   

 

A gap-type forest ecosystem model (SIMA) (Kellomäki et al. 2005, 2008) was used to 

simulate the regeneration, growth, and mortality of trees in managed boreal upland forests 

throughout Finland. The model is capable of simulating the dynamics and development of 

Finnish boreal upland forests in single-tree species and mixed stands of coniferous and 

broadleaves species. In the model, the prevailing growing conditions and forest management 

practices affect the growth and mortality of trees. In the model, the growth of a tree is based 

on diameter growth, which is affected by the environmental factors (climatic and edaphic 

factors). The environmental factors are linked to the demographic processes (regeneration, 

growth and mortality) by different multipliers. The diameter growth of a tree is modelled as 

a function of the maximum diameter growth, which is affected by the prevailing growing 

conditions; temperature sum (Tsum, degree days (d.d.) > +5 C°), light conditions, soil 

moisture and nitrogen supply (multiplier 1 = no reduction and <1 = reduction of diameter 

growth) (Figure 2). The maximum diameter growth is affected by the diameter of the tree 

and the atmospheric carbon dioxide (CO2) concentration. The tree diameter is further used to 

calculate the height of the tree and mass of different tree organs (foliage, branches, stem, and 

roots).   

The species-specific response to the temperature sum is modeled based on a downwards-

opening symmetric parabola (Kienast et al. 1987; Nikolov et al. 1992). The minimum and 

maximum values of temperature sum define the geographical distribution of each tree species 

throughout the boreal zone. The minimum, optimum, and maximum temperature sum values 

Different species 
preferences in 
forest regeneration 
(Paper II)

Different thinning
regimes
(Papers I and III) 

Different forest 
conservation
scenarios
(Paper III) 
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Regional-level simulations, with 
multi-model means (RCP4.5 and 
RCP8.5) and individual global 
climate model runs (GCMs) and 
different tree species 
preferences (Paper II)  inividual 
climateuns  (CMIP5) 

Volume growth, carbon stock 
(in trees and soil), harvested 
amount of timber, net present 
value (NPV, with 3% interest 
rate)
(Paper I)

Tree species proportions, 
volume growth, carbon stock 
(in trees and soil), harvested 
amount of 
timber
(Paper II)  

Volume growth, carbon stock 
(in trees and soil), harvested 
amount of  timber,  amount of 
deadwood
(Paper III)

Stand-level simulations, with 
multi-model means (RCP4.5 and 
RCP8.5) and individual global 
climate model runs (GCMs) and 
different thinning regimes
(Paper I)

Inputs 

simulations

Studied 
variables   

Different climate 
projections
(Papers I,II and III)

Regional-level simulations, with 
multi-model means (RCP4.5 and 
RCP8.5) and different forest 
conservation scenarios and  
thinning regimes 
(Paper III) 



for growth are the smallest for Norway spruce (370, 1215, and 2060 d.d.), followed by Scots 

pine (390, 1445, and 2500 d.d.) and Silver birch (390, 2360, and 4330 d.d.). The effects of 

temperature increase on growth under different climate change projections are calculated 

based on the monthly changes in temperature sum compared with the temperature sum of 

current climate during the potential growing season (April-September).  

The soil texture together with field capacity and wilting point define the soil moisture 

available for growth as a function of precipitation and evaporation. The initial amount of soil 

organic matter (and carbon) and the nitrogen available for growth are defined based on the 

site fertility type and regional temperature sum of a current climate (Kellomäki et al. 2005, 

2008). The death of the trees is determined by the crowding with the consequent reduction in 

growth, which determines the risk for a tree to die at a given moment. Litter and dead trees 

end up on the soil to be decomposed, with the release of nitrogen in the long-run. The amount 

of soil organic matter (and carbon) and the nitrogen available for growth are also affected by 

the inputs of litter and deadwood (stem wood, branches, needles and leaves, stumps, and 

coarse to fine roots) on the soil layer and their decay, where they are decomposed with 

subsequent release of nitrogen in soil organic matter.  

In initializing the simulations at the stand level, the properties of a tree stand are described 

in terms of tree species with the number of trees per hectare and DBH in each tree cohort. At 

the regional level, the simulations are carried out utilizing the forest inventory data as an 

input (10th NFI, of the period 2004-2013). The management control includes artificial 

regeneration (planting) with the desired spacing and tree species, control of stand density in 

tending of seedlings stands, thinning, nitrogen fertilization and final cut. In the harvesting, 

timber (sawlog and pulpwood), and energy wood (branches, tops of the stem, needles, 

stumps, and coarse to fine roots) can be harvested. The model simulations with a time step 

of 1 year are carried out on an area of 100 m2, based on the Monte Carlo technique (i.e., 

certain events such as the birth and death of trees are stochastic events). Each run is one 

realization of all possible time courses of the model. Therefore, each simulation is repeated 

several times to determine the convergence of the mode, and the mean value only is used in 

data analysis.  

 

 
 
Figure 2 Outline of the forest ecosystem model (SIMA) used in the study 
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2.2 Model-based simulations and data analyses   

 

2.2.1 Stand-level simulations (Paper I) 

 

In paper I, it was studied the effects of the current climate (CU, period of 1981-2010) and 

different climate change projections and thinning regimes on volume growth, carbon stocks, 

(in trees and soil) and amount of harvested timber with its economic profitability based on 

stand-level simulations (Table 1). The simulations were conducted over a 90-year period 

using pure stands of Scots pine, Norway spruce, and Silver birch grown on medium fertile 

sites in southern and northern Finland. In addition to the baseline thinning regime, two 

alternative thinning regimes were applied (maintenance of 20% higher or lower growing 

stock in thinning compared to the baseline thinning regime, which follows the current 

management recommendations). The baseline thinning regime (BT ((0, 0)) implies whenever 

the basal area threshold for thinning at a given dominant height is reached, the basal area is 

reduced to the recommended threshold level after thinning (Äijälä et al. 2014).  The timing 

of the final cut was executed at the end of the rotation of the 90-year period. At stand level, 

using higher growing stock in the thinning (BT (0, 0)), compared to the baseline thinning 

regimes implies higher timber production and carbon stocks. However, lowering the growing 

stock in thinnings implies earlier revenue for the forest owners.  

For each simulation, volume growth, harvested amount of timber (sawlog and pulpwood), 

and carbon stocks (in trees and soil) were calculated over the entire 90-year period. The 

relative effects of climate change were compared in relation to the current climate under the 

same management regime, and the management effects were compared in relation to the 

baseline management regime of the same climate projection. Furthermore, the economic 

profitability of timber production was calculated in terms of net present value (NPV, with 

3% interest rate). In this study, the costs of regeneration were excluded from the analyses as 

these costs were assumed to be same for all simulations. The stumpage prices used for sawlog 

and pulpwood represented separately the average prices at different thinning and final cut for 

Scots pine, Norway spruce, and Silver for the whole of Finland (2011-2016).  

With respect to climate change, in addition to 10 individual GCM projections, it was used 

in the simulations multi-model means projections (RCP4.5 and RCP8.5) of two different 

representative concentration pathways (RCP4.5 and RCP8.5). Out of the 10 individual 

GCMs, four GCM projections were driven using the representative concentration pathway 

RCP4.5 and the rest (six GCMs) using RCP8.5. Under the severe individual climate change 

projection, HadGEM2-ES RCP8.5, the mean temperature during the potential growing 

season (April-September) is expected to increase by 6.1 °C in the south and north, compared 

to the current climate (1981-2010). Meanwhile, the precipitation is expected to decrease in 

the south up to 9%, and in increase up to 7% in the north, compared to the current climate 

(Table 2).  

The current climate data are based on measurements of temperature and precipitation 

during the reference period (1981-2010). All climate data were obtained from the Finnish 

Meteorological Institute (FMI), where the data for GCM models were downloaded from the 

latest CMIP5 database. The interpolation (onto 10 x 10 km grid throughout Finland) for both 

the current climate and climate change data was done by the approach of Venäläinen et al. 

(2005) and Aalto et al. (2013), and the bias correction using the monthly correction functions 

(Lehtonen et al. 2016 a, b; Ruosteenoja et al. 2016). The interpolated and bias-corrected data 

were used in the SIMA simulations for all climate change projections.    

 



2.2.2 Regional-level simulations (Papers II and III)   

 

In paper II, it was studied the effects of tree species preferences in forest regeneration, and 

different climate change projections, on tree species proportions, volume growth, harvested 

amount of timber yield, and carbon stock. The simulations were conducted over a 90-year 

period at the regional level throughout Finland using the 10th national forest inventory data 

(same in paper III). The 10th NFI was implemented during the period of 2004-2008 and 

systematic cluster sampling was applied over the entire country. The distance between 

clusters varied from 6*6 Km in the most south to 10*10 Km in the most north (Lapland). The 

shape of clusters also varied depending on geographical region. The angle count sampling 

(relascope method) was applied to be unbiased on regional level, and it uses non-constant 

areas of sample plots.  

In this study, it was used forest inventory data from one randomly selected sample plot 

for every permanent cluster of sample plots on upland forests land, in total 2642 sample plots. 

The simulated values (after one year) of the volume of growing stock were in this study in 

some degree lower than the measured values for Scots pine and Norway spruce, especially 

in the south and central forest centres (1-10), based on all sample plots of the 10th NFI. 

However, the corresponding values were almost the same for birch, regardless of 

geographical region (Appendix 2).  

In addition to the multi-model means projections (RCP4.5 and RCP8.5), it was used in 

the simulations several individual GCMs. The clear-cut sites on medium fertile sites (1388 

plots out of 2642 plots) were planted either by Scots pine, Norway spruce, or Silver birch 

(Table 1). Moreover, from 10-30% of forest inventory plots from central to northern Finland 

were randomly left outside of management. However, the plots with higher basal area and/or 

large trees had higher probability to be selected. For each simulation, tree species proportion 

(%), volume growth, harvested amount of timber yield, and carbon stock (in trees and soil) 

were calculated for each 30-year period (2010-2039; 2040-2069 and 2070-2099). The relative 

effects of changing the tree species preferences in forest regeneration were compared to the 

baseline management regime. The relative effects of climate change were also compared in 

relation to the current climate under the same management regime.  

