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Abstract:

 In this study, we assessed the effect of a diverse ownership structure with different management strategies within and between owner categories in long-term projections of economic, ecological and social forest sustainability indicators, representing important ecosystem services, for two contrasting Swedish municipalities. This was done by comparing two scenarios: one where the diversity of management strategies was accounted for (Diverse) and one where it was not (Simple). The Diverse scenario resulted in a 14% lower total harvested volume for the 100 year period compared to the Simple scenario, which resulted in a higher growing stock and a more favorable development of the ecological indicators. The higher proportion of sparse forests and the lower proportion of clear-felled sites made the Diverse scenario more appropriate for delivering access to common outdoor recreation activities, while the Simple scenario projected more job opportunities. Differences between the scenarios were considerable already in the medium term (after 20 years of simulation). Our results highlight the importance of accounting for the variety of management strategies employed by forest owners in medium- to long-term projections of the development of forest sustainability indicators.
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1. Introduction

Projections of forest resource development are important tools used for impact assessment; they provide both information about potential future resource supply and input into policy processes. Such projections are undertaken on the local, regional, national or larger scale [1,2,3,4]. In projections of future forest resource development, models are commonly used to simulate the possible development of forest resources and other forest ecosystem services over long time frames. Often, a number of different scenarios are compared, in order to gain an idea of possible future forest conditions given different assumptions about, for example, environmental and social drivers, such as growth impacts due to environmental changes, policy changes, or changes in management [5,6,7,8,9]. In recent years, ecosystem services, i.e., the benefits humans obtain from ecosystems, have received considerable attention in the scientific literature and in policy development [10], and efforts have been undertaken to develop indicators in order to map and evaluate different services [11]. Besides wood production, other ecosystem services, such as carbon sequestration and recreational value, have been allocated greater importance recently and are increasingly included in impact assessments [6]. However, in the majority of national or regional forest development studies, there are differences between the management guidelines that drive harvesting activities and actual management practices, and these may cause large discrepancies between expected and observed harvest, as well as other ecosystem services, even in short-term projections [12,13]. One reason for this is that, even though forest management objectives are known to vary substantially between owners [14,15], ownership structure is rarely taken into account in projections of forest resource development, and the impact of different ownership types and their inherent management schemes on forest ecosystems has been poorly studied so far [16,17]. Nonetheless, several studies indicate that ownership structure has a substantial impact on forest management. For example, Schaich and Plieninger [16] found that forests owned by small-scale private owners differed significantly from forests owned by the state and municipalities in terms of higher levels of structural diversity, deadwood and carbon storage capacity. The authors attribute this fact to less intensive and more diverse forest management in private forests, driven by the multitude of different objectives and management schemes of small-scale private forest owners. Arano and Munn [18] investigated landowners’ investment in forestry, as a proxy for management intensity, for different owner categories in Mississippi, USA. They found that non-industrial private forest (NIPF) owners spent significantly less money on silvicultural activities than industrial owners, implying that NIPF owners’ management intensity is lower. Johnson et al. [19] applied different management strategies in modeling forest structure in the Coast Range of Oregon, USA, for industrial, non-industrial, state and federal forests, and found that forest structure diverged increasingly over time between the different ownership types. Zheng et al. [20] found indications that the proportion of forest with high aboveground biomass was unevenly distributed across broad ownership categories, indicating that ownership behaviors influence carbon storage and other ecosystem services. Rinaldi et al. [17] propose a concept for integrating forest resource assessment and economic modeling of harvesting behavior, using a pan-European forest modeling framework taking into account different attitudes and objectives among forest owners. However, the approach is less suitable for the landscape or regional level, as it is rather coarse and, so far, only based on informed estimates. Further, the focus of the modeling approach is on timber yields, while its ability to quantify and project other forest ecosystem services is very limited.

In Sweden, about 23 million ha, i.e., half of the land area, is covered by productive forest (production capacity > 1 m3/ha/year), and forestry and the forest industry constitute an important part of the Swedish economy, making up 11% of the Swedish total export value and 2.2% of Swedish GDP [21]. Forestry was traditionally production-oriented in Sweden, but in 1994, a new Forestry Act came into force, giving environmental and production goals equal importance, and requiring all forest owners to take some nature consideration in their forest management, such as retaining trees/tree groups and buffer zones [22]. In 1999, the Swedish Parliament adopted several environmental objectives, including “Sustainable Forests” [23], aiming to preserve forest’s biodiversity, as well as cultural and social values. Social values, with a focus on recreation, have received increased attention during the last years [22,24].

In Sweden, about half of the productive forest area belongs to NIPF owners (i.e., individual owners, excluding privately-owned enterprises), with a higher proportion of NIPF owners in southern Sweden compared to northern Sweden. Private-owned enterprises hold 25% of the productive forest area, while the rest belongs to other owners such as the state and the Church [21]. In Sweden, forest owners are responsible for management decisions on their land, and forest legislation gives owners considerable freedom in their choice of forest management. Eggers et al. [25] showed that there is considerable variety in management strategies between NIPF owners, and that the single most important factor influencing choice of management strategy for NIPF owners in Sweden was property size. Despite this difference in management strategies between forest owners, regional and national assessments, such as forest impact analysis and future wood supply projections [2,26], regularly undertaken in Sweden, largely neglect the heterogeneous forest ownership structure and its impact on forest management. On the other hand, knowledge of potential development of forest ecosystem services is important for planning, including municipal planning, given municipalities’ responsibilities for maintaining a good environment for residents, and their commitment to Sweden’s environmental objectives. Municipalities play an important role in working towards these aims, by translating national and regional objectives to local objectives and action plans. Therefore, there is a need for forest scenario development, taking ownership considerations and their impact on management into account.

In this study, we describe a method for and assess the effect of taking into account the diversity of management strategies among different forest owner types. Two scenarios of forest resource development were compared: one where the diverse ownership pattern and resulting diversity in management practices was taken into account as much as feasible, and one simple scenario, only differentiating between protected forest, industrial and non-industrial forest, based on national assessments of forest resources in Sweden [2]. Differences in the modeled outcomes based on these two scenarios were then compared for a number of economic, ecological and social indicators representing important forest ecosystem services, for two municipalities in Sweden. As we encompass the difference in growing conditions and ownership structure between the northern and southern parts of Sweden in our choice of municipalities, we expect our outcomes to be relevant for other regions as well.



2. Material and Methods


2.1. Input Data

Growing conditions and forest ownership structure vary considerably on a north–south gradient in Sweden [21]. In the south, productivity is generally higher, due to a longer vegetation period, and the majority of the forest is owned by non-industrial private forest owners. In northern Sweden, a higher share of the productive forest area is owned by large private forest enterprises, and forest productivity is lower due to the harsh climate. Thus, rotations periods are generally longer in the north, and tree species composition differs—in the north, the main tree species are Scots pine, Norway spruce and birch, while in the southernmost part of Sweden, almost 30% of the growing stock consists of valuable broadleaved species, in particular beech and oak. In order to encompass these differences, we selected one municipality in northern Sweden (Vilhelmina) and one in southern Sweden (Hässleholm) as case study areas (Figure 1). In Hässleholm, belonging to the continental zone, the average length of the vegetation period is about 200 days, while it is only about 120 days in Vilhelmina, which is situated in the boreal/alpine zone (Table 1). Thus, forest productivity is much higher in Hässleholm compared to Vilhelmina, and there is a higher number of broadleaved species in Hässleholm.

