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Abstract

:

Wind is one of the major natural forest disturbances in Europe, and reduces the total economic (including carbon sequestration) value of forests. The aim of this study was to assess the financial benefit of silvicultural measures in young, pure, planted Norway spruce stands by reduction in the impact of wind damage over the rotation period. The analyzed measures are promptly applied precommercial thinning and low-density planting with improved plant material. Spatial information on factors affecting wind damage—wind climate and soil—were gathered and combined with the local growth model and empirical data from tree pulling experiments in Latvia to assess the economic value loss due to wind damage over a rotation period. Timely precommercial thinning and lower-density planting with improved plant material would ensure a positive net present value with an interest rate of 3%, using conservative estimates. The financial benefit is highest in windier (coastal) regions and for the planting, followed by moderate thinning. The results demonstrate that, even without changing the dominant tree species, a considerable reduction in wind-damage risk can be achieved.
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1. Introduction


Wind damage is a major disturbance in managed and natural forests in Europe, resulting in a drastic reduction in tree biomass and consequent loss of other forest ecosystem services, including economic and carbon sequestration value [1,2]. An increase in extreme weather events, directly or indirectly, causing large-scale damage in Europe’s forests, has been observed in recent decades [2,3,4,5,6,7,8]. This trend is predicted to continue in the future [9], with windstorms being the primary cause for most stand damages with varying severity [10]. The impact of storms, especially in terms of damaged timber, is likely to rise in the future due to changes in storm tracks and the frequency and/or intensity of storms, and also due to changes in forest characteristics [11,12] and additional impacts of climate change. The supplementary impacts will vary depending on the geographical location, local soil and topographic conditions [13]. One of the impacts in hemiboreal and boreal forests, especially for forest stands growing on peat soil, is the reduction in frozen soil conditions during winter [14], leading to increased stand vulnerability to wind. Such an effect is especially significant for tree species that are more susceptible to wind damage (uprooting or breaking), like Norway spruce (Picea abies L. Karst.), because of its shallow root system and susceptibility to various other hazards (insects, diseases, drought) [15,16,17]. If no specific measures are taken, the current forest composition and proportion of this tree species is predicted to decrease notably by the end of this century [18].



Despite the available forest insurance for forest owners in some European countries [19], the change in tree species composition to more wind resistant species as a preventive measure has been suggested and sometimes even actively sought by government. For example, in Sweden, economic subsidies to change tree species (to species other than Norway spruce) have been provided after major storms [19,20,21,22]. In Latvia, support is also available for the restoration of stands affected (damaged) by natural disturbances [19,23]. However, after a decade, this support policy has not led to the desired result (change of tree species to more resilient types). Even in afforestation of wind-blown areas (where the impact of the storm is recent and can be clearly seen by the forest owner), no trend towards the use of more wind-resistant species (e.g., birch, pine) has been observed [20,21,24]. Such a result is partly attributed to the fact that owners focus on other, more immediate threats to young stands, like browsing damage, and partly to the estimated higher profitability of less wind-resistant alternatives [16,25]. Thus, it is essential to find and apply silvicultural measures that simultaneously addresses the immediate risks (like browsing), provide a desired financial outcome and increase stand wind resistance. One of such measures can be the thinning of young stands (precommercial thinning) [1,16,26,27,28,29,30,31,32].



Precommercial thinning has a positive effect on stand stability and increment in the long term [1,16,31,32]. It also reduces the need for commercial thinning (when the stand height noticeably exceeds 10 m), which in itself is a significant factor, increasing the risk of wind damage for the following three-to-five years [16,33]. This is especially the case if heavy thinning (in terms of removed share from the total standing volume) is applied [18]. Trees that are suddenly open to the influence of the wind need time to adapt, in particular to develop root systems to ensure their stability [34]. The use of selected (improved by tree breeding) planting material ensures a gain in the volume of growth (increment) of around 10%–25%, or even higher in comparison to naturally regenerated stands [35,36]. A combination of improved planting material and lower initial spacing has a positive cumulative effect on the radial increment, and thus on the time when the target diameter, defined for the final harvest, can be reached [29,30]. Such a combination could reduce the cumulative probability of a windstorm striking the stand during the period when it is more prone to wind damage.