In paper III, it was studied the effects of forest conservation scenarios, thinning regimes, 

and different climate change projections on volume growth, harvested amount of timber 

yield, carbon stock (in trees and soil), and total amount of deadwood (standing and laying on 

forest floor) in forests. The simulations were conducted at the regional level using the multi-

model means RCP4.5 and RCP8.5 projections over a 90-year period on upland (mineral) soil 

using 10th National Forest Inventory data (As used II). Site fertility ranged from poor to 

medium fertile and fertile (67% of total forest area in Finland). In addition to the thinning 

regimes (same as in paper I), it was used different forest conservation scenarios, i.e., baseline 

(as in Paper II) and 10% and 20% increases of conservation area, compared to the baseline 

(Table 1). For each simulation, volume growth, harvested amount of timber yield, carbon 

stock (in trees and soil), and amount of deadwood were calculated for each 30-year period 

(2010-2039; 2040-2069 and 2070-2099). The relative effects of forest management and 

forest conservation scenarios on volume growth, timber yield, carbon stock and dead wood 

were compared to the baseline management and baseline conservation scenario (BT (0, 0) – 

BC). However, the relative effects of climate change were compared in relation to the current 

climate under the same management regime.  
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 Table 1. The inputs and outputs for simulations in Papers I-III over a 90-year period 

 

Parameter Paper I Paper II Paper III 

Input     

Tree species 
(planting density, 
trees ha-1) 

Norway spruce and 
Scots pine spruce 
(2000), birch (1600)  

Norway spruce and 
Scots pine spruce 
(2000), birch (1600) 

Norway spruce and 
Scots pine spruce 
(2000), birch (1600) 

Simulation area  Tampere (61° 21' N, 23° 
25' E) 
Rovaniemi (66° 37' N, 
25° 38' E)  

Whole Finland  
(60°-70° N, 20°- 
32°E) 

Whole Finland  
(60°-70° N, 20°-  
32°E)  

Site fertility type Medium fertile sites  All upland sites  All upland sites  

Climate data Current climate, 10 
individual GCMs, and 
multi-model means 
RCP4.5 and RCP8.5.  

Current climate and 
multi-model means 
RCP4.5 and RCP8.5  

Current climate, 
multi-model means 
(RCP4.5 and 
RCP8.5)  

Nitrogen 
fertilization 
 

10 Kg ha-1 10 Kg ha-1 10 Kg ha-1 

Forest data Model stand 
characteristics 

10th NFI data  10th NFI data  

Final cut timing End of the rotation (90 
years) 

Basal area weighted 
diameter (DBH at 
1.3 m, 22-30 cm)  

Basal area weighted 
diameter (DBH at 
1.3m, 22-30 cm) 

Conservation 
scenarios 

Baseline  
conservation 
scenario (BC) 

Baseline 
conservation 
scenario (BC) 

Baseline 
conservation 
increased by 10 and 
20%  (BC+10, 
BC+20) 

Thinning regimes, 
% 

Baseline thinning 
(BT(0,0)) and ±20%, 
compared with BT(0,0) 

Baseline thinning 
regime BT(0,0) 

Baseline thinning 
BT(0,0) and ±20% 
,compared with 
BT(0,0) 

Change in species 
preference in 
forest regeneration 

Baseline management  
regime (same tree 
species as before final 
cut) 

Scots pine, Norway 
spruce and Silver 
birch on medium 
fertile sites   

Baseline 
management regime 
(same tree species 
as before final cut) 

Output    

Harvested timber  Sawlogs (≥ 17 cm),  
pulpwood (6-17 cm) 

Sawlogs (≥ 17 cm),  
pulpwood (6-17 cm) 

Sawlogs (≥ 17 cm),  
pulpwood (6-17 cm) 

 

 

With regards to the multi-model mean projections (RCP4.5 and RCP8.5), under the 

RCP4.5 and RCP8.5 scenarios, CO2 emissions continue to increase throughout the 21st 

century, approaching 536 and 807 ppm by 2070-2099, compared to the current level. The 

mean temperature also is expected to increase in Finland by 3-5 °C and precipitation by 

approximately 7-11% during the potential growing season (April to September) by 2070-

2099 (See table 2). Some individual GCMs, such as GFDL-CM3 RCP8.5 and HadGEM2-ES 



RCP8.5, predict, depending on geographical region, up to a 6–7°C increase in temperature 

during the potential growing season by 2070–2099. They predict also a slight to moderate 

increase in precipitation in the north, but only a slight increase (GFDL-CM3 RCP8.5) or 

decrease (HadGEM2-ES RCP8.5) in precipitation in the south. Individual GCMs give very 

climate predictions even under the same RCPs. Therefore, it is valuable to use climate 

projections of different GCMs in this study to consider uncertainties related to the projected 

climate change. 

 

 

Table 2. Mean changes in temperature (ΔT,°C) and precipitation (ΔP, %) under different 

CMIP5 projections during potential growing seasons (April–September) during the period 

2070–2099 in southern and northern Finland, in comparison to the current climate (1981–

2010)  (Ruosteenoja et al. 2016).  

 

Climate   Short name 
ΔT (°C) ΔP (%) CO2 (ppm)  

South North South North  

HadGEM2-ES RCP4.5 HadGEM2 4.5 3.5 3.7 2 8 536 

HadGEM2-ES RCP8.5 HadGEM2 8.5 6.1 6.1 -9 7 807 

MPI-ESM-MR RCP4.5 MPI 4.5 1.6 1.8 1 4 536 

MPI-ESM-MR-RCP8.5 MPI 8.5 2.8 3.1 6 4 807 

CanESM2 RCP4.5 CanESM2 4.5 3.3 3.6 12 13 536 

CanESM2 RCP8.5 CanESM2 8.5 5.9 6.3 7 13 807 

MIROC5 RCP4.5 MIROC5 4.5 3.2 3.3 9 11 536 

MIROC5 RCP8.5 MIROC5 8.5 5.6 6 13 15 807 

CNRM-CM5 RCP8.5 CNRM 8.5 3.7 3.9 24 19 807 

GFDL–CM3 RCP8.5 GFDL 8.5 6.3 7 14 26 807 

Mean RCP4.5 Mean RCP4.5 2.6 2.9 7 10 536 

Mean RCP8.5 Mean RCP8.5 4.6 4.9 9 14 807 

 

 

 

3 RESULTS  
 

 

3.1 Effects of climate change projections and thinning regimes on volume growth, 

carbon stock, timber production and economic profitability (Paper I, stand level) 

 

In general, the impacts of climate change projections on volume growth, timber production, 

carbon stocks (in trees and soil), and economic profitability varied largely, depending on tree 

species, geographical regions and thinning regimes. In northern Finland, the volume growth 

in Silver birch, Scots pine, and Norway spruce stands increased compared to the current 

climate, up to 81, 69 and 31%, under different GCMs and thinning regimes. Likewise, timber 

production and carbon stocks increased in Silver birch, Scots pine, and Norway spruce stands 
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up to 123, 145, and 34%, and up to 23, 16, and 26% respectively, under different GCMs and 

thinning regimes.  

In southern Finland, compared to the current climate, the volume growth in Silver birch 

stands increased up to 34%, whereas, it decreased in Norway spruce stands, and the most, up 

to 78%, under different GCMs and thinning regimes. In Scots pine, the volume growth either 

decreased (up to 11%) or increased (up to 21%) depending on individual GCMs and thinning 

regimes. In Silver birch and Scots pine stands, timber production either decreased, up to 31 

and 59%, or increased, up to 30 and 38%, respectively, depending on individual GCMs and 

thinning regimes. In Norway spruce stands, the timber could not even be harvested at all 

under severe climate projections, such as HadGEM2-ES RCP8.5 and GFDL-CM3 RCP8.5. 

In Silver birch stands, carbon stock increased, up to 16%, unlike in Norway spruce (decreased 

up to 60%), under different GCMs and thinning regimes. In Scots pine stands, the carbon 

stock either increased (up to 10 %) or decreased (up to 16%), depending on individual GCMs 

and thinning regimes. The moderate climate change, predicted by MPI-ESM-MR RCP4.5, 

increased volume growth, carbon stocks, and timber production regardless of the 

geographical region, tree species, and thinning regime (Figure 3).        

 

 

3.2 Effects of climate change projections and preferences of certain tree species on 

volume growth, carbon stock and timber production (Paper II, regional level)  

 

In general, the different climate change projections (multi-model means RCP4.5 and RCP8.5, 

and the individual GCMs) affected volume growth, carbon stocks and timber production 

more than preferring certain tree species in forest regeneration. However, the preferring 

certain tree species in forest regeneration affected the development and proportion of tree 

species more than the climate change projections did. Under the baseline management regime 

and current climate, volume growth and carbon stock increased from the first to the last 30-

year period, regardless of geographical region, unlike timber production.  

Under the baseline management regime in northern Finland, the climate change increased 

volume growth, timber production, and carbon stock, compared to the current climate, up to 

102, 160, and 28%, respectively, during the last period 30-year period under GFDL-CM3 

RCP8.5 and CNRM-CM5 RCP8.5. In southern Finland, the volume growth, timber 

production, and carbon stock either increased or decreased depending on climate change 

projection. For instance, the severe HadGEM2-ES RCP 8.5 projection decreased volume 

growth, timber production, and carbon stock up to 54, 64, and 35%, respectively, during the 

last period 30-year period.  

Under the current climate, compared to the baseline management regime in southern 

Finland, volume growth, and carbon stocks of forests increased when either Scots pine, 

Norway spruce, or Silver birch were preferred. However, preferring Silver birch decreased 

timber production, unlike preferring Norway spruce. Preferring Scots pine decreased timber 

production in southern Finland, unlike in northern Finland.  

In northern Finland, compared to the baseline management regime and current climate, 

preferring Scots pine, Norway spruce, and Silver birch increased volume growth, timber 

production, and carbon stock regardless of climate change projection. For instance, a 

preferring Silver birch increased volume growth, timber production, and carbon stock, up to 

112, 148, and 31%, respectively, under GFDL-CM3 RCP8.5 and  CNRM-CM5 RCP8.5) 

(Figure 4).   



In southern Finland, compared to the baseline management regime and current climate, a 

preferring Norway spruce in forest regeneration decreased volume growth, timber 

production, and carbon stocks compared to the current climate up to 67, 81, and 47%, 

respectively, under HadGEM2 ES-RCP 8.5. In contrast, preferring Silver birch increased the 

corresponding values up to 53, 119, and 9%, and the most under GFDL-CM3 RCP8.5. 

Preferring of Scots pine either decreased the volume growth, timber production, and carbon 

stock, up to 57, 62, and 34%, respectively under HadGEM2 ES-RCP 8.5, or increased them 

up to 29, 15, and 3%, respectively, under the severe GCM projections (CNRM-CM5 RCP8.5) 

(Figures 4 and 5). Preferring either Silver birch, Scots pine, or Norway spruce in forest 

regeneration did not affect tree species proportions during the first 30-year period, unlike in 

the second and last 30-year period. Furthermore, the proportion of Norway spruce decreased 

even though it was preferred, which was the opposite to Silver birch and Scots pine.  

 

 

3.3 Effects of climate change projections and forest conservation on the volume 

growth, carbon stock and total amount of deadwood (Paper III, regional level) 

  

In general, an increase in forest conservation area by 10 or 20% increased volume growth, 

carbon stock (in trees and soil), and total amount of deadwood more than the maintenance of 

20% higher volume of growing stock in thinning regimes, regardless of geographical region 

and climate applied. However, this was the opposite of the amount of timber production. The 

maintenance of 20% lower volume of growing stock, compared to the baseline thinning 

regime, increased the amount of deadwood more than an increase of conservation area 

regardless of geographical region and climate applied.   

