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Abstract

:

Research Highlights: We show the difference in the long-term effects on economic and ecological forest values between four forest management scenarios of a large representative forest landscape. The scenarios were largely formulated by stakeholders representing the main views on how to manage north-European forests. Background and Objectives: Views on how to balance forest management between wood production and biodiversity differ widely between different stakeholder groups. We aim to show the long-term consequences of stakeholder-defined management scenarios, in terms of ecological and economic forest values. Materials and Methods: We simulated management scenarios for a forest landscape in Sweden, based on the management objectives and strategies of key stakeholders. We specifically investigated the difference in economic forest values coupled to wood supply and ecological indicators coupled to structural biodiversity between the scenarios over a 100-year period. The indicators were net present value, harvest, growing stock and increment, along with deadwood volume, the density of large trees, area of old forests and mature broadleaf-rich forests. Results: We show that the scenarios have widely different outcomes in terms of the studied indicators, and that differences in indicator outcome were largely due to different distributions in management regimes, i.e., the proportion of forest left unmanaged or under even-aged management or continuous cover forest, as well as specific retention practices. Retention and continuous cover forestry mitigate the negative effects that clear-cut forestry has upon biodiversity. Conclusions: We found that an increase in the forest area under the continuous cover forestry regime could be a cost-efficient way to increase structural diversity in managed boreal forests. On the other hand, no single management regime performed best with respect to all indicators, which means that a mixture of several management regimes is needed to balance conflicting objectives. We also show that the trade-off between economic and ecological indicators was not directly proportional, meaning that an increase in structural biodiversity may be obtained at a proportionally low cost with appropriate management planning.
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1. Introduction


More than half of the world’s forests are managed for wood production, often in combination with other uses [1]. Globally, wood harvesting has increased during the last decades [2]. Climate change mitigation efforts and the transition to a bio-based economy are likely to further increase the demand for wood products, both for material use and energy production [3,4]. Forest management for wood production has a net negative impact on biodiversity [5]. However, management regimes differ widely in their impact upon biodiversity [6], suggesting that the conflict between wood production and biodiversity conservation can be alleviated by well-informed management decisions.



There is still limited knowledge on how forest management can help to reduce the trade-off between wood production and biodiversity conservation in the long term, and views on how to manage the forest differ widely between different stakeholder groups [7,8,9]. A frequently used approach to investigate the consequences of forest management on the long-term development of forest resources, associated ecosystem services and biodiversity, is quantitative scenario analysis using forest decision support systems [10,11]. Scenarios are powerful tools to envision how forest ecosystems may respond to different driving forces and management options [10,12]. However, scenario analysis in and of itself does not explore how stakeholders and decision-makers perceive the importance of a variety of criteria in relation to different forest values. The integration of stakeholders (groups or individuals affecting or affected by the management) in scenario development is beneficial, as it encourages a better consideration of differing values, interests and transdisciplinary knowledge than pure academic scenarios [13,14,15,16]. However, participatory approaches, where realistic and possibly implementable scenarios addressing forest management are investigated, are rare [10]. This is unfortunate as recent examples exist of the successful implementation of forest decision support tools in participatory settings for supporting stakeholder negotiations [17,18,19].



The conflict between wood production and biodiversity is acute in Fennoscandian forests. Even-aged forest management, with clear-cut harvesting and thinning from below, has been the dominant management regime in Fennoscandia since World War II [20]. Industrial-scale, clear-cut harvesting has turned Fennoscandia into a key wood provider at the global level. For example, despite holding less than one percent of the world’s commercial forests, Sweden is the world’s third largest exporter of pulp, paper and sawn timber [21]. At the same time, intensive clear-cut forestry is a major reason for the red-listing of Fennoscandian species [22,23,24]. However, international agreements such as the Convention on Biological Diversity and the European Union (EU) Biodiversity Strategy 2014, as well as national environmental quality objectives state that biodiversity shall be preserved. Legally protected areas alone cannot ensure the long-term persistence of species [25]. This means that there is a need to start identifying alternative management strategies that are effective in preserving biodiversity [6], while still meeting the forest owners’ economic expectations from their forests [26,27], and the increasing wood demand that a transition to a bio-based economy is expected to require [28].



As a response to the rapid transformation and simplification of forests that industrial-scale clear-cut harvesting regimes entail, retention forestry emerged about 30 years ago in North America, and is becoming increasingly common in forestry globally [29,30]. In retention forestry, single living or dead trees, tree patches and buffer strips are left unlogged, in order to increase structural and compositional diversity, to provide stepping-stones, and to support the life-boating of species between forest generations [31,32]. This has been shown to moderate the effects of pure clear-cuts [33,34,35]. Lindenmayer et al. [36] even suggested spreading retention forestry over the globe to stop the decline of biodiversity. As retention forestry has only been practiced for a few decades, knowledge on its long-term effects, i.e., covering a whole forest rotation or more, can only be derived from simulation studies.



Another management regime that has received increasing attention during recent years is continuous cover forestry (CCF), a silvicultural regime without a clear-cut phase [20,37,38]. It is an old forest management method in Europe [39], and is also considered to better maintain late-successional forest characteristics and species assemblages than even-aged management [20].



CCF meets diverse management objectives and the provision of more ecosystem services related to a continuous forest cover [38,40,41,42,43,44]. In CCF, forests are harvested by selection felling or by creating small gaps to enable natural regeneration and an uneven-aged forest structure.



Other measures that have been brought up in recent years, aiming at increasing structural diversity and thus maintaining biodiversity, include longer rotation periods, promoting broadleaves, and increasing the proportion of the area that is set aside from forestry [7]. While there is a general agreement, also reflected in the Swedish forest legislation, that forestry should both produce wood and maintain biodiversity, there are widely differing views on how to reach that goal among stakeholders.



In this study, we aim to show the difference in the long-term effects of economic and ecological forest values between a set of stakeholder-defined management scenarios of a boreal forest landscape. More specifically, we ask:




	
What is the difference between the stakeholder scenarios in terms of indicators for economic forest values coupled to wood supply and structural biodiversity indicators?



	
What is the contribution of different management regimes and retention practices to the differences in the economic and ecological indicators?



	
What are our management recommendations aiming at balancing economic and ecological forest values based on the scenario results?








