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Abstract

:

The impacts of alternative forest management scenarios and harvest intensities on climate change mitigation potential of forest biomass production, utilization and economic profitability of biomass production were studied in three boreal sub-regions in Finland over a 40-year period. Ecosystem modelling and life cycle assessment tools were used to calculate the mitigation potential in substituting fossil materials and energy, expressed as the net CO2 exchange. Currently recommended management targeting to timber production acted as a baseline management. Alternative management included maintaining 20% higher or lower stocking in forests and final felling made at lower breast height diameter than used in the baseline. In alternative management scenarios, logging residues and logging residues with coarse roots and stumps were harvested in final felling in addition to timber. The net CO2 exchange in the southern and eastern sub-regions was higher compared to the western one due to higher net ecosystem CO2 exchange (NEE) over the study period. Maintaining higher stocking with earlier final felling and intensified biomass harvest appeared to be the best option to increase both climate benefits and economic returns. Trade-offs between the highest net CO2 exchange and economic profitability of biomass production existed. The use of alternative displacement factors largely affected the mitigation potential of forest biomass.
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1. Introduction


The Paris agreement on climate change aims to limit the global mean temperature increase below 2 °C relative to the pre-industrial level [1]. This would require a substantial reduction in CO2 and other greenhouse gas (GHG) emissions within the coming decades [2]. One of the pathways towards the reduction in CO2 is forest-based climate change mitigation including sequestering and storing of carbon and use of harvested biomass in substituting fossil-intensive materials and fossil fuels [2,3,4]. Accordingly, the European Union (EU) policy of climate change mitigation is to raise the share of renewable energy to 27% and 55% of the total energy consumption by 2030 and 2050, respectively [5,6].



The Nordic countries with extensive forest resources could offer a potentially significant source of biomass [7,8] to be used to achieve Nordic targets for CO2 emission reduction in energy and climate policy [9]. Therefore, use of forest biomass for substituting fossil-intensive materials is highlighted in climate change mitigation policies in these countries [10]. In Finland and Sweden, forest biomass is currently widely used for the manufacturing of wood products. Consequently, the major share of forest-derived renewable energy is from industrial by-products (wood chips, bark, sawdust and black liquor) [11,12]. Besides, a large share of energy biomass that is harvested directly from forest stands (i.e., logging residues and small-sized trees in energy wood thinnings) is being used in power generation and district heating [9]. In Finland, the annual harvest removals for timber and energy biomass were 55 and 8 million m3, respectively in 2013 [13], constituting 63% of the annual total volume growth of the forests. However, to increase the output of Finnish bioeconomy, the level of biomass harvests is aimed to be increased by 10–30 million m3 in the near future [14].



Current Finnish forest management recommendations aim mainly at timber (sawlogs and pulpwood) production and there may be a need to modify these if both carbon sequestration and production of timber and energy biomass are aimed to be increased to promote emission mitigation (e.g., Matala et al. [15]; Routa et al. [16]). Carbon sequestration into forests can be increased by using less intensive thinnings and higher stocking over a rotation period, but this may decrease the economic profitability of the production due to a delay in harvesting (e.g., Pyörälä et al. [17]). Instead, the amount of harvested timber can be increased in thinnings by leaving lower stocking than recommended [18], but this may decrease carbon sequestration of forests [19,20]. However, increased harvests from thinnings and final fellings may increase the potential of wood-based products and energy biomass to substitute fossil-intensive materials (e.g., concrete, steel and plastic) and fuels [3,12,21] and economic benefits as well [22]. The capability of the management measures to enhance carbon sequestration and amount of harvestable biomass within a certain time period will also depend on the initial forest structure [23,24,25,26,27]. Interactive effects of forest management and development of forest structure on biomass production have been studied earlier by applying model simulations together with information on initial conditions of forest resources [28,29,30,31].