Under the current climate and baseline management regime, volume growth, carbon 

stock, and amount of deadwood increased unlike timber yield, regardless of geographical 

region. The simultaneous increase in conservation and maintenance of 20% higher growing 

stock in thinning (BT (+20, +20)-BC+20%), compared to the baseline management regime, 

further enhanced volume growth, carbon stock, and amount of deadwood up to 14, 38, and 

21% regardless of geographical region. However, timber production clearly decreased up to 

50% in northern Finland. The maintenance of 20% lower growing stock in thinning regimes 

did not compensate for the decrease in timber production caused by an increase in the 

conservation area by 20%, i.e., timber production decreased up to 34% in the north and up to 

27% in the south, respectively. Maintenance of 20% lower stocking in thinning and an 

increase in conservation area by 20% increased the most the amount of deadwood under the 

current climate. The increase was also the highest, up to 21%, in the north compared with 

baseline thinning and conservation regimes (Figure 6).   

In comparison to the current climate, volume growth, carbon stock, timber production, 

and amount of deadwood increased under the changing climate, up to 91, 151, 26, and 124%, 

respectively, depending on geographical region. However, in southern Finland, the multi-

model mean RCP8.5 decreased the long-term volume growth, carbon stock and timber 

production by up to 17-19% compared to the current climate when the growing stock was 

kept 20% lower than the baseline thinning regime and the conservation  area increase by 20% 

(BT (-20,-20)-BC+20%). The multi-model means (i.e., RCP4.5 and RCP8.5) increased the 

amount of deadwood up to 146% in northern Finland when the growing stock was kept 20% 

lower than the baseline thinning regime and the baseline conservation scenario (BT (-20,-

20)-BC) was applied (Figure 7).     
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Figure 3 Absolute values of volume growth, carbon stocks, timber yield, and net present 

value (NPV, with 3% interest rate) in southern and northern Finland for Scots pine, Norway 

spruce, and Silver birch stands with the baseline thinning regime (BT(0,0)), under the 

current climate and changing climate projections.  
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Figure 4 Volume growth (m3ha-1a-1) and its change (%) in different regions of Finland with 

different management regimes (baseline, pref. for Scots pine, Pref. Norway spruce, and Pref. 

birch), under the current climate and different climate change projections.   
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Figure 5 The annual mean stem volume growth (m3 ha-1 a-1), timber yield (m3 ha-1), and 

carbon stock (Mg ha-1) in southern and northern Finland with different management 
regimes, under the current climate and different climate change projections. 
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Figure 6 Mean annual volume growth (m3ha-1a-1) in different regions of Finland during the first 

30-year period (2010-2039) with the baseline conservation and thinning regime (BT(0, 0)-BC) 
and last 30-year period (2070-2099) with different conservation scenarios and baseline 
thinning regime (BT(0,0)-BC, BT(0,0)-BC+10% and BT(0,0)-BC+20%), under the current 
climate and different climate change projections.  
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Figure 7 The mean annual volume growth (m3ha-1a-1) and timber yield (m3ha-1a-1) in 

southern and northern Finland with different forest conservation and thinning regimes, 
under the current climate and different climate change projections. 
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4 DISCUSSION AND CONCLUSIONS  
 

 

4.1 Evaluation of the study approaches   

 

In this work, scenario analyses were used to evaluate the effects of forest management and 

different CMIP5 climate projections on timber production and carbon stocks of upland boreal 

forests in Finland using the forest ecosystem model (SIMA), developed by Kellomäki et al. 

(2005, 2008). The forest ecosystem model simulations were conducted over a 90-year period 

from the stand to regional level by using both model stand data (Paper I) and 10th national 

forest inventory data (Papers II-III). In simulations, it was used data from current climate (the 

period of 1981-2010) and several CMIP5 projections (multi-model means and individual 

climate model runs) under the RCP4.5 and RCP8.5 forcing scenarios for 2010-2099. Even 

thought, it was used only the upland boreal forests in this study (covering approximately 67% 

of total forest area in Finland), the findings may also be applicable, with reservation, to well-

drained peatlands with similar site fertility (excluding the carbon in soil).   

The forest ecosystem model (SIMA) used in this study is capable of predicting the 

development of upland forests throughout Finland under the current and changing climatic 

conditions considering the elevation of temperature and atmospheric CO2 concentration, and 

changes in precipitation (see e.g., Kellomäki et al. 2005; 2008). This is not possible using 

statistical growth and yield models if assuming no changes in current climate conditions 

(Kellomäki et al. 2018). The model has been parameterized for Scots pine, Norway spruce, 

silver and downy (Betula pubescens) birches growing between the latitudes N 60° and N 70° 

and longitudes E 20° and E 32° in Finland. The validation of the model by Kellomäki et al. 

(2008) has shown good agreement between the simulated and measured values of mean 

annual volume growth of the main Finnish tree species (Scots pine, Norway spruce, and 

Silver birch) under the current climate on National Forest Inventory plots for different forest 

regions. The simulation outputs by SIMA model have shown also good correlation with those  

by the statistical growth and yield model, MOTTI (Hynynen et al. 2002), for mean annual 

volume growth of managed Norway spruce and Scots pine stands (Routa et al. 2011) under 

the current climate in different regions of Finland. 

The simulated growth responses of different species are sensitive to the minimum, 

optimum and maximum values of temperature sum, which define the geographical 

distribution of each tree species throughout the boreal zone. Based on the model simulations, 

Norway spruce is the most sensitive to the increasing temperature sum, in opposite to silver 

birch. Based on additional sensitivity analyses shown in appendix 3 (these results not shown 

in papers I-III), if using in model simulations genotypes which are better adapted also to 

warmer conditions (i.e. TSmax increase up to 5-10%, see appendix 4), the growth responses 

of different tree species will change and vary depending on the projected climate change. The 

growth responses are also controlled by water and nitrogen availability, which are affected 

by environmental conditions (climate and site, see e.g. Kellomäki et al. 2018). Additionally 

they are affected by gradual elevation of atmospheric CO2 (see e.g. Kellomäki et al. 2018). 

To consider the uncertainties in climate change, in addition to the current climate, it was 

used several climate change projections under two different representative concentration 

pathways (RCP4.5 and RCP8.5), derived from the latest generation of CMIP5, covering the 

period of 2010-2099. The individual GCMs were selected in this study based on their 
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performance in both simulating the temperature and precipitation under the current and 

changing climate (see e.g., Lehtonen et al. 2016 a, b; Ruosteenoja et al. 2016, 2017).  

The use of multi-model mean changes in projected climate variables, particularly at the 

daily scale, may result in physically unrealizable changes in climate variables (Madsen et al. 

2017). We did not use, however, daily values in our study. The predicted impacts may also 

vary largely depending on the climate projections applied (Wilcke et al. 2016; Ahlström et 

al. 2012). Different GCMs do not necessary give same predictions even under the same 

radiative forcing (e.g. RCP8.5) as was seen in this study, because of differences in model 

parametrizations and model structure, use of different input datasets, spatial resolution and  

numerical algorithms. Therefore, to enhance the robustness and credibility of the projections, 

an ensemble approach (average and variability among different individual climate models) 

enhance the value of impact studies.  

On the other hand,  abiotic and biotic damage risks of forests (e.g., insect outbreak and 

wind-induced damages) were not considered in the simulations, which may, at least partially, 

counteract the expected increase in forest productivity (see e.g., Subramanian et al. 2016; 

Reyer et al. 2017; Seidl et al. 2017). In addition, it should be noted that 90-year rotation is 

quite long especially for silver birch. However, this study used a fixed rotation to simplify 

the comparison between all tree species. Comparison of results between  different rotation 

lengths would not either reasonable when assuming gradual climate change, unlike under the 

current climate. Predicting the economic profitability in terms of NPV also involves 

considerable uncertainties such as volatile timber prices and the interest rate used in the 

calculations. However, the NPV excludes the value of barren lands, unlike the land 

expectation value LEV.    

 

 

4.2 Evaluation of the main findings  

 

4.2.1 Effects of climate change projections on volume growth, carbon stock, timber 

production and economic profitability   

 

The impacts of different climate change projections on volume growth, carbon stock, timber 

yield, economic profitability and amount of deadwood varied largely and even were opposite, 

depending on geographical region, tree species preferences, and severity of climate change 

projections. In northern Finland, under the baseline management regime, climate change 

increased the volume growth, carbon stock, timber production (papers I-III), and economic 

profitability (Paper I), compared to the current climate and regardless of tree species and 

climate change applied. The largest increases were observed under the severe climate change 

projections (e.g. GFDL-CM3 RCP8.5 and HadGEM2-ES RCP8.5).  Nowadays, the current 

forest growth in Finland, especially in the north, is restricted by short growing season and 

low summer temperatures and availability of nutrients (see e.g., Briceño-Elizondo et al. 2006 

a, b; Hyvönen et al. 2007; Kellomäki et al. 2008; 2018). Under changing climate, longer and 

warmer growing season, together with increase in atmospheric CO2 concentration, may 

increase the forest growth (see e.g., Saxe et al. 2001; Bergh et al. 2003; Kellomäki et al. 2008; 

2018). It may also be increased due to enhanced decomposition of litter and organic matter 

in soils, which most likely will increase availability of nutrients (see e.g., Saxe et al. 2001; 

Hyvönen et al. 2007).  



In southern Finland, the severe climate change (e.g., GFDL-CM3 RCP8.5 and 

HadGEM2-ES RCP8.5) decreased volume growth, carbon stock, timber production, with its 

economic profitability, and the most in Norway spruce stands, but partially also in Scots pine 

stands (unlike Silver birch stands). The HadGEM2-ES RCP8.5 predicted the highest 

increase, by 6.1 C°, in mean temperature during the potential growing season in both the 

south and north by 2070-2099 compared to the current climate. It also predicted a decrease 

in precipitation in the south, up to 9%, and its increase, up to 7%, in the north. The impacts 

of individual GCMs, such as GFDL-CM3 RCP8 and CanESM RCP8.5, were higher than 

those of multi-model means, RCP4.5 and RCP8.5. The large increase in the thermal 

conditions compared to the current climate (TS> +5 d.d), would turn the current, near-optimal 

growing conditions for Norway spruce in the south, and partially also for Scots pine, into 

suboptimal, unlike Silver birch. Earlier, Ruosteenoja et al. (2016) found that under severe 

increases in greenhouse gas emissions, the number of degree-days (d.d) would increase 

substantially by the end of 21st century.     

It should be noted that even severe climate projections, such as by GFDL-CM3 RCP8.5, 

showed during April-September higher precipitation in the south and north, by 14 and 26%, 

respectively, compared to the current climate. However, this did not compensate for the clear 

reduction in growth caused by simultaneously high increases in temperature, by 6.3 and 7 C° 

in the south and north, respectively.  The reduction in the growth of Norway spruce, and 

partially Scots pine in the south, may also be increased in the future due to increasing 

frequency and length of drought events in spring and summer, especially under severe climate 

change (Ruosteenoja et al. 2018). This finding is in line also with previous experimental 

studies, which have reported that under warming climate, an increase in drought events may 

decrease the growth of Norway spruce with its shallow rooting system, especially in southern 

Finland on forest sites with low water-holding capacity (see e.g., Mäkinen et al. 2000, 2001, 

2002; Jyske et al. 2010). Moreover, Henttonen et al. (2015) found that the growth of Scots 

pine in Finland might also decrease under climate change, even at high northern latitudes. 

