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Abstract 

Ecosystem services from forests provide society with a multitude of benefits. However, 

current research shows that in Swedish forests aspects of ecosystem services have a status 

ranging from “moderate” to “inadequate”. The Swedish Environmental Protection Agency set 

up environmental quality objectives (EQOs) specifically with the aim of identifying 

environmental problems that need to be addressed now. However, forest owners in Sweden 

see the objectives of the ‘sustainable forest’ EQO as qualitative and inaccurate. This shows 

that there is a need for further investigation into the provision of quantitative information on 

how Sweden’s current forest management strategies are affecting ecosystem services. In this 

study an ecosystem model was used to provide quantitative information on the effect that 

forest management strategies have on potential harvest, income, biodiversity, and carbon 

storage/sequestration at the estate level. The aim of this research was to evaluate the 

differences between the effects that three timelines for a hypothetical estate, with forest 

management strategies ranging in consistency with the EQO, had on ecosystem services for 

the period 1901-2015 in Halland, Sweden. As the timelines were based on their consistency 

with the EQO, they were subsequently named low, medium, and high consistency. The 

results showed that overall, the low consistency timeline, dominated by spruce and pine even-

aged forestry (EAF), was the most optimal from a production and climate mitigation 

perspective. Additionally, the high consistency timeline, dominated by mixed deciduous EAF 

and continuous cover forestry (CCF), was the most optimal from a biodiversity point of view 

and performed relatively well across all aspects, whereas the other timelines performed more 

unevenly. The results also highlight the need for further investigation into the effect of 

management strategies on forest carbon soil levels. This study demonstrates how ecosystem 

models can be used to provide quantitative information relating to ecosystem services and 

sets up a framework for future studies looking to further optimize management strategies at 

the estate level.  
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1 Introduction 
 

1.1  Background 
Roughly two thirds of Sweden’s land area is covered by forests, of which most of these are 

managed (Roberge et al. 2020; Nilsson et al. 2016). As this is the case it is no surprise that 

forestry and the forest industry are of high importance to the Swedish national economy 

(Lodin 2020). Since the 1950s in Sweden, even-aged forestry (EAF) with clearcutting has 

been the dominating management strategy (Roberge et al. 2020). In combination with EAF 

the most common tree species composition consists of either a monoculture of Norway 

spruce (Picea abies) or Scots pine (Pinus sylvestric) (Lodin 2020). Both species combined 

make up 80% of the total standing volume in Swedish forests (Roberge et al. 2020). From the 

early 1900s until the 1990s in Sweden, the forest industry was highly production oriented and 

involved practices such as scarification, use of herbicides, and conversion of the already 

sparse broadleaved forests in southern Sweden to conifer forests (Lodin 2020; Roberge et al. 

2020). This orientation has led to habitat loss, fragmentation of old growth forests, and an 

overall decrease in the diversity of Swedish forests (Mansourian et al., pers. comm.).  

 

However, as society has become ever more environmentally conscious, pressure for changes 

in forest management policies led to a call for increased conservation in managed forests 

(Roberge et al. 2020). In 1993 the current prevailing forestry policy was established, which 

stipulated that production and environmental goals would be made equal. Since then, shares 

of protected areas have increased, along with conservation methods being included with the 

management of productive forests, causing a shift towards more sustainable management 

practices (Lodin 2020). There has also been an effort to increase the variation of forestry 

practices to include more mixed, deciduous, and continuous cover forestry (Roberge et al. 

2020). Even with this shift towards more sustainable management practices, even-aged 

forestry (EAF) with monocultures is still dominating in Sweden (Roberge et al. 2020; Lodin 

2020). 

 

1.2 Forestry in southern Sweden 
In southern Sweden, clear-cut management with even-aged Norway spruce and Scots pine is 

the dominating management style with around 75% of the standing volume being spruce and 

pine in 2015 (Roberge et al. 2020; Nilsson et al. 2016). Regeneration of stands mainly occurs 

through planting, followed by one to three pre-commercial and commercial thinnings (Lodin 

2020). Forested sites in southern Sweden on average have high soil quality (Nilsson et al. 

2016). This allows for shorter rotation periods, with final felling occurring after 50 to under 

100 years (for spruce and pine) depending on the forest owner preferences and site 

productivity (Lodin 2020). This allows southern Sweden to be very production and profit 

oriented and when compared to other countries in Europe the forestry is considered intensive 

(Lodin 2020). Other types of species compositions, i.e. planting of broadleaves, are very 

limited and management strategies, such as continuous cover forestry (CCF) is rare in 

Swedish forestry (Lodin 2020). CCF is an umbrella term for different types of management 

systems. Generally, they never cause large forested areas to become tree-less, as in clear-cut 

systems. CCF promotes the use of selection systems, where trees above a specified target 

diameter are felled within the stand. CCF aims to retain a closed canopy over time, as 

opposed to clear-cut systems (Roberge et al. 2020). 
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1.3 Environmental Quality Objectives and Ecosystem services  
The planting of broadleaves and CCF are not common in southern Sweden, however they are 

considered more consistent with Swedish national Environmental Quality Objectives (EQOs) 

when compared to spruce and pine EAF (Felton et al. 2016). The EQOs briefly are 16 

objectives for the quality of the environment that the Swedish government wants to achieve 

(Swedish EPA 2020 (c)). They cover multiple different areas, however the most relevant 

objective for this study is the EQO ‘Sustainable Forests’, which specifically aims to ensure 

the value of forests and forest land for production, while also protecting biological diversity, 

cultural heritage, and recreational purposes (Swedish EPA 2020 (b)). Examples of the aims of 

the objective are: larger percentage shared by broadleaves, protection of tree species 

diversity, increased dead wood/litter, and the emulation of natural disturbances (Swedish 

EPA 2020 (a); Felton et al. 2016; Roberge et al. 2020).  

