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Abstract 

Sweden has just more than 23 million hectares of productive forest, which has been 
actively managed for more than 100 years. This has led to one of the recognized 
forest products exporting country. Despite the vital role of forests in providing forest 
products in sustaining various human needs, there is an increasing demand for the 
inclusion of ecosystem services in forest planning decision making. Today, methods 
in conventional assessments on forest growth, yield and harvest are facing changes 
due to extended interests in the assessments on overall forestry systems effects on 
ecosystem services including carbon balance of the system. Recently, integrated 
approaches that have concepts of forest science, wood material science, energy 
science and cleaner productions have been used in the field of forestry to assess the 
important role of forestry in reducing carbon emissions. This paper uses a system 
analysis approach to perform a model based analysis that includes forest 
management and their effects on different indicators of ecosystem services in 
Swedish forest landscape. 
 

 
1. Background  

During the last century, much of Swedish forest land has been managed for timber 
production with increasing intensity. During this period, timber harvests have 
increased significantly but the standing volume has also been increased due to 
appropriate management that increased forest growth. Hence, the managed forest 
has become a key resource for the Swedish economy [1]. However, there is a growing 
concern about the negative effects of intensive forestry on biodiversity conservation 
and limiting ecosystem services. In recent times, forest management decision 
making that are aimed at harvesting of forest residues – later to be used for 
bioenergy production – are criticized for jeopardizing soil nutrients in the forest 
floor. As a result of regular cyclical felling, effects of forest management decision 
making may prolific in the reduction of maturity tree age-class, less or no 
development of old-growth forest, reduction of dead wood, reduction of mixed 
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species stands, and adverse effects on biodiversity conservation due to loss of 
habitats and substrates [2, 3]. Although, Sweden is planning to increase protected 
area in future [1, 4, 5], the concerns over the effects of intensive forestry in ecosystem 
services are high. In addition, scientific concern is increased on trade-offs to be made 
between production forestry and ecosystem services, thus assessments with system 
perspective are inevitable to understand the extent of various forest management 
practices implications [6, 7]. 

Previous studies have shown that the growth of Swedish forest is expected to 
continue to increase during this century [4]. This indicates a potential for increased 
biomass harvest and supply from Swedish forests. Besides increasing growth, the 
European Union’s 20% renewable energy use target by 2020 [8] might drive the 
future demand for forest residues for energy production, which could potentially 
also increase timber harvest in future [9]. Using timber and biomass to replace more 
energy intensive construction material and fossil fuels can be a strategy to reduce 
emissions [10]. Production forestry has the potential to achieve large carbon benefits, 
through second generation biofuel production and by avoiding indirect land use 
changes [11]. However, impacts of alternative options on the carbon storage in 
forests need to be assessed to find truly climate effective strategies [12, 13].  

In a global perspective, setting aside more Swedish forest area for nature 
conservation and biomass carbon storage could lead to increased harvesting in other 
countries. Such changes might affect market demand and supply of forest products. 
Considering potential higher future demand of forest products by industries [14] 
and the demand of large set aside area in Sweden [15], there is likely to be increasing 
debates on balancing trade-offs in future. These trade-offs exist not only for timber 
and biomass production but also for biodiversity and other ecosystem services such 
as recreation and tourism, water quality and other regulating services [12]. 
Identifying and understanding these services and their interaction is complex [16] 
but essential for a comprehensive and integrated assessment of impacts. While 
studies exist that look at selected ecosystem services separately, (e.g. [17, 18], a study 
considering multiple ecosystem services and their interaction is needed [19]. 

This paper presents examples from a broad assessment of the effects of different 
forest management scenarios for Swedish forests on total carbon balance, other 
ecosystem services in Sweden. Total five different models have been used in 
integrating assessments for three different management scenarios. It is examined 
how an increase in set-aside area affects carbon balances including ecosystem carbon 
stock, carbon stock in wood products and substitution effects due to the avoidance 
of energy-intensive non-wood products and fuels. The effects on biodiversity 
conservation are discussed based on indicators from the forest management 
scenarios. It is also explored how changes in roundwood production affect Swedish 
net trade. 
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2. Methods 

2.1 Study area  
According to Swedish Forestry Agency [1], Sweden has 23.2 million hectares of 
productive forest, of which about 20% is more than 100 years old. Protected forest 
area (set aside from production forest management) inside national parks and 
nature reserves including habitat protection areas are about 844,000 hectares, which 
corresponds to roughly 3.6 percent of total productive forest area. There are about 
105,000 hectares of productive forests inside the voluntary conservation areas which 
is 0.45 percent of productive forest area (see Table 1). 
 