Substitution of fossil-intensive materials with long-lived products (e.g., sawn wood) increases emission mitigation most by improving both carbon stock in wood products and avoiding emissions from the use of fossil-intensive materials [32,33,34,35,36,37,38,39]. The emission reductions from the use of energy biomass have been found lower and taking a longer time to realize than those from the use of sawn wood [40,41,42]. Displacement factors (i.e., a ton of fossil carbon emission reduction per ton of carbon used in wood product, tC tC−1) are often used from available literature to assess the substitution impacts of using wood products and energy biomass [35,43,44]. For example, Sathre and O’Connor [44] conducted a meta-analysis of 21 studies and reported average displacement factor of 2.1 tC tC−1 with a range from −2.3 to 15.0 tC tC−1. The variability in displacement factors was due to the difference in comparisons of building materials (e.g., wood vs. steel, wood vs. concrete) and properties assumed for alternative final wood products (e.g., sawn wood, pulp/paper products, without or with associated processing residues). For example, average value of displacement factors presented by Sathre and O’Connor (2010) have been applied by Malmsheimer et al. [24] and Lundmark et al. [37] in national-level studies of fossil materials and fuels substitution. Moreover, in the Swiss construction sector, the displacement factors varied from 1.1 to 1.7 tC tC−1 depending on final products, without or with processing residues [45], while in the Finnish construction sector, the values ranging from 0.5 to 2 tC tC−1 were used for sawn wood and wood-based panels [46,47].



In the above context, the principal aim of this study is to investigate the impacts of alternative forest management scenarios and harvest intensities on climate change mitigation potential of forest biomass production and utilization in managed southern and middle boreal forests in Finland over a 40-year period (2016–2055). The sensitivity of the mitigation potential to alternative displacement factors used for wood-based products was also studied along with economic profitability of biomass production (net present value with a 3% interest rate).




2. Materials and Methods


In this study, ecosystem modelling with National Forest Inventory data and life cycle assessment tool were used to calculate the mitigation potential when forest biomass replaced fossil materials and energy, expressed as the net CO2 exchange. Currently recommended management targeting to timber production acted as a baseline. Alternative management scenarios included maintaining 20% higher or lower stocking in forests and final felling made at lower breast height diameter (22 cm) than used in the baseline (26 cm). In alternative management scenarios, logging residues and logging residues with coarse roots and stumps were harvested in final felling in addition to timber.



2.1. SIMA Ecosystem Model


SIMA, a gap-type ecosystem model, (e.g., Kellomäki et al. [48,49]) was utilized to simulate the net ecosystem CO2 exchange (NEE) and the forest biomass production relevant to this study. In the model, potential growth of a single tree is based on stem diameter growth (at breast height; 1.3 m above ground level) and it is then adjusted according to species-specific multiplier for environmental factors (e.g., temperature and light). In addition, atmospheric CO2 concentration and nitrogen deposition affect the growth [49]. The calculation of biomass of various organs of a tree (stem, foliage, branches, and roots) is based on the allometric relationship between the stem diameter and mass of organs. The model runs on an annual basis and utilizes a calculation area of 100 m2, the results for which are upscaled to a stand representing 1 hectare (10,000 m2). The model is parameterized for the major tree species growing in Finland between the latitudes N 60° and N 70° and longitudes E 20° and E 32°.



In the model, the growth and development of a tree stand are simulated under the influences of available resources and environmental factors such as temperature sum, within-stand light availability, soil moisture and nitrogen availability. Temperature sum (+5 degrees Celsius) controls annual growth responses of each species and their ecotypes. The available nitrogen for growth is determined by the amount of nitrogen released and immobilized in the decomposition of the soil organic matter (i.e., litter and humus layer). The soil moisture is described by using precipitation, evaporation and physical properties of soil (i.e., wilting point and field capacity of soil) [22]. The competition for light is determined by the tree species on the stand and their height distribution. The stand dynamics are determined by the number and mass of trees as a function of their regeneration, growth, and death [48,49]. Management controls the ecosystem dynamics including regeneration (planting of given species in the desired spacing and natural regeneration), thinning and final felling.



Tree mortality is a stochastic event meaning that any tree may die either randomly or due to competition for resources. Dead trees are added to litter layer of the forest floor. In addition to dead trees, the litter from different components of living trees (foliage, branches, and fine roots) are decomposed in the soil system and converted to humus. The decomposition rate of litter and humus is related to the evapotranspiration and the content of nitrogen, lignin, and ash in litter and humus. Whenever the nitrogen concentration of the decaying litter of a particular cohort exceeds the critical concentration, the organic matter and nitrogen of the cohort are transferred to matter and nitrogen in humus. The decomposition of humus controls the mineralization of nitrogen, which makes nitrogen bound in humus available for tree growth.