The scenarios are long-term (100 years), and cover an area of more than 100,000 ha of boreal forest in Sweden. The stakeholder scenarios were developed using a participatory approach, integrating the forest management and conservation interests of four key stakeholders. The stakeholders—which include Sweden’s largest forest owner, governmental agencies, as well as non-governmental organizations—have large impact upon forest biomass production and conservation in the area, and represent both economic and ecological interests.




2. Materials and Methods


2.1. Study Landscape


The study landscape is located in the middle of the boreal region in northern Sweden (Figure 1). Input data for the scenario projections were based on a segmented country-wide forest map [45], which provided stand boundaries. We combined the stand boundaries with spatial information on land cover, protected forest areas and key habitats, and then allocated data on forest stand conditions from National Forest Inventory (NFI) plots to the stands (see Appendix A for more information). The NFI plot data are from the years 2008–2012, and thus they describe, on average, the state of the forest in 2010. We chose NFI plots that are representative of forest conditions in middle boreal Sweden (Figure 1), in terms of productivity, tree species and age class distribution. Choosing NFI plots from a larger region ensured a larger variation in the initial forest conditions, as the number of NFI plots located within our study area is less than 100.



The study landscape comprised 103,313 ha of productive boreal forest, divided into 10,782 forest stands. Productive forest was defined as forest with a mean growth larger than 1 m3/ha/year. The forest was dominated by conifers, and the growing stock was distributed into Pinus sylvestris 40%, Picea abies 42%, Betula ssp. 16%, Populus tremula 0.4% and other broadleaves 1.3%. The mean age was 72 years, with the majority of the forest, 55%, being younger than 60 years (Figure 2). 7.8% of the forest area was located in nature reserves or classified as woodland key habitat, i.e., stands where red-listed species could be expected to occur [46], and which we assume are permanently set-aside from forestry.




2.2. Simulation and Optimization of Forest Dynamics and Management


The forest management scenarios were simulated using the PlanWise application of the Heureka forest decision support system, which includes a built-in optimization tool [47]. The core of the Heureka system consists of a set of empirical growth and yield models that project the tree layer development in 5-year time steps. The models were developed by means of regression analysis using data from the National Forest Inventory, long-term experiments, and yield plots, and they include models for stand establishment, diameter growth, height growth, tree recruitment and mortality [48,49,50].



In PlanWise, projections of future forest conditions are made in two steps: treatment simulation and then treatment selection. First, a set of alternative treatment schedules is created for each stand for one or several management strategies. A treatment schedule is a sequence of treatments, such as thinnings and final fellings during the planning horizon, here 100 years.



Management strategies are user-defined sets of silvicultural options and can differ in management regime (unmanaged, even-aged or uneven-aged), silvicultural practices (e.g., regeneration type, regeneration species, thinning type and intensity) and retention practices within stands (size of retention patches, number of retention trees and high stumps (stems cut 4 m above ground during a felling operation to increase the availability of deadwood) left in the final felling). For a given management strategy, several treatment schedules are created, differing in the timing of the treatments. For each stand and all its treatment schedules, a large number of variables describing the tree layer is calculated through time, including harvest volume and forest stand structure indices. Also, the net present value (NPV) is calculated, defined as the sum of discounted revenues minus the costs of forest management activities for an infinite time horizon. Second, in the treatment selection step, each stand is assigned the treatment schedule that minimizes or maximizes a user-defined objective function (e.g., NPV) and fulfils a set of user-defined constraints, using a mixed integer optimization model.




2.3. Participating Stakeholders


The following stakeholders were included: the branch organization LRF Skogsägarna, representing >100,000 private land owners managing >25% of the total forest land in Sweden (LRF); Sweden’s largest forest owner, state-owned Sveaskog, managing 15% of the productive forest land in Sweden (SVEA); the Swedish Society for Nature Conservation (SSNC), a non-governmental organization, with 226,000 members and a century-long tradition of working for forest conservation; and the Swedish Environmental Protection Agency (SEPA), working with all of the agencies having responsibilities within the Swedish Environmental Quality Objectives system, and responsible for following up and evaluating several of the Swedish Environmental Quality Objectives. The stakeholders have a large impact upon forest management and conservation in Sweden, either by managing a large share of the forest (SVEA), by lobbying for private landowners’ interests (LRF), by developing and implementing environmental policy (SEPA), or by lobbying for nature conservation (SSNC). Another stakeholder, the Swedish Forest Agency, which is responsible for operationalizing the national forest policy goals, and for the Environmental Quality Objective “Sustainable Forests”, actively participated in the scenario formulation discussions, but without defining a separate scenario. One to two representatives of each stakeholder organization participated in a series of stakeholder workshops (September 2016, October 2017, April 2018, and December 2018). Additionally, the researchers had email conversations with the individual stakeholder representatives in between workshops to discuss scenario-specific issues.




2.4. Stakeholders’ Forest Management Scenarios


All participating stakeholders were asked to describe how they would like the forest in the study landscape to be managed, and which targets they want to achieve. This included, for example, how much of the forest area should be set aside with no management, distribution of management regimes (even-aged or uneven-aged), regeneration practices (plantation or natural regeneration) and targets for deadwood volumes or the proportion of broadleaved trees. In addition, stakeholders were given the opportunity to modify their scenario specification upon the presentation of preliminary results. This resulted, however, only in minor additions to scenario specifications. The final scenario descriptions were used to create four management scenarios differing in the distribution of management regimes, the applied management strategies, as well as the constraints defined in the optimization model (Table 1).



In all four scenarios, the study landscape was first divided into both reserves and the forest available for wood supply (production forest) (Table 2). Reserves were left unmanaged. The extent and location of the reserve area was based on stakeholder specification and varied between scenarios, but always included nature reserves and key habitats (7.8% of the forest area). In all but the LRF scenario, additional stands were chosen to be included in the reserve category, based on a biodiversity index (i.e., prioritizing stands with a high biodiversity index) [51].



For the production forest, we defined several different management strategies for which treatment schedules were created, based on the aims and targets defined by the stakeholders. Management strategies included different options for even-aged and uneven-aged forest management with varying amounts of tree retention.



Even-aged forest management in our study landscape typically involves the following: soil scarification, planting or natural regeneration with seed trees, pre-commercial thinning (cleaning) at the height of 2–5 m, one or two thinnings with about 30% removal of the volume at each instance, and final felling after the lowest allowable final felling age, with or without leaving seed trees. Even-aged management strategies differed in the type of regeneration (planting, seed trees or shelterwood), the proportion of plantations with genetically improved seedlings, the proportion of broadleaves retained during cleanings and thinnings and rotation length.