Table 1. The status of protected areas in Sweden. 

Area Total area  
(1000 ha) 

Protected areas share of 
Sweden’s total forest area 

(%) 
Protected productive forest land inside National parks 
and Nature reserves including mountainous forests 

795 3.42 

Habitat protection areas in Nature conservation area  49 0.21 
Habitat protection areas in voluntary conservation areas 105 0.45 

(Source: Statistical Yearbook of Forestry Sweden 2012) 

 
2.2 Study area  
A set of well-established tools for estimating forest biomass production in the 
ecosystem, forest product harvest, carbon stock in standing biomass, forest soil 
carbon stock change, carbon emissions reduction due to substitution of non-wood 
products and the carbon stored in harvested wood products are used. An extended 
analysis is performed to explore the implications of changes in management 
strategies on wood supply and international trade (Table 2). 

 
2.2.1 Biomass production and substitution 
HUGIN is a regional-level strategic planning model that forecasts timber yield and 
possible harvest level [20, 21]. HUGIN provides all types of biomass harvest amount, 
along with mortality rate and the dead wood amount in the forest floor, age class 
and species structure. The soil carbon estimation is based on the Q-model [25]. The 
Q-model uses litter fall, below ground biomass, biomass left in the forest after  the  
removal  of  harvest  residues  and  the  organic  carbon remaining  in the  
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Table 2. Summary of models, their scope and parameters used in this study. 

Carbon balance estimation (ecosystem, substitution, product)  
Model Scope/application References Included parameters 
HUGIN Long-term forecast of timber yield 

and potential harvest level. 
[20, 21] Regeneration, stand establishment, 

height, diameter, age, mortality and 
damage, silvicultural treatments 

Q-Model Soil carbon stock changes based 
on litter fall and their 
decomposition in Sweden. 
 

[22, 23] Litter fall, temperature, 
decomposition rate. 

SIMBOX Substitution carbon benefit of 
using forest biomass in place of 
non-wood carbon-intensive 
materials. 
  

[6, 24] Wood use in buildings and domestic 
purposes, paper cycle and the 
various forest bioenergy, wood 
residue and waste wood stocks. 

GLOBIOM A global recursive dynamic 
partial equilibrium model 
integrating the agricultural, 
bioenergy and forestry 

[11] Effects of forest product harvest in 
the export and import of wood. 

 
 
forest before the start of the management program. In this study, it was assumed an 
increase rate of 0.44 Mg CO2 eqv. ha-1year-1, of soil carbon for all scenarios [6]. 

The material flow model (SIMBOX) incorporates all types of forest biomass use 
within Sweden’s forest product use cycle as input flow and output flow in the 
system [6, 24, 26]. When a stand is harvested it is assumed that 100% stem-wood and 
15% residues (tops, branches and needles) are removed from managed forests. The 
biomass recovered during harvest is used for construction materials and interior 
works (30%), pulp and paper (45%) and bioenergy production (25%) in all scenarios. 
The details of classification and use are presented by Lundmark et al. [6] and 
includes ten processes and 40 different flow paths. The average CO2 reduction effect 
of per harvested cubic meter of biomass is assumed to be 0.47 Mg CO2 when biomass 
is used for materials and pulp and paper and energy production  and 0.72 Mg CO2 
when biomass is used for materials and bioenergy production, without any use in 
pulp and paper production [6]. 
 