In this study, each simulation was repeated 20 times based on Monte Carlo technique following stochastic events (e.g., regeneration and death of trees). The algorithm computes whether an event will occur by comparing a random number with the probability of the occurrence of the event. Each run of a Monte Carlo code is one realization of all possible time courses of the forest ecosystem and the mean values of the replicated output variables were used in the analyses.



The model outputs such as sequestration of carbon, emissions from soil carbon decomposition and amount of harvested biomass were used for further analysis. Carbon sequestration indicated the annual growth of stem, branches, and foliage including coarse and fine roots. Soil carbon decomposition indicated emissions of carbon from the litter and humus layer of the forest floor. The performance of SIMA model has been reported earlier and the simulated growth and the measured mean annual volume growth (1996–2003) of main Finnish tree species on the permanent upland National Forest Inventory (NFI) plots for different regions of Finland have shown a good agreement [49]. In addition, the simulations have found a good agreement with the empirical growth and yield model Motti [50] in the simulations of volume growth of managed Norway spruce (Picea abies L. Karst) and Scots pine (Pinus sylvestris L.) stands in 13 different locations from southern to northern Finland on medium fertile sites over an 80-year rotation period [16].




2.2. Forest Input Data for the Initialization of the Simulations


The ground true 10th (2004–2008) Finnish National Forest Inventory (NFI) data were used as an input in the model for running the simulations. The subsample of this data used in this study consisted of sample plots on upland mineral soils throughout southern Finland (former administrative Forest Centres 1–10). Data from one sample plot of each L-shaped cluster were used in the simulations. A cluster of the 10th NFI refers to as a sampling unit consisting of sample plots measured. The average distance between the clusters is 6 × 6 km. The total number of plots in the subsample used was 1718, representing the area of ca. 8.8 million ha of forestry land on mineral upland stands between 60° N and 64° N. In our study, the studied forest area was further divided into the southern, western and eastern sub-regions according to former administrational Forest Centers [13]. Southern sub-region consisted of the Centers 1, 2, 3 and 4; western sub-region of the Centers 5, 7 and 8 and eastern sub-region of the Centers 6, 9 and 10.



The initial distribution of development classes (age classes) of stands on sub-regions differed so that the relative distribution of young and advanced seedling stands was higher in the western sub-region (11% and 15% of the total land area, respectively) compared to the eastern (10% and 13%) and southern region (7% and 11%) [13]. The shares of young thinning stands were 26%, 31% and 30% in western, southern and eastern sub-region and the corresponding values for advanced thinning stands were 33%, 30% and 28%. In addition, the share of mature stands was the lowest in western sub-region, 13%, whereas in eastern and southern sub-regions it was, 18% and 19%, respectively. In our simulations, Norway spruce, Scots pine, and birch (Betula pendula Roth. and Betula pubescens Ehrh.) were considered, since they cover ca. 95% of the total growing stock volume in all of Finland [13].



The initial amount of litter and humus on the site was defined on the basis of the humus layer measured from permanent sample plots undertaken in the National Forest Inventory (NFI) in Finland. The thickness is converted into the mass of soil organic matter (SOM) using the bulk density of SOM, considering the site type and tree species dominating the plot [51,52]. Thereafter, the mass of SOM was regressed against the prevailing temperature sum of the plot by the site types [49].




2.3. Simulations and Forest Management Scenarios


The simulations for management scenarios of the stands were done annually for the 40-year period (2016–2055). In the simulations, atmospheric nitrogen deposition of 10 kg ha−1 year−1 was used regardless of location. The baseline management followed the current Finnish forest management recommendations for thinning and final felling at a tree breast height diameter (basal area weighted) [18]. The thinning rules are based on thresholds for the basal area (cross-sectional area of stems of all trees in a stand) as a function of the dominant height of trees (i.e., the average heights of the 100 tallest trees in the stand). In alternative forest management scenarios, both upper and lower thinning thresholds were increased or decreased by 20% compared to the baseline management to maintain higher or lower stocking, respectively, in the forests. The adjusted thresholds resulted in later or earlier thinnings and change in the number of thinnings over a rotation. Thinning was done from below meaning that mainly suppressed trees were removed. The management scenarios were simulated by using mean breast height diameter (DBH) of 26 cm (baseline) for the final felling of the stands and alternatively 22 cm (Table 1).



In regeneration, planting was utilized. In addition, tree species that were present in the stand before regeneration may occupy the stand depending on species-specific thresholds in environmental conditions. In planting, the stand was regenerated with same tree species as was there before, using a planting density of 2500 seedlings per hectare for Norway spruce and Scots pine and of 1600 seedlings per hectare for birch.