 

Highly intensive silviculture, as in southern Sweden, can lead to losses in biodiversity, which 

in result can influence the ecosystem services forests provide (Mansourian et al., pers. comm; 

FAO 2021). As biodiversity can be defined as the variation of species and within an 

ecosystem (FAO 2021), the promotion of monoculture forest stands may lead to losses in 

diversity. In turn ecosystem services, which are benefits that nature provides to society, can 

be influenced by this loss in biodiversity along with deforestation and poor management 

(FAO 2021). Other than just providing raw wood material, forests provide a multitude of 

services to society. The ecosystem services that forests provide to humans can be broken up 

into four types of services; provisioning, regulating, supporting, and cultural services (FAO 

2021; Mansourian et al., pers. comm.). Some examples of the four types of services forests 

provide are wood material (provisioning), flood control (regulating), provision of living space 

for plants and animals (supporting), aesthetic and spiritual well-being (cultural).  
 

1.4 Purpose and Aim 
In 2017, the Swedish Forest Agency came out with an assessment of 30 aspects of ecosystem 

services within forest ecosystems, with a status ranging from “good”, “moderate”, and 

“inadequate”. Of the 30 aspects, 20 were found to have a status of “moderate” to 

“inadequate” (Pettersson et al. 2017). However, forest landowners find the objectives of the 

‘sustainable forest’ EQO, which are tied to aspects of ecosystem services, to be qualitative 

and inaccurate (Swedish EPA 2015). Showing a need to provide quantitative information 

regarding how Sweden’s current management strategies are affecting ecosystem services and 

biodiversity. In a study by Lagergren and Jönsson (2017), the process-based ecosystem 

model, LPJ-GUESS, was used to simulate the influence of different forest management 

strategies and climate, in three different regions in Sweden, on ecosystem services. They 

found that combinations of stand management strategies could lead to further goal fulfilment 

in terms of ecosystem services and biodiversity at the landscape level. This study applies a 

similar strategy but at the estate level. The estate level in this paper is defined as productive 

forested land owned by non-industrial private forest owners. This is especially relevant, as 

non-industrial private forest owners hold 50% of the forestland in the whole of Sweden and 

more specifically almost 80% in southern Sweden. 

 
Considering this, the aim of this study is to evaluate estate level forest management strategies 

based on Swedish national Environmental Quality Objectives (EQOs) and their effects on 

aspects of ecosystem services and biodiversity using the LPJ-GUESS model for a 

hypothetical estate in southern Sweden. The study also assesses the profitability and harvest 

potential at the estate scale. This is done to further show how ecosystem models, like LPJ-
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GUESS, can be used to provide quantitative information on aspects of ecosystem services 

and biodiversity for use in the planning and suggestion of forest management strategies.  

 

In this study the LPJ-GUESS model (Smith et al. 2001) was used to simulate forest 

management strategies, such as even-aged forestry with different species compositions and 

continuous cover forestry (CCF). LPJ-GUESS is a dynamic global vegetation model 

(DGVM), which can simulate vegetation dynamics and the associated biogeochemical, 

hydrological, carbon, and nitrogen cycles as a response to shifts in climate (Smith et al. 2001; 

Lindeskog et al. 2021*). This allows for vegetation dynamics to be represented at individual 

and patch levels with ecosystem dynamics from regional to global scales (Smith et al. 2014).  

The model is a combination of two models, the area-based LPJ-DGVM and individual-based 

GUESS model (Smith et al. 2001). From the resulting LPJ-GUESS runs, quantitative 

information encompassing the forest management strategies were attributed to aspects linked 

to ecosystem services and biodiversity.  

 

1.4.1 Estate design 

A hypothetical forested estate, 9 ha in size, represents in this study the area within which 

different forest management strategies are applied to reach goals regarding provisioning and 

regulating services, and biodiversity. Three different “timelines” were created with the aim to 

depict several combinations of forest management that can align to a lesser or greater extent 

with progress towards the Environmental Quality Objective ‘Sustainable Forests’ (see section 

2.6). These estate timelines, (from here on referred to as timelines), were pieced together 

based on their consistency with the EQOs, which varies from low to high. The end of this 

study includes an evaluation and discussion of the differences between the ecosystem 

services and biodiversity aspects for each timeline strategy.  

2 Methodology 
 

2.1 LPJ-GUESS Model 
For this study the LPJ-GUESS model (Smith et al. 2001) was chosen to simulate the effects 

of various forest management strategies on aspects of ecosystem services and biodiversity. 

LPJ-GUESS is a dynamic global vegetation model (DGVM) that has been optimised for 

applications on the regional but also can be used on the global scale (Smith et al. 2014). The 

model simulates vegetation dynamics within a grid cell. The size of a grid cell is defined by 

the spatial domain of the meteorological forcing input data (in this study 50x50 km, see 

section 2.3). In a grid cell 5-100 replicate patches, usually 1000 m2 in size, are used to 

represent variation across the landscape of the grid cell (Lindeskog et al. 2021). The 

vegetation is simulated in response to climate input variables and user defined management 

settings (see section 2.3). Competition for resources occurs among individual trees occupying 

the same patch. (Lagergren and Jönsson 2017).  

 

There are different modes that LPJ-GUESS can be run in (Smith et al. 2001; Hickler et al. 

2011), however in this study ‘cohort’ mode was used. In this mode, while individuals, 

patches, and the vertical canopy structure are represented explicitly, a cohort (age class) of 

the same species are assumed to be identical at the patch level (Hickler et al. 2011). LPJ-

GUESS has been parameterised for many individual PFTs (woody and herbaceous 

vegetation) across Europe and North America (Smith et al. 2001; Hickler et al. 2011; Smith 

et al. 2014). This makes it ideal to use the model in this study to simulate woody vegetation 

in the study area. Each PFT simulated in this study has associated parameters which are set 
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before running the model, such as shade tolerance, climactic limits, and carbon allocation 

(see Hickler et al. 2011 for further description of parameters for individual European PFTs). 

A more complete description of the model and the physiological and biophysical processes 

that are simulated can be found in Smith et al. (2001).  

 

The version used in this study includes the ability to simulate different land uses and land 

cover types alongside with the natural vegetation dynamics from the original model 

(Lindeskog et al. 2021). More specifically it includes the implementation of forest 

management strategies, along with all the previous capabilities mentioned above. This has 

allowed for multiple different parameters to be set within the model for different styles of 

stand creation from previous woodland, strategies, species composition, and management 

routines (Lindeskog et al. 2021).  