2.2.2 Assessment of trade 
The Global Biosphere Management Model (GLOBIOM) is used to assess trade effects 
under the different scenarios. GLOBIOM is a global recursive dynamic partial 
equilibrium model that integrates the agricultural, bioenergy and forestry sectors to 
provide policy analysis on global issues concerning land use competition between 
the major land-based production sectors [11]. Partial denotes that the model does 
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not include the whole range of economic sectors in a country or region but 
specializes on agricultural and forestry production as well as bioenergy production. 
In this study, GLOBIOM is used to model effects of forest management scenarios on 
trade with forest products (exports and imports) in Sweden. The forest biomass 
production modelled with HUGIN was used as input for GLOBIOM. 

 
2.2.3 Assessment of biodiversity and ecosystem services 
The indicators to assess biodiversity and recreation status of forest land are used. 
Forest structure determines the habitat and existence of rare species which are 
considered to be very important indicators in biodiversity conservation [15, 27-30]. 
It is also assumed that old forest, substrate quality [31], and tree species composition 
[32] are the primary factors to be monitored in these management scenarios (Table 
3). 

 
Table 3. Description of assessment criteria of ecosystem services. 

Description 
of factor 

Ecosystem functions State indicator 
(how much is 
available) 

Performance 
indicator (how 
much is 
improved) 
 

Old-growth 
forest 

Provides suitable habitats for 
important species, supports 
developing pristine forest, 
aesthetic/recreation value, social 
value, conserve more carbon in the 
ecosystem 

Area of old forest 
(>140 years in 
northern Sweden and 
>120 years in the rest 
of the country) 

Change in area 
of old forest 

Broad 
leaved tree 
area 

Pure or mixed broadleaved forests are 
provide habitat for many species 
because of diverse ecotones 

Area of broadleaved 
trees 

Change in area 
of broadleaved 
trees 

Dead wood Important substrate for many species 
and for ecosystem function in general 

Amount of dead wood Change in dead 
wood quality 
and quantity 

 

2.3 Scenarios 
Three different forest management scenarios are modelled to represent different 
levels of environmental protection goal implementation with different set aside area 
(Table 4). The time horizon of this analysis is through the year 2109, with 10-year 
time steps. All forest management scenarios follow the current environmental policy 
to fulfil specific goals [33]. This scenario is described in detail in SKA-08 [4]. 
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Table 4. Forest management scenarios in this study. 

 

The Reference scenario describes a continuation of the current silvicultural 
practice in Swedish forestry without any effects of future climate change, reflecting 
the current Swedish environmental and forest policy. This scenario is described in 
detail in SKA-08 [4]. In the Environment scenario additional forest area is set aside as 
protected forests and reserves. The motivation for this scenario is to link biodiversity 
conservation and long-term ecosystem functioning [34, 35]. Indicators such as the 
ratio of number of old trees, the area of woodland key habitats, and the area of 
habitat required by different species largely determine the conservation value of the 
forest [30, 36]. Total set aside area of productive forest in the Environmental scenario 
is assumed to be 20%. The distribution of set aside area is assumed to be symmetric 
to the current distribution, representing similar age class distribution and other 
forest properties (tree species, site index etc.). In the more extreme Conservation 
scenario, 50% of total productive forest area is set aside using the same assumptions 
as in the Environment scenario. This is an extreme scenario that is chosen to assess 
model behaviour and determine sensitivities of the modelling approach. 
 

3. Results and discussion 

3.1 Wood production  
The annual harvest is higher for the Reference scenario and subsequently lower for 
the Environment and Conservation scenarios compared to the Reference scenario. The 
lower harvest in the Environment and Conservation scenario is because of setting aside 
of managed forest land. However, the harvest increases for all scenarios over the 
whole study period because of increasing growth rate and growing stock (Figure 1). 
The greater rate of decrease in Conservation scenario is clearly an effect of increased 
set aside forest land where the harvest is reduced significantly. 
 

 
 

Scenario name Forest management objective Area set aside (%) 
Reference Current management, business as usual 4% 
Environment Increase set aside area to fulfil environmental goals 

particularly to increase suitable habitat for biodiversity by 
nature conservation, increase ecosystem services 

20% 

Conservation Increase biomass carbon in the ecosystem, develop old-
growth forests, create suitable habitat for biodiversity 
conservation, increase ecosystem services 

50% 
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Figure 1. Annual harvest of forest products biomass over time for all scenarios presented 

(dry biomass weight). 