Additionally, in central Europe, especially Norway spruce will most likely suffer especially 

under changing climate (e.g., Hanewinckel et al. 2013; Schäfer et al. 2017).  

 

4.2.2 Effects of tree species preferences and thinning regimes on volume growth, carbon 

stock, timber production, and tree species composition   

 

The severity of climate change projection and preferring certain tree species in forest 

regeneration affected tree species proportion, volume growth, carbon stock, and timber yield 

in different regions. The increased preference of a certain tree species in forest regeneration 

(on medium fertile sites) affected the development of tree species proportions more than 

climate change projections (e.g., multi-model means RCP8.5, HadGEM2 ES-RCP8.5). The 

degree of the impacts of tree species preferences increased proportionally with an increase in 

the severity of climate change. For instance, under the severe HadGEM2 ES-RCP8.5 and 

GFDL-CM3 RCP8.5 projections, the proportion and growth of Norway spruce decreased in 

line with the severity of climate change, unlike Silver birch. This was mainly because of the 

differences in species-specific responses to the temperature sum. Likewise, the current forest 

structure and forest conservation area (increased from southern to northern Finland) affected 

largely the regional responses of forests to climate change and management regimes. 

Nowadays, the forests in southern Finland are, in general, younger than in the north and 

dominated by Norway spruce, whereas in northern Finland, the forests are dominated by 

Scots pine. The proportion of Norway spruce decreased in this work, even though it was 
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preferred, which was opposite to Silver birch and Scots pine. This is because of the high 

reduction in the growth of Norway spruce, as caused by the most severe individual GCMs, 

such as HadGEM2 ES RCP8.5.    

This study demonstrated also that preference of Norway spruce in southern Finland 

decreased volume growth, carbon stock and timber yield and this was most pronounced under 

severe climate change projections. Therefore, the extensive planting of Norway spruce, 

particularly in southern Finland on less fertile sites, may decrease carbon sequestration, 

volume growth, and timber production under severe climate change projections. 

Furthermore, it may result in large economic losses to forest owners and forestry 

(Hanewinkel et al. 2013). Additionally, the amount of damages induced by the biotic (e.g. 

Heterobasidion spp. and Ips typographus) and abiotic risks (e.g., windstorms and drought), 

may increase (see e.g., Zeng et al. 2007; Peltola et al. 2010; Reyer et al. 2017; Subramanian 

et al. 2016; Thom and Seidl et al. 2016; Honkaniemi et al. 2017), especially under the severe 

warming. On the other hand, Scots pine and birches are more vulnerable to snow-induced 

damages, compared to Norway spruce (Päätalo et al. 1999; Peltola 1999, 2010; Lehtonen et 

al. 2016 a). Therefore, the selection of the more heat- and drought-resistant tree species 

(genotypes), and use of mixtures of conifers and broadleaves forests, could help forests 

planners to increase timber production, biodiversity and recreational values. This may help 

to increase the resilience of forests, especially under the severe warming (see e.g., Neuner et 

al. 2015; Felton et al. 2016; González de Andrés et al. 2016; Pretzsh et al. 2016; Pukkala et 

al. 2018).    

The impacts of thinning regimes, such as by maintenance 20% higher or lower growing 

stock varied depending on tree species, geographical region, and severity of climate applied. 

In general, maintenance of 20% higher growing stock in thinning regimes, compared to the 

baseline thinning regime, enhanced volume growth and increased carbon stock. However, 

this was opposite to timber yield because of the delay in thinning. Maintenance of 20% higher 

growing stock in thinning affected the carbon stock more than the climate change projection, 

unlike the volume growth and timber yield. Maintenance of 20% higher growing stock in 

thinning might therefore not always be optimal. Based on many previous studies, it has been 

reported that maintenance of higher growing stock in thinning and use of longer rotation may 

increase timber production and carbon stock (in trees and soil) at stand level (see e.g., Liski 

et al. 2001; Briceño-Elizondo et al. 2006 a, b; Garcia-Gonzalo et al. 2007 a, b; Pyörälä et al. 

2014; Triviño et al. 2015).   

 

4.2.3 Effects of forest conservation scenarios and thinning regimes on forest volume 

growth, carbon stock, timber yield, and amount of deadwood  

 

An increase in forest conservation area by 10 or 20% in Finland increased the volume growth, 

carbon stock (in trees and soil) and amount of deadwood, regardless of climate applied, unlike 

timber production. From the climate change point of view, increased volume growth, and 

subsequent carbon sequestration, would provide useful means for mitigation of climate 

change. Over many decades, Finnish forests have acted as substantial carbon sinks (in trees 

and soil) (Liski et al. 2006). This is because the annual increment in volume of growing stock 

has been substantially higher than removals. On average, the annual net removal of carbon 

dioxide from the atmosphere by Finnish forests is approximately 30 million tons of CO2, 

representing 60% of the total emissions for the whole country (Natural Resources Institute 

2017). However, it should be considered that higher amount of growing stock, compared to 

the current, implies more volume stock at risk for different natural disturbances.     



On the other hand, a decrease in the amount of harvested timber may also affect the 

mitigation potential of the forests if less wood-based material would be available for 

substitution of fossil-based materials and energy. For example, Leppänen et al. (2000) stated 

that increasing forest conservation areas under the current climate would reduce wood 

availability for forest industries. On the other hand, based on a studies by Hynynen et al. 

(2015) and Heinonen et al. (2018), there is potential to increase simultaneously annual 

removals by applying more intensive forest management, such as increase in forest 

fertilization and use of improved seedlings stock. From the forest owner point of view, 

possible compensation of economic losses for increase in forest conservation areas 

(Mökkönen et al. 2009; Öhman et al. 2011; Triviño et al. 2015) may help to balance the 

bioeconomy and biodiversity targets at the national level.  

Intensive extraction of forest biomass may also have significant consequences on 

different environmental functions and services (Eyvindson et al. 2018; Pohjanmies et al. 

2017). Several studies have indicated trade-offs between intensifying forest biomass 

harvesting, and maintaining forest biodiversity (Mönkkönen et al. 2014), and recreational 

values (Verkerk et al. 2014; Eräjää et al. 2010).  In addition, Heinonen et al. (2017) found 

trade-offs between increase in timber removal and amount of deadwood and carbon balance 

of Finnish forestry during the coming 90 year.  

Regardless of region and climate applied, maintenance of 20% lower growing stock, 

compared to the baseline thinning regime, resulted in this work the highest total amount of 

deadwood due to increase in logging residues (i.e. coarse roots, branches and stumps), which 

were left on site. This is also advantage for some deadwood dependent species (Nordén et al. 

2004; Selonen et al. 2005; Küffer et al. 2008). The future changes in forest structure (age and 

tree species) and severity of climate change affect together habitat availability for deadwood-

associated species (see e.g., Mazziotta et al. 2016). Therefore, strategies aiming to both 

enhance forest resilience and integrate simultaneously different ecosystem services are 

highly needed for sustainable forest management (Repo et al. 2015; Triviño et al. 2017).  
 
 

4.3 Conclusions         

 

Based on the findings of this work, the impacts of different climate change projections on 

volume growth, carbon stock, timber yield, economic profitability and amount of deadwood 

varied largely depending on geographical region, tree species preferences, and severity of 

climate change projections. The degree of differences in the responses of tree species and 

boreal regions increased along with the severity of climate change. In simulations, the use of 

individual GCMs, such as HadGEM2-ES RCP8.5 and GFDL-CM3 RCP8.5, affected the 

studied variables more than the use of the multi-model means, RCP4.5 and RCP8.5 

projections. The positive impacts of climate change were larger in the north regardless of tree 

species. In southern Finland, the severe climate change projections, such as those predicted 

by GDFL-CM3 RCP8.5, most likely would create suboptimal growing conditions for 

Norway spruce and partially Scots pine, unlike Silver birch. In general, preferring a certain 

tree species in forest regeneration affected the tree species proportion more than did the 

climate change projection with the exception of Norway spruce in the south.  

The forest productivity and carbon stock are greatly affected by current forest structure 

(age and species composition), severity of climate change, and forest management. Based on 

this work, the volume of growing stock will increase in Finland by 2100 even under the 

current climate (up to 18%), but more under the changing climate (up to 37%), depending on 
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climate change projection) under the baseline management and conservation scenario. This 

is because the harvested amount of timber was on average about 60% of the total volume 

growth of growing stock, regardless of climate applied.  

In the future, better understanding on how different ecosystem services are affected by 

alternative forest management strategies and climate change projections is needed for 

sustainable management and utilization of forest resources (see e.g., Seidl et al. 2007; 

Kellomäki et al. 2008; Seidl and Lexer 2013; Kindermann et al. 2013). In further studies, it 

also should be considered increasing risks to forests by various abiotic and biotic forest 

damages under climate change (see e.g., Reyer et al. 2017). Furthermore, impact studies need 

to consider also several climate change projections, representing  different GCMs and RCPs, 

respectively, to consider the large uncertainties related to climate change and its impacts on 

forests and forestry. Evaluation of the economic impacts of climate change and management 

strategies over a longer period also involves considerable uncertainties, for instance, due to 

possible changes in timber prices and management costs and the interest rate used in 

calculations. By considering such uncertainties would be needed in decision making.  

An increase in forest conservation area in Finland nowadays may increase the volume 

growth, carbon stock, and amount of deadwood in forests, unlike timber production. This 

would imply less forest biomass available for the bioeconomy and subsequently substituting 

fossil-based materials and energy unless the intensity of forest management is not increased 

simultaneously on forestland assigned for wood production. Currently, there is pressure to 

increase forest biomass harvests in the future to meet the increasing wood demands by the 

forest-based bioeconomy. However, this should be done in a sustainable way by maintaining 

other ecosystem services. Therefore, management strategies aiming to simultaneously 

enhance forest resilience and to provide in a sustainable way different ecosystem services are 

highly needed. For example, favoring mixtures of conifers and broadleaves, and modifying 

site-specific cultivation of different tree species and thinning practices and using shorter 

rotation if needed, may help to adapt to climate change in boreal forests and forestry. 

However, depending on the region, tree species, and severity of climate change, various 

adaptive measures may be needed to utilize the positive impacts and minimize the harmful 

impacts of climate change in boreal conditions. By using proper adaptive measures, at least 

partially it may be counteracted the predicted reduction in forest growth and harmful impacts 

to different ecosystem services under severe climate change.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



REFERENCES  
 

 

Aalto J., Pirinen P., Heikkinen J., Venäläinen A. (2013). Spatial interpolation of monthly 

climate data for Finland: Comparing the performance of kriging and generalized additive 

models. Theory Applied Climatology 112: 99–111. 

http://doi:10.1007/s00704-012-0716-9 

 

Ahlström A., Schurgers G., Arneth A., Smith B. (2012). Robustness and uncertainty in 

terrestrial ecosystem carbon response to CMIP5 climate change projections. 