 

2.2 Model Setup 
In this study the area (Figure 1) chosen to evaluate the different forest management strategies 

for an estate is located in Halland county, Sweden, under climatic conditions for the years 

1901-2015. For each simulation a 500-year initialization period or “spin-up” was used to 

bring vegetation and soil carbon, nitrogen pools, and climate to a stable condition equivalent 

to levels in 1901 (Smith et al. 2014). Then the model ran for the simulation period, 1901-

2015, for the various forest management strategies. The simulation period started in 1901 as 

that is when the input data began (see section below). For the each of the five selected 

management strategies, 5 patches along with 5 replicate patches were simulated, for a total 

number of 50 patches. Each patch has the size of 1000 m2 or 0.1 ha.  

 

Figure 1. Map of the study area. Highlighted in the map is the location of Halland county in southern 
Sweden. Also shown is the location of the center grid cell denoted by the red star (Map made from 

SGU Jordarter 1:1 miljon in ArcGIS (SGU 2020)). 
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2.3 Input Data  
The LPJ-GUESS model requires temperature, precipitation, incoming shortwave radiation 

and CO2 concentrations as input data (Lagergren and Jönsson 2017). In the model runs for 

this study, only historical climate data was used with a CO2 dataset ranging 1901-2018 from 

NOAA (Tans and Keeling 2020). Inputs for the historical meteorological forcing data needed 

to run the model comes from the CRUNCEP atmospheric forcing data set. This dataset 

covered the study period, from 1901-2015, at a monthly temporal resolution and a spatial 

resolution of 0.5x0.5 degrees (50x50 km) (Viovy 2018). 

 

2.4 Forest Conditions and Composition 
Data on the forest composition and soil quality in the study area comes from Nilsson et al. 

(2016). For Halland the mean forested site productivity was 9.5 m3sk ha-1 yr-1 for 2011-2015. 

As Halland’s forested sites have on average fairly high productivity, showing a high soil 

quality in the area, the rotation periods for the simulations were set to the lower end of the 

range for all management schemes. The species included in the simulations of each 

management strategy were based on the composition of the standing volume for the period 

2011-2015 in Halland. Forest conditions used in the comparison are discussed below in 

section 2.9.  

 

2.5 Forest Management Strategies 
This study included three different alternative timelines for the same estate, 9 ha of forested 

land, for 1901-2015. Each strategy for the estate represented goals ranging in consistency 

with the EQOs. Within the estate, at the stand level, five different interchangeable strategies 

were used. Of the stand strategies simulated four were even-aged forestry and one was 

continuous cover forestry. All stand strategies began with an initial clear-cut after which tree 

growth began from bare ground. Species were selected and regenerated through planting at a 

set planting density. The planting density set for all management strategies was 2500 per 0.1 

ha. However, for mixed deciduous the planting density was 1500 for beech and 1000 oak per 

0.1 ha. A more in-depth description of the parameters for the different strategies that are 

simulated are discussed below and can be seen in Table 2 and Table 3. 

 

2.5.1 Timeline Strategies 

Composition of the timelines is based upon the study by Felton et al. (2016) and how 

consistent forest management strategies and species compositions are with EQOs. The 

National Environmental Quality Objectives referred to in this study were accepted in 1999 by 

the Swedish Parliament (Regeringskansliet, 2001). These exist as a national policy to provide 

clear guidelines towards sustainable development in Sweden. The EQO ‘Sustainable Forests’ 

specifically aims to ensure the value of forests and forest land for production, while also 

protecting biological diversity, cultural heritage, and recreational purposes (Swedish EPA  

2020 (b)). The responsible authority for the evaluation of progress towards this EQO is the 

Swedish Forestry Agency (SFA). Overall progress has so far been moderate to insufficient 

when regarding the aims of the EQO not pertaining to biological production, with the overall 

objective not being met in 2020 (Swedish EPA 2020 (b)); Swedish EPA 2015; Roberge et al. 

2020)  

 

2.5.2 Timeline Compositions 

In Table 1 below the composition of the different strategies for the timelines can be seen. The 

low consistency timeline, representing the state of Swedish forestry presently and in 2015, is 

dominated by Spruce and Pine EAF, production-oriented, and has low consistency with 
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EQOs. As the study area is in southern Sweden, the low consistency timeline composition is 

based upon the percentage that each species holds of the total standing volume on productive 

forest land in the Götaland region (southern Sweden) for 2011-2015 from Table 3.13 in 

Nilsson et al. (2016). As such, in this study the percentage held of the total standing volume 

for 2011-2015 by each species is the percentage of the estate area held by that same species 

and corresponding management strategy. For deciduous mixed EAF the percentage of the 

total standing volume held by oak and beech are summed. However, while the species used in 

this study do represent most of the standing volume on productive forest land in southern 

Sweden, they do not represent the total volume. About 6.5 percent is held by various other 

species (Nilsson et al. 2016), which was split up evenly among the species and corresponding 

management strategies.  

 
Table 1. Composition of estate timelines including name of estate, breakdown of management 

strategies including species composition, and area covered all in hectares (ha). 

Total 9 ha 4.42 ha 2.81 ha 1.12 ha 0.65 ha 

Low 

Consistency 
Spruce EAF Pine EAF Birch EAF 

Deciduous Mix 

EAF 

Medium 

Consistency 
Spruce EAF Birch EAF 

Deciduous Mix 

EAF 
CCF 

High 

Consistency 
CCF 

Deciduous Mix 

EAF 
Birch EAF Spruce EAF 

 

Sizes of the stands do not change in between timelines. Only choice of species and 

management strategy changes. For the medium and high consistency timelines (Table 1), the 

introduction of the alternative species compositions and management strategies are more 

consistent with EQOs when compared to the low consistency estate. For example, pine EAF 

in the low consistency timeline was replaced by birch EAF in the medium consistency 

timeline along with an increase in the share of the area held by mixed deciduous EAF and the 

introduction of CCF (Table 1). This was done to further make the medium and high 

consistency timelines more consistent with the ‘Sustainable Forests’ EQO. 

