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Abstract

:

Even though the growth rates of most tree species in Sweden is expected to increase in the near future as a result of climate change, increased risks of damage by storms and various pests and pathogens, notably root rot and bark beetles, may also occur. Thus, forest management practices such as changes to thinning regimes, reductions in rotation lengths, and switching to other species (native or exotic) may represent adaptive management strategies to increase the resistance and resilience of Swedish forests to climate change. Clearly, thorough analyses examining the effects of anticipated climatic changes on damage levels, and the potentially relieving effects of possible management adaptations are needed before implementing such changes. In this study, damage caused by storms, root rot and bark beetles (single and in various combinations) under selected climate and management scenarios were simulated in Norway spruce (Picea abies (L.) Karst.) stands. The results indicate that reductions in thinning intensity and rotation lengths could improve both volume production and profitability in southern Sweden. In addition, cultivation of rapidly growing species, such as hybrid larch (Larix × marschlinsii Coaz.) and hybrid aspen (Populus tremula L. × P. tremuloides Michx.), could be as profitable as Norway spruce cultivation, or even more profitable. However, slow-growing species, such as Silver birch (Betula pendula Roth), Downy birch (Betula pubescens Ehrh.) and European beech (Fagus sylvatica L.) indicated low economic output in terms of Land Expectation Value.
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1. Introduction


The forest industry in northern Europe is coniferous based and is of major economical and societal importance, since it provides jobs and income for forest owners and entrepreneurs as well as a whole range of forestry-related services. Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) constitute more than 80% of the standing volume in Sweden [1]. In southern Sweden, Norway spruce forests dominate even more and if forestry continues as practiced today, the proportion of Norway spruce alone will exceed 60% within 30 years [2]. According to Bradshaw et al. [3], Norway spruce is currently grown outside its natural range in southern Sweden. These circumstances are not optimal from a risk perspective, especially in light of climate change, which brings elevated temperatures and a more uncertain weather pattern.



Climate observations show a temperature increase of 0.8 °C since 1900 [4] and the latest climate change scenario projections for Europe suggest that by year 2100 mean surface temperature will increase by 4.8 °C in northern Europe [5]. Projected climate change implies not only a change in mean climate parameters, such as temperature or precipitation, but also may result in changes in the frequency and magnitude of extreme weather events, such as frosts and storms [6,7].



Swedish forestry will have to adapt to meet the challenges associated with anticipated climate change. However, there are inevitably high levels of uncertainty in future climate scenarios, and effects of future climate change on forests are even more uncertain [8,9]. This severely complicates attempts to develop appropriate future silvicultural strategies. Nevertheless, several likely effects can be predicted with some confidence. For instance, process-based models consistently indicate that increases in temperatures and atmospheric CO2 levels will increase growth rates of forests in Nordic countries [9,10,11,12] and for Swedish forests by 15%–55% by the end of this century [13,14], and that the strongest increases will be expected in northern Sweden. As a result of climate change, there is an increased opportunity to use new and more productive indigenous or exotic tree species in Swedish commercial forestry [15,16,17].



However, these potential benefits of a new climate should be weighed against increased risk of damage by pests, pathogens and storms [18]. Climate change might lead to increased frequency of storm events [19,20] and increased temperatures may favor the introduction and spread of damaging pests and pathogens that have been previously limited by cold temperatures [21]. Of course, these effects will depend on responses of numerous, interacting components of ecosystems and food webs, e.g., host trees, pests and natural enemies [22,23,24]. Climate change may also cause systems to pass critical tipping points, which could massively increase their vulnerability to pests and pathogens.



Clearly, adaptive changes to forest management practices may be needed to meet anticipated changes and potential threats [16,25]. Chemical control measures and the development of efficient systems to monitor damage caused by pests and pathogens could be important. However, critical adjustments in southern Swedish forest management methods might be reducing the length of rotation periods and number of thinnings for Norway spruce, since stands are most vulnerable to storm damage after thinning and at old age [26]. Reducing the length of rotation periods and number of thinnings should also decrease the risk for root and butt rot (Heterobasidion annosum (Fr.) Bref.) infections, where the pathogen is more restricted to spread and reproduce in stands [27]. Even spruce bark beetle (Ips typographus L.) attacks could be reduced by reducing rotation periods, since they occur mainly in older stands [28]. A more drastic measure is to replace Norway spruce with broad-leaved tree species plantations such as Silver birch (Betula pendula Roth) and Downy birch (Betula pubescens Ehrh.) (hereafter, both will be referred to as birch), hybrid aspen (Populus tremula L. × P. tremuloides Michx.), hybrid larch (Larix × marschlinsii Coaz.) or European beech (Fagus sylvatica L.), which could reduce damage risks because they are less susceptible to root rot infections, bark beetle attacks and storm-felling. However, there are major uncertainties regarding all these hypothetical effects.



