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Abstract

:

In this paper, an attempt is made to determine an intangible capitalization premium based on an expected further value increment of forest stands. Such premium cannot be determined through exponential interpolation. Firstly, any discount rate depending on maturity proposes clearcuttings soon after thinning as a computational artifact. Secondly, exponential interpolation with a constant discount rate violates an internal consistency criterion as the rotation age increases. Omitting the intangible capitalization premium, the carbon stock of boreal forest can be increased in a variety of ways (albeit at the expense of a capital return rate deficiency). A small excess volume can be economically gained by increasing sapling density. Greater excess volume is best achieved by restricting thinnings. A large excess volume is best achieved by omitting thinnings. Regardless of the technique used, enhanced carbon storage requires financial compensation in terms of a carbon rent. With the present European emission prices, there is no financial difficulty in establishing such a carbon rent arrangement.
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1. Introduction


There are two large sinks of atmospheric carbon on planet Earth: the oceans and the forests [1,2,3,4]. It is difficult to manipulate oceans, whereas forests can be managed. By definition, a carbon sink is a system with a positive time change rate of stored carbon. This paper discusses the microeconomics of boreal forests as a carbon sink.



A particular benefit of the boreal forest is carbon storage in the soil. The amount of soil carbon may exceed the carbon storage in living biomass [5,6,7,8,9,10]. However, living biomass produces litter resulting in soil carbon accumulation and, consequently, the rate of carbon storage depends on the rate of biomass production on the site. The biomass production rate is related to the amount of living biomass [6,9,11,12]. As the time change rate of storage constitutes a sink, this paper focuses on changes in living biomass. In the case of trees, one of the most straightforward indicators of living biomass per surface area unit is the commercial volume of tree trunks.



The outcome of any process depends on the essential contributing mechanisms. Such mechanisms can often be described in terms of a process model. However, the outcome also depends on the occurring initial conditions, or more broadly, boundary conditions. In real-life applications, the initial conditions vary. Results of model-based investigations can be considered robust (or non-chaotic) if they are coherent under realistically varying sets of initial conditions [13]. In this paper, two different sets of initial conditions are used.



The objective functions discussed in this paper are partially microeconomic and partially of a physical character. The microeconomic objective function is the capital return rate [14,15,16,17,18]. The physical objective functions are carbon storage area densities, discussed in terms of living biomass, and measured in area densities of commercial trunk volumes.



There is a hierarchy between the objective functions. Firstly, the capital return rate is maximized. Then, deviations are introduced, and the relationship of capital return rate deficiency to excess commercial volume is investigated. The deviations are introduced in terms of additional sets of boundary conditions. These are constituted by sets of restrictions applied to intermediate harvesting practices or, in other words, thinning restrictions. Some of the restrictions may result in a favorable combination of carbon storage and capital return deficiency, in which case the deficiency could be compensated in terms of a carbon rent [19]. In addition to thinning restrictions, selection of sapling density retained after young stand tending is discussed, as well as the selection of tree species.



There are many previous investigations discussing the economic feasibility of thinning practices [20,21,22,23,24,25,26,27,28]. Some of them also discuss carbon storage features [9,12,29,30,31]. However, a few studies contain deficiencies restricting their applicability. Common deficiencies are unrealistic assumptions regarding the yield of various timber assortments, as well as pricing assumptions not adhering with reality [31,32,33,34,35]. It also appears that the optimal number of thinnings, thinning intensity, as well as selection between continuous-cover forestry and clearcuttings, depend on the applied discounting interest rate [20,21,22,23,24,25,26,27,28].



The capital return rate in forestry has been investigate sparsely [14,15,16,17,18,36,37]. Results regarding the relationship of capital return rate and carbon storage are still more sparse [14,15,16,17,18]. Again, some of the available results are deficient due to unrealistic yield assumptions [17,38]. Others have used financial boundary conditions not considered appropriate in this investigation [14,18]. There is an earlier study discussing capital return rate deficiency per excess volume unit appearing with the intent of carbon storage where the financial boundary condition meets that one here considered appropriate [15]. That study, however, did not discuss eventual thinning restrictions in detail [15].