 

3.2 Carbon balance 
3.2.1 Annual standing biomass carbon stock change  
The annual standing biomass carbon stock change is presented in figure 2. The 
carbon stock change rate was appeared to be larger in the increased set aside 
scenarios compared to the Reference scenario. The average annual carbon stock 
changes were 56 Tg CO2-eqv. year-1, 30 Tg CO2-eqv. year-1 and 13 Tg CO2-eqv. year-1 
for the Conservation, Environment and Reference scenarios respectively. 

The large variations in the carbon stock changes in Reference and Environment 
scenarios in the first 20 years are because of model’s response to the part storm such 
as Gudrun 2005. This is in line with Lindroth et al. [37] where the large Gudrun 
storm found to have caused a higher carbon loss than the clear-cut forests in Europe. 
However, such effects were not prominent in Conservation scenario and this could 
be because of large biomass in conserved trees compensate the early decrease. 
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Figure 2. Annual standing forest biomass carbon stock change overtime. 

 
 

3.2.2 Soil carbon 
Studies have discussed the impact of silvicultural practices on soil carbon through 
changes in litter production [38]. Under business as usual conditions, soil carbon 
stock in Swedish forests are projected to increase slowly [39], but residue and stump 
harvest practices could potentially reduce the increase rate [40]. Ågren and Hyvönen 
[41] suggested that residue harvest could reduce Swedish national soil carbon stock 
by 10% after 150 years. This estimate could differ if management practices differ in 
future. It means Environment and Conservation scenarios in this paper may have 
different soil carbon stock change rate compared to Reference scenario. This study 
uses the same approach for soil carbon modelling as [39] and assumes that the soil 
carbon stock change for current period is on average 4 g C m-2 year-1 as it is described 
in [6]. 

 
3.2.3 Product carbon 
The results for annual average carbon stock addition in the harvested wood 
products were 3.4 Tg CO2 eqv., 2.7 Tg CO2 eqv. and 1.6 Tg CO2 eqv. for Reference, 
Environment, and Conservation scenarios respectively. Total cumulative carbon stock 
for the whole study period were 350 Tg CO2 eqv., 280 Tg CO2 eqv., and 164 Tg CO2 
eqv. for Reference, Environment, and Conservation scenarios respectively. The 
variability in carbon stock in wood products depends on the type of construction 
structure, its life cycle and recovery of demolished wood for bioenergy production 
[42]. 
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3.2.4 Substitution carbon benefits  
Substitution benefits results showed that Reference, Environment and Conservation 
scenarios had 51 Tg CO2 eqv., 41 Tg CO2 eqv. and 24 Tg CO2 eqv. emissions reduction 
due to substitution of carbon intensive products by forest biomass. In this study it is 
assumed that the forest products are used in different assortments including 
construction sector and domestic uses as furniture. Lundmark et al. [6] suggested 
that the substitution carbon benefits due to product harvest were greater abroad 
compared to in-country. In this study, the substitution value of 0.47 Mg CO2-eqv. 
per cubic meter of biomass use is used, which is a lower but realistic substitution 
carbon benefit. 

 
3.2.5 Total forest sector carbon balance  
The cumulative forest sector carbon balance is presented in Figure 3, which includes 
soil carbon stock, living biomass carbon stock, forest products and the substitution 
carbon benefits. The positive values in Figure 3 represent avoided emissions to the 
atmosphere. Emissions reduction of 10,230 Tg CO2-eqv. for the Conservation scenario 
and 8,670 Tg CO2-eqv. in the Environment scenario are larger compared to the 
emissions reduction value of 7,570 Tg CO2-eqv. in the Reference scenario. The results 
show that the standing biomass carbon stock is higher in Conservation scenario and 
product carbon and substitution benefits are higher in the Reference scenario. The 
total average CO2 emissions reduction effect was 127, 120, and 114 Tg year-1 for the 
Conservation, Environment, and Reference scenarios respectively. 