Many of the impacts of climate change may be decades ahead in the future but development and implementation of adaptation strategies in forestry might be necessary now [29], since the conversion of forests is a slow process due to long rotation periods. Most of these decisions have to be made without support from long-term studies. Therefore we should investigate short-term management strategies that can be applied in order to alleviate some of the vulnerabilities without compromising long-term management strategies [9,30,31]. Such analyses must consider the effects of adjustments on productivity, profitability, biodiversity, landscape aesthetics and social aspects of forests and damage risks.



This study analyzes effects on production, economy and risk of: (i) storm events, bark beetle attacks and root rot in a projected future climate in southern Sweden for Norway spruce stands; (ii) a changed thinning program and reduced rotation length for Norway spruce stands; and (iii) a change from Norway spruce to alternative tree species plantations. It should be noted that other effects of climate change on forest ecosystem variables, such as carbon storage and substitution effects, have not been taken into account.




2. Material and Methods


Site descriptions and starting values for simulations of stand growth were chosen in order to represent moderate to fertile site conditions in southern and central Sweden. Site index for Norway spruce was 34 m (dominant height at a total age of 100 years) [32]. For comparison of growth and economy of alternative species, site index 28 m for beech, 40 m for hybrid larch and 26 m (dominant height at 50 years) for birch were assumed to correspond to site index 34 m for Norway spruce [33,34,35].



2.1. Growth Simulation Using Heureka-Standwise Model


The analysis of Norway spruce growth was based on the stand growth simulations, using Heureka-Standwise, one of the models in the Heureka decision support system developed by Swedish University of Agricultural Sciences [36,37]. The Heureka-Standwise model forecasts growth and yields of forest stands from an early stage (about five years after planting) to final felling based on predicted five-year changes in the height and diameter of individual trees in circular plots with a 10 m radius. In this study, starting values at a dominant height of 9 m was calculated. Therefore, only mature stands were considered in this analysis. Two simulations were done for Norway spruce, one with high initial stocking and two thinnings and the second one with lower initial stocking without thinning (Table 1). Basal area of planted Norway spruce was estimated with basal area functions obtained from a spacing experiment [38]. Total age was estimated from height development functions [39]. Site characteristics were chosen to give a site index of 30 m, which roughly corresponds to a top height of 34 m at a total age of 100 years.
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Table 1. Forest management programs and tree species used in the simulations for the representative sites in southern Sweden. Site index is the average height of the 100 largest trees per ha at a total stand age of 100 years (50 years for birch). The letter in the site index indicates the site index species (G = Norway spruce, B = Birch and F = European beech). The number in the site index shows the height (m) the stand attains at an age of 100 years (50 years for birch). Initial stocking is the stand density (stems·ha−1), MAI = Mean Annual volume Increment.
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Tree Species

	
Site Index, m

	
Initial Stocking

	
No. of Thinnings

	
Rotation Length, Years

	
MAI, m3·ha−1






	
Norway spruce

	
G34

	
2000

	
2

	
65

	
12.7




	
Norway spruce

	
G34

	
1500

	
0

	
45

	
11.5




	
Birch

	
B22

	
1500

	
1

	
50

	
5.0




	
European beech

	
F28

	
4000

	
5

	
105

	
7.9




	
hybrid larch

	
G34

	
2000

	
3

	
35

	
12.9




	
hybrid aspen

	
G34

	
1100

	
2

	
25

	
20.6/23.3









In the Heureka system, initial diameters of individual trees are simulated using Weibull-function [40]. Thereafter, heights of individual trees are estimated with functions developed by Söderberg [41]. Five-year basal area growth is estimated using a stand-level growth function for all trees in Sweden [42]. In parallel, five-year diameter-growth of individual trees is estimated using individual tree growth functions [42] but individual tree diameters are adjusted to sum up to the basal area calculated with the stand-level functions. Both these models are empirical based and generate growth according to variables describing the site (e.g., latitude, temperature sum, site index) and the stand (e.g., age, basal area and time since thinning, tree species composition). For the individual tree functions, variables describing the subject trees include, e.g., diameter, age and diameter in relation to diameter of larger trees. Growth functions and validation of those are described in Fahlvik et al. [36]. Potential height growth is modeled for individual trees with height growth functions for top-height trees [42]. Thereafter, height growth is reduced with a modifier depending on basal area of larger trees. Estimated individual tree diameter and height are used to calculate individual tree stem volumes according to volume functions [43]. Thereafter, individual tree stem volumes are summed up to per hectare values. Mortality is modeled in a two-step approach. First, average mortality per plot is modeled with a logistic function where basal area of larger trees, soil moisture, vegetation type and thinning history are important independent variables. In the second step, probability of mortality of individual trees is modeled with logistic functions [44] where basal area, individual tree diameter, thinning history and mean diameter are important independent variables.