Uneven-aged management was applied only for spruce-dominated forests and included strategies for continuous cover forestry (CCF). CCF is implemented as a continual series of selection fellings, which are simulated as thinning from above, i.e., harvesting of the largest trees. Models for natural regeneration are used to simulate tree recruitment. The stand is never clear-felled, and acquires an uneven age–class distribution over time.



Retention forestry is simulated by leaving a user-defined number of retention trees and high stumps on the final felling site, and by setting-aside a user-defined proportion of the stand as a retention patch. Retention patches are created in the beginning of the simulation, and at that point they have the same relative properties as the remaining stand. Retention patches are treated with selection felling when the parent stand is thinned or final felled.



While the overall retention efforts—in terms of number of retention trees, high stumps and size of retention patches—varied between scenarios (Table 1), retention always included a 15 m buffer zone around open water.



Not all management strategies were simulated for all stakeholders. LRF and SVEA did not choose to include alternative management strategies, so we included only even-aged management options for these stakeholders. This reflects current management practices in Sweden. SSNC and SEPA asked for a larger variation in management, and we included the CCF of spruce-dominated forests, shelterwood management of stands not dominated by spruce, and mixed-species, even-aged management, in which a 40% share of broadleaves is retained during cleanings and thinnings (instead of the commonly practiced broadleaf admixture of 10%–15%).



We used timber and pulpwood prices based on 2017 price levels for our study area and typical management costs based on the analysis of forest management practices (e.g., [52,53]). Costs and prices per volume unit were assumed to be constant over time.



In the optimization, NPV was maximized in all four scenarios, using a discount rate of 2.5%. Several stakeholder-specific forestry targets were implemented as constraints in the optimization model, such as the share of forest area under CCF and shelterwood management, evenness constraints for harvest volumes and revenues, as well as targets on deadwood and broadleaf volumes (Table 1 and Appendix B). Each unit of area was set to follow its allocated strategy throughout the whole planning period. The models were formulated and solved within the Heureka PlanWise system using the ZIMPL optimization language [54] and Gurobi 7.0, using a traditional branch and bound algorithm with a convergence bound of 0.01%.




2.5. Economic and Ecological Indicators


We compared the scenario outcomes for a set of indicators for economic forest values coupled to wood supply, and ecological forest values based on structural biodiversity indicators.



The main marketed ecosystem service of Swedish forests is timber production. Therefore, we used harvest volume, NPV, net growth and growing stock as economic indicators.



Harvest volume is a measure of wood supply, while net growth and growing stock are measures for the future potential of wood supply. NPV is a measure of the economic profitability of wood production. The economic indicators were calculated only for the production forest, because the wood in reserves is not available for the markets.



The ecological indicators were the density of large trees, proportion of old forest, deadwood volume and the proportion of mature forest with a high share of broadleaves. Large trees are amongst the most important substrates for red-listed species in boreal forests [55]. In boreal old-growth forests with natural fire regimes, it was probably common to have at least 20 trees per ha with a diameter at breast height (dbh) of at least 40 cm, which can be compared to the present value of around one such tree per ha in intensively managed Swedish forests [56]. The volume of dead wood in managed forests is a critical factor in their ability to retain forest specialist species [57]. In Sweden, the average volume of dead wood in managed forests is 7.6 m3/ha, whereas a volume of 20–30 m3/ha has been suggested as threshold for the biodiversity conservation in boreal coniferous forests [58]. The area of old forest, mature forest with a high proportion of broadleaves and deadwood quantity, are used as indicators to follow up the Swedish environmental quality objective “Sustainable Forests” [59].





3. Results


3.1. Forest Management


The four stakeholder scenarios varied considerably in the proportion of area under different management regimes (Figure 3). The proportion of unmanaged forests, or forests managed for nature conservation (nature reserves, key habitats and retention patches) varied between 15% (LRF) and 28% (SSNC), and the proportion of even-aged management varied between 22% (SEPA) and 85% (LRF). CCF was only applied in two of the scenarios (SSNC and SEPA).




3.2. Economic Indicators


NPV was highest in the LRF and SVEA scenarios, and approximately 14% lower in the SSNC and SEPA scenarios (Table 3). These differences are partly due to the varying proportions of reserves in the scenarios—differences in NPV are smaller when comparing the NPV for the production forest only.



The net growth of wood increased initially in all four scenarios (Figure 4). This continued in the SVEA scenario for most of the simulation period, while growth remained relatively stable in the LRF scenario, but started to decrease after about 30 years in the SSNC and SEPA scenarios. The differences in growth were mainly caused by differences between scenarios in the area of managed forest (the lower the managed area, the lower growth), the proportion of management regimes, regeneration settings (plants from tree-breeding programs promote future growth compared to natural regeneration) and rotation lengths in the even-aged management regime.



In total, harvest volume was highest in the SVEA and LRF scenarios, with a mean annual harvest of more than 300,000 m3, and approximately 20% lower in the SSNC and SEPA scenarios. Harvest patterns varied between scenarios (Figure 4), due to constraints set in the optimization (Table 2). In SSNC, with a constraint of non-decreasing harvest flows, the harvest volume increased over time. However, as growth decreased over time, and the harvest exceeded growth during the last 30 years, this harvest level is not sustainable after the end of the simulation period. All other scenarios allowed for a decrease in harvest volume over time, only limiting deviations between consecutive periods.



At the end of the 100-year simulation period, the growing stock of production forests was higher than the initial growing stock in all scenarios, with the largest increase in the SEPA scenario. However, in all scenarios, harvest volumes exceeded growth at times, leading to a temporary decrease in growing stock.



CCF led to lower mean annual harvest and growth, but a higher standing volume and larger NPV compared with forests managed with even-aged management (Table 4). This is caused by a decrease in harvest volume over time in forests managed with CCF, while harvest volumes increased in forests under even-aged management.




3.3. Ecological Indicators


The scenarios resulted in large differences in all ecological indicators over time (Figure 5 and Figure 6). The SSNC and SEPA scenarios consistently resulted in higher indicator values compared to the LRF and SVEA scenarios. Deadwood volumes and the number of large-diameter trees increased in all scenarios, but at different levels. The area of old forest and mature broadleaf-rich forest, on the other hand, decreased or remained stable over time for the LRF and SVEA scenarios, while it increased in the SSNC and SEPA scenarios.