Figure 1. Location of the Hässleholm and Vilhelmina municipalities within Sweden.
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Table 1. Key facts about Hässleholm and Vilhelmina.








	
	Hässleholm
	Vilhelmina
	Source





	Size (km2)
	1306
	8741
	SCB [27]



	Inhabitants (2014)
	50,565
	6848
	SCB [28]



	Biogeographical region
	Continental
	Boreal/Alpine
	EEA [29]



	Average length of vegetation period (days with average temperature > 5 °C)
	200
	120
	SMHI [30]












Input data for the simulations were created using a country-wide forest map (raster format 25 × 25 m2) based on satellite data and field data of the national forest inventory (NFI) [31], divided into forest stands, and complementary data from NFI plots (such as site index, stem density and basal area) [32]. For Vilhelmina, the forest map of 2005 (SPOT 4 satellite) was used and complemented with information from NFI plots gathered during the years 2001–2005, while for Hässleholm the forest map of 2010 (SPOT 5 satellite) was available and in turn complemented with information from inventory plots gathered during 2005–2009. Thus, the input data for Vilhelmina represent the year 2003, and for Hässleholm, 2007. The input data was combined with cadastral maps (vector format) that provided information on ownership and property sizes [33], as well as a number of relevant environmental and administrative layers: key biotopes, nature reserves, Natura 2000 areas, bog forests, and zones where only continuous cover forestry is permitted, all in vector format, available at the data portals of the Swedish Forest Agency and the Swedish Environmental Protection Agency [34,35,36].

In Hässleholm, the productive forest area covers almost 73,000 ha. The majority of the forest (86%) is owned by NIPF owners (Table 2). The mean forest age is 45 years, with the majority of the forest being younger than 60 years, and very little forest (<2%) older than 120 years (Figure 2). The main tree species are Norway spruce (50%), European beech (14%), birch (11%) and Scots pine (9%) (Table 3).

Figure 2. Initial age class distribution in Hässleholm (left) and Vilhelmina (right). NB: different scales on y-axes.
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Table 2. Ownership structure in Hässleholm and Vilhelmina.



	
Owner

	
Hässleholm

	
Vilhelmina




	
Productive Forest Area (ha)

	
Share (%)

	
Productive Forest Area (ha)

	
Share (%)






	
NIPF owners

	
62,721

	
86

	
121,534

	
39




	
Municipality 1

	
2,937

	
4

	
5,969

	
2




	
Church

	
2,636

	
4

	
1,694

	
1




	
Forest enterprise

	
2,270

	
3

	
70,705

	
22




	
Foundations

	
2,006

	
3

	
0

	
0




	
National Property Board

	
0

	
0

	
80,450

	
26




	
Forest commons

	
0

	
0

	
34,487

	
11




	
Total

	
72,570

	
100

	
314,839

	
100






1 Including HIBAB, a municipality-owned enterprise.





Table 3. Initial tree species distribution in Hässleholm and Vilhelmina.



	
Tree species

	
Volume (1000 m3)

	
Share (%)




	
Hässleholm

	
Vilhelmina

	
Hässleholm

	
Vilhelmina






	
Scots pine (Pinus sylvestris)

	
1,035

	
7,548

	
9

	
27




	
Norway spruce (Picea abies)

	
5,528

	
15,793

	
50

	
57




	
Birch (Betula pubescens and B. pendula)

	
1,187

	
3,713

	
11

	
13




	
Aspen (Populus tremula)

	
100

	
236

	
1

	
1




	
Oak (Quercus robur)

	
806

	
0

	
7

	
0




	
European beech (Fagus sylvatica)

	
1,571

	
0

	
14

	
0




	
Other valuable broadleaves

	
249

	
0

	
2

	
0




	
Lodgepole pine (Pinus contorta)

	
0

	
127

	
0

	
0




	
Other broadleaves

	
587

	
215

	
5

	
1




	
Total

	
11,063

	
27,633

	
100

	
100











In Vilhelmina, there are about 315,000 ha of productive forest area. Almost 40% of the productive forest is owned by NIPF owners, while the remaining area is owned by various forest enterprises (including Sveaskog, a state-owned enterprise), forest commons, the state and the church (Table 2). For municipality forest, the original input data were updated with more detailed forest stand descriptions from Nilsson (2014) [37]. For the National Property Board of Sweden, four different forest management objective classes, available from their website [38], were added to the stand description. The mean age of the forest is 73 years, with a relatively even distribution over age classes, and 24% of the forest is older than 120 years (Figure 2). The main tree species in Vilhelmina are Norway spruce (57%), Scots pine (27%) and birch (13%) (Table 3).







2.2. The Heureka Forest Model

In this study, the Heureka forestry decision support system was used to project the development and output of goods and services from the forest for 100 years in steps of five years, from the start year 2003 or 2007 in Vilhelmina and Hässleholm, respectively. The Heureka system, recently developed at the Swedish University of Agricultural Sciences [39], is widely used in Sweden for the analysis and planning of forest management, both by scientists and forestry professionals. In this study, the RegWise module of the Heureka system (version 2.2.0.9) was used. RegWise is a simulation model especially suited for impact analysis on a regional or national level. Data on present forest condition (including age-class and tree-species distribution) as well as ecosystem processes are used to predict the future forest condition, given a set of user-defined management actions and taking legal requirements into account. RegWise was here applied in a spatially explicit mode projecting the development of individual stands. The central drivers of the Heureka system are empirical growth models, mainly developed using data from the NFI and applicable on all Swedish tree species. The models are applicable also on mixed species stands and have been shown to provide reliable growth predictions for up to 100 years [40]. The growth models are complemented by models regulating, inter alia, natural mortality [32] and in-growth [41]. Logistic regression functions are used to calculate the probability of silvicultural activities being undertaken, based on the analysis of permanent NFI plots [42]. At the same time, the user has great freedom to direct and constrain management activities, for example by specifying the minimum age for final felling, the type of regeneration, the timing and intensity of thinnings, the maximum share of net annual growth to be harvested, as well as the amount of forest set-aside for nature conservation.