2.2. Implementation of Management in Heureka-Standwise Model for Norway Spruce Stand


The reference management regimes implemented in Heureka-Standwise model were based on the current forest management programs for Norway spruce stands in Sweden. Forest management regimes were designed for Norway spruce dominated stands under current climate in southern Sweden, where site index was 34 m. In accordance with prevailing practices, a site in southern Sweden with a site index of 34 m was established with 2000 seedlings·ha−1 (2500 seedlings·ha−1 are planted but 500 seedlings·ha−1 die within five years due to normal seedling mortality). The stand was subjected to two thinnings and clear cutting was done at an age of 65 years (Table 1). Thinnings and clear cutting were done according to standard thinning guides for Norway spruce in southern Sweden [45].




2.3. Simulation of Risk Factors Associated with Climate Change for Norway Spruce Stand


The major risk factors associated with climate change in Norway spruce dominated stands in southern Sweden, considered in this study were infection by root rot, spruce bark beetle damage and storm damage.



2.3.1. Simulation of the Risk of Root Rot Infection Under Current Climate and Changing Climate


The effects of four annual increases in the proportions of trees infected by root rot were considered in the simulations: 0.2%, 0.5%, 1% and 2% per year after the first thinning. A 0.2% annual increase in root rot infection roughly corresponds to current infection frequencies in southern Sweden [46], while the other growth rates correspond to potentially increased infection frequencies in a future climate that is more favorable to the spread and growth of root rot fungus. The root rot infection rate during the beginning of the observation period was 5% for Norway spruce stand [46]. The percentage of infected trees in the stand was calculated once every five years. The infected trees were assumed to be decayed up to an average trunk height of 3 m.




2.3.2. Simulation of the Risk of Spruce Bark Beetle Damage Under Current Climate and Changing Climate


The effects of four annual increases in proportions of trees damaged by spruce bark beetles were included in the simulations: 0.1%, 0.2%, 0.3% and 0.4% per year. The increase of 0.1% per year was assumed to correspond to average current level in southern Sweden and the other growth rates correspond to potential increased damage frequencies in a future climate that is more favorable for the outbreak of bark beetles. The annual increase of 0.4% per year corresponds to levels recorded during the peak bark beetles attack year of 2006, following the major storm Gudrun in 2005. Only trees with a diameter at breast height (dBH) larger than 20 cm were exposed to bark beetles damage [47]. The percentage of spruce bark beetle damage in the stand was calculated once every five years.




2.3.3. Simulation of the Risk of Storm Damage Under Current Climate and Changing Climate


The risk of storm damage was calculated using Persson’s probability function relating the probability of trees damaged in a stand after a storm event to its top height [48]. The function was rescaled to match the probability of trees damaged in the stand after a storm event equivalent to that caused by storm Gudrun in 2005 in southern Sweden by adjusting the coefficient (Equation (1)). Yearly probabilities of storm damage were estimated for the simulated Norway spruce stand in southern Sweden with site index 34 m using the rescaled Persson’s function. The proportion of trees damaged each year was calculated by multiplying the calculated storm damage probability with the proportion of undamaged trees in previous years (Equation (2)).


   P =   H T  5  x   



(1)




where   P   = Probability of storm damage,     H T     = Top height (m), and   x   = coefficient for rescaled function = 1.69 × 10−8.


    P  n     =  P P   (  1 −  ∑ 1  n − 1    P S   )    



(2)




where     P  n        = percentage of storm felled trees in a stand after nth storm event,     P P     = probability of storm damage in a stand after nth storm event calculated from Persson’s function, and     P S     = percentage of trees damaged during previous storm events.



The effects of two storm scenarios were included in the simulations: a storm every 20th year and a storm every 5th year. In the storm every 20th year scenario, storms of Gudrun magnitude occur once every 20 years. Since the 1940s ,three major storms events were recorded in Sweden, where volume of timber damaged after storm event was more than 10 million m3 [49,50]. This shows that storms of Gudrun magnitude occur once every 20 years. Therefore, the storm every 20th year scenario roughly corresponds to the current storm intensity in southern Sweden. In the storm every 5th year scenario, storms of Gudrun magnitude occur once every five years. As a result of climate change, the frequency of storm events would increase in future in Sweden [19]. Therefore, the storm every 5th year scenario would correspond to the potential increased frequency of storm events as an effect of changing climate. It should be noted that the function represents risks with the forest management regime prevailing in southern Sweden before the storm Gudrun and should not be used in conjunction with substantially different management practices.





2.4. Sensitivity Analysis of Individual Risk Factors Based on Extent of Damage and Profitability of Norway Spruce Stand


In a first step, analyses were performed to study effects of single types of damage on conventionally managed (Table 1) Norway spruce stand’s growth and profitability. These analyses were considered a form of sensitivity analysis, indicating how critical the considered types of damage are for the LEV (Land Expectation Value). The profitability of the stand was calculated based on its LEV (Equation (3)). LEV is the perpetual sequence of identical rotations starting from bare land [51,52,53]. The annual discounted interest rate used in this study was 2.5%.