In this paper, capital return rate and forest stand capitalization are discussed from the viewpoint of carbon storage and carbon sequestration. First, we present the financial techniques applied, as well as a few ways of determining forest stand capitalization. We attempt to include an intangible asset in the capitalization. Then, we apply two different datasets in the determination of stand capitalization and the corresponding capital return rate. Firstly, a growth model is applied in young stands as early as the inventory-based model is applicable. Secondly, the growth model is applied to observed wooded stands. Finally, the effect of management practices on the relationship between carbon storage and capital return rate is discussed. Three different thinning practices are discussed, as well as sapling density and choice of tree species.




2. Materials and Methods


2.1. Financial Considerations


We apply a procedure first mentioned in the literature in 1967, but applied only recently [14,15,16,17,18,36,37]. Instead of discounting revenues, the capital return rate achieved as relative value increment at different stages of forest stand development is weighed by current capitalization, and integrated.



The capital return rate is the relative time change rate of value. We choose to write


  r ( t ) =   d κ   K ( t ) d t    



(1)




where  κ  in the numerator considers value growth, operative expenses, interests and amortizations, but neglects investments and withdrawals. In other words, it is the change of capitalization on an economic profit/loss basis. K in the denominator gives capitalization on a balance sheet basis, being directly affected by any investment or withdrawal. Technically, K in the denominator is the sum of assets bound on the property: bare land value, value of trees, and non-amortized value of investments. In addition, intangible assets may appear. The pricing of forest estates may include goodwill value. The intangible asset discussed in this paper is a premium applied to young stands due to their expected further value growth.



The momentary definition appearing Equation (1) provides a highly simplified description of the capital return rate. In reality, there is variability due to a number of factors. Enterprises often contain businesses distributed to a variety of production lines, geographic areas, and markets. In addition, quantities appearing in Equation (1) and are not necessarily completely known but may contain probabilistic scatter. Correspondingly, the expected value of capital return rate and valuation can be written, by definition,


   〈  r ( t )  〉  =     ∫   p    d κ   d t       d κ   d t   d   d κ   d t          ∫   p K  K ( t ) d K      =     ∫   p    d κ   d t     r ( t ) K ( t ) d   d κ   d t          ∫   p K  K ( t ) d K       



(2)




where    p i    corresponds to the probability density of quantity i.



Let us then discuss, the determination of capital return rate in the case of a real estate firm benefiting from the growth of multiannual plant stands of varying ages. Conducting a change of variables in Equation (3) results as


   〈  r ( t )  〉  =     ∫   p a  ( t )   d κ   d t   ( a , t ) d a        ∫   p a  ( t ) K ( a , t ) d a      =     ∫   p a  ( t ) r ( a , t ) K ( a , t ) d a        ∫   p a  ( t ) K ( a , t ) d a       



(3)




where a refers to stand age. Equation (3) is a significant simplification of Equation (2) since all probability densities now discuss the variability of stand age. However, even Equation (3) can be simplified further.



In Equation (3), the probability density of stand age is a function of time, and correspondingly the capital return rate, as well as the estate value, evolve in time. A significant simplification would appear if the quantities on the right-hand side of Equations (2) and (3) would not depend on time. Within forestry, such a situation would be denoted “normal forest principle”, corresponding to evenly distributed stand age determining relevant stand properties [39].


   〈  r ( t )  〉  =     ∫    d κ   d t   ( a ) d a        ∫  K ( a ) d a      =     ∫  r ( a ) K ( a ) d a        ∫  K ( a ) d a       



(4)







The “normal forest principle” is rather useful when considering silvicultural practices, but seldom applies to the valuation of real-life real estate firms, with generally non-uniform stand age distribution. However, it has recently been shown [40] that the principle is not necessary for the simplification of Equation (3) into (4). This happens by focusing on a single stand, instead of an entire estate or enterprise, and considering that time proceeds linearly. Then, the probability density function p(a) is constant within an interval [0, τ]. Correspondingly, it has vanished from Equation (4).




2.2. Determination of Stand Capitalization


There is a variety of methods to determine the value K appearing in Equations (1)–(4). In the case of an incorporated company or a firm with equivalent reporting, an estimate can be found from the balance sheet. Such an outcome does depend on applied accounting practices. On the other hand, the value can be determined as a market value. The latter is straightforward in the case of publicly listed companies, or other companies with established share trading records. A third alternative for firm value determination is the computation of an “intrinsic value”, considering the prognosticated future development of the firm [41,42,43].