The differences in old forest area were to a large part due to divergent development in the production forest, where an increasing proportion of the forest managed with the CCF in the SSNC and SEPA scenarios counted as old forest over time (Figure 5A). This led to an increase in the proportion of old forest in the production forest in these scenarios, while its proportion decreased in the LRF and SVEA scenarios, which did not include CCF. After 100 years, old forest was almost non-existing in forests under even-aged management. Only the SSNC scenario, which required at least 20% of the managed forest to be older than 140 years in the end of the simulation (Table 2), had a non-negligible proportion of old forest area in the even-aged management regime.



The proportion of mature broadleaf-rich forest increased from the initial 9% in the SSNC and SEPA scenarios, but decreased in the other two scenarios (Figure 5B). In SSNC, the proportion started to decrease towards the end of the simulation period, mostly due to a decrease of this forest type in forests under even-aged management. In protected forests, the proportion of mature broadleaf-rich forests decreased over time in all scenarios. Thus, the smaller proportion of mature broadleaf-rich forest in the LRF and SVEA scenarios, compared to the SSNC and SEPA scenarios, was largely due to a lack of the CCF regime in LRF and SVEA.



Deadwood volumes increased over time in all stakeholder scenarios, both in reserves and in the production forest (Figure 6A). The increase was largest in the SEPA and SSNC scenarios, and smallest in the LRF and SVEA scenarios. In the beginning, the LRF scenario had the highest average deadwood volume in reserves, as only existing nature reserves and key habitats were set aside from forest management. In the other scenarios, new reserves were created by setting aside additional forest stands until the target for reserve area was reached (see Appendix B). These stands had, on average, lower deadwood volume compared to existing reserves.



The average density of large-diameter trees, i.e., trees with a dbh of at least 40 cm, increased considerably in all scenarios (Figure 6B), from initially less than 1 tree/ha to around 16 (SSNC and SEPA), 7 (LRF) and 9 (SVEA) over the course of 100 years. After 100 years, the large-diameter tree density was highest in protected areas, and lowest in forests managed with even-aged forestry (Table 5). However, in the end of the simulation, the average number of large-diameter trees in forests under the even-aged management regime was comparable to the current levels in reserves in our study landscape (around 2.7 or less trees with dbh ≥ 40 cm per ha, depending on the scenario). This increase was mainly due to retention practices, as a minimum of eight solitary retention trees per ha were left during the final fellings in all scenarios, in addition to the setting aside of retention patches.



In the end of the simulation, the main explanation for difference in indicator values between the scenarios was the different management regimes, in particular the proportion of reserves, CCF and retention patches, which was more important compared to varying silvicultural details within even-aged management. (Table 5). Particularly in reserves, the area of old forest, deadwood and the density of large trees were high, while the proportion of mature broadleaf-rich forests was highest in forests managed with CCF and in retention patches.



In the production forest, even-aged management resulted in considerably lower ecological indicator values compared to CCF and retention patches, even though management strategies varied considerably for the even-aged management regime between stakeholders.




3.4. Integrative Assessment


The SSNC and SEPA scenarios led to higher levels for the ecological indicators, while the LRF and SVEA scenarios led to higher levels for the economic indicators (Table 6). The variation in indicator levels between scenarios was generally higher for the ecological indicators than for the economic indicators, indicating that increases in structural biodiversity are not necessarily proportional to losses in economic forest values. The variation in ecological indicator levels was particularly large for old and mature broadleaf-rich forest.





4. Discussion


In this study, we developed stakeholder-defined forest management scenarios and compared their long-term effects on the indicators of economic and ecological forest values. The scenarios aimed to build knowledge on the long-term impact of stakeholder-defined management prescriptions on wood production and conservation, rather than finding a compromise scenario that balances the objectives of all stakeholders. We show that the scenarios have widely different outcomes in terms of the studied indicators, and that differences in indicator outcome between scenarios were largely due to different distributions in management regimes between the scenarios.



All the stakeholders had multiple objectives, including wood production and the conservation of biodiversity, even though the focus of interest differed. The LRF and SVEA scenarios largely reflect current management practices. Even though wood production and biodiversity protection are co-equal goals in the Swedish forestry legislation, current management practices favour wood production [7,60]. The SSNC and SEPA scenarios, on the other hand, have a stronger focus on biodiversity protection, which is also reflected in the results. The SSNC and SEPA scenarios generally led to higher future levels for the ecological indicators, while the LRF and SVEA scenarios resulted in higher levels for the economic indicators, confirming that there is a clear trade-off between economic and ecological forest values. The difference in economic indicator outcome between scenarios is partly explained by the difference in reserve area between scenarios, with a smaller variation in NPV per ha when comparing only the production forest rather than the total forest area.



The overall difference between scenarios for the ecological indicators was larger than the overall difference between the economic indicators among the scenarios formulated by stakeholders with widely different views on forest use. This means that an increase in structural biodiversity is not necessarily directly proportional to a decrease in economic values coupled to wood supply. Hence, an increase in structural biodiversity may be obtained at a proportionally lower cost with appropriate management planning. However, there may be other, more effective ways to reduce the trade-off between wood production and biodiversity than the stakeholder scenarios suggest. Previous research has shown that a combination of different management strategies is needed to resolve conflicts between conflicting objectives [7,9], and that a variation in management strategies (i.e., more site-adapted management) can be more profitable than just applying a single strategy to all stands [61]. Therefore, adding more variation to, for example, the SVEA scenario, may result in both higher economic and ecological indicator outcomes for this scenario.



While the proportion of old and mature-broadleaf-rich forest remained stable or decreased in LRF and SVEA, but increased in SSNC and SEPA, deadwood volumes and the density of large trees increased considerably in all scenarios, compared to initial conditions. However, this was from a very low initial level, which is the result of decades of intensive forest management. In particular, large diameter trees are very rare in today’s Fennoscandian forests, and our simulation results suggest that their numbers will increase dramatically in the future, both in reserves, and to a lesser extent, in production forests. The overall increase was particularly pronounced in the SEPA and SSNC scenarios. Average deadwood volumes increased considerably over the course of the 100-year simulation period, in all scenarios. After 100 years, forests outside reserves had an average deadwood volume above 20 m3/ha in the SSNC and SEPA scenarios, which is comparable to the suggested threshold value for the biodiversity conservation in boreal coniferous forests [58]. Also in the LRF and SVEA scenarios, deadwood volumes increased, but not as much as in the SSNC and SEPA scenarios. Both retention patches and solitary retention trees contributed to the increase in large-diameter trees and deadwood in production forests. The changes in the ecological indicators over time in the LRF and SVEA scenarios area is largely comparable to the projected changes in the latest national forest resource outlook study [62,63].