In the economic calculations, average market prices for timber, pulpwood and energy wood assortments during the period 2000–2010 were used, while the costs of silvicultural and harvesting operations used were values for 2010 obtained from Swedish Forest Agency website [54]. The average market price for Norway spruce sawn timber and pulpwood were 45 €·m−3 and 26 €·m−3, respectively. The market price for European beech and birch pulpwood were 27 €·m−3 and 29 €·m−3, respectively. The average market price for hybrid aspen and hybrid larch pulpwood was 27 €·m−3. The cost of planting Norway spruce seedlings, birch and hybrid larch seedlings (2500 seedlings·ha−1) was 1816 €·ha−1 (Table 2). The Norway spruce seedlings (1500 ha−1) were planted at a cost of 1282 €·ha−1. The cost of soil scarification for establishment of birch stand and European beech stand was 1282 €·ha−1. The cost of planting European beech seedlings was 1926 €·ha−1. Cost of pre-commercial thinning was 246 €·ha−1. The financial value for hybrid aspen stand was based on four 25-year rotations. The planting cost for first generation seedlings was 1816 €·ha−1. The fencing cost for hybrid aspen stand was 4272 €·ha−1, then the fence was removed in the second generation at a cost of 1068 €·ha−1. All four generations were pre-commercially thinned twice at a cost of 246 €·ha−1. The cost of harvesting operations was calculated based on cost curve, which was based on total volume and mean tree volume harvested. In the financial calculations, the value class of the root rot damaged timber was reduced from timber to pulpwood; the value-class of the bark beetle damaged trees was reduced from timber and pulpwood to bio-fuel. After the Gudrun storm event in 2005, the value of storm-felled trees were reduced by 50% and the cost of harvesting operations were increased by 100% in Kronoberg county in Sweden [55]. Therefore, a similar pattern in timber price and harvesting cost were considered in the simulations here. The LEV was calculated when the stand attains an age of 42 years and the change in pattern of LEV was analyzed until the stand reached 87 years of age.


     L E V =  [   ∑  n = 0  t   R n     (  1 + i  )    − t   −  ∑  n = 0  t   C n     (  1 + i  )    − t    ]  ∗    (  1 + i  )   t     (     (  1 + i  )   t  − 1  )      



(3)




where    L E V    = Land Expectation Value,   i   = annual discounted interest rate expressed as a decimal,   n   = current age of the stand,      R n     = Revenue obtained during year n,     C n     = Cost incurred during year n, and   t   = rotation length in years. LEVs for storm-damaged stands were calculated as the sum of LEVs of previous years storm damage plus LEV for the undamaged proportion at the year of calculation.
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Table 2. Calculated volume productions and economic returns for Norway spruce, hybrid larch, hybrid aspen, European beech and birch stands in southern Sweden. The values for hybrid aspen are based on four 25-year rotation periods. Land expectation value (LEV) calculated using a 2.5% discounted interest rate. Cash flow is the movement of money (incomes minus costs) during the rotation without a discounted interest rate. MAI= Mean Annual volume Increment. G34-2 means a Norway spruce stand with site index 34 and two thinnings were done before final felling.
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G34-2

	
G34-0

	
Hybrid Larch

	
Hybrid Aspen

	
European Beech

	
Birch






	
Rotation length, years

	
57

	
47

	
35

	
100 (25 × 4)

	
105

	
50




	
Regeneration cost, €·ha−1

	
1816

	
1282

	
1816

	
7358

	
3204

	
1282




	
Total production, m3·ha−1

	
683

	
524

	
453

	
2125

	
716

	
306




	
MAI, m3·ha−1

	
13.5

	
11.2

	
12.9

	
21.2

	
6.8

	
5.1




	
Cash flow, €·ha−1·year−1

	
310

	
299

	
278

	
352

	
278

	
132




	
LEV, €·ha−1

	
4518

	
4528

	
6013

	
6376

	
70

	
1314










2.5. Simulation of Combined Effect of Various Risk Factors on Norway Spruce Stand Under Current Climate and Changing Climate


The combined effect of root rot infection, bark beetle damage and storm damage on a conventionally managed Norway spruce stand in southern Sweden was simulated under current climate and changing climatic conditions. Under the current climatic condition, it was assumed that the root rot infection would increase with an annual growth rate of 0.2%; bark beetle damage would increase by an annual rate of 0.5%; and storms of Gudrun magnitude would occur once every 20 years, whereas in changing climatic conditions, it was assumed that the root rot infection would increase with an annual growth rate of 1%; bark beetle damage would increase by an annual rate of 1%; and storms of Gudrun magnitude would occur once every five years. Apart from these, a baseline scenario named “No-damages” scenario was also considered. In the “No-damages” scenario, the stand was thinned according to the standard thinning guides. However, in this scenario, the risk factors such as root rot infection, bark beetle attacks and storm damage were not considered. The LEV of the Norway spruce stand under the “No-damages” scenario was calculated when the stand was 42 years old and the change in pattern of LEV was analyzed until the stand was 87 years old. Secondly, the corresponding storm damages were included in LEV calculation for current and changing climatic conditions. Then, the corresponding root rot infection rate and bark beetle damages were also included in LEV calculation. The percentage of trees infected or damaged by combined effect of storm damage, root rot infection and bark beetle damage under current and changing climate was calculated by summing their respective individual damages. The net income was then calculated with added damage levels, and finally LEV under a combined effect of various risk factors was calculated.