In Finland, management rules of thinning and final felling are disregarded in reality and cuttings are delayed compared to those suggested by the management rules. Therefore, a mean delay of 13 years in thinnings and final fellings was used in all simulations in order to mimic the reality of how forest management in Finland is generally practiced in field. This delay meant that there was no major change in the stocking at the beginning of the simulation, with an implication that simulated cuttings were comparable to the business-as-usual management currently practiced in Finland (see Kellomäki et al. [48,49]).



Timber (sawlogs and pulpwood) (T) was harvested in thinnings and final fellings in all management scenarios (Table 1). Wood density was assumed to be 400 kg m−3, on average. For pulpwood, logs with the top diameter of 6.5 to <17 cm were considered and for sawlogs with the top diameter of 17 cm and above. Additionally, logging residues (BN) and logging residues with coarse roots and stumps (BNR) were harvested in final felling. Logging residues included top parts of the stems and 70% of branches and needles/leaves and they were harvested from stands dominated by Norway spruce and Scots pine (Table 1).




2.4. Simulation Outputs and Their Analyses


The net CO2 exchange calculated in this study for the biomass production and utilization (Mg CO2 ha−1 year−1) is expressed in Equation (1):


Net CO2 exchange = NEE + dChwp +Ceb + Cwaste + Cavoided emissions,



(1)




where NEE is the annual net ecosystem CO2 exchange; dChwp is annual carbon stock change in wood products (sawn wood and pulp/paper products); Ceb is annual carbon emissions from the combustion of energy biomass (logging residues, coarse roots, and stumps from final fellings); Cwaste is annual carbon emissions from the combustion of waste wood from processing (sawdust, bark, black liquor) and Cavoided emissions is the annual carbon emissions avoided by using wood products and bioenergy to substitute fossil-intensive materials and fuels. For the net CO2 exchange, negative (−) values were considered for CO2 flow from the atmosphere into the ecosystem and positive (+) values for CO2 flow into the atmosphere [53]. The values for increasing dChwp and Cavoided emissions we considered as negative (−).



The annual net ecosystem CO2 exchange (NEE, Mg CO2 ha−1 year−1, Equation (2)) refers to the carbon sequestration of below- and above-ground living biomass (Cseq) and carbon emissions from decaying of soil organic matter (litter and humus) (Cdecomp).


NEE = Cseq + Cdecomp



(2)







In the case of calculating dChwp, we used the amount of wood products produced annually (inflow) and the emissions from the degradation of wood products (outflow). We applied the Equation (3) to calculate the emissions from the degradation of wood products [54].


PU = D − a/1 + be−ct,



(3)




where PU is the fraction of products in use and a (120), b (5), and D (120) are dimensionless fixed parameters regardless of the product’s lifespan. C (year−1) represents 0.5, 0.15, 0.065, and 0.03 for short, medium-short, medium-long, and long lifespans of a product, respectively and t (year) is time. The constant e equals 2.72, the base of the natural logarithm. In our calculations, sawn wood acted as an item with a medium-long (35 years) lifespan and pulp as an item with a medium-short (6 years) lifespan. One-half (50%) of the sawlogs produced sawn wood and the other half (50%) was considered as sawing residues (sawdust, bark). Similarly, half of the amount of pulpwood was considered as pulp/paper products and the other half as black liquor from the chemical pulping process. The combustion of energy biomass and processing waste (sawdust, bark, black liquor) emitted carbon, which was assumed to convert completely into CO2 instantly in the same year than the harvesting of biomass. We did not consider any initial carbon stock of wood products at the beginning of the study.



In calculating the avoided emissions, all of the produced sawn wood and pulp/paper products were used as substitutes for fossil-intensive materials (e.g., concrete, steel, and plastic products). Energy biomass (logging residues, coarse roots, and stumps) and processing waste were assumed to substitute for fossil coal and oil. The avoided emissions for the biomass products were quantified by multiplying the amount of carbon (CO2) in a ton of dry mass with displacement factors for energy biomass/processing waste, pulp, and sawn wood [43,44]. The amount of avoided emission was expressed in Mg CO2 ha−1 year−1. The carbon content of the dry biomass was assumed to be 50% [55].