 

2.5.3 Even-age forestry (EAF) 

Four EAF management strategies were simulated in this study (Table 2). Three of the 

strategies were monocultures of Norway spruce (Picea abies), Scots pine (Pinus Sylvestris), 

and Birch (Betula pendula). The fourth was a mixed deciduous stand with beech (Fagus 

Sylvatica) and oak (Quercus robur). The rotation periods specified below are the length of 

time after planting that the forested stands were harvested, with the first management year 

specifying the year of initial clear cut and subsequent planting of the specified management 

strategy. One pre-commercial thinning (PCT) and two commercial thinnings were simulated 

for each EAF management strategy. PCT and commercial thinnings occur at percentages of 

rotation lengths, e.g., PCT for spruce and pine occur seven and a half years after planting. 

Thinning strength represents the amount in percent of the cross-sectional area of trees at 

breast height or the basal area that is cut. 

 
Table 2. Even-age forestry (EAF) management parameters set for the model runs. 

EAF Spruce and Pine Birch Mixed Deciduous 

First Management Year 1940 1960 1935 

Rotation Period (yr) 75 55 80 

PCT 10% 5% 5% 
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PCT Strength 10% 10% 10% 

1st Thinning 20% 18% 18% 

1st Thin Strength 30% 30% 30% 

2nd Thinning 30% 25% 25% 

2nd Thin Strength 25% 25% 25% 

 

2.5.4 Continuous cover forestry (CCF) 

CCF with Norway spruce was also simulated (Table 3), starting with a clear cut in 1910 and a 

regeneration period of 30 years. Harvesting occurred at regular cut intervals beginning at the 

second cut interval and ending in 2015. Thinning strength represents the amount harvested at 

each cut interval. Harvest for CCF occurs in the same way as commercial thinnings in EAF, 

as the percent cut being of the basal area. 

 
Table 3. Continuous cover forestry (CCF) management parameters set for the model runs. Second 

Cut Interval (yr) represents the regeneration period after the initial clear-cut in 1910. 

Second Cut Interval (yr) Cut interval (yr) Thin Strength 

30 15 30% 

 

2.6 Aspects of ecosystem services and biodiversity 
Aspects of ecosystem services and biodiversity are represented by eight individual indicators 

in this study, which were obtained through the model simulations. The individual indicators 

are harvest, income, carbon storage and sequestration rates, litter, broadleaf percentage, and 

cost of biodiversity. The individual aspects chosen were based on those in the study by 

Lagergren and Jönsson (2017). In this study provisioning services were represented by the 

harvest of stem wood and pulp, in combination with their associated average value in 2015, 

the potential income was calculated. Carbon storage and sequestration rates represented the 

regulating and maintenance services. Serving as a proxy for biodiversity, cultural services 

were represented by litter, broadleaf percentage, and cost of biodiversity (Lagergren and 

Jönsson 2017). Further details are given below on the individual steps taken in calculating the 

aspects of ecosystem services and biodiversity. 

 

2.6.1 Harvest 

The estimate of harvested volume (m3 ha-1) in 2015 was calculated from the model output, 

harvested dry weight (kgC m-2). To obtain the estimate of harvested volume per hectare from 

dry weight Equations 1 and 2 were used. In Equation 2 below, the conversion to volume from 

dry weight is based upon the biomass expansion factor (BEF). Equation 1 from Lehtonen et 

al. (2004), 

 

𝐵𝑖 =
𝑊𝑖

𝑉
 ,    (1)   

which can be rewritten as, 

 

𝑉 =  𝑊𝑖 ∗ 𝐵𝑖 ,    (2) 

 

where V is the stem volume, i is the components of biomass (stem, branches, stump), Wi is 

the dry weight of component i, and Bi is the biomass expansion factor (Lehtonen et al. 2004). 

Values for BEF came from Lehtonen et al. (2004) for pine, spruce, and broadleaves. 

Harvested volume (m3 ha-1) was calculated for all individual stand strategies and can be seen 
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in Table 4 below. For each timeline, harvested volume was calculated over 2 hectares that 

were “ready” for harvest in 2015. The 2 hectares chosen for harvest in each timeline was, 

pine in the low consistency timeline, birch and CCF in the medium and high consistency 

timelines respectively. This was done to compare the productivity and income of the 

strategies associated with differing levels of consistency with national environmental goals.  

 

2.6.2 Income 

Estimated income (SEK m-3 ha-1) was calculated for all management strategies with the 

average sawlogs and pulpwood price (SEK m-3), per quarter, in 2015 from Biometria (SDC) 

and Swedish Forest Agency (2021). Sawlogs are just the stem of the tree suitable for harvest 

and use for lumber, whereas pulpwood is used to produce paper products (USDA. 2009). The 

final price used to estimate income from the harvested volume (m3 ha-1) in 2015 was the 

average price over all four quarters for 2015 (Biometria (SDC) and Swedish Forest Agency 

2021). For comparison with EAF, the harvested volume from the periodical cut intervals (see 

Table 3) for CCF were summed from 1940 to 2015 and from that total the estimated income 

was calculated. Additionally, cost for final felling (SEK m-3) in 2015 for all strategies was 

considered in the calculation of income, which also came from Biometria (SDC) and Swedish 

Forest Agency (2021). 

 

2.6.3 Carbon storage and sequestration 

Estimated total carbon storage, average soil carbon levels, and biomass/soil carbon 

sequestration rates were obtained from the model output. Estimated total carbon storage (tC 

ha-1) represents the total carbon stored in biomass, litter, and soil before harvest in 2015. 

Average annual soil carbon levels (tC ha-1 yr-1) were calculated per hectare for each estate 

timeline and plotted as a time series, showing changes in soil carbon levels over the study 

period. Soil carbon sequestration rate (kgC ha-1 yr-1) for the timelines was calculated by 

taking the average difference in soil carbon storage over the study period to 2014 for each 

stand strategy and subsequently the weighted average was taken for the timeline. Biomass 

carbon sequestration rates (tC ha-1 yr-1) for the estate was calculated in the same way as soil 

carbon sequestration rates except for taking the average difference in vegetation carbon 

storage from the first management year (see Table 2 and Table 3) to 2014 for each stand 

strategy. This is done for biomass sequestration rates as the model does not account for how 

long carbon is stored in wood products, resulting in incorrect sequestration rates due to the 

initial clear-cuts at the start of each stand strategy. 