2.6. Management Options in Adaptive Strategy to Reduce the Risk of Damages


Two kinds of adaptive management strategies were considered in this study: (i) changing thinning regimes and reducing rotation length in Norway spruce stand; and (ii) switching to other suitable tree species instead of conventional Norway spruce cultivation.



2.6.1. Changing Thinning Regimes and Reduction in Rotation Length of Norway Spruce Stand


A modification of current forest management practices to decrease risks of damage due to wind-throw, root rot and bark beetles, was planting 1500 genetically improved Norway spruce seedlings·ha−1. After mortality, tree density was assumed to be 1200 stems·ha−1 at a dominant height of 9 m. The stand was not thinned in this simulation and finally felled at an age of 45 years.




2.6.2. Simulation of Alternative Tree Species


In operational forestry, two possible alternative hardwood tree species for these site conditions are birch and European beech. Potentially suitable exotic tree species for fertile sites in southern Sweden include hybrid larch and hybrid aspen. Development of birch, hybrid larch and European beech was estimated using their respective growth and yield tables [33,34,35]. Finally, an online program [56] was used for estimation of volume growth of hybrid aspen. For birch, European beech, hybrid larch and hybrid aspen, one alternative was simulated for each tree species and initial stocking and number of thinnings were chosen according to existing recommendations for all tree species (Table 1).



Birch stand was established by planting 2000 seedlings·ha−1 after soil scarification, thinned once (at an age of 20 years) and harvested at an age of 40 years (Table 1). Volume in thinning and final harvest in birch stand was estimated according to Finnish yield table for Birch [35]. European beech stand was established after soil scarification and planting of 4000 seedlings·ha−1 under a low shelter of naturally regenerated birch (Table 1). After three pre-commercial thinnings, the low shelter was harvested and the European beech stand had a stand density of 1200 seedlings·ha−1 at an age of 25 years. The stand was thinned five times (age 40, 50, 60, 75 and 90 years) and was finally harvested at an age of 105 years. Volume in thinnings and final harvest were estimated according to Swedish yield tables for European beech [57].



Hybrid larch was established by scarification and planting of 2500 seedlings·ha−1. One pre-commercial thinning was done. Thereafter, the stand was thinned four times (age 15, 20, 25 and 30 years) and finally harvested at an age of 35 years. Volume in thinnings and final harvest of hybrid larch were estimated according to a Swedish yield table for hybrid larch [34]. Growth and management effects of hybrid aspen stand was simulated using a web-based simulation program [56]. This program is based on empirical functions developed for hybrid aspen stands in southern Sweden [58]. Variables necessary for running the program are type of regeneration method (planting or coppice), cost of regeneration, site index and proposed number of thinnings. The output variables obtained from the program are time of thinning and final felling, harvested volume during thinning and final felling. The hybrid aspen stand was established by planting 1100 seedlings·ha−1, with fencing to avoid severe browsing damage (Table 1). After two thinnings, the hybrid aspen stand was final harvested at an age of 25 years. The next generation of hybrid aspen was established from regenerated coppices, which are normally very plentiful. In the simulations, the coppice-generated hybrid aspen stand was pre-commercially thinned twice and then commercially thinned twice before final harvest, at an age of 25 years (which covered four generations of hybrid aspen).



It was generally assumed that browsing was controlled, so fencing was not required for Norway spruce stand establishment and the alternative tree species birch, European beech and hybrid larch.






3. Results


3.1. Root Rot Infection and Its Effect on Land Expectation Values


With the highest studied infection rate (2% per year), all trees were infected by root rot at a stand age of 77 years (Figure 1A). An increase in the frequency of infected trees by 0.2% per year, on average, resulted in an infection intensity of 7%–12% in stand at final felling (depending on final felling age). A growth rate of 1% per year resulted in 35%–40% of trees being infected at final felling time.
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Figure 1. Changes in proportions of infected trees at final felling (A); and land expectation values (B); with stand age and indicated annual increases in root rot infection rates in the Norway spruce stand in southern Sweden. 
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The land expectation value of the undamaged forest peaked at 55 years and the increase in damage by root rot of <1% per year did not significantly change the peak time (Figure 1B). In the scenario with a 1% growth rate, the land expectation value remained constant between 52 and 57 years of age, while it peaked at 52 years for the scenario with a 2% annual increase. With an increase in the root rot infection rate to 1% per year, the land expectation value was 7% to 20% lower compared to the scenario with no damage (depending on rotation period).