We used the default values of displacement factors that were: 0.5, 1 and 2 tC tC−1 for energy biomass/processing waste, pulp, and sawn wood, respectively. Additionally, a sensitivity analysis was performed by doubling (1, 2 and 4 tC tC−1) and lowering (0, 0.5 and 1 tC tC−1) the default displacement factors for energy biomass/processing waste, pulp/paper, and sawn wood. In the case of lowering the values, we also assumed that there is no carbon benefit of using energy biomass/processing waste in substitution. This sensitivity analysis demonstrates how large the substitution impact would be in emission reduction without changing the other components (e.g., carbon sequestration).



The mean annual yield of timber included pulpwood and sawlogs in Mg ha−1 year−1. Energy biomass referred to the amount of logging residues, coarse roots, and stumps in Mg ha−1 year−1. In data analysis, the yield of timber and energy biomass obtained from the alternative management scenarios was compared to that in the baseline management, without and with energy biomass production for the same period. Moreover, total yield (Mg ha−1 year−1) of harvested biomass (timber and energy biomass together) was calculated over the 40-year period.



The economic profitability of harvested biomass (sawlogs, pulpwood and energy biomass) yield was calculated in terms of net present value (NPV, € ha−1, Equation (4)) for all management scenarios for the 40-year period. To determine the NPV, the incomes (€ ha−1) from sawlogs (51 € m3), pulpwood (17 € m3), and energy biomass (5 € m3) were discounted with a 3% interest rate. The initial investment included the average cost of site preparation (265 € ha−1) and planting of seedlings (0.2 € seedling−1). The stumpage price per m3 for pulpwood, sawlogs and energy biomass was based on the 10-year (2004–2013) mean prices for Finland [13].


NPV = Σ B/(1 + i)t − Initial investment,



(4)




where, B is the income (€ ha−1) obtained from pulpwood, sawlogs and energy biomass, i is the interest rate (0.03) and t is the time of thinning or final felling.





3. Results


3.1. Effects of Forest Management and Harvest Intensity on Net CO2 Exchange


Annual net CO2 exchange increased (lowest absolute values) for the first 20 years but thereafter decreased until the end of the study period in all the sub-regions (Figure 1). Maintenance of higher stocking increased net CO2 exchange over the study period compared to the baseline (T26) (Figure 1) because of the increased NEE and less frequent thinnings. Intensive harvesting of biomass (BNR and BN) decreased emissions from decay of logging residues and coarse roots and stumps, which led to improved NEE and avoided emissions (with default displacement factors). The largest differences between the management scenarios and harvest intensities were found after 2030 (Figure 1).




3.2. Relationships between Net CO2 Exchange, Avoided CO2 Emissions and Economic Profitability of Biomass Production


Greatest values (lowest absolute values) for net CO2 exchange, avoided emissions and NPV were found in southern and eastern sub-regions compared to the western one over the study period (Figure 2 and Figure 3). The net CO2 exchange was higher in the final felling made at DBH of 26 cm than at 22 cm (Figure 2). More intensive biomass harvesting than only timber in final felling led to higher values, regardless of the management scenarios. The net CO2 exchange also increased when higher stocking than in the baseline was maintained (Supplementary Materials, Table S1). The avoided emissions and NPV were higher in the final felling made at DBH of 22 cm than made at 26 cm (Figure 2 and Figure 3). Compared to the baseline, the avoided emissions increased up to 29% and NPV up to 30% under maintaining lower stocking (Supplementary Materials, Table S1). On average, the net CO2 exchange over the study period in southern and eastern sub-regions was up to 31–34% higher than that in the western one.




3.3. Effects of Forest Management and Harvest Intensity on Net Ecosystem CO2 Exchange (NEE)


On average, the NEE was higher (lower absolute values) in southern and eastern sub-regions, compared to the western one over the study period, regardless of the management scenarios (Figure 4). In absolute terms, the NEE increased most during the first two periods reaching values up to −4 Mg CO2 ha−1 year−1. The NEE was at the lower level during the last two periods reaching values up to 1 Mg CO2 ha−1 year−1, especially in case of harvesting of timber with logging residues (Figure 4). Compared to the baseline, NEE in higher stocking with timber harvesting increased most during the last two periods up to 179%, 154% and 118% in the southern, eastern and western sub-region, respectively. The corresponding increases with the harvesting of logging residues (BN) were up to 301%, 293% and 164% and with the harvesting of logging residues, coarse roots and stumps (BNR) up to 463% (Figure 4). Conversely, NEE in lower stocking with BN increased only in the final period (up to 245%, 125% and 95%) compared to the baseline. NEE in lower stocking with BNR increased up to 393% and 231% during the last two periods in the southern and eastern sub-region and only in the final period in the western one (up to 185%). The NEE under the final felling made at a DBH of 26 cm was higher compared to that made at a DBH of 22 cm during the first three periods (Figure 4).