In the case of a real estate firm benefiting from the growth of multiannual plants of varying age, the asset value K within any stand may be approached as the sum of the value of the plants on the stand, the value of bare land, and the value of non-amortized investments. Such computation may be problematic if non-mature plants do not have any immediate sales value. In such a case, it is not uncommon to determine stand value by discounting expected future revenues [21,22,23]. The discount rate is sometimes taken arbitrarily, but often it can be determined as an internal rate of return [44]. Such discounting typically results as an intangible expectation premium in valuation, added to the immediate sales value of components.



Here, we provide a few examples of the determination of the value of forest stands by interpolation. It is not uncommon that planted seedlings may require several years to mature to young trees of commercial value. However, during those years, expected revenues become closer in time. Correspondingly, it would be unrealistic to assume the growth of saplings would not add value. The capitalization, including growth expectation premium, can be approximated by a smoothing function. One possibility could be


  k ( a ) =  1  τ − a      ∫ a τ   K ( t )    exp [ r ( t ) * ( a − t ) ] d t  



(5)




where r(t) is the capital return rate at stand age t, and τ is rotation age. A simpler version would be


  k ( a ) =  1  τ − a      ∫ a τ   K ( t )    exp [  〈 r 〉  * ( a − t ) ] d t  



(6)







Both of the above Equations converge to terminal capitalization   k ( τ ) = K ( τ )  , regardless of the capital return rate r(t) or    〈 r 〉   . However, there is no guarantee of any definite convergence in a newly established stand. Such convergence   k ( i n i t i a l ) = K ( i n i t i a l )   could be approached by fitting an internal rate of return i which provides convergence. That would correspond to assuming that the bare land value includes any additional expectation value for a newly established stand, resulting as


  k ( a ) =  1  τ − a      ∫ a τ   K ( t )    exp [ i * ( a − t ) ] d t  



(7)







It might be possible to determine capitalization indirectly by discounting revenue. This would result as


  k ( a ) = B L +    ∫ a τ   R ( t )    exp [ j * ( a − t ) ] d t  



(8)




where BL denotes bare land value, and R(t) net revenue at time t. Again, the discount rate j shall be fitted for convergence   k ( i n i t i a l ) = K ( i n i t i a l )  .



Equations (6)–(8) above contain an apparently constant discount rate. In money market theory, increased duration of commitments tends to increase the risk experienced by the lender [45,46,47]. This could be considered by introducing a delay-dependent discount rate. One possibility is a spot discount rate


  j = ln ( u +  d s  )  



(9)




where d is time to maturity, and u and s are constants. Now, the constants u and s can be adjusted to gain the correspondence   k ( i n i t i a l ) = K ( i n i t i a l )   in Equation (8). On the other hand, it is only the constant u that determines the discount rate at maturity, and that can be determined through matching terminal discount rate to terminal capital return rate, determined as the ratio of terminal value increment rate to terminal capitalization. The terminal capital return rate, however, may depend on short-range disturbances such as thinning of forest stands. In particular, shortly after thinning, the capital return rate may be elevated; Equation (9) might contain negative values of s. Temporarily elevated capital return rate after thinning would reduce the estimate of capitalization, increase estimated capital return rate, and propose clearcutting soon after thinning (obviously a computational artifact). Such problems could be avoided by taking the constant u as the minimum short-term capital return rate appearing within a rotation. However, even this solution is problematical since the observable momentary capital return rate may be very low in young stands of saplings.



An important internal consistency criterion must be applied to Equations (5)–(9). A straightforward approximation for the current capitalization, excluding any intangible expectation premium, is


K(a) = bare land value + value of trees + value of non-amortized investments



(10)







The last term depends on investment intensity, as well as the amortization schedule. For the purposes of the internal consistency criterion, we define reduced current capitalization as


K′(a) = bare land value + value of trees



(11)







Approximations of capitalization established in Equations (5)–(9) are designed to include expectations of forthcoming value increment. Consequently, one can take for granted


  k ( a ) ≥ K ′ ( a )  



(12)







A brief examination revealed that Equations (5)–(7) generally do not satisfy this internal consistency criterion and must thus be rejected. Equation (8), applied with or without Equation (9), often does satisfy the consistency criterion. However, this does not happen in all circumstances. Particularly, Equation (8) with a constant discount rate fails to comply with Equation (12) with large rotation ages.