3.2. Bark Beetle Attacks and Its Effect on Land Expectation Values


An annual increase of 0.4% in the proportion of trees damaged by the insect resulted in 10%–18% affected trees at the final felling (Figure 2A). In the reference simulations, it was assumed that damage caused by bark beetles typically increased by 0.1% per year, resulting in 2.5%–4% of the timber volume being damaged (depending on the final felling age; Figure 2A). The land expectation value peaked at 52–57 years in the absence of bark beetle attacks. The current assumed level of bark beetle damage resulted in only a marginal reduction of land expectation value (Figure 2B). An increase in proportion of trees damaged by bark beetle from the current level to 0.3% resulted in an earlier culmination of land expectation value and the peak value was reduced by 8% when compared to the scenario without bark beetle damage.
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Figure 2. Percentage of standing volumes affected by bark beetle damage at final felling in Norway spruce stand in southern Sweden with indicated annual increases in damage levels (A). Changes in land expectation values with rotation age, with indicated annual increases in levels of bark beetle damage in Norway spruce stand in southern Sweden (B). 
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3.3. Major Storms and Their Effects on Land Expectation Value


If major storm-fellings arbitrarily affected Norway spruce stand once every fifth year, almost no trees would reach an age of 87 years (Figure 3A). If the occurrence of storms were once every 20 years in the Norway spruce stand, 60% of the volume would be storm-felled at a rotation age of 87 years. If storms of Gudrun’s magnitude occurred in southern Sweden once every fifth year, the land expectation value would be reduced by 20% with 57-year rotations, and the corresponding reduction if such storms occurred once every 20 years would be approximately 6% (Figure 3B). Both storm frequencies resulted in an earlier peak of the land expectation value compared to the “No-storm” scenario. The optimal final felling age was reduced from 57 years for the scenario with no storm damage to 52 years for the scenarios including effects of storm damage. For long rotation periods, land expectation value is higher for the higher frequency of storms. This is due to the fact that the net present value of final felling at very long rotation periods will become relatively low, while the value of past storm-felled forest result in higher net present value, since these incomes occur earlier during the rotation period. The increase in storm-felled volume late in the rotation period is also higher for the lower frequency of storms than for the higher frequency because a large proportion of the volume has already been felled if storms are as frequent as every five years.




3.4. Combined Effects of Root Rot, Bark Beetle and Major Storms on Land Expectation Values


The combined effect of root rot, bark beetle and storms with current damage level reduced the LEV by 13% (Figure 4), when compared to the “No-damages” scenario at a rotation age of 57-years. The peak of the LEV was affected if damage from storms, root rot and bark beetle were included in the analysis. For the “No-damages” scenario the land expectation value peaked at 57 years. When the damages were allowed to influence the stand development the LEV peaked five years earlier at 52 years.
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Figure 3. Storm-felled stem volumes, as proportions of total stem volumes (A); and land expectation values (B); if a major storm with the magnitude of Gudrun occurred never, once every fifth year and once every 20th year in Norway spruce stand in southern Sweden. 
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Figure 4. Land expectation values for Norway spruce stand (SI = G34*) in southern Sweden under “No-damages” scenario and adding the risk factors such as storm damage, root rot infection and bark beetle damage to the “No-damages” scenario in current climate. * The letter represents site index species, G = Norway spruce, and the number in the site index shows the height (m) the stand attains at an age of 100 years. 
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The increases in all three considered major risk factors (root rot, bark beetle and storm-felling) due to anticipated climate change reduced the land expectation value, at an age of 57 years, by about 42% from 4514 (“No-damages” scenario) to 2614 €·ha−1 (Figure 5). Increases in damage levels also resulted in significant reductions of the peak land expectation value, which occurred five years earlier than in the “No-damages” scenario under a changing climate.
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Figure 5. Land expectation values for Norway spruce stand in southern Sweden (SI = G34*) under “No-damages” scenario and adding the risk factors such as storm damage, root rot infection and bark beetle damage to “No-damages” scenario under a changing climate. * The letter represents site index species, G = Norway spruce, and the number in the site index shows the height (m) the stand attains at an age of 100 years. 
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3.5. Alternative Management Programs and Land Expectation Values


Economic calculations indicate that European beech and birch plantations would provide lower volume production and be less profitable compared to plantations of other tree species (Table 2). In contrast, both hybrid aspen and hybrid larch plantations would apparently be at least as profitable as Norway spruce cultivation. Hybrid aspen stand also provided substantially higher volume production than Norway spruce stand, but with higher establishment costs (Table 2).