No single management regime performed best regarding all indicators. Even-aged management resulted in the highest levels for the economic indicators, but the lowest levels regarding the ecological indicators, which is in line with previous research [6,64,65]. The CCF regime resulted in declining growth rates and lower mean harvest volume compared to even-aged forestry, even though the initial standing volume was higher in stands that were assigned the CCF regime. This allowed for relatively large selective felling volumes in the beginning, and thus for a comparatively high NPV. However, CCF resulted in a large increase in structural diversity compared to even-aged management, in particular through high proportions of old and mature broadleaf-rich forests, and a much higher density of large-diameter trees. In addition, retention patches clearly improved the conditions for biodiversity compared to even-aged management, which is in line with conclusions from observations and earlier simulations of retention patches [35,66,67,68]. Our findings support earlier research that found that selection cutting and retention forestry increase the structural diversity, and thus provide for a better continuity of ecosystem functions of forests compared to even-aged forestry [20,36,42].



In a landscape predominantly managed with even-aged forestry, increasing the proportion of forest managed with CCF can be a cost-effective approach to increase the structural diversity while still allowing for economic returns from wood harvests. This is thus a way to balance economic and ecological forest values. While retention forestry is a common practice in Sweden today, CCF is rare, and its wider application necessitates improved communication, education and public awareness [69]. While there is an increased interest in selection felling systems from small forest owners, it is difficult to find competent forest management advisors and affordable solutions for harvesting, as the forest sector in Sweden is mainstreamed towards even-aged management [69].



Not all of the management specifications provided by the stakeholders could be fully implemented when creating the scenarios. For example, both SSNC and SEPA had constraints on the proportion of the forest managed with (large) clear-cuts, asking for a variety of alternative management strategies that provide continuity in tree cover at stand scale, including gap and strip cuttings. The choice of alternative management strategies implemented in the Heureka decision support system is however limited to selection fellings applicable for spruce-dominated forests, and shelterwood systems for other tree species. Other management specifications expressed by SSNC and/or SEPA that could not be implemented included prescribed burning, the creation of wide edge zones towards agricultural areas, blueberry production and the deliberate creation of deadwood during thinnings. This emphasizes the need to better include alternative and nature conservation-oriented management activities as well as indicators for other ecosystem services in the continued development of forest decision support systems, which has also been pointed out in recent reviews [70,71].



The accuracy of projected long-term management impacts depends on the reliability of the used Heureka forest decision support system and the input data. The growth functions are quite reliable for even-aged management [48], less accurate for heterogeneously structured forests [72] and reasonably accurate for non-managed old forests [73]. However, the deadwood decomposition models are based on a small dataset collected in Russia [74], and have not been rigorously validated for transferability to northern Swedish conditions. However, our general assessment is that they are useful for comparing the difference in deadwood quantity between scenarios, although absolute levels are uncertain. Moreover, due to limited empirical information on CCF in Sweden, and in Scandinavian conditions in general, the model results for CCF are more uncertain than those for even-aged management, even though a comparison of the simulation of selective cuttings with observed data suggests that model projections are accurate enough to be useful [75]. The starting conditions are those observed in the National Forest Inventory, where each plot was assumed to represent a whole stand. As the plots are relatively small (at most 314 m2), and due to small-scale variation within forest stands, some of the plots may have rather extreme forest characteristics. However, we minimized the effect of this by including a large number of plots in the input data generation, while ensuring that those included plots are representative for the climate and growing conditions of our case study landscape.



The applied Heureka forest decision support system assumes that a retention patch is a physical proportion of a stand, and specifically that a retention patch has the same initial tree species distribution as its parent stand. In reality, however, often the broadleaf-rich parts of forest stands are chosen for retention [66]. Therefore, our projected results may underestimate the proportion of broadleaves in retention patches.



We did not include any potential effects of climate change on forests. Global warming is expected to increase growth in northern Europe, but it also involves increased risks through extreme weather events and changed disturbance regimes [76]. The focus of our study, however, is on relative differences between stakeholder-defined forest management scenarios, and we believe that these will be valid also under a future changing climate.




5. Conclusions


To conclude, we found that the stakeholder scenario projections vary widely in their consequences on economic forest values coupled to wood supply and structural biodiversity indicators, confirming that there is a clear trade-off between wood production and biodiversity protection. The differences in indicator outcome between scenarios were to a large degree caused by varying proportions in management regimes, (i.e., unmanaged, even-aged, CCF, retention patches), and to a lesser extent by the choice of silvicultural options within even-aged management between scenarios. Retention and continuous cover forestry were shown to mitigate the negative effects that clear-cut forestry has on biodiversity. Our results further show that an increase in the forest area under the CCF regime can be a cost-efficient way to increase structural diversity in managed boreal forests. However, more research on CCF and other nature-conservation-oriented management activities is needed, since the current knowledge is limited, and the associated models for CCF are uncertain. Moreover, the continuation and potential amplification of retention practices would also promote ecological values and could respond to the needs of improving the conditions for biodiversity in the longer run.
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Appendix A. Generation of Input Data


The Heureka forest model requires the following input data for analysis on a landscape level: a stand register, including information on the following variables for each stand: stand size, site type, basal area, volume, stand age, number of stems, tree species distribution, mean height and diameter per tree species. In addition to this, a shapefile with stand polygons is needed if the analysis includes spatially-explicit aspects.



To generate the input data for our study area, we combined a segmented country-wide forest map (for the stand polygons) with data from National Forest Inventory (NFI) plots (for the stand information). We used NFI plots from the years 2008–2012 as our basis for the required forest variables [77]. We included plots located in areas with climate and growing conditions that are comparable to those in our study area (Västerbotten, Piteå, Älvsbyn, Arvidsjaur, Sollefteå, Örnsköldsvik). Only plots representing productive forests were included, in total 4326 plots. Each plot has an associated expansion factor, informing about how much of the national forest area the plot represents.