The differences in total forest sector carbon balance between the Environment and 
Reference and between the Conservation and Reference scenarios are presented in 
Figure 4. The results show that forest management that favoured more set aside area 
gave larger cumulative carbon balance. It could be because the substitution carbon 
benefit is smaller than the biomass carbon stock. 
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Figure 3. Cumulative carbon emissions reductions due to the changes in standing biomass 

carbon, soil carbon stock, product carbon stock and substitution effects. 
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Figure 4. The cumulative net carbon balance after deducting Reference scenario value by 

Environment and Conservation scenario. 

 
The choice of Conservation scenario would give large cumulative CO2 emissions 

reduction effect during the study period (Figure 4). However, Figure 5a shows that 
if we start conserving forest now it will help to increase carbon stock over the next 
100 years, assuming a substitution effect of 0.47 Mg CO2 eqv. per cubic meter of 
biomass use. This substitution factor is uncertain and depends on the properties of 
the energy and materials used and their properties. If the substitution level was 0.72 
Mg CO2 eqv. per cubic meter of harvested wood [6], the carbon benefit time in the 
Conservation scenario is reduced by about 25 years (Figure 5b). The results indicate 
that with a high substitution level, forest management and use of wood for 
construction material and bioenergy are more beneficial in the long run compared 
to setting aside forests. 
 

 

 
Figure 5. Annual carbon balance change with different levels of substitution benefits (a) 

0.466 Mg CO2 per cubic meter harvested wood (b) 0.719 Mg CO2 per cubic 
meter harvested wood. 
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Carbon stock build-up in the forest is reversible while the substitution effect is 
cumulative. This means that leaving the trees in the forest will be a better choice as 
long as the annual growth is high. But when the forest gets older this effect becomes 
lower since annual growth of old stands gets lower. In the short run just leaving the 
trees in the forest would be best, and in the long run managing and using the forests 
would be best since substitution is cumulative. 

 
3.3 Implications for trade  
The Swedish forest industry sector heavily involves forest products trade. Sweden 
produces and exports roundwood, but also imports roundwood and sells finished 
products abroad. Bioenergy imports can be highlighted as one of the important 
trades in Swedish forest industry, eventually used for energy for heat and power 
generation. This would affect the amount and price of biomass and be utilised in 
energy sector within Sweden. Figure 6 shows that Sweden depends on imported 
round wood in both the Conservation and Environment scenarios. 

 

 
Figure 6. (a) Sawlog import (industrial roundwood used for sawnwood) and (b) Sawnwood 

export in different scenarios as projected by GLOBIOM. 

Considering increased forest product use in the construction sector, biofuel use 
in the energy sector and European Union policy, the demand for forest biomass 
might increase in the future [43]. In general, when the biomass production decreases 
domestic supply also decreases which causes increasing imports and transport costs. 
This may prompt the choice of cheaper alternatives including fossil fuels and 
biomass from other sources with implications for land use and net emissions. 
Although the exact effects of Swedish forest products export are poorly understood, 
it is likely that a considerable reduction in harvest could affect land use in other 
countries. This could lead to a multilateral effect abroad particularly in the EU 
countries. This study does not aim to discuss other effects of such changes, but the 
reduction in harvest might influence the international market as well. Therefore, 
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policy needs to safeguard decisions that lead to decreased domestic production with 
additional measures such as sustainability criteria to avoid leakage and the increase 
of net emissions [44, 45]. 

 
3.4 Development of forest characteristics  
The development of forest characteristics such as age structure with a focus on old 
forests, amount of dead wood and share of coniferous and broadleaved tree species 
were examined. Age-class distribution in the beginning of the simulation period is 
compared to the end of study period for all scenarios in Figure 7. The Swedish Forest 
Agency [46] has defined forest over 140 years in northern Sweden and over 120 years 
in the rest of the country as old-growth forest. In the beginning of the study period, 
41% of the forest area had an age of 40 years or younger and only 4% of forest area 
was old-growth forest older than 120 years. The share of forest under 40 years old at 
the end of the simulation period in the Reference, Environment and Conservation 
scenarios was 48%, 37% and 21% respectively. The old-growth forest covered 14%, 
28% and 52%, respectively in the Reference, Environment and Conservation scenarios. 