The economic implication of wind damage has been analyzed from different perspectives such as via an economic evaluation of dominant species change [37], management of pure and mixed stands [28], logging productivity and costs [38], and the impact of other forest ecosystem services (recreation, hunting) [39]. However, information on the potential effects of adaptation measures from an economic perspective in the context of forest policy decisions is still limited. Such information is needed to make efficient decisions for the allocation of public funds or use of other tools to increase overall forest adaptation (i.e., to reduce the impact of windstorms) over a long period on a national scale. The aim of this study was to assess the financial benefit of silvicultural measures in young, pure, planted Norway spruce stands by a reduction in the impact of wind damage over the rotation period. Specifically, we tested whether additional precommercial thinning (leading to two different stand densities) or low-density stand establishment with selected (improved) planting material ensured financial profitability (indicated by net present value), given the influence on the reduction in wind damage probability, over 50- and 80-year timespans.




2. Materials and Methods


Methods to reduce financial impact of wind damages were modelled on an area (per ha) basis for the hemiboral vegetation zone [40], based on the example of Latvia (55°60’–58°10’ N, 20°70’–28°50’ E). This country, like other territories in the Baltic Sea region within the same vegetation zone, is characterized by a flat relief [41] and a notable proportion of land (52%) covered by forests [42]. Norway spruce is an economically significant, widespread tree species in this region (e.g., in Latvia its stands cover 19% of the forest area [43]), regenerated almost exclusively by planting, typically on good quality (fertile, fresh or drained) soils. Data (spatial allocation of different forest types) from the State Forest Service (year 2005) [44] and historic agriculture soil inventories [45] were combined and converted to soil types, relevant for the wind stability of trees [46]. The results demonstrate that soils suitable for Norway spruce and with different properties in relation to wind stability are located across Latvia (Figure 1).



The financial impact of wind damage depends on the probability of its occurrence and the amount of damaged timber. The probability of occurrence in the mechanistic model is determined by soil, wind climate, forest (landscape and stand) as well as tree parameters [16]. Freely drained mineral soils and site indices (SI) 32 are used as the bases for the study, since most spruce stands would have SI values of 36 or 32 (34% and 39% from all spruce dominated stands, respectively). The wind climate was characterized by Weibull distribution A parameter values, as required by the conceptual framework of tree wind resistance assessment by Quine [47]. A is the Weibull distribution scale parameter in m s−1, a measure for the characteristic wind speed of the distribution—it is proportional to the mean wind speed. The values of this parameter, calculated based on fundamental wind speed and data from long-term meteorological observations from the Latvian Environment, Geology and Meteorology Centre, range from 3.3 to 6.7 (Figure 2). The highest values primarily are in the western part of Latvia, near the Baltic Sea. For this region (hereafter referred to as “coastal”), a Weibull A parameter value of 5.0 was used and for the rest of the territory (hereafter referred to as “inland”) a value of 4.2 was used.



Both stands without new open edges (e.g., due to the clear cutting of neighbouring stands) and the short-term impact of commercial thinning were not included in the calculations, thus representing a conservative estimate of the probability of the occurrence of wind damage [16]. Tree and stand parameters at a certain age, depending on the selected management regime, were calculated by local growth models [48]. Empirical data, obtained in tree pulling experiments in Latvia [49,50], including the volume of the root–soil plate [51], relative crown height, slenderness, and conceptual framework as defined by Quine [47], were used to determine the wind speed in gusts (critical wind speed) needed for a tree with a certain dimension to be snapped or uprooted. The five-year cumulative probability of the occurrence of critical wind speed (for the average tree in the stand with certain management regime) was assumed to be equal to the proportion of damaged area where salvage-logging is required. For example, if the cumulative probability of the occurrence of critical wind speed in a 5-year period is 4%, then it was assumed that, in this 5-year period, salvage logging would be carried out in 4% of the area. In terms of salvage-logging, 10% of the most valuable assortments were assumed to be damaged and classified as firewood; it also resulted in higher logging costs (Table 1) and smaller dimensions of harvested trees. The volume of the wood assortment, obtained in any type of harvesting, was determined based solely on the dimensions of the trees in the stand in accordance with the equation developed by Ozoliņš [52] and modified by Donis [53].



The costs in the financial calculations were based on Central Statistical Bureau (CSB) [54] information (Table 1).



Additional costs included the real estate tax of 5 EUR ha−1 year−1 and management (administration) costs of 10 EUR ha−1 year−1. Income from the harvest (planned and salvage-logging) was based on the volume and prices of the assortments (Table 2).