Environmental Research Letter 7:044008.  

http://doi:10.1088/1748-9326/7/4/044008 

 

Äijälä O., Koistinen A., Sved J., Vanhatalo K., Väisänen P. (edit) (2014). Recommendations 

for good forest management. (In Finnish: Hyvän metsänhoidon suositukset – 

metsänhoito.) Publications of the Forestry Development Centre, Tapio, Metsäkustannus 

Oy, Helsinki, Finland. [In Finnish.] 

 

Allen C.D., Macalady A.K., Chenchouni H., Bachelet D., McDowell N., Vennetier M., 

Kitzberger T., Rigling A., Breshears D.D., Hogg E.H., Gonzalez P., Fensham R., Zhang 

Z., Castro J., Demidova N., Lim J.H., Allard G., Running S.W., Semerci A., Cobb N. 

(2010). A global overview of drought and heat-induced tree mortality reveals emerging 

climate change risks for forests. Forest Ecology and Management 259:660-684.  

http://doi:10.1016/j.foreco.2009.09.001 

 

Berger A.L., Palik B., D'Amato A.W., Fraver S., Bradford J.B., Nislow K., King D., Brooks 

R. (2013). Ecological impacts of energy-wood harvests: lessons from whole-tree 

harvesting and natural disturbance. Journal of Forestry 111(2): 139-153.  

https://doi.org/10.5849/jof.12-020 

 

Bergh J., Freeman M., Sigurdsson B., Kellomäki S., Laitinen K., Niinistö S., Peltola H., 

Linder S. (2003). Modelling the short-term effects of climate change on the productivity 

of selected tree species in Nordic countries. Forest Ecology and Management 183(1-

3):327-340. 

https://doi.org/10.1016/S0378-1127(03)00117-8 

 

Biber P., Borges J.G., Moshammer R., Barreiro S., Botequim B., Brodrechtová Y., Brukas 

V., Chirici G., Cordero-Debets R., Corrigan  E., Eriksson, L.O., Favero M., Galev E., 

Garcia-Gonzola J., Hengeveld G., Kavaliauskas M., Marchetti M., Marques S., Mozgeris 

G., Navarátil R., Nieuwenhuis M., Orazio C., Paligorov I., Pettenella D., Sedmák R., 

Smre ček R., Stanislovaitis A., Tomé M., Turbins R., Tuček J., Vizzarri M., Wallin I., 

Pretzsch H., Sallnäs O. (2015). How sensitive are ecosystem services in European forest 

landscapes to silvicultural treatment?. Forests 6(5): 1666-1695.   

http://doi:10.3390/f6051666 

 

Briceño-Elizondo E., Garcia-Gonzalo J., Peltola H., Matala J., Kellomäki S. (2006 a).  

Sensitivity of growth of Scots pine, Norway spruce, and silver birch to climate change 

http://doi:10.1007/s00704-012-0716-9
http://doi:10.1088/1748-9326/7/4/044008
http://doi:10.1016/j.foreco.2009.09.001
https://doi.org/10.5849/jof.12-020
https://doi.org/10.1016/S0378-1127(03)00117-8
http://doi:10.3390/f6051666


35 
 

and forest management in boreal conditions. Forest Ecology and Management 232, 

152–167. 

         https://doi.org/10.1016/j.foreco.2006.05.062 

 

Briceño-Elizondo E., Garcia-Gonzalo J., Peltola H., Kellomäki S. (2006 b). Carbon stocks 

and timber yield in two boreal forest ecosystems under current and changing climatic 

conditions subjected to varying management regimes. Environmental Science and 

Policy 9:237-252.  

   http://doi:10.1016/j.envsci.2005.12.003 

 

Bottalico F., Pesola L., Vizzarri M., Antonello L., Barbati A., Chirici G., Corona P., Cullotta 

S., Garfì V., Giannico V., Lafortezza R., Lombardi F., Marchetti M., Nocentini S., 

Riccioli F., Travaglini D., Sallustio L. (2016). Modeling the influence of alternative forest 

management scenarios on wood production and carbon storage: a case study in the 

Mediterranean region. Environmental Research 144: 72-87.  

https://doi.org/10.1016/j.envres.2015.10.025 

 

COM/2014/0015 (2014). Communication from the Commission to the European Parliament, 

the Council, the European Economic and Social Committee of the Regions. A policy 

framework for climate and energy in the period from 2020 to 2030 /*COM/2014/015 

final/.  

       http://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX:52014DC0015. Accessed      

6 May 2018 

 

Ellsworth D.S., Thomas R., Crous K.Y., Palmroth S., Ward E., Maier C., Delucia E., Oren 

R. (2012). Elevated CO2 affects photosynthetic responses in canopy pine and subcanopy 

deciduous trees over 10 years: A synthesis from Duke FACE. Global Change Biology 

18:223-242.  

 http://doi:10.1111/j.1365-2486.2011.02505.x 

 

Eräjää S., Halme P., Kotiaho J.S., Markkanen, A., Toivanen T. (2010). The volume and 

composition of dead wood on traditional and forest fuel harvested clear-cuts. Silva 

Fennica 44. 

https://doi.org/10.14214/sf.150 

 

European Commission (2010). Options for an EU vision and target for biodiversity beyond 

2010. Communication from the commission to the European Parliament, the Council, the 

European Economic and Social Committee and Committee of the Regions COM (2010)4 

fin. European Commission. Brussels 

 

European Parliament (2016). European Parliament resolution of 2 February 2016 on the mid-

term review of the EU's Biodiversity Strategy (2015/2137(INI)). 

 

Eyvindson K., Repo R., Mönkkönen M. (2018). Mitigating forest biodiversity and ecosystem 

service losses in the era of bio-based economy. Forest Policy and Economics 92: 119-

127.  

https://doi.org/10.1016/j.forpol.2018.04.009 

https://doi.org/10.1016/j.foreco.2006.05.062
http://doi:10.1016/j.envsci.2005.12.003
https://doi.org/10.1016/j.envres.2015.10.025
http://doi:10.1111/j.1365-2486.2011.02505.x
https://doi.org/10.14214/sf.150
https://doi.org/10.1016/j.forpol.2018.04.009


Felton A., Nilsson U., Sonesson J., Felton A.M., Roberge J.-M., Ranius T., Ahlström M., 

Bergh J., Björkman C., Boberg J., Drössler L., Fahlvik N., Gong P., Holmström E. (2016). 

Replacing monocultures with mixed-species stands: Ecosystem service implications of 

two production forest alternatives in Sweden. Ambio 2016, 45, 124–139.  

https://doi.org/10.1007/s13280-015-0749-2 

 

Finnish Forest Research Institute (2014). Statistical yearbook of forestry. Finnish Forest 

Research Institute, Helsinki, Finland. Vammalan Kirjapaino Oy, Sastamala, Finland. 

 

Frank S., Böttcher H., Gusti M., Havlík P., Klaassen G., Kindermann G., Obersteiner M., 

(2016). Dynamics of the land use, land use change, and forestry sink in the European 

Union: the impacts of energy and climate targets for 2030. Climate Change 138: 253–

266.  

https://doi.org/10.1007/s10584-016-1729-7 

 

Garcia-Gonzalo J., Peltola H., Briceño-Elizondo E., Kellomäki S. (2007 a). Changed thinning 

regimes may increase carbon stock under climate change: A case study from a Finnish 

boreal forest. Climatic Change 81: 431–454l.  

https://doi.org/10.1007/s10584-006-9149-8 

 

Garcia-Gonzalo J., Peltola H., Briceño-Elizondo E., Kellomäki S. (2007 b). Effects of climate 

change and management on timber yield in boreal forests, with economic implications: 

A case study. Ecological Modelling 209: 220–234.  

https://doi.org/10.1016/j.ecolmodel.2007.06.021 

 

Ge Z.M., Zhou X., Kellomäki S., Wang K.Y., Peltola H., Väisänen H., Strandman H. (2010). 

Effects of changing climate on water and nitrogen availability with implications on the 

productivity of Norway spruce stands in southern Finland. Ecological and Modelling 221 

(13–14): 1731–1743.  

http://doi:10.1016/j.ecolmodel. 2010.03.017 

 

Ge Z.M., Kellomäki S., Peltola H., Zhou X., Väisänen H. (2013 a). Adaptive management to 

climate change for Norway spruce forests along a regional gradient in Finland. Climate  

Change 118(2): 275–289. 

http://doi:10.1007/s10584-012-0656-5. 

 

Ge Z.M., Kellomäki S., Peltola H., Zhou X., Väisänen H., Strandman H. (2013 b). Impacts 

of climate change on primary production and carbon sequestration of boreal Norway 

spruce forests: Finland as a model. Climate Change 118(2): 259–273. 

http://doi:10.1007/s10584-012-0607-1 

 

González de Andrés E., Seely B., Blanco J.A., Imbert B.I., Lo Y.-H., Castillo, F.J. (2017).  

Increased complementarity in water-limited environments in Scots pine and European 

each mixtures under climate change. Ecohydrology 10: e1810.  

https://doi.org/10.1002/eco.1810 

 

 

https://doi.org/10.1007/s13280-015-0749-2
https://doi.org/10.1007/s10584-016-1729-7
https://doi.org/10.1007/s10584-006-9149-8
https://doi.org/10.1016/j.ecolmodel.2007.06.021
http://doi:10.1016/j.ecolmodel.%202010.03.017
http://doi:10.1007/s10584-012-0656-5
http://doi:10.1007/s10584-012-0607-1
https://doi.org/10.1002/eco.1810


37 
 

Granda E, Camarero J.J, Gimeno T.E, Martínez-Fernández J, Valladares F. (2013). Intensity 

and timing of warming and drought differentially affect growth patterns of co-occurring 

Mediterranean tree species. European Journal of Forest Research 132(3):469-480 

http://doi:10.1007/s10342-013-0687-0 

 

Hanewinkel M., Cullmann D. A., Schelhaas M.J., Nabuurs G.J., Zimmermann N.E. (2013). 

Climate change may cause severe loss in the economic value of European forestland. 

Nature Climate Change 3(3): 203. 

http://doi.org/10.1038/NCLIMATE1687 

 

Heinonen T., Pukkala T., Mehtätalo L., Asikainen A., Kangas J., Peltola, H. (2017). Scenario 

analyses for the effects of harvesting intensity on development of forest resources, timber 

supply, carbon balance and biodiversity of Finnish forestry. Forest Policy and Economics 

80: 80-98. 

http://dx.doi.org/10.1016/j.forpol.2017.03.011 

 

Heinonen T., Pukkala T., Asikainen A., Peltola H. (2018). Scenario analyses on the effects 

of fertilization, improved regeneration material, and ditch network maintenance on timber 

production of Finnish forests. European Journal of Forest Research 137, no. 1: 93-107. 

https://doi.org/10.1007/s10342-017-1093-9 

 

Henttonen H.M, Mäkinen H., Heiskanen J., Peltoniemi M., Lauren A., Hordo M. (2015). 