2.3. Model Set-Up

Two different scenarios were constructed: Diverse and Simple. In both scenarios, sets of different management actions were defined. In the Simple scenario, we assigned different management strategies to protected areas, NIPF owners, and other owners. In the Diverse scenario, we differentiated in more detail, and implemented five different management strategies for NIPF owners (based on [25]), and applied more differentiation to other owners (e.g., municipalities, forest commons, forest enterprises). Eggers et al. [25] found that the single most important factor influencing NIPF owners in their choice of management strategy was property size, with owners of larger properties more frequently adopting production-oriented management strategies. We therefore differentiated between three different property size classes for NIPF owners, and for each size class, forest stands were randomly assigned a management strategy, based on proportions from Eggers et al. [25]. The strategies were as follows:


	•

	Passive (“I thin and clear-cut only on a small scale. I let the forest grow old, but I do not expect the harvest to increase in the future.”),



	•

	Conservation (“I harvest only on a small scale, so that the amount of old forest remains constant or increases. My management practices are oriented towards nature protection, for example to increase the proportion of broadleaved forest.”),



	•

	Intensive (“I harvest a lot of wood by thinning, and I clear-cut as soon as the forest age permits.”),



	•

	Productivity (“I manage the forest for increased productivity and future harvest opportunities. Examples of my management practices are planting with soil scarification, pre-commercial thinning, ditching and fertilization.”), and



	•

	Save (“I harvest carefully and my management practices aim to increase harvest opportunities in the medium term.”).





For both scenarios, forest in key biotopes, nature reserves and Natura 2000 areas was left unmanaged irrespective of owner type. The default pricelists within the Heureka system were updated with prices from the Södra forest owners’ association [43] for Hässleholm, and with prices from the Norra forest owners’ association for Vilhelmina [44], and cost functions based on Brunberg (1995, 1997, 2004) [45,46,47] were used. For forests dominated by selected valuable broadleaved species (oak, beech, ash, elm, lime, maple), harvesting costs for final fellings were doubled to account for the higher cost of motor-manual fellings, which is the common final felling method for these tree species. The discount rate, used to calculate the net present value, was set at 1.5% in both scenarios.

The distribution of forest area over the different management strategies in the Diverse scenario is given in Table 4 and Table 5. In the Simple scenario, protected areas were assigned to the no management strategy, non-industrial private forest owners to the Simple-NIPF strategy, and other owners to the Simple-other strategy in both municipalities. In Vilhelmina, forest above the final felling threshold was managed as in the Diverse scenario, with continuous cover forestry. Management focus is on recreation to a large extent in forest owned by the municipality and foundations in Hässleholm, which is why a shelterwood management strategy was assigned to a large proportion of this forest in the Diverse scenario. Also in Vilhelmina, some of the municipal forest is managed without clear-felling [37], which is why the forest dominated by spruce in this zone was assigned a continuous cover forestry regime, and the forest dominated by pine and birch was assigned to the shelterwood management strategy in the Diverse scenario. The management strategies are described in Table 6. For all management strategies (unless otherwise stated), nature conservation was set as demanded by certification: 5% of the productive area was set-aside with no management (randomly allocated), and 10 live trees and 3 high stumps per ha were left on final felling sites, with a priority on retaining large-diameter trees [48].


Table 4. Distribution of management strategies for the different owner and forest types in the Diverse scenario (Hässleholm).



	
Owner

	
Forest Type/Size Class

	
Management Strategy




	
No mgmt.

	
Passive

	
Conservation

	
Intensive

	
Productivity

	
Save

	
Shelterwood






	
All

	
Protected

	
100%

	
-

	
-

	
-

	
-

	
-

	
-




	
Bog forests

	
-

	
-

	
100%

	
-

	
-

	
-

	
-




	
NIPF

	
0–20 ha

	
-

	
37%

	
16%

	
4%

	
7%

	
36%

	
-




	
21–50 ha

	
-

	
18%

	
10%

	
16%

	
25%

	
31%

	
-




	
>50 ha

	
-

	
5%

	
4%

	
18%

	
49%

	
24%

	
-




	
Other

	
Forest enterprise

	
-

	
-

	
-

	
-

	
100%

	
-

	
-




	
Municipality

	
-

	
-

	
50%

	
-

	
-

	
-

	
50%




	
Foundations

	
-

	
-

	
50%

	
-

	
-

	
-

	
50%










Table 5. Distribution of management strategies for the different owner and forest types in the Diverse scenario (Vilhelmina).



	
Owner

	
Forest Type/Size Class

	
Management strategy




	
No Mgmt.

	
Passive

	
Conservation

	
Intensive

	
Productivity

	
Save

	
Shelterwood

	
CCF






	
All

	
Protected

	
100%

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Above final felling threshold

	
25%

	
-

	
-

	
-

	
-

	
-

	
-

	
75%




	
NIPF

	
0–20 ha

	
-

	
34%

	
10%

	
4%

	
12%

	
40%

	
-

	
-




	
21–50 ha

	
-

	
33%

	
4%

	
10%

	
26%

	
27%

	
-

	
-




	
>50 ha

	
-

	
15%

	
8%

	
7%

	
43%

	
27%

	
-

	
-




	
Other

	
Forest enterprise

	
-

	
-

	
-

	
-

	
100%

	
-

	
-

	
-




	
Municipality 1

	
-

	
-

	
-

	
-

	
85%

	
-

	
7%

	
8%




	
Forest commons 2

	
-

	
100%

	
-

	
-

	
-

	
-

	
-

	
-




	
National Property Board 3

	
-

	
-

	
12%

	
-

	
74%

	
-

	
-

	
14%






1 Zones and management developed in another study were used [26]; 2 For the forest commons in Vilhelmina, currently about one quarter of the net annual increment is harvested [37], which is why the passive management strategy was chosen; 3 Forest management was implemented according to the four different forest management objective classes available for this forest owner.




Table 6. Description of management strategies.


	Management Strategy
	Description





	No management
	The forest is left unmanaged for natural development.



	Passive
	The rotation period is extended by 20%, and only 30% of the net annual increment is harvested. No pre-commercial thinnings are implemented, and commercial thinnings are less common, with a maximum of only 10% of the total harvested volume coming from thinnings. Forest dominated by selected valuable broadleaved species was left unmanaged.



	Conservation
	The rotation period is extended by 50%, and at least 20% of the area is left for natural development (set-aside). During pre-commercial and commercial thinnings, a 30% minimum share of broadleaves is maintained.



	Intensive
	For this management strategy, the only change to the default configuration was that the minimum final felling age was set according to legislation, i.e., there was no rotation period extension.



	Productivity
	The forest is mostly regenerated through plantation with trees from breeding programs, largely spruce. Scots pine was used only on the driest sites. In Vilhelmina, fertilizer is applied and Lodgepole pine is planted to some extent where allowed.



	Save
	The rotation period is extended by 50%. Thinnings are allowed up to a maximum tree height of 30 m (instead of 25 m) and even in older forests (up to a relative age of 1.5).



	Shelterwood
	The forest is regenerated with shelterwood to a great extent, and the rotation period is extended by 50%.



	CCF
	Continuous cover forestry: No final fellings take place; instead the forest is managed through a continually repeated series of selective harvests.



	Simple—NIPF
	Parameters for the regeneration method, species and soil scarification method, tree breeding and set-aside for nature conservation were taken from the reference scenario of the latest available national forest impact analysis [2]. Minimum final felling age was set according to legislation, i.e., there was no rotation period extension. In addition to protected unmanaged forest (key biotopes, nature reserves and Natura 2000), 8.1% of the productive forest area was set-aside for nature conservation in Hässleholm, and 4.2% in Vilhelmina.