Possibilities to reduce the financial impact of wind damages in planted pure Norway spruce stands were modelled on an area (per ha) basis, evaluating two potential silvicultural measures:



I. The additional (second) precommercial thinning of young (height is 4–6 m) stands to a low density (600–900 spruces ha−1) or moderate density (1000–1300 spruces ha−1). To evaluate the influence of this precommercial thinning, a comparison was made with un-thinned (density 1400–1700 spruces ha−1) stands (control). The financial value of these stands over 80 years was modelled. To obtain the range of potential outcomes, and thus to obtain a mean result and a measure of variance (±95% confidence interval), for each of the alternatives, we used four densities after precommercial thinning (i.e., for low density—600, 700, 800 and 900 spruces ha−1) and, for each of these densities, three different commercial thinning regimes (when the stand age was 20–55 years old) applied: 1) thinning carried out, when the relative stand density reaches 0.95 and it is then reduced to 0.7; 2) thinning is done when the relative stand density reaches 0.95 and it is then reduced to 0.45; and 3) thinning is done when the relative stand density reaches 0.95, and in the first commercial thinning it is reduced to 0.45 and in the second thinning to 0.7. Thus, the result of each of the three precommercial thinning alternatives (low density, moderate density and un-thinned) was a mean from twelve model runs (four densities x three commercial thinning regimes). Commercial thinning time and the amount of harvested assortments in each of the model runs summarised in Supplementary Table S1. In all alternatives, the initial planting density was 2000 spruce ha−1, followed by two tendings (weed controls) and one pre-commercial thinning. Thus, the differences in costs arise from a single (second) precommercial thinning, which was either carried out (to low or moderate density) or not (un-thinned);



II. The establishment of lower-density (1000 spruces ha−1) stands with selected (improved) planting material. To evaluate the influence of this measure, it was compared to standard density (2000 spruces ha−1) plantation, established using unimproved plant material (control). The same initial costs were used for both alternatives, assuming that improved plants (progenies of second generation seed orchards, demonstrating 20% higher volume increment [36]) would be more expensive (and thus compensate for extra costs of 1000 unimproved plants ha−1 needed in control). In both alternatives, two tendings (weed controls) and one pre-commercial thinning was planned, leading to 600–900 spruces ha−1 (assuming some natural mortality) for low-density plantation and, with extra precommercial thinning (no costs assessed), to 1000–1300 spruces ha−1 in the control. To model further stand development, the three abovementioned (I) different commercial thinning regimes were applied. Therefore, this leads to twelve model runs (four different densities at the time of second precommercial thinning in control alternative x three commercial thinning regimes) for each alternative to obtain the mean and the variance of the outcomes.



The financial value of each measure was expressed as the net present value (NPV) with a 3% discount rate:


  N P V =  R     (  1 + i  )   t     



(1)




where R = net cash flow, i = discount rate (3%), and t = number of time periods.



The results of the model runs and calculated NPVs were used to determine the statistical significance of the differences between the alternatives, using a single-factor analysis of variance.




3. Results


Net present values (r = 3%) of planted Norway spruce stands without consideration of wind damage, independent of precommercial thinning alternatives (to low or moderate density or un-thinned), reached their peak on average at the age of 65 years, when the highest NPV was 846 ± 94.2 EUR ha−1 (Figure 3). As the stands aged, all analysed precommercial thinning alternatives followed the same trend of gradually decreasing financial value. The highest value was for un-thinned (density 1400–1700 spruces ha−1) and moderately thinned (1000–1300 spruces ha−1) stands. The differences between these alternatives and the one with the lowest density after precommercial thinning (600–900 spruces ha−1) were significant most of the time, except at the age of 50–65 years. The average difference in NPV in an undamaged stand and a stand that needs to be salvage-logged due to wind damage increased with time, reaching its peak at the age of 50–55 years.



NPVs of the planted Norway spruce stands with the consideration of wind damage were higher for stands where precommercial thinning (to low or moderate density) was carried out, due to faster diameter growth and lower damage probability. The differences were higher in coastal regions with higher wind speeds (Weibull distribution A parameter values) than inland. However, this was mostly dependent on the precommercial thinning intensity: at the age of 50–60 years, stands with moderate thinning had higher NPVs by 98.1 ± 3.9 EUR ha−1 and 122.4 ± 20.3 EUR ha−1 than un-thinned stands (in coastal and inland wind climate, respectively), though the difference between stands, thinned to low density and un-thinned, was notably smaller: 17.7 ± 5.5 EUR ha−1 and 37.8 ± 7.5 EUR ha−1, respectively (Figure 4).