 

2.6.4 Biodiversity aspects 

Litter carbon, in kgC m-2, was obtained through the model output, which was then converted 

to estimated annual litter volume (m3 ha-1 yr-1) using Equation 2. This was calculated for all 

strategies and the average was taken from the first management year to 2014. It should be 

mentioned that the average annual litter volume is the amount of litter created by the 

individual stand or overall estate, litter created from clear-cuts was not included in this 

calculation. Broadleaf percentage was calculated by the percentage area that noble 

broadleaves hold in the estate, noble broadleaves being oak and beech. Cost of biodiversity in 

this study was calculated by comparing the low consistency timelines estimated income to the 

estimated income of the medium and high consistency timelines. Mixed deciduous EAF was 

not included in the estimation of the cost of biodiversity for the timelines as it is considered 

in the amount of land set aside for retention patches. Since this study is looking at what the 

potential losses would be from switching from more production-oriented management 

strategies to ones that are more in line with biodiversity goals, the cost of biodiversity for the 

low timeline was not calculated. 
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Table 4. The five stand management strategies simulated and the estimated values for the aspects of 
ecosystem services and biodiversity (cost of biodiversity and percent noble deciduous are only 

calculated for the timelines, see Table 5). Positive and negative values for average annual 

sequestration rates represent an uptake and release of carbon respectively. 

 

2.7 Post-processing 
All post-processing of model output was carried out in MATLAB, including the calculation 

of the aspects of the individual indicators. Using the output data from the model runs for the 

individual management strategies the aspects of ecosystem services and biodiversity were 

calculated on a per hectare basis and can be seen in Table 4 above. After which, for the 

different estate timelines, the aspects for the individual management strategies were pieced 

together to represent that timeline. This was done by taking the weighted average of the 

aspects for the individual management strategies in each timeline. The weights were based 

upon the amount of the total area that each individual management strategy holds in a 

timeline, see Table 1 above. It should be noted that the differences in the rotation periods for 

each stand strategy are not considered in the values for the weights. As both oak and beech 

are considered noble broadleaves, the mixed deciduous forest represents the area of the estate 

left aside for conservation of biodiversity and will not be included in the calculation of 

harvest or income for an estate timeline. However, in Table 4 above, the estimated harvest 

and income from mixed EAF can be seen. From the results for the simulated individual stand 

strategies, Table 4, the model shows an underestimation of spruce productivity and an 

overestimation of pine productivity for the study area. Generally, this is the opposite for 

productive forested sites in Halland and the rest of Sweden (Roberge et al. 2020; Nilsson et 

al. 2016). Considering this 2 ha of pine was harvested in 2015 instead of Spruce for the low 

consistency timeline to obtain a better representation of the production levels for the current 

dominating strategy in Sweden. 

 

2.8 Evaluation 
Finally, the timelines were evaluated for their differences in terms of aspects of ecosystem 

services and biodiversity. Then the three timelines simulated were compared to the 2015 

forest conditions in Halland with National Forest Inventory (NFI) data and estimated values 

found in literature (Nilsson et al. 2016; FAO 2001; Skidmore et al. 2019; Pan et al. 2011). 

The NFI data used for comparison comes from Nilsson et al. (2016) covering the period 

2010/11-2014/15. The potential stem wood harvest was estimated from the growing stock 

(m3sk ha-1) for the maturity classes D1 and D2 on productive forest land in Halland over the 

Stand Strategy 
Spruce 

EAF 
Pine EAF 

Birch 

EAF 

Mixed 

EAF 
CCF 

Stem wood 

Harvest (m3 ha-1) 
110.1 168.7 163.4 214.7 100.7 

Income (SEK ha-1) 54350 73819 36276 47667 49728 

Carbon Storage (tC ha-1) 378.1 424.4 267.1 403.9 369 

Soil Carbon Sequestration 

(kgC ha-1 yr-1) 

 

-9.9 -18.3 -30.9 -9.7 -7.7 

Biomass Carbon 

Sequestration (tC ha-1 yr-1) 
1.1 1.5 1.5 1.3 0.8 

Litter volume(m3 ha-1) 10.1 11.6 13.3 12.7 10.1 
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period 2011-2015. D1 and D2 maturity classes represent the final felling stage in the forest 

(SLU 2021). As the growing stock is presented as standing volume per hectare (m3sk ha-1), a 

stem wood fraction of 0.65 was applied to obtain the potential stem wood harvest (m3ha-1) for 

the two maturity classes (Lagergren and Jönsson 2017). After which for comparison purposes 

the estimated income for pine was calculated from the estimated stem wood harvest. NFI data 

on deadwood in Halland was also obtained and was compared to the average litter volume. In 

a broader context, as values for regulating and maintenance services could not be found for 

the study area nor in the region, average values across forest types and on continental and 

global scale found in literature were used. Average carbon soil sequestration rates in forests 

varied too greatly and were too uncertain for comparison. Through the comparison this study 

intends to show how well the output from the model and subsequent piecing together of the 

low consistency timeline captures 2015 conditions, along with the changes in aspects when 

comparing to the medium and high consistency estates. 

3 Results 
 

3.1 Aspects of ecosystem services and biodiversity 
 

3.1.1 Provisioning aspects 

From the resulting three timelines pieced together from the five simulated management 

strategies (Table 5), the low consistency timeline had the largest harvest in 2015. 168.7 m3 

ha-1 of stem wood was harvested, with the medium consistency timeline following at 163.4 

m3 ha-1 (Table 5). For the 2 hectares selected for harvest in 2015 over the three timelines, the 

low consistency timeline had the highest income in 2015, 146638 SEK. While the medium 

consistency timeline did have a larger harvest compared to the high consistency timeline, its 

estimated income was the lowest out of all the timelines. An estimated total of 72552 SEK, 

about 26904 SEK lower than the high timeline. 
 

Table 5. The results from piecing together the timelines from the output of the simulated individual 
stand strategies by their respective weights and the resulting values for aspects of ecosystem and 

biodiversity in relation to the low, medium, and high consistency timelines. 