	Simple—Other
	Parameters for the regeneration method, species and soil scarification method, tree breeding and set-aside for nature conservation were taken from the reference scenario of the latest available national forest impact analysis [2]. In addition to protected unmanaged forest (key biotopes, nature reserves and Natura 2000), 18.1% of the productive forest area was set-aside for nature conservation in Hässleholm, and 3.7% in Vilhelmina.
















2.4. Sensitivity Analysis

The sensitivity of the Diverse scenario to subjective interpretation of the NIPF owner’s management strategies from [19] was tested by changing the most influential parameters: rotation length, harvest level and proportion of set-aside, creating two alternatives for the Diverse scenario, one with more intensive management (Diverse_m) and one with less intensive management (Diverse_l) (Table 7). The applied parameter changes were meant to span a considerable, but still plausible range of parameter settings [49].


Table 7. Model parameters for the Diverse scenario and its alternatives for the sensitivity analysis: more intensive management (Diverse_m) and less intensive management (Diverse_l).



	

	
Diverse

	
Diverse_m

	
Diverse_l






	
Passive




	
Harvest level

	
30%

	
50%

	
10%




	
Rotation extension

	
20%

	
-

	
40%




	
Nature conservation




	
Rotation extension

	
50%

	
30%

	
70%




	
Set-aside

	
20%

	
10%

	
30%




	
Intensive & Productivity




	
Rotation extension

	
-

	
-

	
20%




	
Save




	
Rotation extension

	
50%

	
30%

	
70%




	
Shelterwood




	
Rotation extension

	
50%

	
30%

	
70%













2.5. Scenario Comparison

The scenarios were compared for a number of economic, ecological and social indicators (Table 8). We considered differences in indicator outcome to be relevant when the difference between the Diverse (Diverse_m, Diverse_l) and the Simple scenario exceeded 10%, marked when the difference exceeded 25%, and large when the difference exceeded 50%. Most of the indicators can be coupled to one or several ecosystem services [11] that are highly relevant in the region [50]. The harvest level indicates how much raw wood is harvested and available to the forest industry. Harvested wood is an important ecosystem service in Sweden, as forest products correspond to 11% of the total Swedish export, while forestry and the forest industry comprise 2.2% of the Swedish gross domestic product [21]. Forest growth is a measure of the forest’s productivity and thus the sequestering of carbon, while growing stock is a basic indicator for the assessment of the sustainability of forest management [51], which can be converted to carbon stored in living trees by the use of biomass expansion factors [52]. Climate regulation through carbon sequestration and storage is an important forest ecosystem service, which is affected by forest management practices to a large extent [53]. Net present value (NPV) allows for scenario comparison in economic terms, with respect to management activities. In northern Sweden, forests are used both for wood production and reindeer herding. Modern forest management practices are often detrimental to reindeer husbandry and especially during the winter months, reindeer food availability (mostly lichen) can be a problem. The indicator “potential reindeer winter pasture” [54], only used in Vilhelmina, includes forest stands where ground lichen suitable for reindeer winter fodder may be found. Old forest, large trees and deadwood are important for maintaining biodiversity in a landscape [55,56], providing substrate and habitat for a large number of species, including many red-listed species [57]. Broadleaved trees are also highly associated with red-listed species in Sweden [57]. Boreal forests in a near-natural state have more large-diameter trees compared to managed forests [58], and the occurrence of large trees has been used as a biodiversity indicator in a number of studies [56,59]. Many species are deadwood-dependent, and deadwood is therefore widely used as a biodiversity indicator [60,61]. The indicators “mature forest with a high share of broadleaves”, “old forest” and “fresh deadwood” are also included as indicators for monitoring progress towards the Swedish environmental objective “Sustainable Forests” [23]. Some of the ecological indicators also serve as social indicators, such as old forests, which are valuable both for biodiversity and recreation. The social indicators include sparse forests, which are valuable for recreation, due to good visibility within them [62], and clear-cut areas. Large, fresh clear-cuts are considered a negative feature by the majority of forest visitors, while seed or retention trees can improve people’s perception of a felling site [63]. Recreational activities in forests, including walking, jogging, berry and mushroom picking, as well as hunting, are very common both in Sweden and other boreal countries [63,64]. Areas valuable for recreation are also important for nature-based tourism, a sector which is expected to grow in Sweden [65]. “Person-years” indicates employment potential in forest management, excluding the forest industry, which is especially important in rural areas.


Table 8. Description of the indicators that were used to compare the Simple and Diverse scenarios.



	
Indicator

	
Description

	
Related Ecosystem Services






	
Economic




	
Total harvest (1000 m3 over bark/year)

	
Annual volume harvested in final fellings, thinnings, selective fellings, shelterwood fellings and seed tree removal

	
Raw materials




	
Net present value (SEK)

	
Sum of the present values of benefits and costs over 100 years with an interest rate of 1.5%

	




	
Growing stock (m3/ha)

	
Mean standing volume of living trees, above stump, over-bark

	
Climate regulation




	
Growth (m3/ha/year)

	
Net annual volume increment (growth—natural mortality)

	
Climate regulation




	
Potential reindeer winter pasture (%)

	
Share of productive forest area that is potentially available for reindeer winter grazing, according to an indicator developed in [39]

	
Food provision




	
Ecological




	
Mature forest with high share of broadleaves (%)

	
Proportion of productive forest area with a mean stand age of more than 60 years in Hässleholm, and more than 80 years in Vilhelmina, where broadleaves make up at least 25% of the basal area. Such forest is also valuable for recreation.

	
Lifecycle maintenance




	
Old forest (%)

	
Share of productive forest area with a mean stand age of more than 120 years in Hässleholm, and more than 140 years in Vilhelmina. Old forest is also valuable for recreation.

	
Lifecycle maintenance




	
Large diameter trees (trees/ha)

	
Density of trees with a diameter >40 cm at breast height.

	
Lifecycle maintenance




	
Fresh deadwood (m3/ha)

	
Deadwood with a diameter >10 cm, with a very low level of decomposition: decay classes 0 and 1 according to the Swedish National Inventory [47].

	
Lifecycle maintenance




	
Social




	
Sparse forest (%)

	
Proportion of productive forest area with less than 1000 stems per ha and a mean stand height > 10 m.

	
Aesthetic enjoyment, Recreation and tourism




	
Clear-cut area (%)

	
Proportion of productive forest area that is subject to clearcutting annually (excluding regeneration areas with seed or shelter tree retention).

	
Aesthetic enjoyment, Recreation and tourism




	
Person-years (years)

	
Number of person-years (full-time employment, 1800 h work/year) needed for forest management activities (including soil scarification, planting, pre-commercial thinning, thinning, selective cutting, final felling, shelterwood/seed tree removal, timber transport to road-side)

	














3. Results

The results shown below are for productive forest area only, excluding protected, unmanaged areas such as nature reserves.


3.1. Economic Indicators


3.1.1. Total harvest Volume and NPV

In both scenarios, there was, in general, a rising trend in harvest levels over time. Total harvest was higher for the Simple scenario for most of the 100-year period compared to the Diverse scenario, both in Hässleholm and in Vilhelmina (Figure 3). In total, harvest levels were around 14% lower on average for the 100 year period, for the Diverse scenario, in both municipalities (Table 9). The lower harvest level in the Diverse scenario resulted in a lower NPV in that scenario (Table 9).