Response of radial increment variation of Scots pine to temperature, precipitation and soil 

water content along a latitudinal gradient across Finland and Estonia. Agricultural and 

Forest Meteorology 198-199:294-308.  

https://doi.org/10.1016/j.agrformet.2014.09.004 

 

Honkaniemi J., Lehtonen M., Väisänen H., Peltola H. (2017). Effects of wood decay by 

Heterobasidion annosum on the vulnerability of Norway spruce stands to wind damage: 

a mechanistic modelling approach. Canadian Journal of Forest Research 47(6): 777-787.  

https://doi.org/10.1139/cjfr-2016-0505 

 

Hynynen J, Ojansuu R, Hökka H, Siipilehto J, Salminen H, Haapala P. (2002). Models for 

predicting stand development in MELA System. Finnish Forest Research Institute 

Research Paper 835. 116 p. ISBN 951-40-1815-X.ISSN 0358-4283.  

 

Hynynen J., Salminen H., Ahtikoski A., Huuskonen S., Ojansuu R., Siipilehto J., Lehtonen 

M., Eerikäinen K. (2015). Long-term impacts of forest management on biomass supply 

and forest resource development: a scenario analysis for Finland. European Journal of 

Forest Research. 134(3): 415-431. 

https://doi.org/10.1007/s10342-014-0860-0 

 

Hyvönen R., Ågren G.I., Linder S., Persson T., Cotrufo M.F., Ekblad A., Freeman M., Grelle 

A., Janssens I.A., Jarvis P.G., Kellomäki S., Lindroth A., Loustau D., Lundmark T., 

Norby R.J., Oren R., Pilegaard K., Ryan M.G., Sigurdsson B.D., Strömgren M., van Oijen 

M., Wallin G. (2007). The likely impact of elevated [CO2], nitrogen deposition, increased 

temperature and management on carbon sequestration in temperate and boreal forest 

ecosystems: A literature review. New Phytologist 173:463-480. 

http://doi:10.1007/s10342-013-0687-0
http://doi.org/10.1038/NCLIMATE1687
http://dx.doi.org/10.1016/j.forpol.2017.03.011
https://doi.org/10.1007/s10342-017-1093-9
https://doi.org/10.1016/j.agrformet.2014.09.004
https://doi.org/10.1139/cjfr-2016-0505
https://doi.org/10.1007/s10342-014-0860-0


 http://doi:10.1111/j.1469- 8137.2007.01967.x. PMID:17244042 

 

Ikonen V.-P., Kilpeläinen A., Zubizarreta-Gerendiain A., Strandman H., Asikainen A., 

Venäläinen A., Kaurola J., Kangas J., Peltola H. (2017). Regional risks of wind damage 

in boreal forests under changing management and climate projections. Canadian Journal 

of Forest Research 47:1632–1645. 

http://doi.org/10.1139/cjfr-2017-0183  

 

Junninen K., Komonen A. (2011). Conservation biology of boreal polypores: a review. 

Biological Conservation 144: 11-20 

https://doi.org/10.1016/j.biocon.2010.07.010 

 

Jyske T., Hölttä T., Mäkinen H., Nöjd P., Lumme I., Spiecker H. (2010). The effect of 

artificially induced drought on radial increment and wood properties of Norway spruce. 

Tree Physiology 30:103-115. 

                    http://doi:10.1093/treephys/tpp099. PMID:19955191 

 

Kellomäki S., Rouvinen I., Peltola H., Strandman H., Steinbrecher R. (2001). Impact of 

global warming on the tree species composition of boreal forests in Finland and effects 

on emissions of isoprenoids. Global Change Biology 7:531-544. 

   https://doi.org/10.1046/j.1365-2486.2001.00414.x 

 

Kellomäki S., Strandman H., Nuutinen T., Peltola H., Korhonen K.T., Väisänen H. (2005). 

Adaptation of forest ecosystems, forests and forestry to climate change. FINADAPT 

Working Paper 4. Finnish Environmental Institute Mimeographs 334. 

 

Kellomäki S., Peltola H., Nuutinen T., Korhonen K.T., Strandman H. (2008). Sensitivity of 

managed boreal forests in Finland to climate change, with implications for adaptive 

management. Philosophical Transactions of the Royal Society B 363:2341-2351.   

http://doi:10.1098/rstb.2007.2204. PMID:18024332 

 

Kellomäki S., Strandman H., Heinonen T., Asikainen A., Venäläinen A., Peltola H.  (2018). 

Temporal and spatial change in diameter growth of boreal Scots pine, Norway spruce and 

birch under recent-generation (CMIP5) global climate model projections for the 21st 

century Forests 9:118.    

https://doi.org/10.3390/f9030118 

 

Kindermann G.E., Schörghuber S., Linkosalo T., Sanchez A., Rammer W., Seidl R., Lexer 

M.J.(2013). Potential stocks and increments of woody biomass in the European Union 

under different management and climate scenarios. Carbon Balance Management 8:2. 

http://doi:10.1186/1750-0680-8-2. 

 

Kienast F. (1987) FORECE—A forest succession model for southern central Europe. Oak 

Ridge National Laboratory. Environmental Science Division. Publication No. 2989:1–73 

 

Kolström M., Lindner M., Vilén T., Maroschek M., Seidl R., Lexer M.J., Netherer S., 

Kremer A., Delzon S., Barbati A., Marchetti M., Corona P. (2011). Reviewing the 

http://doi:10.1111/j.1469-%208137.2007.01967.x.%20PMID:17244042
http://doi.org/10.1139/cjfr-2017-0183
https://doi.org/10.1016/j.biocon.2010.07.010
http://doi:10.1093/treephys/tpp099.%20PMID:19955191
https://doi.org/10.1046/j.1365-2486.2001.00414.x
http://doi:10.1098/rstb.2007.2204.%20PMID:18024332
https://doi.org/10.3390/f9030118
http://doi:10.1186/1750-0680-8-2


39 
 

science and implementation of climate change adaptation measures in European 

forestry. Forests 2: 961–982.  

http://doi:10.3390/f2040961 

 

Küffer N., Gillet F., Senn-Irlet B., Aragno M., Job D. (2008). Ecological determinants of 

fungal diversity on dead wood in European forests. Fungal Divers 30: 83–95.  

 

Lehtonen I., Kämäräinen M., Gregow H., Venäläinen A., Peltola, H. (2016 a). Heavy snow 

loads in Finnish forests respond regionally asymmetrically to projected climate change. 

Natural Hazards Earth System Sciences 16: 2259–2271. 

http://doi:10.5194/nhess-16-2259-2016 

 

Lehtonen I., Venäläinen A., Kämäräinen M., Peltola H., Gregow H. (2016 b). Risk of large-

scale fires in boreal forests of Finland under changing climate. Natural Hazards and Earth 

System Sciences 16: 239–253.  

http://doi:10.5194/nhess-16-239-2016 

 

Leppänen J., Linden M., Uusivuori J., Toropainen M., Pajuoja H. (2000). Metsien suojelun 

taloudelliset ja sosiaaliset vaikutukset. 

http://urn.fi/URN:ISBN:951-40-1735-8 

 

Lexer M.J., Hönninger K., Scheifinger H., Matulla C., Groll N., Kromp-Kolb, H., Englisch, 

M. (2002). The sensitivity of Austrian forests to scenarios of climatic change: a large-

scale risk assessment based on a modified gap model and forest inventory data. Forest 

Ecology and Management 162(1): 53-72. 

https://doi.org/10.1016/S0378-1127(02)00050-6 

 

Lindner M., Maroschek M., Netherer S., Kremer A., Barbati A., Garcia-Gonzalo J., Seidl R., 

Delzon S., Corona P., Kolström M., Lexer M.J., Marchetti M. (2010). Climate change 

impacts, adaptive capacity, and vulnerability of European forest ecosystems. Forest 

Ecology and Management 259:698-709.  

http://doi:10.1016/j.foreco.2009.09.023 

 

Lindner M., Fitzgerald J.B., Zimmermann N.E., Reyer C., Delzon S., van der Maaten E., 

Schelhaas M.J., Lasch P., Eggers J., van der Maaten-Theunissen M., Suckow F., Psomas 

A., Poulter B., Hanewinkel M. (2014). Climate change and European forests: what do we 

know, what are the uncertainties, and what are the implications for forest management? 

Journal of Environmental Management 146:69–83.  

https://doi.org/10.1016/j.jenvman.2014.07.030 

 

Liski J., Pussinen A., Pingoud K., Mäkipää R., Karjalainen T. (2001). Which rotation 

length is favorable to carbon sequestration? Canadian Journal of forest Research 31: 

2004-2013. 

http://doi.org/10.1139/cjfr-31-11-2004 

 

Liski J., Lehtonen A., Palosuo T., Peltoniemi M., Eggers T., Muukkonen P. Mäkipää R. 

(2006). Carbon accumulation in Finland's forests 1922-2004 – an estimate obtained by 

combination of forest inventory data with modelling of biomass, litter and soil. Annals of 

Forest Science 63(7): 687-697.  

http://doi:10.3390/f2040961
http://doi:10.5194/nhess-16-2259-2016
http://doi:10.5194/nhess-16-239-2016
http://urn.fi/URN:ISBN:951-40-1735-8
https://doi.org/10.1016/S0378-1127(02)00050-6
http://doi:10.1016/j.foreco.2009.09.023
https://doi.org/10.1016/j.jenvman.2014.07.030
http://doi.org/10.1139/cjfr-31-11-2004


http://doi.org/10.1051/forest:2006049 

 

Madsen M.S., Langen P.L., Boberg F., Christense J.H. (2017). Inflated uncertainty in 

multimodel-based regional climate projections. Geophysical Research Letters 44:11606-

11613.  

http://doi.org/10.1002/2017GL075627 

 

Mäkinen H, Nöjd P, Mielikäinen K (2000). Climatic signal in annual growth variation of 

Norway spruce (Picea abies) along a transect from central Finland to the Arctic 

timberline. Canadian Journal for Research 30(5):769-777. 

http://doi.org/10.1139/x00-005 

 

Mäkinen H, Nöjd P., Mielikäinen K. (2001). Climatic signal in annual growth variation in 

damaged and healthy stands of Norway spruce [Picea abies (L.) Karst.] in southern 

Finland. Trees 15:177-185.  

http://doi:10.1007/s004680100089 

 

Mäkinen H, Nöjd P, Kahle H-P, Neuman U, Tveite B, Mielikäinen K, Röhle H, Spiecker H 

(2002). Radial growth of Norway spruce (Picea abies L. Karst) across latitudinal and 

altitudinal gradients in central and northern Europe. For Ecol Manag 17:243-259. 

http://doi.org/10.1016/S0378-1127(01)00786-1 

 

Mazziotta A., Mönkkönen M., Strandman H.J., Routa J., Tikkanen O.P., Kellomäki S. 

(2014). Modeling the effects of climate change and management on the deadwood 

dynamics in boreal forest plantations. European Journal of Forest Research 133:405–

421.  

http://doi.org/10.1007/s10342-013-0773-3 

 

Mazziotta A., Triviño M., Tikkanen O.P., Kouki J., Strandman H., Mönkkönen M. (2016).  

      Habitat associations drive species vulnerability to climate change in boreal forests. 