Estate Low Medium High 

Harvest (m3 ha-1) 168.7 163.4 100.7 

Income (SEK) 146638 72552 99456 

Carbon Storage (tC ha-1) 397.9 397.2 383.04 

Soil Carbon Sequestration 

(kgC ha-1 yr-1) 
-15.1 -16.3 - 11.6 

Biomass Carbon Sequestration 

(tC ha-1 yr-1) 
1.28 1.24 1.11 

Litter volume (m3 ha-1) 11.1 11.4 11.3 

Noble Deciduous trees (%) 7 12 31 

Cost of Biodiversity 

(SEK) 
— -74086 -47182 
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3.1.2 Regulating and maintenance aspects 

The low consistency timeline had the highest total carbon storage in biomass and soil, 397.9 

tC ha-1 in 2014, with the medium consistency timeline following very closely, storing around 

0.5 tC ha-1 less than that of the former (Table 5). While the high consistency timeline had the 

lowest carbon storage in 2014, it had the best average soil carbon sequestration rate over the 

whole simulation period, - 11.6 kgC ha-1 yr-1, followed by the low consistency timeline with -

15.1 kgC ha-1 yr-1. Overall, all estate strategies and stand strategies had a negative soil carbon 

sequestration rate, see Table 5 and Table 4. This is visualized with the timeline average soil 

carbon levels for the different estate timelines (tC ha-1) in Figure 2 below. All timelines, most 

noticeably the high biodiversity timeline, trend downwards around the end of the 1990s.  

 

 
Figure 2. Estate average annual soil carbon levels, in tC ha-1, from 1901-2014. Black, red, and blue 

lines representing the high, middle, and low biodiversity timelines respectively. Years 1910, 1935, 
1940, and 1960 start with a clear cut, indicating the beginning of the individual stand strategies in 

each timeline.  
 

Large increases in soil carbon levels can also be seen throughout the simulation period. These 

increases generally occur during years with a clear cut for the first management year of an 

individual stand strategy in the timeline. Following the clear cuts soil carbon levels tend to 

see a decrease over the next couple years. Most notably after 1940 for the low and medium 

consistency timelines with almost two tons of carbon lost per hectare in under five years. 

While both timelines have higher rates of negative soil carbon sequestration than compared to 

the high consistency timeline, they on average have higher rates of biomass carbon 

sequestration. The low consistency timeline has the largest average biomass carbon 

sequestration rate, 1.28 tC ha-1 yr-1, followed by the middle and then the high consistency 

timeline with the lowest average biomass carbon sequestration rate (Table 5).  

 



 
 

12 

3.1.3 Biodiversity aspects 

Average annual litter volume is highest for the medium consistency timeline with an average 

volume of 11.4 m3 ha-1, followed by the high consistency timeline with 11.3 m3 ha-1. 

Comparing the two timelines, the medium consistency timeline has the highest proportion of 

birch EAF, which is what causes it to have the largest average annual litter volume. As birch 

EAF has the highest average annual litter volume ,13.3 m3 ha-1, out of all the management 

strategies. In terms of noble deciduous trees, the high consistency timeline has the largest 

proportion, at 31% of the total area covered. Over 19% higher than the medium consistency 

timeline. Cost wise, to switch from the current dominating forest management strategy to 

ones that are more consistent with EQOs, the high consistency estate would be the most cost 

effective, with a cost of biodiversity of 47182 SEK, compared to the medium consistency 

timelines cost of 74086 SEK.  

 

3.2 Comparison 

For the study area, over the period 2010/11-2014/15, the standing volume for the two 

maturity classes, D1-D2, ranged from (Nilsson et al. 2016). Applying the stem wood fraction 

to the two values would result in an estimated stem wood harvest of 159.9-183.3 m3sk ha-1. 

Applying the average price for pine in 2015 would result in an income of 69956-82393 SEK 

ha-1. If taken over 2 hectares this would result in a potential income of 139912-164786 SEK. 

Comparing this to the results from the timelines (Table 5), the low consistency timeline 

would be within the range of both the estimated harvest and income for pine for 2015 in the 

study area. The medium consistency timeline harvest would fall within the range of estimated 

harvest for Halland, however due to the lower price for birch pulpwood income for the 

timeline was much lower. In terms of biodiversity aspects, the simulated average litter 

volume for the low consistency estate, 11.1 m3ha-1, was found to be exactly equal to the 

average volume of deadwood found in the study areas productive forests (Nilsson et al. 

2016). In comparison to the medium and high consistency timelines the average volume of 

deadwood in Halland was about 0.2-0.3 m3 ha-1 less. This along with having a higher 

percentage of noble deciduous trees, makes the medium and high consistency timelines more 

attractive for conservation of biodiversity purposes than the current conditions in Halland and 

the low timeline. Considering this it should not go unmentioned that while these two 

timelines have higher values for average annual litter volume and percentage of noble 

deciduous trees, they would have resulted in a loss of 47182 - 74086 SEK in 2015 at the very 

least. As spruce and pine hold the largest percent of productive forest area in Halland, 

biomass carbon sequestration rates are assumed to be similar to that of boreal forests. 

Average biomass carbon sequestration rates were found to range from 0.05 to 2.4 tC ha-1yr-1 

in boreal forests (FAO 2001; Skidmore et al. 2019). All timelines fell within this range, and 

varied between each other by 0.04-0.17 tC ha-1yr-1. For carbon stock in boreal forests average 

values were found to range from 239-375.6 tC ha-1 (Pan et al. 2011; FAO 2001). All timelines 

exceeded the extreme end of the range of values found for carbon stock in boreal forests 

(FAO 2001), with both the low and medium timelines exceeding by over 15 tC ha-1 (Table 5).  

4 Discussion 
 

4.1 Ecosystem services and biodiversity 

 

4.1.1 Provisioning services 

From the evaluation of the three timelines, the results indicated that for provisioning services 

the low consistency estate had the highest values for both harvest and income in 2015. 