3.4. Relationships between Net Ecosystem CO2 Exchange (NEE) and Harvested Biomass Yield


The southern and eastern sub-regions appeared as prominent for increasing both NEE and biomass yield (both timber and energy biomass) over the study period (Figure 5). Both the NEE and yields were the highest under harvesting of timber together with logging residues, coarse roots and stumps (BNR), regardless of the management scenarios. Biomass yield was lower in the final felling made at DBH of 26 cm than that made at DBH of 22 cm, which was opposite to NEE over the study period (Supplementary Materials, Table S1). Maintenance of lower stocking also increased the yield over the study period (Figure 5; Supplementary Materials, Table S1).



Compared to the baseline, maintaining lower stocking resulted in up to 80% and 48% higher yield of sawlogs and pulpwood, respectively, during the first two periods depending on the regions. In the last two periods, their yield was lower, decreasing mostly in the last period (up to 38% and 15% lower) (Supplementary Materials, Table S2). The yield of timber was higher under the final felling made at DBH of 22 cm than that made at DBH of 26 cm, but only in the first two periods and then decreased in the last two periods (Supplementary Materials, Table S2).



Compared to BN26 and BNR26, maintaining lower stocking resulted in higher (logging residues, without and with coarse roots and stumps: up to 104% and 110%) energy biomass yield during the first two periods depending on the regions but produced lower yield during the last two periods (Supplementary Materials, Table S3). On the contrary, the yield of energy biomass increased when higher stocking was maintained during the last two periods. Generally, the yield of energy biomass was higher under the final felling made at DBH of 22 cm than that made at DBH of 26 cm except in the final period, where final felling at DBH of 26 cm produced higher yield (Supplementary Materials, Table S3).




3.5. Sensitivity of Avoided Emissions to Displacement Factors


Doubling of the factors increased the net CO2 exchange up to 53–84% and lowering of factors decreased it up to 33–58% in the management and harvesting scenarios, depending on the sub-regions (Figure 6). The relative contribution of avoided emissions to the net CO2 exchange shifted up to 50–60% and down to 13–22% when the default displacement factors were doubled and lowered, respectively (Supplementary Materials, Figure S1). The avoided emissions (with default displacement factors) and NEE contributed to the net CO2 exchange at highest up to 33–43% and 7–25%, respectively, depending on the management and harvesting scenarios and sub-regions. The contribution of the carbon stock change in sawn wood was up to 10–15% and in pulp/paper products up to 7–15% (Supplementary Materials, Figure S1, Table S4). In addition, the contributions of emissions from combustion of processing waste and energy biomass were up to 12–20% and 5–15%, respectively (Supplementary Materials, Figure S1, Table S4).





4. Discussion


We investigated the impacts of alternative forest management scenarios and harvest intensities on climate change mitigation potential of forest biomass production and utilization and economic profitability of biomass production in managed southern and middle boreal forests in Finland over a 40-year period (2016–2055) by using forest ecosystem modelling and life cycle assessment tool as integrated. The net CO2 exchange was considered as emission mitigation potential of biomass production and utilization in substituting fossil-intensive materials and fossil fuels. The modelling work strictly obeyed the management scenarios and all the produced biomass was assumed to substitute for fossil materials and fossil fuels. Therefore, the potential should be considered as a maximum biological potential. Abiotic and biotic risks to forests such as insect attacks, wind damages and forest fires on tree mortality were excluded in the simulations.