 

 

Figure 7. Age-class distribution of forest trees for all scenarios in the beginning and at the 
end of the study period. 
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habitat and soil organic matter development [31, 47-49]. The amount of dead wood 
is generally larger in natural, unmanaged forest than in managed forest [50]. In this 
study, the amount of dead wood was assessed separately for managed and 
unmanaged forest. The amount of dead wood left after harvesting operation was 
estimated at 1.1 m3 ha-1year-1 in Reference scenario compared to 0.9 m3 ha-1year-1 in 
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Environment and 0.5 m3 ha-1year-1 in Conservation scenario. The larger value in 
Reference scenario is because of the larger harvest area in managed forest. However, 
we did not perform an analysis for dead wood decay, therefore we do not know how 
much dead wood will remain by the end of study period. In our projections the old-
growth forest (forest older than 140 years) area for Reference, Environment and 
Conservation scenarios at the end of the study period would be 3 million ha, 5 million 
ha and 10 million ha, respectively. Using the literature review, we relate the area of 
old-growth forest to potential dead wood development for our study scenarios in 
Swedish boreal forest (Table 5). 

 
Table 5. Dead wood volume in natural old-growth forest in selected studies in Sweden and 

Finland. 

References Country Dominant species Stand age, 
year 

Snags  
m3 ha-1 

Logs  
m3 ha-1 

Total  
m3 ha-1 

[51] Sweden Norway spruce 250 N/A 78 78 
[52] Sweden Scots pine 196 60 71 133 
[53] Sweden Norway spruce 200 N/A 73 73 
[54] Sweden Norway spruce 133 16 105 121 
[55] Finland Norway spruce, Scots pine 143-307 40 71 101 
[56] Sweden Norway spruce, Betula 

pendula 
500 0.5-13 17-65 39 

[54] Sweden Scots pine 270 35 31 66 
[47] Finland Norway spruce, Scots pine N/A N/A N/A 60-90 
[48] Sweden Norway spruce N/A N/A N/A 29-44 

 

Results from previous studies (Table 5) shows that old-growth forests would 
accumulate relatively larger amount of dead wood than HUGIN projects for the 
managed forests in this study. However, the amount of dead wood in managed 
forests projected in our study seem small compared to the value of 13 m3 ha-1 
estimated by Fridman and Walheim [57]. As a comparison, in a study by  Ekbom et 
al. [58] the amount of dead wood in unmanaged stands was twice of that in managed 
stands. In another study the amount of dead wood was 7–38 m3 ha-1 in managed 
forest stands and 70-184 m3 ha-1 in old-growth stands [59]. In light of this, the 
development of old-growth forest and dead wood matter in the Environment and 
Conservation scenarios look promising for future biodiversity conservation. 

 
3.5 Effects on biodiversity and recreation  
Biodiversity and recreation opportunities in different forest scenarios were assessed 
with the help of assessment criteria described in Section 2.5 (Table 3). We found that 
the Environment scenario has substantial forest area with old trees and the 
Conservation scenario has shifted the forest structure towards the old forests which 
could be favourable for biodiversity conservation in future. Lundström et al. [60] 
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used age structure as a strong indicator to explain biodiversity conservation in 
Sweden, and Paillet et al. [61] suggested a greater potential for a species-rich habitat 
with unmanaged forest compared to managed forest. This means the age structure 
in these scenarios and unmanaged conservation areas would be favourable for 
biodiversity conservation. In addition, aesthetic and recreational values of forests 
generally increase with the age of the forest, even though other factors like 
management are also very influential [62]. However, to make a more in-depth study 
on effects on recreation, spatially explicit data is needed to relate population centres 
and forested areas. In the Conservation scenario, 52% of the area will be old-growth 
forest at the end of the study period, while this area will be 28% in the Environment 
scenario. Our results show that the stand development will move towards old age 
forests. In the course of time the large set aside area will favour mature trees, 
broadleaved trees (19% in an average), and dead wood debris, which all are 
indicators for suitable habitat for biodiversity conservation. The proportion of 
broadleaved trees at the end of the study period does not vary so much, as pine and 
spruce stands will have similar proportion of forest land compared to the initial 
stage. Larger shares of old forest stands would be favourable for the conservation of 
saproxylic beetles, bryophytes, lichens, carabids, and fungi because they are more 
sensitive to forest management activities [49, 61, 63]. 