4. Discussion


One of the major factors that facilitate the increasing intensity of risk factors on a Norway spruce stand is management activity like thinning [26,59,60]. Soon after a thinning operation Norway spruce stands are particularly more vulnerable to root rot infection and storm damage. The basidiospores of root rot fungus spreads through freshly cut stump surfaces and wounds soon after thinning activity [61]. The fungal mycelium also spreads through root contacts and thus infects the neighboring healthy trees [59]. Thus, soon after a thinning activity in Norway spruce stand, the stand is well exposed to root rot fungal spores and the infection could also spread to second generation healthy stands through root contacts. As the intensity of thinning activity increases, there would be a higher number of freshly cut stump surfaces available in the stand for root rot fungus to infect and thus increasing the intensity of infection. The risk of storm damage in a recently thinned Norway spruce stand is high and the extent of storm damage is linearly related to the intensity of thinning [26]. This is because the trees that remain after thinning are more vulnerable to storm damage due to lack of mutual support from neighboring trees and wider spacing resulting from thinning [26]. Large-scale outbreaks of bark beetles are often associated with warmer temperatures and insufficient soil water supply. Outbreaks often occur after major storm events [62]. Since the storm damage is directly linked with thinning intensity, bark beetle damage is also indirectly related to increasing thinning intensity.



An infection rate of root rot by 2% per year is extremely unusual in Norway spruce stands today with prevailing forest management regimes. The scenario with an increased frequency of infected trees by 0.2% is more consistent with current rates of root rot spread [63]. Climate change might lead to higher infection intensities, due to the faster growth of the fungi in warmer conditions and extension of the period when spores can spread and infect newly cut fresh stumps. It is very difficult to quantify the impact of climate change on the rate of spreading and growth of root rot, due to uncertainties regarding effects of numerous associated changes in both biotic and abiotic factors. However, we can assume that a 2% annual increase in frequencies of damaged trees is unlikely because such high rates have been recorded very rarely in Norway spruce forests in southern Sweden. A growth rate of 1% per year corresponds to the level in the stands that are most severely damaged by root rot today, which might be a possible future scenario.



The simulation with 0.2% annual increase in the root rot infections resulted in 3.2%–4.6% reduction in land expectation value at final felling (Table 1). However, this was an unexpectedly small effect because more than 10% of the trees were infected at final felling in the current situation. This low effect was because root rot was assumed to affect only the bottom 3 m of the trunk, accounting for about 20% of the volume for a stem with 30 cm dBH. Moreover, wood damaged by root rot can be used commercially, although the value drops from timber to firewood prices, and the damage mainly affected the values at the end of the rotation period when it would have the least impact on net present and land expectation values. Even though the impact of root rot infection on LEV of Norway spruce stands is rather small in the current situation, it could lead to increased risk in the future in a changing climate. If the rates of root rot infection increases under a changing climate, then the land expectation value will reduce significantly and require more costly measures to minimize its spread in the future if no control measures were undertaken in the near future.



The major storm-felling in 2005 in southern Sweden caused an increase in bark beetle population and major subsequent damage to forest stands [64]. Although the damage was mitigated by various countermeasures, it was high in 2006 due to the abundance of breeding material for the bark beetles and prevalence of weather conditions that allowed the reproduction of two bark beetle generations during the same season [64]. The spruce bark beetle in southern Sweden damaged approximately 1%–1.5% of the standing volume of trees with a diameter larger than 20 cm, which corresponds roughly to 1.5 million m3 of wood. However, this scenario (Figure 2A) is considered a very high damage level because it assumes that the level of damage recorded in 2006 would be repeated every year. The current level of bark beetle damage cannot be estimated in the same way as for root rot, as the mechanism of spreading of bark beetles is different from spreading of root rot fungus. The annual increase in bark beetle damage is much lower than the annual increase in root rot infection. However, if the level of bark beetle damage increases in the future due to climate change, its impact on land expectation value would also increase and the impact would be larger for longer rotation periods, similar to the effect of root rot infection. Thus, an increase in spruce bark beetle attack would result in an earlier culmination of the MAI. The final felling age would be five years lower for the alternative with a 0.4% annual increase in bark beetle damage compared to the undamaged scenario. As the annual rate of spread of bark beetles increases, the peak LEV culminates earlier (Figure 2B). However, under a changing climate, the spread of bark beetle will increase thus resulting in major reduction in LEV of Norway spruce stand in future. Therefore, it is important to undertake counter measures against spread of bark beetles in the near future. If not, it might be necessary to undertake more intense counter measures in future, which might be costly. These results of the combined effects of root rot infections, bark beetle attacks and storm damages indicate that forest management strategies should be changed in the future. Indeed, some changes have already been implemented in southern Sweden. Notably, after storm Gudrun, recommended forestry management practices have shifted towards earlier and fewer thinnings and as well as shorter rotation periods.