Determining capitalization through the interpolation procedure given in Equation (8) does not require any knowledge of amortization schedule of investments. Instead, application of Equation (10) does require a definite amortization schedule. Here, with Equation (10), regeneration expenses are capitalized at the time of regeneration and amortized at the end of any rotation [15].




2.3. The Two Datasets Applied


The two different sets of initial conditions have been described in three earlier investigations [14,15,40]. Firstly, a group of nine setups was created computationally, containing three tree species and three initial sapling densities [15]. The idea was to apply the inventory-based growth model as early in stand development as it is applicable, to avoid approximations of stand development not grounded on the inventory-based growth model [48]. This approach also allowed an investigation of a wide range of stand densities, as well as a comprehensive description of the application of three tree species. The exact initial conditions here equal the ones recommended in [15].



The second set of initial conditions contains seven wooded, commercially unthinned stands located in Vihtari, Eastern Finland, first observed at the age of 30 to 45 years. The total stem count varied from 1655 to 2451 per hectare. A visual quality approximation was implemented. The number of stems deemed suitable for growing further varied from 1050 to 1687 per hectare. The basal area of the acceptable-quality trees varied from 28 to 40 m2/ha, in all cases dominated by spruce (Picea abies) trees.





3. Results


Figure 1 and Figure 2 show the expected value of the capital return rate within seven stands first observed at the age of 30 to 45 years, in the presence of eventual thinning restrictions. Thinning restrictions somewhat reduce the capital return rate and shorten rotation times. Application of Equation (8) in the determination of capitalization, instead of Equation (10), usually lengthens rotation times but does not affect the achievable capital return rate much. Long rotation times are not achievable using the interpolation Formula (8) since the internal consistency condition (12) becomes violated with increasing rotation age.



Figure 3, Figure 4 and Figure 5 show the expected value of the capital return rate within stands of three tree species where the growth model is applied as early as applicable. It is found that rotation times maximizing capital return rate become the shorter the stronger are the thinning restrictions. Rotation times are generally extended by the application of the interpolative formula (8) instead of (10). In the case of conifers, capital return rates become lower when Equation (8) is used. Long rotation times are not achievable using the interpolation Formula (8) since the internal consistency condition (12) becomes violated with increasing rotation age.



Figure 6 and Figure 7 show the stand capitalization as a function of stand age within seven stands first observed at the age of 30 to 45 years in the presence of eventual thinning restrictions. Again, thinning restrictions shorten rotation times. Application of Equation (8) in the determination of capitalization, instead of Equation (10), usually lengthens rotation times and requires somewhat gentler thinnings (and sometimes the omission of thinnings). Both the longer rotation time and the gentler thinning increase capitalization.



Figure 8, Figure 9 and Figure 10 show the stand capitalization as a function of stand age within stands of three tree species where the growth model is applied as early as applicable, in the presence of eventual thinning restrictions. Again, thinning restrictions shorten rotations. It is also found that thinning restrictions increase capitalizations. Again, the application of Equation (8) in the determination of capitalization, instead of Equation (10), lengthens rotation times, requires gentler thinnings. and increases capitalizations, the latter being affected by both gentler thinnings and longer rotation times.



Any deviation from the procedures corresponding to the maximum capital return rate induces a deficiency in capital return rate. Annual monetary deficiency per hectare can be gained by multiplying the deficiency in percentage per annum by current capitalization per hectare. Any deviation from the procedures corresponding to the maximum capital return rate also changes the expected value of the volume of trees per hectare. In case the volume is greater than that volume corresponding to the maximum capital return rate, there is a positive expected excess volume (also a negative excess volume may appear). The annual monetary deficiency per hectare can be divided by the excess volume to yield a measure of the financial burden of increasing the timber stock.