Figure 3. Development of total harvest volume (1000 m3/year) in Hässleholm (left) and Vilhelmina (right) for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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Table 9. Net present value (NPV) and mean annual harvest in Hässleholm and Vilhelmina.



	
Scenario

	
NPV (SEK per ha)

	
Mean Annual Harvest (1000 m3)




	
Hässleholm

	
Vilhelmina

	
Hässleholm

	
Vilhelmina






	
Simple

	
73954

	
14956

	
511

	
625




	
Diverse

	
64359

	
12254

	
441

	
541




	
Diverse_m

	
69161

	
13402

	
474

	
581




	
Diverse_l

	
55344

	
9710

	
382

	
443















3.1.2. Growing Stock

For both scenarios, the growing stock increased markedly in both Hässleholm and Vilhelmina (Figure 4). However, the increase was more pronounced for the Diverse scenario and its alternatives, compared to the Simple scenario, due to the lower harvest level in the Diverse scenario. In Hässleholm, average growing stock increased to more than 350 m3/ha for the Diverse scenario, and to almost 300 m3/ha for the Simple scenario, after 100 years. In Vilhelmina, growing stock increased to almost 150 m3/ha in the Simple scenario, and almost to 200 m3/ha in the Diverse scenario, from its current level of 86 m3/ha.

Figure 4. Development of growing stock (m3/ha) in Hässleholm (left) and Vilhelmina (right) for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.1.3. Growth

In both municipalities, differences in growth between the scenarios were quite small (Figure 5). In Hässleholm, growth increased in the first few decades, but for a longer time and to a higher level for the Simple scenario compared to the Diverse scenario. In contrast, annual growth was slightly higher for the Diverse scenario in Vilhelmina for most of the simulation period, even though the difference between the two scenarios decreased towards the end of the 100-year time span. For the low-intensity management alternative of the Diverse scenario, the increment dropped below the level of the Simple scenario towards the end of the simulation period, probably due to the large proportion of old forests in that scenario.

Figure 5. Development of the net annual volume increment (m3/ha/year) in Hässleholm (left) and Vilhelmina (right) for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.1.4. Potential Reindeer Winter Pasture

In both scenarios, potential reindeer winter pasture (defined as in [39]) decreased substantially, from around 14% at the beginning of the simulation to around 3%–4% at the end (Figure 6), with only small differences between the two scenarios, and between the two sensitivity runs. The most dramatic decrease occurred during the first 25 years.

Figure 6. Share of area that is potentially suitable for reindeer winter pasture in Vilhelmina, for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.2. Ecological Indicators


3.2.1. Mature Forest with a High Share of Broadleaves

The proportion of mature forest with a large proportion of broadleaves was higher in the Diverse scenario and its alternatives compared to the Simple scenario, throughout the simulation period for both Hässleholm and Vilhelmina (Figure 7). While the proportion of this type of forest remained largely constant (Simple scenario) or increased (Diverse scenario) in Hässleholm over time, it decreased in Vilhelmina for both scenarios for about 50 years, before increasing again towards the end of the simulation period.

Figure 7. Proportion of mature forest with large proportion of broadleaves, in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.2.2. Old Forest

The proportion of old forest was projected to increase for both scenarios in Hässleholm, from below 2% at the beginning of the simulation, to 7% and 13% after 100 years, for the Simple scenario and the Diverse scenario, respectively (Figure 8). In Vilhelmina, the proportion of old forest decreased somewhat at the beginning of simulation for the Diverse scenario, remaining almost constant after 2025. In the Simple scenario, however, the share of old forest decreased to 3% in the middle of the 21st century, remaining almost constant thereafter. The difference in proportion of old forest between the two scenarios was considerable, with around three times more old forest under the Diverse scenario during the latter half of the simulation period in Vilhelmina.

Figure 8. Proportion of old forest in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.2.3. Large Diameter Trees

In Hässleholm, the average number of large trees (diameter at breast height > 40 cm) changed only slightly in the simple scenario, while it increased markedly in the Diverse scenario (Figure 9). In Vilhelmina, there were hardly any large trees at the beginning, and their number started increasing only in the second half of the simulation period, more markedly for the Diverse scenario.

Figure 9. Average number of large trees per ha in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario. NB: different scales on y-axes.
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3.2.4. Fresh Deadwood

Fresh standing and lying deadwood was projected to increase in both Hässleholm and Vilhelmina, and for both scenarios, though more markedly for the Diverse scenario (Figure 10).

Figure 10. Fresh standing and lying deadwood (m3/ha) in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.3. Social Indicators


3.3.1. Sparse Forests

The proportion of sparse forest was projected to decrease considerably for both scenarios in Hässleholm during the first 50 years, from its start level of 37% (Figure 11). Even though the proportion of sparse forest increased somewhat in the latter half of the simulation period, it remained below the start level. The reduction was especially pronounced for the Simple scenario, where the proportion decreased to around 10% within only 30 years, and hardly changed thereafter. In Vilhelmina, the decrease in sparse forest was less pronounced, but even there the share almost halved over the simulation period for the Simple scenario, but remained nearly constant in the Diverse scenario (Figure 11).

Figure 11. Proportion of sparse forest in Hässleholm (left) and Vilhelmina (right) for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario. Sparse forest was defined as forest with less than 1000 stems per ha and a mean stand height of more than 10 m.



[image: Forests 06 04001 g011 1024]









3.3.2. Clear-Cut Area

The proportion of clear-cut area was higher in the Simple scenario throughout the simulation period in both Hässleholm and Vilhelmina, with one exception in 2090 for Vilhelmina (Figure 12). The overall proportion of clear-cut area was higher in Hässleholm than in Vilhelmina, due to shorter rotation periods in southern Sweden.

Figure 12. Proportion of annual clear-cut area (excluding regeneration areas with seed or shelter tree retention) in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.3.3. Person-Years

The number of person-years needed for forest management activities was higher in the Simple scenario, compared to the Diverse scenario and its alternatives (Figure 13). The majority of the working time was needed for different harvesting activities, only 5%–15% of the working time was used for soil scarification, planting and pre-commercial thinning. Therefore, the person-years reflect the development in harvest level (Figure 3) to a large degree.