This analysis shows that the risk of bark beetle damage and root rot infection increased with time due to cumulative spreading of root rot fungus and bark beetle insects. The risk of storm damage increases with increase in stand height [65] which also increases with stand age. Therefore, the sensitivity of Norway spruce stands to risk factors is high in conventional management with 65 years of rotation (Table 1). Thus, implementing forest management programs with shorter rotation periods, providing earlier peaks of financial value, could provide a pro-active way to reduce risks of damage. Thus, stopping thinning and reducing rotation periods in Norway spruce cultivation could increase profitability (Table 3). However, the drawbacks of a forest management regime without thinning must also be considered, such as the risk for increased natural mortality, risk of snow damage [66,67] and the lack of both selection opportunities and early incomes from thinnings. Furthermore, in such a regime, the cost of planning would be less due to wider initial spacing (Table 1), however there might be negative effects on future wood quality due to the lack of selection [68]. Therefore, financial benefits of a thinning free management regime could be smaller than expected. Another management option to reduce damage risks is to replace damaged conifer stands with stands of species that are either less susceptible to damage or have shorter rotation periods such as European beech, birch, hybrid aspen and hybrid larch.
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Table 3. Various adaptation strategies considered in this study and their pros and cons.
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Pros

	
Cons






	
Avoid thinning and reducing rotation length




	

	
Less exposure of stand to root rot fungus



	
Reduced risk of storm damage due to increased stand density






	

	
Increased risk of natural mortality in stand



	
Lack of early income from thinning



	
Lack of selection opportunity of future crop









	
Switching to other native species




	

	
Less susceptible to root rot, storm damage and bark beetle






	

	
Less profitable when compared to Norway spruce









	
Switching to exotic tree species




	

	
Less susceptible to root rot and bark beetle infection






	

	
High risk of storm damage



	
Uncertainty regarding potential invasion, pest and diseases














The silvicultural programs for stands of hybrid larch and hybrid aspen included in the analyses indicate that the height of the trees in later parts of the rotations would exceed 25 m, thus the theoretical risk of storm would be high (Table 3). However, both species are defoliated during the winter time so the risk of storm damage is less compared to Norway spruce stands. Hybrid larch is highly susceptible to infection by root rot [69] and should not be planted after clearing infected stands. The risk for spruce bark beetle damage is low for these species, but other pests and pathogens that are not considered here and also the risk of invasion might pose potential future problems.



This analysis shows that appropriate adaptations of forest management programs and changing tree species can reduce the risks for damage from storms, root rot and bark beetles. It is also possible to make these adjustments without excessive productivity or financial losses. Climate change is expected to increase the volume production of the forests by a degree corresponding to an increase in site index by 4 m by the end of the current century [13]. Though boreal Swedish forest might benefit in a future changing climate, it must also be taken in to account that the potential uncertainty due to risk factors might also increase under a changing climate.



The reported analyses focused on risks for damage from storms, root rot and bark beetles. However, there are high uncertainties regarding numerous other factors that may influence both climate change and its effects on forests in the future. For example, climate change might also affect risks for damage by agents such as summer frosts, pine weevils and forest fires. To reduce risks for such damage, other adaptive forest management methods must be thoroughly addressed, and might conflict with the measures discussed here for adapting to changes in risks posed by storms, root rot and bark beetles. For example, thinning free management practice might reduce risk of storms, root rot and bark beetles. However, it might increase the risk of forest fire and snow damage in the forest stand. Results from this analysis could be included in underlying assumptions about the future scenario drivers of various factors. Predictions of forest growth and yield models could be improved by including these risk factors in their simulations. Thus, before implementing possible counter-measures uncertainties due to risk factors must be carefully considered and a rigorous cost-effective, flexible, adaptive risk management strategies must be formulated.




5. Conclusions


The main conclusions of this study are:

	
Damages caused by storms, root rot and bark beetle resulted in reduction of LEV.



	
The LEV peaked earlier at high damage levels of root rot (2% growth in annual infection rate), bark beetle (0.3% growth in annual damage rate) and storms.



	
Even though the impact of root rot infection and bark beetle damage on LEV of Norway spruce stand is minimal under current infection rate, it is important to implement counter measures now, because in future the infection rate of these risk factors would increase and then more intense counter measures might require which would be costly.



	
Avoiding thinning and reducing the rotation length in Norway spruce stands in southern Sweden could reduce the risk of damages due to root rot, storm and bark beetle as the intensity of risk factors increased with age of the stand and soon after thinning operation.



	
Switching to other fast growing tree species plantations such as hybrid-larch and hybrid-aspen in southern Sweden were at least as profitable as Norway spruce whereas switching to slow growing species such as birch and European beech gave considerably lower economic compared to Norway spruce.








Based on the results of the study, it is evident that the risk factors associated with future climate will have tremendous impact on the forestry sector, unless counter-measures are undertaken in the near future. From a landscape perspective and in the long-term, appropriate adaptation strategies such as reduced thinning and shortening of rotation length in Norway spruce stands or switching to other plausible tree species instead of Norway spruce, are important alternatives for counter-measures. Moreover, the results of this study could be valuable input in formulating future scenarios on risk factors under a changing climate.
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