Climate Change 135: 585–595. 

https://doi.org/10.1007/s10584-015-1591-z 

 

Ministry of Employment and the Economy (2014). Energy and Climate Roadmap 2050-

Report of the parliamentary Committee on Energy and Climate Issues on 16 October 

2014. Energy and the climate 50/2014, Finland. ISBN 978-952-227-906-4.75 p  

      http://tem.fi/document/1410877/3437254/Energy+and+Climate+  

Roadmap+2050+14112014.pdf [Cited 22 July 2018]. 

 

Mönkkönen M., Ylisirniö A.L., Hämäläinen T. (2009). Ecological efficiency of voluntary 

conservation of boreal-forest biodiversity. Conservation Biology 23:339–347. 

http://doi:10.1111/j.1523-1739.2008.01082.x. PMID:18983601 

 

Mönkkönen M., Reunanen P., Kotiaho J.S., Juutinen A., Tikkanen O. P., Kouki J. (2011). 

Cost-effective strategies to conserve boreal forest biodiversity and long-term landscape-

level maintenance of habitats. European Journal of Forest Research 130(5): 717-727.  

https://doi.org/10.1007/s10342-010-0461-5 

 

http://doi.org/10.1051/forest:2006049
http://doi.org/10.1002/2017GL075627
http://doi:10.1139/x00-005
http://doi:10.1007/s004680100089
http://doi.org/10.1016/S0378-1127(01)00786-1
http://doi.org/10.1007/s10342-013-0773-3
https://doi.org/10.1007/s10584-015-1591-z
http://doi:10.1111/j.1523-1739.2008.01082.x.%20PMID:18983601
https://doi.org/10.1007/s10342-010-0461-5


41 
 

Mönkkönen M., Juutinen A., Mazziotta A., Miettinen K., Podkopaev D., Reunanen P.,      

Salminen H., Tikkanen O.P. (2014). Spatially dynamic forest management to sustain 

biodiverstiy and economic returns. Journal of Environmental Management 134: 80–89. 

https://doi.org/10.1016/j.jenvman.2013.12.021 

 

Müller J., Bütler R. (2010). A review of habitat thresholds for dead wood: a baseline for 

management recommendations in European forests. European Journal of Forest Research 

129: 981–992. 

https://doi.org/10.1007/s10342-010-0400-5 

 

Natural Resources Institutes (2017). Total wood consumption in Finland.  

http://stat.luke.fi/en/tilato/4608. [Cited 22 July 2018] 

 

Neuner S., Albrecht A., Cullmann D., Engels F., Griess V.C., Hahn W.A. Hanewinkel M., 

Härtl F., Kölling C., Staupendahl K., Konke T. (2015). Survival of Norway spruce 

remains higher in mixed stands under a dryer and warmer climate. Global Change 

Biology 21: 935–946.  

https://doi.org/10.1111/gcb.12751 

 

Nikolov N., Helmisaari H. (1992). Sivics of the circumpolar boreal forest tree species. In A 

System Analysis of the Global Boreal Forests. Shugart HH, Leemans R, Bonan GB 

(edit.). Cambridge University Press, pp. 9–12.  

 

Nordén B., Ryberg M., Götmark F., Olausson B. (2004). Relative importance of coarse and 

fine woody debris for the diversity of wood-inhabiting fungi in temperate broadleaf 

forests. Biological Conservation 117: 1–10. 

https://doi.org/10.1016/S0006-3207(03)00235-0 

 

Öhman K., Edenius L., Mikusin´ski G. (2011). Optimizing spatial habitat suitability and 

timber revenue in long-term forest planning. Canadian Journal of Forest Research 41(3): 

543–551.  

http://doi.org/10.1139/X10-232 

 

Päätalo M.-L. Peltola H., Kellomäki S. (1999). Modelling the risk of snow damage to forests 

under short-term snow loading. Forest Ecology and Management 116: 51–70. 

http:doi.org/10.1016/S0378-1127(98)00446-0 

 

Peltola H., Kellomäki S., Väisänen H., Ikonen V-P. (1999). A mechanistic model for 

assessing the risk of wind and snow damage to single trees and stands of Scots pine, 

Norway spruce and birch. Canadian Journal of Forest Research 29:647–661 

https://doi.org/10.1139/x99-029 

 

Peltola H., Kilpeläinen A., Kellomäki S. (2002). Diameter growth of Scots pine (Pinus 

sylvestris) trees at elevated temperature and carbon dioxide under boreal conditions. Tree 

Physiology 22(14):963-972.   

https://doi.org/10.1093/treephys/22.14.963 

 

Peltola H., Ikonen V.-P., Gregow H., Strandman H., Kilpeläinen A., Venäläinen A., 

Kellomäki S. (2010). Impacts of climate change on timber production and regional risks 

https://doi.org/10.1016/j.jenvman.2013.12.021
https://doi.org/10.1007/s10342-010-0400-5
http://stat.luke.fi/en/tilato/4608
https://doi.org/10.1111/gcb.12751
https://doi.org/10.1016/S0006-3207(03)00235-0
http://doi.org/10.1139/X10-232
https://doi.org/10.1093/treephys/22.14.963


of wind-induced damage to forests in Finland. Forest Ecology and Management 260: 

833–845.  

https://doi.org/10.1016/j.foreco.2010.06.001 

 

Pohjanmies T., Triviño M., Le Tortorec E., Mazziotta A., Snäll T., Mönkkönen M. (2017). 

Impacts of forestry on boreal forests: An ecosystem services perspective. A Journal of the 

Human Environment 46 (7): 743-755.  

http://doi:10.1007/s13280-017-0919-5 

 

Poudel B.C., Sathre R., Gustavsson L., Bergh J., Lundström A., Hyvönen R. (2011). Effects 

of climate change on biomass production and substitution in north-central Sweden. 

Biomass and Bioenergy 35(10):4340-4355 

http://doi:10.1016/j.biombioe.2011.08.005 

 

Poudel B.C Sathre R., Bergh J., Gustavsson L., Lundström A., Hyvönen R. (2012). Potential 

effects of intensive forestry on biomass production and total carbon balance in north-

central Sweden. Environmental Science and Policy 15:106-124.  

http://doi:10.1016/j.envsci.2011.09.005 

 

Pretzsh H., Schütze G. (2016). Effect of tree species mixing on the structure, density, and    

yield of forest stands. European Journal of Forest Research 135: 1–22.  

http://doi.org/10.1007/s10342-015-0913-z 

  

Pukkala T. (2018). Effects of species composition on ecosystem services in European 

boreal forest. Journal of Forestry Research 29: 261–272  

https://doi.org/10.1007/s11676-017-0576-3 

 

Pyörälä P., Peltola H., Strandman H., Kilpeläinen A., Asikainen A., Jylhä K., Kellomäki S. 

(2014). Effects of management on economic profitability of forest biomass production 

and carbon neutrality of bioenergy use in Norway spruce stands under the changing 

climate. Bioenergy Research 7: 279–294. 

http://doi:10.1007/s12155-013-9372-x  

 

Ranius T., Caruso A., Jonsell M., Juutinen A., Thor G., Rudolphi J. (2014). Dead wood 

creation to compensate for habitat loss from intensive forestry. Biological Conservation 

169: 277-284.  

https://doi.org/10.1016/j.biocon.2013.11.029x 

 

Rassi P., Hyvärinen E., Juslén A. Mannerkoski, I. (eds) (2010). Suomen lajien uhanalaisuus 

–Punainen kirja 2010. Ministry of the Environment and Finnish Environment Institute.  

 

Repo A., Ahtikoski A., Liski J. (2015). Cost of turning forest residue bioenergy to carbon 

neutral. Forest Policy and Economics 57: 12–21.  

https://doi.org/10.1016/j.forpol.2015.04.005 

 

Reyer C., Bathgate S., Blennow K., Borges J.G., Bugmann H., Delzon S., Faias S.P., Garcia-

Gonzalo J., Gardiner B., Gonzalez-Olabarria J.R., Gracia C., Hernández J.G., Kellomäki 

S., Kramer K., Lexer M.J., Lindner M., van der Maaten E., Maroschek M., Muys B., 

https://doi.org/10.1016/j.foreco.2010.06.001
http://doi:10.1007/s13280-017-0919-5
http://doi:10.1016/j.biombioe.2011.08.005
http://doi:10.1016/j.envsci.2011.09.005
http://doi.org/10.1007/s10342-015-0913-z
https://doi.org/10.1007/s11676-017-0576-3
http://doi:10.1007/s12155-013-9372-x
https://doi.org/10.1016/j.biocon.2013.11.029x
https://doi.org/10.1016/j.forpol.2015.04.005


43 
 

Nicoll B., Palahi M., Palma J.H.N., Paulo J.A, Peltola H., Pukkala T., Rammer W., Ray 

D., Sabaté S., Schelhaas M.J., Seidl R., Temperli C., Tomé M., Yousefpour R., 

Zimmermann N.E, Hanewinkel M. (2017). Are forest disturbances amplifying or 

cancelling out climate change-induced productivity changes in European forests? 

Environmental Research Letters  12(3):034027.  

http://doi:10.1088/1748-9326/aa5ef1. PMID:28855959 

 

Routa J, Kellomäki S, Kilpeläinen A, Peltola H, Strandman H. (2011). Effects of forest 

management on the carbon dioxide emissions of wood energy in integrated production of 

timber and yield biomass Global Change Biology Bioenergy 3: 483-497.   

https://doi.org/10.1111/j.1757-1707.2011.01106.x 

 

Ruosteenoja K., Jylhä K., Kämäräinen M. (2016). Climate projections for Finland under the 

RCP forcing scenarios. Geophysica 51(1-2):17-50.  
 

Ruosteenoja K., Markkanen T., Venäläinen A., Räisänen P., Peltola H. (2018). Seasonal soil 

moisture and drought occurrence in Europe in CMIP5 projections for the 21st century. 

Climate Dynamics 50(3-4):1177-1192.  

http://doi:10.1007/s00382-017-3671-4 

 

Saxe H., Cannell M.G., Johnsen Ø., Ryan M.G, Vourlitis G. (2001). Tree and forest 

functioning in response to global warming. New Phytologist 149(3):369-399  

http://doi.org/10.1046/j.1469-8137.2001.00057.x 

 

Scarlat N., Dallemand J.F., Monforti-Ferrario F., Banja M., Motola V. (2015). Renewable 

energy policy framework and bioenergy contribution in the European Union – an 

overview from National Renewable Energy Action Plans and progress reports. 