Figure 13. Person-years needed for forest management activities in Hässleholm (left) and Vilhelmina (right), for the Simple and Diverse scenarios, as well as the more intensive (Diverse_m) and less intensive (Diverse_l) variations of the Diverse scenario.
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3.4. Integrative Assessment

The relative medium and long-term differences between the Diverse (Diverse_m, Diverse_l) and the Simple scenario are illustrated in Table 10 (Hässleholm) and Table 11 (Vilhelmina). The medium term of 20 years corresponds to the average time of forest ownership for NIPF owners (i.e., the time between property acquisition and passing it on to the next owner) [67]. In Hässleholm (Table 10), the relative differences in scenarios were quite similar for the medium and long term. The Diverse scenario resulted in a smaller volume harvested, and thus a higher growing stock. Growth was the only indicator without relevant differences between the Diverse and Simple scenarios. In particular the ecological indicators profited from the lower felling rates in the Diverse scenario—they all increased substantially compared to the Simple scenario. Even after only 20 years of simulation, the difference between the Simple and Diverse scenarios exceeded 25% for all of the ecological indicators, with differences larger than 50% after 100 years for nearly all the ecological indicators. The effect on recreational suitability of the forests was also positive, with a higher share of sparse forests and less clear-cut area for the Diverse scenario compared to the Simple scenario. The number of person-years was somewhat lower for the Diverse scenario, due to the lower harvest level compared to the Simple scenario. The sensitivity runs revealed that some of the indicators were highly sensitive to changes in parameter settings, especially the ecological indicators, with a large difference in parameter outcome between the two sensitivity runs. However, even in the sensitivity run that was closest to the Simple scenario in indicator outcome (the Diverse_m run), most indicators were more than 10% different from the Simple scenario already after 20 years, the exceptions being growth and person-years for both time points, and the share of old forest after 20 years. The largest difference between the Simple and Diverse_m scenarios was noted for the indicator Mature forests with high share of broadleaves, with a 27% and 51% higher outcome for the Diverse_m scenario after 20 and 100 years, respectively.


Table 10. Ratio between the Diverse (Diverse_m, Diverse_l) and the Simple scenario (with Simple as reference; Simple = 1) after 20 and 100 years of simulation for Hässleholm (Simple = 1). For Total harvest, Growth and Clear-cut area, the ratio between the averages for the first and the last 20 years of simulation was used (Average 0–20 years[Diverse]/Average 0–20 years[Simple] for the first 20 years, and Average 80–100 years[Diverse]/Average 80–100 years[Simple] for the last 20 years). Differences not considered to be relevant (<10%) are presented in italics.



	
Indicator

	
After 20 Years

	
After 100 Years




	
Simple

	
Diverse

	
Diverse_m

	
Diverse_l

	
Diverse

	
Diverse_m

	
Diverse_l






	
Economic




	
Total harvest

	
1

	
0.71

	
0.85

	
0.51

	
0.86

	
0.82

	
0.84




	
Growing stock

	
1

	
1.28

	
1.18

	
1.45

	
1.23

	
1.17

	
1.45




	
Growth

	
1

	
1.08

	
1.06

	
1.12

	
0.91

	
0.96

	
0.83




	
Ecological




	
Mature forest with high share of broadleaves

	
1

	
1.48

	
1.27

	
1.74

	
1.57

	
1.51

	
2.09




	
Old forest

	
1

	
1.67

	
1.02

	
1.85

	
1.81

	
1.19

	
3.40




	
Large diameter trees

	
1

	
1.97

	
1.15

	
2.37

	
1.73

	
1.17

	
3.13




	
Fresh deadwood

	
1

	
1.26

	
1.15

	
1.48

	
1.44

	
1.16

	
2.03




	
Social




	
Sparse forest

	
1

	
1.54

	
1.30

	
1.88

	
1.94

	
1.83

	
2.76




	
Clear-cut area

	
1

	
0.59

	
0.73

	
0.36

	
0.64

	
0.69

	
0.55




	
Person-years

	
1

	
0.71

	
0.89

	
0.56

	
0.80

	
0.94

	
0.77










Table 11. Ratio between the Diverse (Diverse_m, Diverse_l) and the Simple scenario (with Simple as reference; Simple = 1) after 20 and 100 years of simulation for Vilhelmina (Simple = 1). For Total harvest, Growth and Clear-cut area, the ratio between the averages for the first and the last 20 years of simulation was used (Average 0–20 years [Diverse]/Average 0–20 years[Simple] for the first 20 years, and Average 80–100 years [Diverse]/Average 80–100 years[Simple] for the last 20 years). Differences not considered to be relevant (<10%) are presented in italics.



	
Indicator

	

	
After 20 Years

	
After 100 Years




	
Simple

	
Diverse

	
Diverse_m

	
Diverse_l

	
Diverse

	
Diverse_m

	
Diverse_l






	
Economic




	
Total harvest

	
1

	
0.78

	
0.88

	
0.68

	
0.88

	
0.95

	
0.72




	
Growing stock

	
1

	
1.14

	
1.09

	
1.20

	
1.37

	
1.27

	
1.58




	
Growth

	
1

	
1.04

	
1.04

	
1.05

	
1.01

	
1.05

	
0.92




	
Potential reindeer winter pasture

	
1

	
0.94

	
0.95

	
0.96

	
0.92

	
0.85

	
1.08




	
Ecological




	
Mature forest with high share of broadleaves (%)

	
1

	
1.29

	
1.14

	
1.47

	
1.29

	
1.18

	
1.43




	
Old forest

	
1

	
2.22

	
1.53

	
2.94

	
2.89

	
1.47

	
4.55




	
Large diameter trees

	
1

	
0.32

	
0.38

	
6.28

	
1.01

	
1.44

	
2.75




	
Fresh deadwood

	
1

	
1.25

	
1.16

	
1.36

	
1.55

	
1.44

	
1.91




	
Social




	
Sparse forest

	
1

	
1.23

	
1.16

	
1.46

	
1.84

	
1.41

	
2.82




	
Clear-cut area

	
1

	
0.69

	
0.79

	
0.56

	
0.74

	
0.80

	
0.60




	
Person-years

	
1

	
0.78

	
0.87

	
0.69

	
0.86

	
0.92

	
0.70











In Vilhelmina (Table 11), the general trends were similar as in Hässleholm. The only indicators without at least relevant (10%) differences between the scenarios were Growth and Potential reindeer winter pasture. Harvest level was lower in the Diverse scenario, resulting in a higher growing stock and a higher outcome for the ecological indicators compared to the Simple scenario, with the exception for large-diameter trees. The reason for the large difference for large-diameter trees between the scenarios was that there were very few such trees in the initial state, being present in a very small proportion (2%) of the productive forest area in the initial state, resulting in less than 0.5 trees per ha (compare Figure 9), so that even small differences in harvest location and volume in the first few years can have a great effect. Also in Vilhelmina, the recreational suitability of forests was increased in the Diverse scenario by a higher share of sparse forest and a lower share of clear-cut areas compared to the Simple scenario. As in Hässleholm, the sensitivity runs revealed that indicator outcomes were sensitive to parameter settings to some extent, especially for the Old forest indicator. However, even in Vilhelmina, the difference between the Diverse_m and the Simple scenarios exceeded 10% for most indicators at both time points, with the exception of Growing stock, Growth and Potential reindeer winter pasture after 20 years, and Total harvest and Growth after 100 years. The largest difference between the Diverse_m and the Simple scenarios was found for the Old forest indicator, with an approximately 50% higher outcome for the Diverse_m scenario at both time points.



In summary, the observed differences in indicator outcome in both municipalities show that decreasing harvest volume leads to a higher outcome for the biodiversity-related indicators as well as higher recreational suitability, and thus indicate a trade-off between wood production on the one hand, and biodiversity and recreation on the other hand.