Similar NPV differences between precommercial thinning alternatives and wind climates were also found at the age of 70–80 years: moderate thinning ensured a 109 ± 3.2 EUR ha−1 to 119 ± 5.4 EUR ha−1 higher value than un-thinned stands and those thinned to a low density—by 20 ± 4.2 EUR ha−1 to 68 ± 24.4 EUR ha−1—in inland and coastal wind climates, respectively.



The influence of different initial planting densities and tree improvements on the NPV of the planted Norway spruce stands with the consideration of wind damage was even more pronounced than the influence of precommercial thinning (Figure 5). Low-density stands (1000 trees ha−1, regenerated with improved planting material) at the age of 50–60 years had a 166 ± 40 EUR ha−1 to 297 ± 39 EUR ha−1 (in inland and coastal wind climate, respectively) higher NPV than the control stand (2000 trees ha−1, regenerated with unimproved planting material). At the age of 70–80 years, the values were slightly lower, 124 ± 33 EUR ha−1 and 276 ± 32 EUR ha−1, respectively, but the differences were similar.




4. Discussion


Quantitative information on differences in wind climate is relevant for strategical planning and policy decisions at the country scale, providing incentives to reduce the overall economic impact of damage. Such information is also important to the forest owner for the planning of forest management (from selection of tree species, to thinning schedule, to length of rotation period) in order to reduce wind damage probability to an acceptable level [1,16,27]. Thus, at both a countrywide and property scale, it is necessary to balance an economic assessment of value risk against the potential gain from timber production. Spatial data from this study (Figure 1 and Figure 2) provides the basic information for such an assessment.



Strategic planning for reduced tree damage is no longer of importance solely for the forest sector. Since forests and peatlands are, at present, the only two true large-scale carbon sinks, policies related to climate change mitigation (and EU targets in this respect) also need to consider the damage risk, which is predicted to have an increasing negative effect on carbon balance [2,55,56]. Thus, a practically applicable option for risk reduction is needed. Such options (low-density stands and young stand thinning) were assessed in our study, growing on freely drained mineral soils with the highest site indices (32) for each measure, and not considering the change in dominant tree species.



Although the area subjected to precommercial thinning in private forests has almost doubled during the last decade in Latvia, there is still a considerable amount of un-thinned young stands on fertile soils [57]. A similar situation can be observed in numerous countries in Europe [58], due to the decreasing interest and profitability of forestry as an economic activity for numerous reasons. To increase the area of thinning of young stands, considerable investments are required (Table 1). The study results showed that in undamaged stands where three different thinning intensities are applied, the highest NPV is found for un-thinned stands. However, in un-thinned stands, the wind damage probability is the highest and it can cause major financial losses in Norway spruce stands (Figure 3). Wind damage probability increases with forest stand age and our study results are in accordance with previous studies [26,59]. The calculations showed that different thinning intensities increase the financial value of the stand in comparison to un-thinned stands and the most productive thinning regime is moderate thinning (Figure 4). Thinning to low density (heavy thinning) increases the risk of wind damage in comparison to moderate thinning, because the stands are more exposed to a higher wind load, to which they have not been adapted [22,60]. Income at the end of the rotation period is significantly higher in coastal wind regions than inland, even with wind damage. A final harvest at 80 years of age can achieve slightly higher values than a final harvest at 50 years of age; however, a significant difference was only seen in the inland wind region with a moderate thinning intensity.