Figure 11 shows the expected value of the capital return rate deficiency per excess volume unit as a function of excess volume, within seven stands first observed at the age of 30 to 45 years, in the presence of eventual thinning restrictions. Thinning restrictions reduce the deficiency and increase available excess volume. Thinnings restricted to trees larger than 237 mm diameter show the smallest deficiency with moderate excess volume, while the omission of thinnings shows the smallest deficiency at large excess volumes. Application of Equation (8) in the determination of capitalization, instead of Equation (10), produces only small values of excess volume. Large excess volumes are not achievable using the interpolation Formula (8) since the internal consistency condition (12) becomes violated with increasing rotation age.



Figure 12, Figure 13 and Figure 14 show the expected value of the capital return rate deficiency per excess volume unit as a function of excess volume, within stands of three tree species where the growth model is applied as early as applicable, in the presence of eventual thinning restrictions. Thinning restrictions reduce the deficiency and increase available excess volume. Thinnings restricted to trees larger than 237 mm diameter show the smallest deficiency with moderate excess volume, while the omission of thinnings shows the smallest deficiency at large excess volumes. Application of Equation (8) in the determination of capitalization, instead of Equation (10), produces only small values of excess volume. Again, large excess volumes are not achievable using the interpolation Formula (8) since the internal consistency condition (12) becomes violated with increasing rotation age.




4. Discussion


Interestingly, along with increasing rotation age, any application of Equation (8) presented in this paper terminates in violation of the internal consistency condition (12). This raises a doubt whether Equation (8) possibly induces some bias even in the circumstances where the consistency condition (12) is not violated. This is discussed in Figure 15, where a spruce stand of initial sapling density 1800/ha is grown to 109 years using Equation (10), and snapshots with Equation (8) are taken at 74 and 109 years of rotation. At 74 years of rotation, the exponential interpolation by Equation (8) appears to operate nicely. The estimate of the expected value of capitalization using Equation (8) is greater than that resulting from Equation (10), and one can reasonably assume the difference corresponding to a capitalization premium based on expected further value increment of young stands.



However, at the age of 109 years, the growth according to Equation (10) significantly differs from exponential, and the exponential interpolation clearly produces a bias. In fact, the estimate of the expected value of capitalization using Equation (8) is smaller than that resulting from Equation (10). One can reasonably suspect that any estimate produced using Equation (8) is reduced in comparison to Equation (10) along with increasing rotation age, even if the consistency condition (12) would not be strictly violated. This indicates that the longer rotation ages due to the application of Equation (8) in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10 possibly are not real, but maybe computational artifacts. Correspondingly, the capital return rate deficiencies produced with Equation (8) in Figure 11, Figure 12, Figure 13 and Figure 14 possibly shall not be trusted. It appears that the intangible young stand expectation premium cannot be produced in terms of exponential interpolation over the rotation age.



As the determination of the intangible capitalization appears unsuccessful, it is worth discussing the above results omitting the intangible premium. The two independent sets of initial conditions appear to yield similar results. The capital return rate is a weak function of rotation age, which results in variability in the optimal number of thinnings (Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5). Restricting thinnings increases timber stock but reduces rotation age (Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10). Increased timber stock induces a capital return rate deficiency (Figure 11, Figure 12, Figure 13 and Figure 14). The deficiency per excess volume unit is smaller if the severity of any thinning is restricted, in comparison to extending rotations (Figure 11, Figure 12, Figure 13 and Figure 14). Moderate increases in timber stock can be gained by restricting thinnings to large trees, while large increases are best achieved by omitting thinnings (Figure 11, Figure 12, Figure 13 and Figure 14).



The two datasets used this study relate differently concerning the intangible premium. The absence of the premium is an obvious deficiency in the first dataset. The second dataset however describes stand development through exponential interpolation up to the time of observation of wooded stands. Robustness of the findings is indicated since the two different datasets agree in the main findings.



When the growth model has been applied on growing stands as early as applicable, control parameters have included not only thinning restrictions but also the selection of tree species, as well as initial sapling densities. The capital return rate deficiencies plotted in Figure 12, Figure 13 and Figure 14, however, are case-specific: any tree species and sapling density are taken as reference points of their own. It is possible to replot these Figures with one common reference. Here, we select spruce stands with sapling density 1200/ha as a common reference. The reason for this is that the capital return rate achievable according to Figure 4 is only slightly less than with spruce stands with greater sapling densities, but the duration risk is much less [45,46,47].