We used a segmented forest map to define the stand polygons. In addition, we used diverse sources of spatial information (Table A1) to identify a number of stand properties:




	
Unproductive forest area, using information from land cover data. Forest types that were classified as unproductive include bog forests and forest on rocky surfaces. Unproductive forests were excluded from the subsequent analysis.



	
Stands located in nature reserves and key habitats.



	
Stands that were final felled between 2001 and 2017.
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Table A1. Spatial layers used in the generation of the input data.






Table A1. Spatial layers used in the generation of the input data.





	Spatial Layer
	Source





	Segmented forest map (kNN 2005)
	Available from the Swedish University of Agricultural Sciences, [45]



	Nature reserves
	http://mdp.vic-metria.nu/miljodataportalen/



	Woodland key habitats
	http://skogsdataportalen.skogsstyrelsen.se/Skogsdataportalen/



	Land cover (Svenska marktäckedata)
	http://mdp.vic-metria.nu/miljodataportalen/



	Final fellings 2001–2017
	http://skogsdataportalen.skogsstyrelsen.se/Skogsdataportalen/








Each NFI plot was set to present a whole stand. We randomly distributed the NFI plot data to the stands in the study area, proportional to the share of area each plot represents. We did this separately for nature reserves/key habitats (using only plots from nature reserves), and other productive forest (using plots from forest that is not formally protected). All forests that were final-felled between 2001 and 2017 received stand information of plots with a mean age below 16 years.



Deadwood


NFI plots have a small area, and the amount of deadwood on each plot cannot be used to represent a whole stand. Instead, we calculated average deadwood volumes for seven classes of forest standing volume, separately for nature reserves and other productive forests. The volume classes were: volume classes (in m3/ha): 0–50, 50–100, 100–150, 150–200, 200–250, 250–300, >350. Each stand was assigned the average deadwood volume of the appropriate volume and management class.





Appendix B. Description of the Stakeholder Scenarios


Appendix B.1. The Swedish Society for Nature Conservation (SSNC)


Appendix B.1.1. Treatment Simulation


Based on forest properties, different management strategies were simulated for each stand (Table A2).
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Table A2. Management strategies for different forest categories. For all strategies, a maximum number of 10 treatment schedules was created.






Table A2. Management strategies for different forest categories. For all strategies, a maximum number of 10 treatment schedules was created.





	
Forest Category

	
Management Regimes/Strategies






	
Reserves

	
Unmanaged




	
Uneven-aged forest, spruce proportion ≥ 50%

	
CCF




	
Forests within 100 m of existing nature reserves or key habitats, spruce dominated

	
CCF




	
Forests within 100 m of existing nature reserves or key habitats, not spruce dominated

	
Even-aged, shelterwood




	
Pine-dominated

	
Even-aged




	
Even-aged, long rotation




	
Even-aged, extra-long rotation




	
Even-aged, shelterwood




	
Even-aged, shelterwood, extra-long rotation




	
All other stands

	
Even-aged




	
Even-aged, long rotation




	
Even-aged, plant birch









Reserves: 20.1% of the productive forest land is protected and left unmanaged. Protected areas consist of nature reserves and key habitats, as well as stands that have the highest conservation value, which was defined by a biodiversity index [51].



Production forest: Long rotation/extra-long rotation means that the minimum age for final felling is increased by 50%/75%. Scots pine was regenerated with natural regeneration, while Norway spruce was planted with genetically improved plants (tree breeding). Aspen and other broadleaves (except birch) were generally retained in cleanings and thinnings. The proportion of broadleaves (including birch) after a cleaning or thinning in a conifer-dominated or mixed stand was set to be at least 30% of all stems.



Retention in managed forests: 10% of all managed stands are set aside as retention patches, including a 15 m buffer zone around water. Additionally, after a final felling, 20 retention trees and 5 high stumps are left per ha.




Appendix B.1.2. Treatment Selection (Optimization)


In the optimization, NPV was maximized, given the following constraints:




	
30% of the forest area is managed with CCF or shelterwood management.



	
The target for total dead wood volume after 100 years, including both standing and downed dead trees, was set to 20 m3/ha for the managed forest area.



	
Old forests (mean stand age > 140 years) are required to make up at least 20% of the production forests at the end of the simulation period. This includes forests managed with CCF.



	
Harvest volume is not allowed to decrease over time.



	
The target level of the volume of deciduous trees was set to 20% of total wood volume in the entire landscape at the end of the simulation period.










Appendix B.2. The Swedish Environmental Protection Agency (SEPA)


Appendix B.2.1. Treatment Simulation


Based on forest properties, different management strategies were simulated for each stand (Table A3).
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Table A3. Management strategies for different forest categories. For all strategies, a maximum number of 10 treatment schedules was created.






Table A3. Management strategies for different forest categories. For all strategies, a maximum number of 10 treatment schedules was created.





	
Forest Category

	
Management Regimes/Strategies






	
Reserves

	
Unmanaged




	
Uneven-aged forest, spruce proportion ≥ 50%

	
CCF




	
Forests with a proportion of broadleaves (other than birch) > 30%

	
Even-aged promoting broadleaves




	
Unmanaged




	
Spruce-dominated

	
Even-aged




	
Even-aged promoting broadleaves




	
Even-aged, plant birch




	
CCF




	
All other stands

	
Even-aged forestry with at least 20% broadleaf admixture




	
Even-aged promoting broadleaves




	
Plant birch




	
Shelterwood, remove shelter




	
Shelterwood, retain shelter




	
Shelterwood promoting broadleaves, remove shelter









Reserves: 16.9% of the productive forest was set aside for nature conservation and left unmanaged. This includes nature reserves, key habitats, all stands within 100 m from nature reserves and key habitats, and stands with a high conservation value [51].



Production forest: Aspen and willow are retained during cleanings and thinnings. At least 20% broadleaves are generally retained during cleanings and thinnings. In management options that promote broadleaves, the proportion of broadleaves (of total stems) was set to be at least 40% broadleaves after cleanings and thinnings.



In even-aged management, Scots pine was generally regenerated using seed trees (i.e., natural regeneration), while other tree species (mainly spruce), were planted. Plants from tree breeding programs were used for 80% of the spruce plantations, while 20% of the plants were not from breeding programs. This measure intends to maintain genetic diversity among the tree layers.