Renewable and Sustainable Energy Reviewers 51: 969–985.  

https://doi.org/10.1016/j.rser.2015.06.062 

 

Schäfer C., Grams T.E.E., Rötzer T., Feldermann A., Pretzsch H. (2017). Drought Stress 

Reaction of Growth and D13C in Tree Rings of European Beech and Norway Spruce in 

Monospecific Versus Mixed Stands Along a Precipitation Gradient. Forests 8 (6): 177 

http://doi:10.3390/f8060177 

 

Seidl R., Rammer W., Jäger D., Currie W.S. Lexer M.J. (2007). Assessing trade-offs between 

carbon sequestration and timber production within a framework of multi-purpose forestry 

in Austria. Forest Ecology and Management 248: 64– 79.  

http://doi:10.1016/j.foreco.2007.02.035 

 

Seidl R., Lexer M. (2013). Forest management under climatic and social uncertainty: trade-

offs between reducing climate change impacts and fostering adaptive capacity. Journal of 

Environmental Management 114: 461-469. 

https://doi.org/10.1016/j.jenvman.2012.09.028 

 

Seidl R., Thom D., Kautz M., Martin-Benito D., Peltoniemi M., Vacchiano G., Wild J., 

Ascoli D., Petr M., Honkaniemi J., Lexer M.J., Trotsiuk V., Mairota P., Svoboda M., 

http://doi:10.1088/1748-9326/aa5ef1.%20PMID:28855959
https://doi.org/10.1111/j.1757-1707.2011.01106.x
http://doi:10.1007/s00382-017-3671-4
http://doi.org/10.1046/j.1469-8137.2001.00057.x
https://doi.org/10.1016/j.rser.2015.06.062
http://doi:10.3390/f8060177
http://doi:10.1016/j.foreco.2007.02.035
https://doi.org/10.1016/j.jenvman.2012.09.028


Fabrika M., Nagel T.A., Reyer C.P.O. (2017). Forest disturbances under climate change. 

Nature Climate Change 7(6):395-402. 

http://doi.org/10.1038/nclimate3303 

 

Sievänen R., Salminen O., Lehtonen A., Ojanen P., Liski J., Ruosteenoja K., Tuomi M., 

(2014). Carbon stock changes of forest land in Finland under different levels of wood use 

and climate change. Annals of Forest Science 71 (2): 255–265.   

https://doi.org/10.1007/s13595-013-0295-7 

 

Siitonen J., Martkainen P., Punttila P., Rauh J. (2000). Coarse woody debris and stand 

characteristics in mature managed and old-growth boreal mesic forests in southern 

Finland. Forest Ecology and Management 128: 211-225.   

http://doi.org/10.1016/S0378-1127(99)00148-6 

 

Selonen V.A.O., Ahlroth P., Kotiaho J.S. (2005). Anthropogenic disturbance and diversity 

of species: polypores and polypore-associated beetles in forest, forest edge and clear 

cut. Scandinavian Journal of Forest Rereasrch 20(sup. 6): 49-58.  

http://doi:10.1080/14004080510041002 

 

 Subramanian N., Bergh J., Johansson U., Nilsson U., Sallnäs O. (2016). Adaptation of 

forest management regimes in southern Sweden to increased risks associated with 

climate change. Forests 7(1):1–18 

https://doi.org/10.3390/f7010 008 

 

Taeger S., Fusi B., Konnert M., Menzel A. (2013). Large-scale genetic structure and drought-

induced effects on European Scots pine (Pinus sylvestris L.) seedlings. European Journal 

of Forest Research 132(3):481– 496. 

https://doi.org/10.1007/s1034 2-013-0689-y 

 

Tikkanen O-P., Martikainen P., Hyvärinen E., Junninen K., Kouki J. (2006). Red-listed 

boreal forest species of Finland: associations with forest structure, tree species, and 

decaying wood. Annales Zoologici Fennici 43:373–383.  

 

Torssonen P., Strandman H., Kellomäki S., Kilpeläinen A., Jylhä K., Asikainen A., Peltola 

H. (2015). Do we need to adapt the choice of main boreal tree species in forest 

regeneration under the projected climate change? Forestry 88(5): 564-572. 

http://doi.org/10.1093/forestry/cpv023  

 

Triviño M., Juutinen A., Mazziotta A., Miettinen K., Podkopaev D., Reunanen P., 

Mönkkönen M. (2015). Managing a boreal forest landscape for providing timber, storing 

and sequestering carbon. Ecosystem Services 14:179-189. 

http://doi.org/10.1016/j.ecoser.2015.02.003 

 

Triviño M., Pohjanmies T., Mazziotta A., Juutinen A., Podkopaev D., Le Tortorec E.J., 

Mönkkönen M. (2017). Optimizing management to enhance multifunctionality in a boreal 

forest landscape. Journal of Applied Ecology 54: 61–70. 

http://dx.doi.org/10.1111/1365-2664.12790 

 

http://doi.org/10.1038/nclimate3303
https://doi.org/10.1007/s13595-013-0295-7
http://doi.org/10.1016/S0378-1127(99)00148-6
http://doi:10.1080/14004080510041002
https://doi.org/10.3390/f7010%20008
http://doi.org/10.1093/forestry/cpv023
http://doi.org/10.1016/j.ecoser.2015.02.003
http://dx.doi.org/10.1111/1365-2664.12790


45 
 

Thom D., Seidl R. (2016). Natural disturbance impacts on ecosystem services and 

biodiversity in temperate and boreal forests. Biological Reviews 91:760–781 

https://doi.org/10.1111/brv.12193 

 

Thornley J.H.M., Cannel M.G.R. (1996). Temperate forest responses to carbon dioxide, 

temperature and nitrogen: a model analysis. Plant, cell and Environment 19,12: 1331-

1348.  

https://doi.org/10.1111/j.1365-3040.1996.tb00012.x 

 

Venäläinen A., Tuomenvirta H., Pirinen P., Drebs A. (2005). A Basic Finnish climate data 

set 1961-2000- description and illustrations. Reports of the Finnish Meteorological 

Institute, 5:27 p. ISBN 951-697-615-8, Helsinki  

 

Verkerk P.J., Zanchi G., Lindner M. (2014). Trade-offs between forest protection and wood 

supply in Europe. Environmental Management 53 (6): 1085–1094. 

https://doi.org/10.1007/s00267-014-0265-3 

 

Wilcke R.A.I., Bärring L. (2016). Selecting regional climate scenarios for impact modelling 

studies. Environmental Modelling and Software 78:191-201.  

http://doi:10.1016/j.envsoft.2016.01.002  

 

Zeng H., Pukkala T., Peltola H. (2007). The use of heuristic optimization in risk management 

of wind damage in forest planning. Forest Ecology and Management 241: 189–199.  

http:doi.org/10.1016/j.foreco.2007.01.016 

 

Zubizarreta-Gerendiain A., Garcia-Gonzalo J., Strandman H., Jylhä K. Peltola H. (2015). 

Regional effects of alternative climate change and management scenarios on timber 

production, economic profitability, and carbon stocks in Norway spruce forests in 

Finland. Canadian Journal of Forest Research 46(2): 274-283.  

 https://doi.org/10.1139/cjfr-2015-0218 

  

https://doi.org/10.1111/brv.12193
https://doi.org/10.1111/j.1365-3040.1996.tb00012.x
https://doi.org/10.1007/s00267-014-0265-3
http://doi:10.1016/j.envsoft.2016.01.002
https://doi.org/10.1139/cjfr-2015-0218


APPENDICES 

 
 
Appendix 1 All 28 individual global climate models (GCMs) used in calculating the multi-

model means, under RCP4.5 and RCP8.5 forcing scenarios, in Finland. The first and second 

columns state the model acronym and the country of origin, and the last Colum a list of 

variables (T: surface air temperature; PR: precipitation; PSL: sea level pressure; SOL: incident 

solar radiation at the surface; TXN: difference of the daily maximum and minimum 

temperatures; W: surface air wind speed) (see more details in Ruosteenoja et al. 2016).  

 

Model Country 
 
Simulated variables  
 

MIROC5 Japan T, PR, PSL, SOL, TXN,W  

MIROC-ESM Japan T, PR, PSL, SOL, TXN,W 

MIROC-ESM-CHEM Japan T, PR, PSL, SOL, TXN,W 

MRI-CGCM3 Japan T, PR, PSL, SOL, TXN,W 

BCC-CSM1-1 China T, PR, PSL, SOL, TXN,W 

INMCM4 Russia T, PR, PSL, SOL, TXN,W 

NorESM1-M Norway T, PR, PSL, SOL, TXN 

NorESM1-ME Norway T, PR, PSL, SOL 

HadGEM2-ES U.K T, PR, PSL, SOL, TXN,W  

HadGEM2-CC U.K T, PR, PSL, SOL, TXN,W  

MPI-ESM-LR Germany T, PR, PSL, SOL, TXN,W  

MPI-ESM-MR Germany T, PR, PSL, SOL, TXN,W  

CNRM-CM5 France T, PR, PSL, SOL, TXN,W  

IPSL-CM5A-LR France T, PR, PSL, SOL, W  

IPSL-CM5A-MR France T, PR, PSL, SOL, W  

CMCC-CM Italy T, PR, PSL, SOL, TXN,W  

CMCC-CMS Italy T, PR, PSL, SOL, TXN,W  

GFDL-CM3 U.S.A T, PR, PSL, SOL, TXN,W  

GFDL-ESM2M U.S.A T, PR, PSL, SOL, TXN,W  

GISS-E2-R U.S.A T, PR, PSL, SOL, TXN,W  

GISS-E2-H U.S.A T, PR, PSL, SOL, TXN,W  

NCAR-CCSM4 U.S.A T, PR, PSL, SOL, TXN  

NCAR-CESM1-CAM5 U.S.A T, PR, PSL, SOL, TXN,W  

NCAR-CESM1-BGC U.S.A T, PR, PSL, SOL, TXN  

CanESM2 Canada T, PR, PSL, SOL, TXN,W   

ACCESS1-0 Australia T, PR, PSL, SOL, TXN,W   

ACCESS1-3 Australia T, PR, PSL, SOL, TXN,W  

EC-EARTH Europe  T, PR, PSL, SOL, TXN,W  
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Appendix 2 Comparison between the measured values of the volume of growing stock in the 

10th NFI and simulated values (after one year simulation) for Scots pine, Norway spruce, 

birches (Silver and Downy birch), other broadleaves, and as averages of all tree species in 

different old forest centre areas (south: 1-6; central:7-10 and North:11-13).    
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Appendix 3 The response of annual and mean volume growth (m3 ha-1) over 90 years 

simulation period in Norway spruce, Scots pine and Silver birch to changes in TSmax, 
compared to basic, on MT sites in southern (S: Tampere) and northern (N: Rovaniemi) 
Finland.  Basic represents the values used  model simulations in Papers I-III, and Max +5 and 
+10 % represent increase of TSmax by 5 and 10%, compared to the Basic values. TSmin was 
not changed in model simulations, assuming that genotypes with higher TSmax are better 
adapted both to wider temperature sum range and warmer conditions. 
 

 

   

   

   

 

 
 

TSmax Scots pine Norway spruce Silver birch 

CU RCP4.5 RCP8.5 CU RCP4.5 RCP8.5 CU RCP4.5 RCP8.5 

S: +5% 3% 0% 6% 2% 10% 31% -5% 0% -2% 

S: +10% -5% 2% 8% -4% 18% 69% -7% -3% -4% 

N: +5% -4% -2% -1% -6% 0% 2% -5% -3% -1% 

N: +10% -8% -6% -5% -12% -6% 3% -11% -6% -4% 
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Appendix 4 The tree species-specific response functions to the temperature sum used in 

sensitivity analyses (results shown in Appendix 3). 
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