 
 

13 

However, following the low consistency timeline the high consistency timeline had a higher 

income for 2015 than the medium consistency timeline even though it had a lower harvest 

(Table 5). As CCF in this study was simulated with spruce it should be noted that due to the 

productivity of spruce being underestimated by the model (Lagergren and Jönsson 2017), the 

actual harvest and income from CCF might have been higher. As spruce sawlogs had an 

average price of 587.8 SEK m-3 compared to 531.5 SEK m-3 for pine sawlogs (Biometria 

(SDC) and Swedish Forest Agency 2021). The same could be said for the spruce stand in the 

low consistency timeline, as productivity in Halland is quite high, with an average forested 

site productivity of 9.5 m3sk ha-1 yr-1 from 2011 to 2015 (Nilsson et al. 2016). This points 

towards productive forests in the area being of high soil quality, where pine tends to be 50% 

less productive than spruce (Lagergren and Jönsson 2017). All things considered, in 

comparison with forest conditions in Halland the low consistency estate harvest for 2015 did 

fall within the estimation of harvest from the observed values, showing the ability of the 

model to simulate growth of tree species within a managed forest.  

 

4.1.2 Regulating and Maintenance services 

For the aspects of regulating and maintenance services for the three timelines the evaluation 

showed that the main difference lies between carbon stored/sequestered in biomass and soil. 

While all timelines did have an average negative soil carbon sequestration rate, the 

composition of the high consistency timeline led to the least amount of soil carbon lost per 

year (Table 5), with the final soil carbon levels in 2015 for the high, medium, and low 

consistency timelines being 189.4, 188.8, and 188.9 tC ha-1 respectively (Figure 2). In 

comparison to observed soil carbon levels in boreal forests, from Pan et al. (2011), the 

simulated levels were found to be around 75% higher. A reason for this difference between 

observed and simulated values may be due to this study not considering land use history in 

the simulations, as historical human activities in forests have most likely depleted soil carbon 

over time (Lindeskog et al. 2021), leading to lower levels observed than what the model 

simulates. Further concerning soil carbon levels, in a study by Mayer et al. (2020) the 

removal of biomass through harvesting had a negative impact on soil carbon stocks, scaling 

with intensity of clear-cuts. This is supported by Figure 2, as after every initial clear-cut there 

are small to large decreases in soil carbon levels. A study by Kishchuk et al. (2016) also 

found that in Canadian managed boreal forests, disturbances resulted in rapid decreases in 

total measured soil carbon. Following the rapid declines, six years later, they also found that 

there were slight increases in soil carbon (Kishchuk et al. 2016), which also can be seen in 

Figure 2. However, the higher intensity disturbances, such as clear-cuts, took longer to 

recover (Kishchuk et al. 2016). As these studies show that anthropogenic disturbances in 

forests lead to losses in carbon stored in soil, it is safe to assume that historical human 

activities in forests would have as well. Further showing why the model may have simulated 

soil carbon levels higher than observed levels. Biomass carbon sequestration rates on the 

other hand for all estates fell within observed values from literature for boreal forests (FAO 

2001; Skidmore et al. 2019), with the low consistency estate having the highest annual 

biomass sequestration rate, followed by the medium consistency estate. Total carbon storage 

for all timelines greatly exceeded values found in literature. As mentioned earlier, this may be 

due to the higher-than-normal soil carbon but also the litter carbon pool may be affecting this 

as well. For the spruce stand simulated, the litter carbon pool in 2014 was 106 tC ha-1. 

Whereas in Pan et al. (2011), if one were to apply the global average percentages of carbon in 

deadwood and litter to boreal forests total carbon stock from the study, the litter carbon stock 

would be around 31.1 tC ha-1. An almost 30% difference between observed and simulated 

litter carbon pools. However, based on the results for the aspects of regulating and 

maintenance services for the three timelines from a purely climate mitigation-orientation, the 
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low consistency estate would be the best choice. As it has the highest biomass carbon 

sequestration rates and falls within the range of values from observations. 

 

4.1.3 Biodiversity aspects 

Overall, the result of the evaluation between each timeline for the biodiversity aspects, shows 

that the high consistency timeline increased the amount of average annual litter volume per 

hectare, 11.3 m3 ha-1, had the highest proportion of its area covered by noble deciduous trees, 

31%, and resulted in lower loss of income when compared to the medium consistency 

timeline. While the medium consistency timeline did have the highest average annual litter 

volume per hectare, 11.4 m3 ha-1, it came with a higher loss of income and lower percentage 

of noble deciduous trees, 12%. Compared to the average annual litter volume per hectare in 

the low consistency timeline and 2015 forest conditions in Halland the increases seen in the 

other two timelines aren’t as much as expected. However, this is most likely since spruce 

(EAF and CCF) still holds most of the land area throughout all timelines (Table 1). As it has 

the lowest average annual litter volume when compared to all other stand management 

strategies (Table 4) along with the highest weight when calculating the weighted average for 

the timelines. Even so, just by increasing the share of litter in the timelines from deciduous 

trees further meets the EQO as, e.g., several red listed species use them (Jonsson et al. 2016; 

Felton et al. 2016). Along with this the planting of noble deciduous trees and CCF also 

contribute to meeting the aim of increasing the amount of older and larger trees. As beech 

and oak have longer rotation periods and CCF results in uneven-aged stands, they both 

further contribute to mature trees in an estate (Felton et al. 2016). A caveat to this, is that in 

the high consistency timeline, CCF makes up much of the forested land area, decreasing 

species diversity as it is made up of spruce. CCF is also rare in Sweden, and its adoption has 

been discouraged due to production concerns and lack of expertise (Felton et al. 2016).  A 

similar point could be raised for birch EAF in the medium consistency timeline as while it 

does meet the goal of increasing broadleaves, it has a shorter rotation period than both pine 

and spruce, reducing the share of older trees (Regeringskansliet, 2001). Along with spruce 

EAF still holding most of the estate area in that timeline. Although CCF is composed of 

spruce, due to its cutting regime it would disperse the proportion of older stands more evenly, 

emulating natural disturbances (Felton et al. 2016). Overall either the medium or high 

consistency timelines are improvements upon the current forest state in terms of litter volume 

and area covered by noble deciduous forests along with the benefits they bring. However, 

considering that the high biodiversity timeline has larger shares of its area consisting of 

strategies that meet more aims of the EQO while reducing spruce EAF making it the optimal 

timeline in terms of biodiversity aspects. While also the high consistency timeline, in terms of 

implementation, would result in the lowest amount of income lost when compared to the low 

consistency estate, as well as preforming relatively well across all aspects (Figure 3). 
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Figure 3. Visualized performance for each timeline in relation to each individual aspect (excluding 

cost of biodiversity). Abbreviations for Percent noble broadleaf (Percent NB), Biomass carbon 
sequestration (BCS), Soil carbon sequestration (SCS). Maximum limits for each aspect shown are 

taken as the highest value between the three timelines, and the minimum is set to zero for all except 

SCS as it has negative values and was set to -20 kgC ha-1yr-1. 