Retention in managed forests: 10% of all managed stands are set aside as retention patches, including a 15 m buffer zone around water. In selection and final fellings, 30 retention trees are left per ha, and additionally in final fellings, 6 high stumps per ha.




Appendix B.2.2. Treatment Selection (Optimization)


In the optimization, NPV was maximized, given the following constraints:




	
65% of the managed forest area is managed with CCF or shelterwood.



	
The proportion of mixed forests (35–65% broadleaves) was required to be at least 35% of the total forest area (including protected forests) in the end of the simulation period.



	
The share of deciduous forest was not allowed to decrease by more than 5% from the initial situation.



	
Change in harvest volume between consecutive periods was restricted to 20% (in any direction).



	
The deadwood target in the managed forest was 25 m3/ha in the end of the simulation period.



	
In half of the area managed with shelterwood the shelter is retained, in the other half it is removed when the new stand has established.



	
Throughout the simulation (i.e., in each period), at least 30% of the harvest volume from shelterwood management is required to come from the strategy where the shelter is retained.










Appendix B.3. The Federation of Swedish Family Forest Owners (LRF)


Appendix B.3.1. Treatment Simulation


Reserves were left unmanaged, while production forests were managed with different variations of even-aged forestry, to account for diversity in management styles among small-scale forest owners. A maximum number of 15 treatment schedules was created per stand.



Reserves: Existing nature reserves and key habitats (7.8% of the forest area in the study landscape) were left unmanaged. No additional forest was dedicated for reserves.



Production forest: To account for the variety in management among small-scale private forest owners, we defined five different management strategies based on survey information [26,78]. Forest stands were randomly assigned one of the strategies, based on area proportions (Table A4).
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Table A4. Area proportions of the five management strategies applied for the production forest.






Table A4. Area proportions of the five management strategies applied for the production forest.





	Management Strategy
	Proportion of Managed Forest Area (%)





	passive
	13.5



	conservation
	6.2



	intensive
	6.5



	production
	47.9



	save
	25.9








Forest owners assigned the passive strategy were assumed not to do any cleanings, and at most one thinning. Final felling can be delayed by up to 50 years after the minimum age for final felling has been reached. Leaving the stand without any management was also an option for this category. Regeneration is done exclusively by planting.



Forest owners assigned the nature conservation strategy were also assumed to use prolonged rotation periods with up to 50 years after the minimum final felling age has been reached. They retain at least 30% broadleaves during cleanings and thinnings, prioritizing aspen and other broadleaves before birch. Pine is regenerated naturally, while spruce and other tree species are planted.



Forest owners assigned the intensive management strategy delay final fellings by a maximum of 10 years after the minimum allowable age for final felling. They regenerate exclusively by planting.



Forest owners assigned the production strategy delay final fellings by a maximum of 30 years after the minimum final felling age has been reached. Pine is regenerated naturally, while other tree species are planted.



Forest owners assigned the save strategy delay final felling by 20–50 years after reaching the minimum final felling age. They regenerate pine naturally, and other species by planting.



Retention in managed forests: For the passive, production and save strategies, eight retention trees and four high stumps are left per ha during final felling, and 6.2% of the stand is set-aside as a retention patch. These numbers correspond to the average for private forest owners [62]. Retention levels are doubled in the conservation strategy (18 retention trees and 8 high stumps per ha, and 12.4% of the stand as retention patch), while no retention is left for forests managed with the intensive strategy.




Appendix B.3.2. Treatment Selection (Optimization)


In the optimization, NPV was maximized, given the following constraints:




	
At any time, the area of young forest (below 20 years) was restricted to be lower than 50%.



	
The change in average net revenue was set to at most 20% (both directions) between consecutive periods.



	
At least 50% of the final fellings were required to happen at least 20 years after the minimum legal age for final fellings had been reached.



	
A maximum of 0.5% of the forest area assigned the passive strategy was allowed to be final felled annually.



	
No cleanings in forests managed with the passive management strategy.










Appendix B.4. Sveaskog


Appendix B.4.1. Treatment Simulation


Reserves were left unmanaged, while all other forests were managed with even-aged forestry. A maximum number of 15 treatment schedules was created per stand.



Reserves: Sveaskog is setting aside 14.5% of their forests. This includes formally protected forests (nature reserves) as well as key habitats, stands with a high conservation value [51], and stands older than 190 years. These forests are left unmanaged.



Production forests: The rest of the landscape is managed with even-aged forestry. If present in a stand, aspen and other broadleaves (except birch) are retained in pre-commercial and commercial thinnings. Otherwise, birch is set to make up at least 10% of the stems in a stand after a thinning operation.



Retention in managed forests: 9% of all managed stands are set aside as retention patches. This includes a 15 m buffer zone around water. Additionally, 10 retention trees and three high stumps are left per ha during final fellings.




Appendix B.4.2. Treatment Selection (Optimization)


In the optimization, NPV was maximized, given the following constraint:




	
The change in harvest volume between consecutive periods was limited to +/−15%.
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Figure 1. The study landscape is located in the middle of the boreal region in Sweden (A). Most of the study landscape is covered by productive forest, of which 7.8% is permanently set aside from forestry (nature reserves and key habitats) (B). 
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Figure 2. Age class distribution of the productive forest area in the study landscape and in the middle boreal Swedish region used to construct the study landscape. 
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Figure 3. Proportion of forest area under different management regimes in the four stakeholder scenarios. Forest area in reserves (i.e., nature reserves and key habitats) is left unmanaged. 
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Figure 4. Development of absolute net growth, harvest volumes and growing stock over time for the four stakeholder scenarios. Only production forest, i.e., excluding reserves. 
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Figure 5. Area of old forest (age ≥ 140 years, A) and mature broadleaf-rich forest (B) in the four stakeholder scenarios; development over time in all forest (left), reserves and production forest (middle), and after 100 years under different management regimes (right). 
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Figure 6. Deadwood volume (A) and number of large-diameter trees (B) in the four stakeholder scenarios; development over time in all forest (left), reserves and production forest (middle), and after 100 years under different management regimes (right). 
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Table 1. Properties of the four stakeholder scenarios simulated. For details on management scenario settings, see Appendix B.
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SSNC

	
SEPA

	
LRF

	
SVEA






	
Reserves (%)