We find from Figure 16 that a small excess volume can inexpensively be gained by increasing sapling density. Greater excess volume is best achieved by restricting thinnings. A large excess volume is best achieved by omitting thinnings.



Figure 16 indicates that a significant excess volume can be produced at the expense of a monetary capital return rate deficiency in the order of one to two Euros/excess cubic meter per annum. This can be easily compensated by a carbon rent derived from European carbon emission prices valid at the time of writing [18,19,40]. On the other hand, such compensation is needed to achieve a large-scale increment in carbon sequestration. It has been recently shown that the carbon stock can be increased without deteriorating the wood supply for forest-based industries [40].



It is worth noting that this paper focusing on capitalization and capital return rate in terms of timber stock, the results apply to productive boreal forests, mostly on mineral soil. Another issue is that the only intangible asset discussed has been the growth expectation premium. It appears that the real estate market has recently gained momentum in terms of a goodwill value. The effect of inflated capitalizations on carbon economics shall be investigated in a forthcoming study.




5. Conclusions


It appears that the intangible young stand expectation premium cannot be produced in terms of exponential interpolation over the rotation age. It is worth discussing the results omitting the intangible premium. The capital return rate is a weak function of rotation age. Restricting thinnings increases timber stock but reduces rotation age. A small excess volume can inexpensively be gained by increasing sapling density. Greater excess volume is best achieved by restricting thinnings. A large excess volume is best achieved by omitting thinnings. Increased timber stock induces a capital return rate deficiency. This can be easily compensated by a carbon rent derived from European carbon emission prices valid at the time of writing.
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Figure 1. The expected value of capital return rate, as a function of rotation age, when the growth model is applied to four observed wooded stands, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 2. The expected value of capital return rate, as a function of rotation age, when the growth model is applied to three observed wooded stands, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 3. The expected value of capital return rate on pine (Pinus sylvestris) stands of different initial sapling densities, as a function of rotation age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b). Figure 3b does not contain any commercial thinning. 
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Figure 4. The expected value of capital return rate on spruce stands of different initial sapling densities, as a function of rotation age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without commercial thinning (c). 
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Figure 5. The expected value of capital return rate on birch (Betula pendula) stands of different initial sapling densities, as a function of rotation age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without commercial thinning (c). 
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Figure 6. Stand capitalization as a function of stand age, when the growth model is applied to four observed wooded stands, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 7. Stand capitalization as a function of stand age, when the growth model is applied to three observed wooded stands, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 8. Capitalization on pine stands of different initial sapling densities, as a function of stand age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b). Figure 8b does not contain any commercial thinning. 






Figure 8. Capitalization on pine stands of different initial sapling densities, as a function of stand age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b). Figure 8b does not contain any commercial thinning.
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Figure 9. Capitalization on spruce stands of different initial sapling densities, as a function of stand age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 10. Capitalization on birch stands of different initial sapling densities, as a function of stand age, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 11. The expected value of capital return rate deficiency per excess volume unit, as a function of excess volume, when the growth model is applied to seven observed wooded stands, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 12. The expected value of capital return rate deficiency per excess volume unit on pine stands of different initial sapling densities, as a function of excess volume, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b). Figure 12b does not contain any commercial thinning. 
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Figure 13. The expected value of capital return rate deficiency per excess volume unit on spruce stands of different initial sapling densities, as a function of excess volume, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 14. The expected value of capital return rate deficiency per excess volume unit on birch stands of different initial sapling densities, as a function of excess volume, when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). 
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Figure 15. Capitalization of a spruce stand established with 1800 saplings as a function of stand age, according to Equation (10), and with two snapshots according to Equation (8). 
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Figure 16. The expected value of capital return rate deficiency per excess volume unit on stands of different initial sapling densities, as a function of excess volume when the growth model is applied as early as applicable, without any thinning restriction (a), good-quality trees of at least 238 mm of diameter only removed in thinning (b), and without any commercial thinning (c). The expected value of capital return rate and stand volume from spruce stands with 1200 seedlings per hectare are taken as a common reference. 
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