3.5. Differences by Forest Owner Category

In Hässleholm, the difference in harvest level between the Diverse and Simple scenarios was larger for NIPF owners compared to other owners (Table 12), which in turn resulted in larger differences in growing stock, ecological and social indicators, both in the medium (20 years) and long term (100 years). Differences between the scenarios were relevant for all indicators except growth already in the medium term of 20 years. Also in Vilhelmina, there were relevant differences between the scenarios already after 20 years of simulation (Table 13), with the exception of Growth and Potential reindeer winter pasture. However, the relative difference in indicator values after 20 years was quite similar for the two ownership categories (Table 13). This is due to the fact that both the NIPF and the other owner categories include owner types with rather low-intensity management strategies (the passive NIPF owners and the forest commons as well as the National Property Board), which decrease harvest levels for both categories compared to the Simple scenario.


Table 12. Differences between the Diverse and Simple scenarios for economic, ecological and social indicators after 20 and 100 years of simulation, by ownership category, in Hässleholm. The relative differences (Rel. ∆) were calculated as: (Diverse-Simple)/Simple. See Table 2 for information on the proportion of different owner categories.



	
Owner Type

	
Non-Industrial Private Owners

	
Other Owners




	
After 20 Years

	
After 100 Years

	
After 20 Years

	
After 100 Years




	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆






	
Economic indicators




	
Total harvest (1000 m3/year) *

	
371

	
259

	
−0.30

	
519

	
433

	
−0.16

	
53

	
42

	
−0.19

	
63

	
65

	
0.03




	
Growing stock (m3/ha)

	
177

	
229

	
0.30

	
282

	
361

	
0.28

	
206

	
241

	
0.17

	
347

	
343

	
−0.01




	
Growth (m3/ha/year) *

	
7.1

	
7.7

	
0.08

	
8.7

	
7.9

	
−0.10

	
7.4

	
7.8

	
0.05

	
8.1

	
8.0

	
−0.02




	
Ecological indicators




	
Mature forest with high share of broadleaves (%)

	
20

	
37

	
0.81

	
21

	
35

	
0.65

	
29

	
39

	
0.34

	
28

	
33

	
0.17




	
Old forest (%)

	
2

	
4

	
0.74

	
6

	
13

	
1.15

	
3

	
5

	
0.39

	
14

	
12

	
−0.13




	
Large diameter trees (trees/ha)

	
6.4

	
13.2

	
1.05

	
11.3

	
22.2

	
0.97

	
8.7

	
13.8

	
0.6

	
25.7

	
26.9

	
0.05




	
Fresh deadwood (m3/ha)

	
7.9

	
10.1

	
0.29

	
15.8

	
24.7

	
0.56

	
9.73

	
11.2

	
0.1

	
23.7

	
21.4

	
−0.10




	
Social indicators




	
Sparse forest (%)

	
17

	
27

	
0.57

	
10

	
21

	
1.05

	
22

	
31

	
0.40

	
14

	
20

	
0.44




	
Clear-cut area (%) *

	
1.3

	
0.8

	
−0.42

	
1.2

	
0.8

	
−0.37

	
1.2

	
0.8

	
−0.34

	
1.0

	
0.7

	
−0.24




	
Person-years (years) *

	
140

	
98

	
−0.30

	
178

	
139

	
−0.22

	
21

	
16

	
−0.21

	
22

	
22

	
0.00






* Average for first and last 20 years of simulation (1–20 and 81–100 years), respectively, for indicators without initial value in the input data.





Table 13. Differences between the Diverse and Simple scenarios for economic, ecological and social indicators after 20 and 100 years of simulation, by ownership category, in Vilhelmina. The relative difference (Rel. ∆) was calculated as: (Diverse-Simple)/Simple. See Table 2 for information on the proportion of different owner categories.



	
Owner Type

	
Non-Industrial Private Owners

	
Other Owners




	
After 20 Years

	
After 100 Years

	
After 20 Years

	
After 100 Years




	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆

	
Simple

	
Diverse

	
Rel. ∆






	
Economic indicators




	
Total harvest (1000 m3/year) *

	
276

	
210

	
−0.24

	
345

	
277

	
−0.20

	
340

	
273

	
−0.20

	
440

	
417

	
−0.05




	
Growing stock (m3/ha)

	
84

	
95

	
0.14

	
139

	
202

	
0.45

	
82

	
92

	
0.13

	
144

	
187

	
0.30




	
Growth (m3/ha/year) *

	
2.2

	
2.4

	
0.06

	
3.3

	
3.4

	
0.02

	
2.4

	
2.4

	
0.03

	
3.4

	
3.3

	
−0.01




	
Potential reindeer winter pasture (%)

	
7

	
7

	
0.01

	
4

	
3

	
−0.33

	
12

	
11

	
−0.09

	
3

	
4

	
0.18




	
Ecological indicators




	
Mature forest with high share of broadleaves (%)

	
19

	
24

	
0.23

	
23

	
32

	
0.42

	
14

	
15

	
0.06

	
26

	
31

	
0.19




	
Old forest (%)

	
4

	
8

	
0.88

	
4

	
10

	
1.35

	
2

	
7

	
1.71

	
3

	
12

	
2.49




	
Large diameter trees (trees/ha)

	
0.1

	
0.0

	
−0.64

	
0.7

	
1.6

	
1.32

	
0.0

	
0.0

	
−0.5

	
0.7

	
1.3

	
0.73




	
Fresh deadwood (m3/ha)

	
4.64

	
5.64

	
0.22

	
7.86

	
12.33

	
0.57

	
3.83

	
4.91

	
0.28

	
7.49

	
11.45

	
0.53




	
Social indicators




	
Sparse forest (%)

	
14

	
16

	
0.20

	
10

	
20

	
0.89

	
12

	
15

	
0.24

	
9

	
16

	
0.79




	
Clear-cut area (%) *

	
1.0

	
0.7

	
−0.31

	
0.7

	
0.4

	
−0.38

	
1.1

	
0.7

	
−0.31

	
0.7

	
0.6

	
−0.15




	
Person-years (years) *

	
83

	
64

	
−0.23

	
101

	
79

	
−0.22

	
105

	
83

	
−0.21

	
126

	
117

	
−0.08






* Average for first and last 20 years of simulation (1–20 and 81–100 years), respectively, for indicators without initial value in the input data.4. Discussion











4. Discussion

Our results demonstrate marked differences between the modeled outcomes for a Diverse scenario, taking into account the diversity in management strategies of different forest owners and within owner categories, and a Simple scenario, where forest owners were aggregated into two broad categories with similar management strategies. The differences between the scenarios were most pronounced for the ecological and, to some extent, the social indicators, indicating that moderate decreases in harvest level can have a considerable positive effect on forest’s biodiversity and recreational value. The differences between the two scenarios were quite similar in both case study areas, despite the differences in growing conditions and ownership structure between the two municipalities, indicating a broader applicability of our results. The Simple scenario was based on the reference scenario of the Swedish forest impact analysis study [2], and can be understood as a maximum sustainable yield scenario with some legal and environmental considerations, while the Diverse scenario added constraints put in place by a diverse ownership structure. Our results thus suggest that generalizing forest management for forest owner categories can lead to considerable over- or underestimation of ecosystem service provision in forest resource projections when the diversity of management strategies between and within owner categories is not accounted for. In contrast to technical and environmental constraints affecting forest management, social constraints are rarely taken into account in projections of forest resource development and wood mobilization scenarios [68], even though it has been shown that social constraints could have an important impact on future wood supply and forest development [4,12,16,19]. When the results of forest impact analysis are used as the basis for decision-making regarding the long-term use of forests, as is the case in Sweden, it is important that all relevant constraints within forest management are considered.