	
20.1

	
17

	
7.8

	
14.5




	
Management options in production forest

	
Even-aged

	
Even-aged

	
Even-aged

	
Even-aged




	
Uneven-aged

	
Uneven-aged




	
Retention Practices:




	
Retention patches (% of stand)

	
10

	
10

	
6.2

	
9




	
Retention trees (per ha)

	
20

	
30

	
8

	
10




	
High stumps (per ha)

	
5

	
6

	
4

	
3




	
Optimization




	
Objective function

	
Maximizing net present value (NPV)




	
Constraints:

On management

	
Proportion of forest managed with CCF 1 or shelterwood: 30% of total forest area

	
Proportion of forest managed with CCF 1 or shelterwood: 65% of total forest area

	

	




	
On economic indicators

	
Non-decreasing harvest flow

	
Even harvest flow (maximum deviation between consecutive time steps: ±20%)

	
Even net revenues (maximum deviation between consecutive periods: ±20%);

	
Even harvest flow (maximum deviation between consecutive periods: ±15%)




	
≥50% of final fellings occur ≥20 years after minimum legal final felling age has been reached




	
On ecological indicators

	
Deadwood target in production forest: 20 m3/ha3

	
Deadwood target 25 m3/ha in production forest

	

	




	
Broadleaf volume at least 20% of total volume 2

	
Proportion of mixed forest ≥ 35% 2




	
At least 20% of production forest ≥140 years old 2

	
Proportion of broadleaf forest does not decrease over time








1 Continuous cover forestry. 2 at the end of the simulation, i.e., after 100 years.
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Table 2. Overview of management regimes and strategies. The list of management strategies for the even-aged regime is not extensive, so for more information see Appendix B.
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	Forest Type
	Management Regime
	Management Strategy (Examples)
	Silvicultural Options (Examples)





	Reserve
	unmanaged
	no management
	no management



	Production forest
	even-aged
	shelterwood
	with or without removing the shelter when new stand is established



	
	
	promote broadleaves
	broadleaves are retained in thinnings



	
	
	long rotations
	final felling is postponed



	
	
	production-oriented
	regeneration with plants from tree-breeding programs



	
	CCF
	selection felling
	single-tree selection felling



	
	retention patch
	selection felling to promote nature conservation values
	selection felling promoting broadleaves; selection felling can only take place when parent stand is subject to thinning, selection or final felling
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Table 3. Net present value (1000 EUR/ha, using a conversion rate of 1 EUR = 10 SEK) in the stakeholder scenarios. The interest rate was 2.5%.
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	SSNC
	SEPA
	LRF
	SVEA



	Total
	1.45
	1.45
	1.72
	1.69



	Production forest
	1.82
	1.74
	1.86
	1.97
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Table 4. Mean (and range, in brackets) of the economic indicators in the production forest and specified per management regime across the stakeholder scenarios. Forests in reserves were left unmanaged without any wood extraction, and are therefore not included.
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	Mean Annual Harvest (m3/ha/year)
	Mean Annual Growth (m3/ha/year)
	Growing Stock after 100 Years (m3/ha)
	NPV (1000 EUR/ha) *





	Production forest
	3.2 (3.0–3.7)
	3.5 (3.3–3.8)
	132 (122–149)
	1.8 (1.7–2.0)



	Even-aged
	3.4 (3.3–3.7)
	3.6 (3.4–3.8)
	125 (116–144)
	1.8 (1.7–2.0)



	CCF
	2.7 (2.6–2.9)
	2.8 (2.7–3.0)
	148 (145–151)
	2.1 (1.9–2.3)



	Retention patches
	2.1 (1.9–2.2)
	3.0 (2.8–3.1)
	189 (177–194)
	1.5 (1.4–1.7)







* Using a conversion rate of 1 EUR = 10 SEK.
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Table 5. Mean (and range, in brackets) of the ecological indicators, per forest type and management regime and across the stakeholder scenarios, after 100 years of simulation.
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	Old Forest (%)
	Deadwood (m3/ha)
	Mature Broadleaf-Rich Forest (%)
	Density of Large-Diameter Trees (trees/ha)





	Reserves
	93 (81–99)
	47 (44–54)
	10 (6–13)
	40 (34–50)



	Production forest
	12 (3–20)
	18 (12–25)
	12 (5–23)
	8 (4–13)



	Even-aged
	2 (0–7)
	17 (10–26)
	4 (1–10)
	5 (3–9)



	CCF
	66 (64–68)
	21 (20–21)
	51 (48–54)
	21 (19–22)



	Retention patches
	49 (45–52)
	29 (27–32)
	44 (40–47)
	24 (23–25)



	All forest
	23 (11–35)
	22 (17–30)
	12 (5–21)
	12 (7–17)
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Table 6. Comparison of economic and ecological indicator levels (average over whole simulation period, except for NPV) for the four stakeholder scenarios. Column two is the average indicator value across all four scenarios, columns 3–6 give the percentage of each stakeholder scenario relative to the average (indicator value in parenthesis). Economic indicators exclude reserves.
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	Indicator
	Average
	SSNC
	SEPA
	LRF
	SVEA





	Economic
	
	
	
	
	



	Mean annual harvest (1000 m3)
	281
	91% (255)
	91% (254)
	108% (303)
	111% (311)



	Mean annual growth (1000 m3)
	304
	91% (278)
	93% (284)
	106% (323)
	109% (332)



	Growing stock (million m3)
	11.2
	100% (11.2)
	106% (11.9)
	103% (11.5)
	91% (10.2)



	NPV (million Eur)
	163
	92% (150)
	92% (150)
	109% (178)
	107% (174)



	Average (Economic Indicators)
	
	93%
	96%
	107%
	104%



	Ecological
	
	
	
	
	



	Old forest (1000 ha),
	19
	132% (24.9)
	119% (22.5)
	63% (11.9)
	85% (16.1)



	Deadwood volume (m3/ha)
	16.5
	109% (18.0)
	115% (19.0)
	90% (14.9)
	85% (14.1)



	Mature broadleaf-rich forest (1000 ha)
	11.0
	123% (13.5)
	140 (15.4)
	70% (7.7)
	66% (7.3)



	Density of large-diameter trees (trees/ha)
	5.2
	123% (6.5)
	125% (6.6)
	70% (3.7)
	81% (4.2)



	Average (ecological indicators)
	
	122%
	125%
	74%
	79%
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