Forest stand replacement also requires high (and increasing) investment, and therefore self-regeneration is used in most of the areas in Europe [61]. There is a similar tendency in Latvia, but even so, the annual planting area in private forests has increased over the last four years [57], and seedling demand currently exceeds availability [62]. The implementation of low-density stands would require changes in the legislation; the associated costs are not included in the assessment, since it is considered that reduced plant material costs would compensate for them. The calculations of our study show that, in all cases, originally established low-density stands reach significantly higher NPV (Figure 4 and Figure 5) in comparison to other silvicultural measures applied. Even with windstorm damage, the financial benefit is higher than in originally established high density stands (2000 trees ha−1) with different precommercial thinning intensities. Low-density stands reach larger tree dimensions faster and tend to have better individual tree stability than high-density stands [1,29,63]. Similarly, as in thinned stands, higher NPVs between low-density stands were found in coastal regions (Figure 5). A final harvest at 50 years is more profitable than at the age of 80 years; however, the differences are not statistically significant. Additionally, in such stands, the admixture of other tree species can be expected. The admixture of other tree species may reduce (at least temporarily) the risk of wind damage [22,64,65].



Wind damage-related expenses in our analysis are the higher costs of salvage-logging (by 10–30% in comparison to logging of undamaged areas [38]) and a 10% reduction in the amount of the most valuable assortment, due to timber damage such as snapping and stem cracks. These estimates are rather conservative; more damage to assortments can be predicted [66] and, in the case of large-scale storms, a lack of available logging teams can raise the price of this operation even more. Moreover, storm damage creates a peak in timber supply, thus reducing the price [11]. However, this effect would depend on the scale of the storm and the overall economic situation and is difficult to predict. In our study, additional positive effects of the proposed measures on the wind stability of the stands (e.g., from early adaptation of trees to stronger winds or reduction in the need for commercial thinning) were not considered. The potential to use only optimal soils (replacing other species) was also not considered. Thus, our estimate is conservative. Further research could be applied for different soil types, tree species or even the retention of trees after regeneration cutting.




5. Conclusions


The study was carried out to provide actual information about and a financial evaluation of silvicultural measures to reduce wind damage risk. Wind climate and soil type maps demonstrate noticeable differences in vulnerability, even within a relatively small and flat area such as Latvia, and are important tools for forest policy and strategic planning.



Even without changing the dominant tree species, a considerable reduction in risk can be achieved with forest management. Timely precommercial thinning and lower-density planting, using conservative estimates, ensure positive NPVs with an interest rate of 3%. Low-density stands reach higher NPVs in all wind regions in comparison to precommercial thinning and final felling at 50 years is more profitable than at the currently defined 80-year rotation period. The negative financial impact of wind damage can be reduced by establishing stands with wider initial spacing (lower density) and reducing the length of the rotation period (changing the time of the final harvest by the target diameter).
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Figure 1. Allocation of soil type groups in the territory of Latvia. 
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Figure 2. Wind climate: Weibull distribution parameter A (characteristic wind speed) values. 
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Figure 3. Net present value (NPV) of three different thinning regimes (to low and moderate density and un-thinned) in undamaged stands at different ages. Points represent NPV of each thinning regime, bars represent NPV difference between undamaged and damaged stands. Whiskers denote confidence interval. 
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Figure 4. Difference in NPV of two different thinning intensities (to low and moderate density) and control in two wind-climate regions (coastal and inland) at the age of 50–60 years. Whiskers denote confidence interval of NPV. 
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Figure 5. Differences in NPV between low-density stands, regenerated with improved material in low density and unimproved with standard density at the age of 50–70 years and 70–80 years in two different wind climates. Whiskers denote confidence interval. 
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Table 1. Forest management operations and their costs.
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Management Operation

	
Costs






	
Soil preparation and planting

	
160 EUR ha−1




	
Plants

	
150 EUR 1000 plants




	
Planting

	
85 EUR 1000 plants




	
Tending

	
110 EUR ha−1




	
Pre-commercial thinning

	
124 EUR ha−1




	
Logging:

	
Regeneration cut, EUR m−3

	
Thinning, EUR m−3

	
Salvage-logging, EUR m−3




	
Assortment preparation (harvesting)

	
5.70

	
9.39

	
9.85




	
Timber extraction (delivery)

	
4.94

	
6.14

	
4.94–6.14




	
Timber transportation (forwarding)

	
5.90

	
6.07

	
5.90–6.07
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Table 2. Assortment and their price.






Table 2. Assortment and their price.





	Assortment
	Minimum Top Diameter, cm
	Minimum Length, m
	Price, EUR m−3





	Sawlogs I
	>28
	3.6
	71



	Sawlogs II
	18.1–28
	3.6
	68



	Sawlogs III
	14.1–18
	3.6
	62



	Pulpwood
	10.1–14
	3
	28



	Firewood
	6–10
	3
	26
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