Growing stock increased considerably in both case study areas and in both scenarios. In Hässleholm, after 100 years, growing stock was projected to equal (Simple scenario) or exceed (Diverse scenario) the current growing stock of central European countries with nemoral forest, such as Germany and Austria, where the standing volume is currently around 300 m3/ha [51]. Mean volume in Vilhelmina reached or exceeded the current mean volume typical for forests in southern Sweden today within 100 years. This is, in part, a consequence of an increasing proportion of old forest and mean age, especially in the Diverse scenario, and, in part, due to the projected increasing growth especially in 40–80 year-old forests (40–100 years in Vilhelmina), leading to higher mean volumes in middle-aged and mature forests over time. Similarly, Pussinen et al. [7] found increasing standing volumes in mid- and high latitude European forests, even though the increase was not as pronounced as in our study; this could, in part, be due to the fact that the model used by Pussinen et al. did not include effects of tree breeding and fertilization, and was based on conservative growth functions. Higher growing stocks due to increased growth allow for an increasing harvest level, as seen in our results, but they also require considerations about the timing and intensity of silvicultural activities such as thinnings and final fellings, and potential disturbance risk. While natural mortality was included in modeling of forest growth, disturbances were not included in our simulations. Disturbances could, however, have a considerable effect on forests locally and regionally, as illustrated by catastrophic storm events in the past, e.g., the 2005 winter hurricane in Sweden, which led to storm-felling amounting to almost the total annual harvest in Sweden, damaging more than 1% of the productive forest area [69]. The susceptibility of forests to devastating disturbance events increases as the proportion of old and densely-stocked forests increases, especially in conifer monocultures [70]. It is possible that forest management strategies change over time to some extent due to changed risk perceptions [71]. This was, however, outside the scope of this study.

The management strategies employed in this study are subjective to some degree, as not all parameters are backed up by sufficient data. This is especially the case for the management strategies of NIPF owners, which were based on a questionnaire and the forest owners’ own perceptions of how they manage their forest. During recent years, research has focused on the difference in objectives, attitudes and decision-making style of NIPF owners in Sweden and elsewhere, not on actual management practices, resulting in a lack of quantitative data allowing the classification of NIPF owners according to their management strategy [25]. Therefore, we conducted a sensitivity analysis (Diverse_m and Diverse_l) to test for the impact of subjectivity in parameter settings for NIPF owners’ management strategies. The sensitivity analysis should not be regarded as estimates of standard errors or confidence intervals or similar, but rather as alternative interpretations of the management strategies of NIPF owners. We found that the results were sensitive to parameter settings to some extent, but a difference exceeding 10% remained between the Simple scenario and the sensitivity run alternative of the Diverse scenario that was closest to the Simple scenario, for most of the indicators. Nevertheless, the changes in the Diverse scenario settings, simulating more and less intensive forest management respectively, resulted in quite different developments for some of the investigated indicators, especially for the ecological indicators. This highlights the need for further and deeper investigations of the management behavior of different types of forest owners, especially since it is suspected that such behavioral patterns change over time.

The accuracy of long-term projections of forest development quite naturally depends heavily on the growth models used. In tests on NFI data and long-term research plot data, the Heureka growth models have been shown to be quite reliable for even-aged management given there are no catastrophic events such as fire or storm [40]. They have performed less accurately in tests on heterogeneously structured forest [72], for which growth in long-term projections also depends on the natural ingrowth of trees [41]. The growth models have also been shown to be reasonably accurate for projecting growth of non-managed old growth forests [73].

As in all modeling, the quality of the input data determines the quality of the results. Our input data were based on a combination of satellite data and field data from NFI. Satellite data estimates on pixel level have a high Root Mean Square Error (RMSE) and a low bias. The estimates tend to be more accurate toward the mean value, with underestimations of higher values and overestimations of lower values. At a stand level, RMSE for the volume estimations was about 33% in southwestern Sweden in similar conditions as in Hässleholm [31]. In another study the RMSE ranged from 39% to 17% at stand level, and was down to 10% for a 100 ha assessment [74]. As the accuracy over larger areas is fairly good, the quality of the input data should not influence the results and conclusions of the study. Having input data from different time periods for the two municipalities is not expected to influence the results or conclusions either, given the long rotation periods in Swedish forests and the scope of our study.

We did not include the potential impact of climate change in our analysis, as the focus of this study was on demonstrating a method for and the impacts of accounting for diverse forest ownership structure, i.e., on relative differences between two different management scenarios. Expected climate change impacts in Sweden include warmer temperatures, especially in winter, and an increase in precipitation. The warmer climate and increased atmospheric CO2 levels are expected to increase tree growth and wood production [75], except at water-limited sites in southern Sweden. Biotic and abiotic disturbance risks are also expected to change. However, there remains considerable uncertainty regarding the future trajectories of greenhouse gas increases, their impact on the climate system and the effects of climatic changes on both ecosystems and social systems and their adaptive capacity [75,76,77]. For this study, we assumed that climate change would have similar impacts on both scenarios, so that including potential climate change impacts would not add new valuable insights to the comparison of the scenarios.

In our analysis, we assumed that the relative level of use of different management strategies would remain constant over time and that forest stands would remain under one management strategy for the whole simulation period. However, in reality, private forest properties change owners approximately every 20 years, and with a new owner, the management strategy might also change. Implementing the effect of ownership changes could be an area of future development of the methodology.



5. Conclusions

This paper reports on a method to quantify the potential effect of accounting for heterogeneity in forest management strategies among and within ownership categories in projections of forest sustainability indicators. The impact of accounting for differences in management strategies between and within different forest owner groups was examined by comparing two scenarios—one where the diversity of management strategies was accounted for and one where it was not—for two municipalities in Sweden. We found marked differences in the outcomes for the two scenarios, especially for ecological indicators, and we expect that similar differences would be found for other regions in Sweden. The method we employed could be easily adapted for other regions, and even for larger areas. The modeling framework could provide valuable information for municipality planning, for follow-up and planning for attempts to reach environmental and other objectives related to forests, but it could also be employed at a larger (up to national) scale, given the availability of sufficient input data for the current forest state and the management strategies of different owner groups. We conclude that the diversity in management strategies between and within owner categories deserves more attention in future projections of wood supply and forest ecosystem services. Establishing a better understanding of different ownership categories and their inherent management strategies in quantitative terms would be very valuable for future modeling activities at regional to national scale.
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