 
4. Challenges and further research  

The demand for forest biomass for construction wood and bioenergy production 
will likely increase pressure on Swedish forests in the future. On the other hand, 
Swedish society has begun to focus on ecosystem services as a concept in sustainable 
forest management. In this context, conventional clear-cut forestry in Swedish 
landscapes has also become a topic of discussion, pointing out the need for 
alternative forest management strategies to develop a more natural forest structure 
and for increasing protected areas to conserve biodiversity. Inevitably, this leads to 
a number of trade-offs such as carbon emissions reduction by substitution or by 
natural carbon stock, market values of forest products or biodiversity conservation 
and intensive forestry or protected area. This study aimed for an integrated 
assessment of the effects of different forest management strategies on various 
ecosystem services including climate stabilisation. In exploring the possibilities for 
this kind of assessment we identified a number of challenges. 

We chose three different scenarios to demonstrate the effects of very different 
approaches to forest management. The Environment scenario, which assumes that 
20% of total forest area is set aside, is new compared to previous studies. The current 
set aside forest area in Sweden covers 5% and other studies have suggested that at 
least 10% should be set aside with connecting corridors between the set aside areas. 
Setting aside 20% of the forest area would be demanding from a policy making 
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perspective considering that 75% of the productive forest area in Sweden is owned 
by private industrial and non-industrial forest owners. In our Conservation scenario 
we assumed 50% set aside area, which is not realistic in practice. Our motivation to 
choose this scenario was to see how conservation of large forest areas may affect 
carbon balance in the future. Future studies could aim for analysing scenarios with 
other extent of set aside areas as well as effects of other potential forest management 
changes, such as intensified forestry or continuous-cover forestry. 

Our scenarios showed that increasing set aside areas would affect carbon balance 
and other ecosystem services. The results imply that the forest age structure, species 
composition and dead wood availability in increased set side scenarios will likely 
increase opportunity for biodiversity conservation. We applied a series of models to 
get to a more complete view on trade-offs between different management options 
and their implications for ecosystem services. Future studies should be directed 
towards a more detailed analysis on landscape level to produce quantitative 
estimates. Especially for biodiversity, but also for recreation and other ecosystem 
services, spatially explicit analysis on a suitable geographic scale is needed to 
properly assess effects of forest management on these aspects. Thus, a future 
challenge will be to integrate results from stand and landscape level models into 
models operating on a larger scale without losing essential information. 

The time scale is another factor that has to be carefully considered. This study 
covers only 100 years but since forestry practice is a long-term, dynamic activity we 
could get different results if the time horizon is prolonged. The time horizon is an 
influential part of the system boundaries and affects the outcomes for the total 
carbon balance [7]. Further, future studies should aim to include risks of natural 
disturbances in both managed and unmanaged forests in scenarios. This would 
include potential climate change effect on boreal forests such as wind damages, fire 
risk, pathogens and insect outbreaks which may, if they occur, have substantial 
impacts on the results. The question whether forests should be managed for timber 
or rather as carbon storage is discussed broadly. Regionally and at stand level it 
makes sense to set priorities and favor one alternative use over the other. However, 
at the landscape level forests are usually suppliers of multiple services and instead 
of choosing one and only one option, a careful balance and consideration of trade-
offs is needed.  

The issues of GHG emissions reduction, economic returns and ecosystem 
services including nature conservation and societal needs have to be addressed. 
Sweden has made commitments to reduce GHG emissions by 40% of 1990 level by 
the year 2020 and envisions becoming a country of net zero GHG emissions by the 
year 2050 [64, 65]. In view of this, future research will need to focus on inevitable 
trade-offs and finding solutions where ecological, economical and societal needs are 
balanced. 
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