 

4.2 Environmental goals 
The results show the potential of using the ecosystem models to provide solutions to one of 

the broader challenges of the ‘Sustainable Forest’ EQO, that forests should remain 

biologically productive and competitive economically while conserving and increasing the 

value of the forests in terms of biodiversity (Swedish EPA 2020 (b)). This lays out one of the 

major roadblocks in meeting the aims of the EQO; the conflict between production and the 

environment (Swedish EPA 2015). One of the main reasons for this is the current forestry 

policy that was enacted in 1993. While it does state that production and biodiversity should 

be equally valued, it represents the minimum requirements forest owners must achieve. At 

the same time, it gives private forest owners considerable freedom on how to achieve these 

requirements (Roberge et al. 2020; (Swedish EPA 2015). Due to this, in the relationship 

between the state and private forest owners, the forest owner is the main decision-maker 

(Roberge et al. 2020; Swedish EPA 2015) Since then, the environmental quality objectives 

have been broadened, however, the link of objectives to forest management in practice is 

weak (Lodin 2020; Swedish EPA 2015). Leading to the current forestry practices that are 

seen today in southern Sweden, intense production, and economic sustainability (Lodin 
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2020). In terms of what is possible under the current forestry policy, the results in this study 

show it may be possible to meet both the goals of a hypothetical forest owner while also 

meeting aims of the EQO with the optimal composition of both species and management 

strategies. Making it a potential option from both an economic and environmental perspective 

to provide alternative suggestions in comparison to current conditions in Swedish forestry to 

private forest owners based on quantitative information.  Especially considering that current 

aims in the “Sustainable forests” EQO are seen as qualitative and unreliable by landowners 

(Swedish EPA 2015).  

 

4.3 Future Studies and Limitations  
In this study a framework for future studies is put into place to further optimize the 

composition of both species and management strategies at the estate level. Not only for 

Halland but for the rest of Sweden, with the hope of being able to use ecosystem models in 

suggesting and planning forest management strategies. As in the study by Lagergren and 

Jönsson (2017), an optimization could be done to evaluate the most favorable allocation of 

the estate area for several stand management strategies to provide the best value for each 

individual indicator. This could potentially be done for the overall purpose of being able to 

provide alternative management strategies that work both for the forest owner and the 

environment. The results in this study also highlight the need to investigate further the effect 

of forest management on carbon soil levels and sequestration. For example, stand density, 

thinning, site preparation, and tree species selection have all been shown to have impacts on 

soil carbon levels (Mayer et al. 2020). Additional routes that should be investigated are the 

inclusion of short-rotation hybrid broadleaf trees in management strategies in Sweden. 

Hybrid broadleaf trees are crosses between different broadleaf tree species, for example the 

hybrid aspen, which is a cross between European (Populus tremula) and American (Populus 

tremuloides) aspen (Felton et al. 2016). The hybrid aspen can be harvested every 30 years 

and could contribute to climate mitigation while also increasing the amount of broadleaf 

production forests (Felton et al. 2016) However, the introduction of some of the hybrid 

species goes against the “sustainable forest” EQO as they are not native species and would 

reduce the proportion of old trees. 

The main limitation to this study is the simulation of spruce. As it is an integral part to all 

estates and not only does this affect the results for the provisioning services, but it also affects 

aspects of regulating and maintenance services and biodiversity. Spruce biological 

productivity is not simulated correctly in the model, as pine should not be over taking it as the 

most productive species. This also affects the results for CCF as spruce is the planted species 

in that strategy. It would have been better to represent spruce as coniferous EAF along with 

pine to get an overview of the two most dominant strategies in the study area, however after it 

was noticed time did not allow for this change. This could have led to a better representation 

in the estate timelines of how the aspects of ecosystem services and biodiversity covered in 

this study are affected by the current dominating management strategies in Sweden. More 

deadwood was also set to be removed from patches simulated after clear-cuts and thinnings 

which could have been a reason behind the less than expected changes between timelines in 

average annual litter volume. To get more representative values for ecosystem services and 

biodiversity aspects in Halland more than one grid cell should have been used. However, time 

in the end did not allow for the addition of extra grid cells in the study area. 

5 Conclusions 
In this study three timelines made up of five simulated stand strategies were evaluated for 

their effects on aspects of ecosystem services and biodiversity aspects. The evaluation 

showed that of the three timelines the low consistency timeline, composed mainly of spruce 
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and pine EAF, from an economic and mitigation perspective was most optimal. Though the 

high consistency timeline, composed mainly of mixed deciduous EAF and CCF, did lead to 

the least amount of carbon soil lost over the study period, showing the potential of the 

combination of alternative management strategies in reducing soil carbon loss. In terms of 

biodiversity, overall, the high consistency timeline was the most optimal. Due to the timeline 

having a lower cost of biodiversity and higher percentage of noble broadleaved coverage 

when compared to the medium consistency estate, of which spruce and birch EAF held most 

of the area. Though if looking purely at average litter volume, the medium estate preformed 

the best. Nevertheless, the high consistency timeline preformed relatively well across all 

aspects, whereas the other two timelines preformed unevenly.  

This study further demonstrates how the DGVMs, like LPJ-GUESS, can be used for 

supplying quantitative information for ecosystem services and biodiversity aspects at the 

estate scale, as shown by Lagergren and Jönsson (2017) on the landscape scale. As it was 

shown that the model has ability to simulate stand dynamics well, through the comparison of 

the low consistency estate to 2015 forest conditions in Halland. Demonstrating the potential 

of the use of ecosystem modelling in suggesting and planning forest management strategies. 

This study can be further utilized for the use as a framework of a future studies looking to 

further optimize management strategies at the estate level, as was done for the landscape 

level by Lagergren and Jönsson in 2017. Along with the potential of applying the framework 

to studies looking to provide information on the uncertainties surrounding how the services 

provided by forests to society will change under future changes in climate. 
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