We found the highest mitigation potential (net CO2 exchange) over the study period in southern and eastern sub-regions, which was up to 31–34% higher than that in the western one. In the southern and eastern sub-regions, forests were initially dominated more by younger forests with higher growth rate, which caused higher net carbon sequestration into forests. Nevertheless, the differences in effects of management scenarios on the net CO2 exchange under alternative sub-regions were marginal. Regardless of sub-regions, net carbon sequestration increased and decomposition of logging residues decreased under higher stocking because of less frequent thinnings and lower amount of logging residues compared to the baseline. When logging residues, coarse roots and stumps together with timber were harvested, the net CO2 exchange and NEE increased over the study period up to 4% and 92% compared to the baseline (see Grelle et al. [56]). Over the 40-year study period, net CO2 exchanges ranged from 4.4 to 5.8 Mg CO2 ha−1 year−1 (or 39–51 million Mg CO2 year−1 if scaled up to the total study area) with default displacement factors and depending on forest management and harvesting scenario and sub-region. These values are comparable with other studies done in Sweden and Switzerland, which ranged from 2.3 to 8.1 Mg CO2 ha−1 year−1 [37,57].



Intensified harvesting (BN and BNR scenarios) with the maintenance of lower stocking in forests and using earlier final felling generated 29% higher avoided emissions compared to the baseline over the study period. However, the decreasing effect of NEE on mitigation potential could not be totally compensated by the use of default displacement factors in lower stocking and/or earlier final felling (at 22 cm) (see also Kallio et al. [3]). The use of higher displacement factors favored earlier final fellings and also use of energy biomass in substitution, but they decreased the climate benefits from maintaining higher stocking. Use of lower factors switched the NEE more important component of mitigation potential (up to 10–32% relative share of the net CO2 exchange depending on management) than the stock increase in wood products or emissions avoided. This result emphasizes the importance of displacement factors and their use as integrated with ecosystem responses, which finally may affect the preference of forest management for climate change mitigation.



The carbon stock change in sawn wood and pulp contributed 10–15% and 7–15%, respectively, to the mitigation potential over the study period depending on management scenarios and harvest intensities. The production of pulpwood and sawlogs was the highest in lower stocking, but the relatively larger flow of pulpwood to the technosystem in the initial two decades, compared to the latter two decades, caused higher emissions due to degradation. However, under this same management, the flow of sawlogs to the technosystem in the latter two decades was higher, compared to that in the initial two decades. Sawn wood products kept carbon out of the atmosphere longer compared to that of pulp/paper products. This was because of their longer lifespan [33,58,59,60]. Thus, the increase in carbon stock of sawn wood has positive impacts on climate change mitigation in addition to substitution benefits, which has also been found in previous studies [42,61,62]. This occurred in our study, although we did not consider recycling or reuse of wood products in our analysis which could have extended the lifespan of the products and benefitted the climate through carbon storing [63].



In the viewpoint of economic profitability, lower stocking with earlier final felling (at DBH of 22 cm) and more intensive biomass harvesting compared to the baseline management increased the NPV up to 30%. On the contrary, maintaining higher stocking in thinnings with final felling at DBH of 26 cm and more intensive biomass harvesting provided lower NPV due to later final felling. Forest management focusing on the highest NPV may reduce its mitigation potential [17,41], as was also found in our case over the 40-year study period.




5. Conclusions


The southern and eastern sub-regions of Finland appear to be prominent regions for climate change mitigation over the next 40 years. The best option to increase the potential was to maintain higher stocking in forests by increasing thinning thresholds, increase biomass harvesting intensity in final fellings and make final fellings earlier than recommended. However, the use of alternative displacement factors for biomass greatly affected the calculated substitution benefits for biomass and mitigation potential of forest biomass. Estimation of more detailed product- and country-specific displacement factors would be needed to improve climate change mitigation estimates for forestry.








Supplementary Materials


The following are available online at www.mdpi.com/1999-4907/8/11/455/s1, Table S1: Relative differences (% changes) in total annual biomass (timber and energy biomass) yield (Mg ha−1 year−1), NPV (€ ha−1), NEE (Mg CO2 ha−1 year−1), avoided emission (Mg CO2 ha−1 year−1) and net CO2 exchange (Mg CO2 ha−1 year−1) for alternative management scenarios and harvest intensities, compared to baseline management (T26) over the 40-year period under the final felling made at DBH of 26 cm and 22 cm in southern, western and eastern sub-regions of Finland. For the key of the management scenarios, see Table 1, Table S2: Mean annual yield (Mg ha−1 year−1) and % change in annual yield of timber (compared to baseline management) for four 10-year periods for different management scenarios under the final felling made at DBH of 26 cm and 22 cm in southern, western and eastern sub-regions of Finland. The yield obtained in alternative management scenarios was compared to that in the baseline management (T26) for the same period and expressed in percentage (%). For the key of the management scenarios, see Table 1, Table S3: Mean annual yield (Mg ha−1 year−1) of energy biomass (logging residues, without and with coarse roots and stumps) and % change in annual yield of energy biomass (compared to BN26 and BNR26) for four 10-year period for different management scenarios under the final felling made at DBH of 26 cm and 22 cm in southern, western and eastern sub-regions of Finland. For the key of the management scenarios, see Table 1, Table S4: The shares of different components of the net CO2 exchange (in absolute values, Mg CO2 ha−1 year−1) over the 40-year period using default substitution factors for different management scenarios and three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern, western and eastern sub-regions of Finland. For the key of the management scenarios, see Table 1, Figure S1: Relative shares of each component of the net CO2 exchange against the sum of their absolute values over the 40-year period using default, higher (doubled) and lower (halved) substitution factors for different management scenarios and three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern, western and eastern sub-regions of Finland. For the key of the management scenarios, see Table 1.
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Figure 1. Annual net CO2 exchange (Mg CO2 ha−1 year−1) over the 40-year period for the baseline (T26) and some selected alternative management scenarios and harvest intensities in the final felling made at breast height diameter (DBH) of 26 cm in southern (a), western (b) and eastern (c) sub-regions of Finland. For the key of the management scenarios, see Table 1. 
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Figure 2. Annual avoided emissions (Mg CO2 ha−1 year−1) and annual net CO2 exchange (Mg CO2 ha−1 year−1) over the 40-year period for different management scenarios and three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern (a), western (b) and eastern (c) sub-regions of Finland. For the key of the management scenarios, see Table 1. 
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Figure 3. Net present value (NPV, € ha−1) and annual net CO2 exchange (Mg CO2 ha−1 year−1) over the 40-year period for different management scenarios and three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern (a), western (b) and eastern (c) sub-regions of Finland. For the key of the management scenarios, see Table 1. 
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Figure 4. Mean annual net ecosystem CO2 exchange, NEE (Mg CO2 ha−1 year−1) (left) and relative difference (% changes) in NEE (right) for four 10-year period for different management scenarios, compared to baseline management (T26) and under three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern (a,b), western (c,d) and eastern (e, f) sub-regions of Finland. For the key of the management scenarios, see Table 1. 
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Figure 5. Mean annual net ecosystem CO2 exchange, NEE (Mg CO2 ha−1 year−1) against harvested biomass yield (Mg ha−1 year−1) over the 40-year period for different management scenarios and three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern (a), western (b) and eastern (c) sub-regions of Finland. For the key of the management scenarios, see Table 1. 
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Figure 6. Annual net CO2 exchange (Mg CO2 ha−1 year−1) using default displacement factors over the 40-year period for different management scenarios and under three different harvest intensities including timber (T), timber and logging residues, without (BN) and with coarse roots and stumps (BNR) in the final felling made at DBH of 26 cm and 22 cm in southern (a), western (b) and eastern (c) sub-regions of Finland. Upper cap (lowest value) and lower cap (highest value) shown in the bar represent for doubling and lowering the default displacement factors. For the key of the management scenarios, see Table 1. 
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Table 1. Forest management scenarios (baseline and alternative forest management scenarios) and biomass harvest intensities utilized for the study. Baseline management followed current recommendations for thinning and final felling made at tree diameter at breast height (DBH) of 26 cm. In the alternative scenarios, changes in thinning thresholds (+/−), DBH in final felling (26/22 cm) and harvesting intensity (T/BN/BNR) were considered.
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Management Scenarios

	
Harvesting Intensity in Final Felling

	
Management Scenario Acronym




	
Thinning Threshold Changes

	
Final Felling DBH (cm)

	
Timber (T)

	
Timber and Logging Residues (BN)

	
Timber, Logging Residues and Coarse Roots and Stumps (BNR)






	
0%

	
26/22

	
T/BN/BNR

	
T26 *, BN26, BNR26




	

	

	

	

	

	
T22, BN22, BNR22




	
+20%

	
26/22

	
T/BN/BNR

	
T26+, BN26+, BNR26+




	

	

	

	

	

	
T22+, BN22+, BNR22+




	
−20%

	
26/22

	
T/BN/BNR

	
T26−, BN26−, BNR26−




	

	

	

	

	

	
T22−, BN22−, BNR22−








* Baseline management.
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