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Abstract 

 

An empirical model for log yield from trees is established and applied in microeconomics of 

carbon storage in a boreal spruce estate. The transition from pulpwood to sawlogs is a smoother 

function of stem diameter in the empirical data, in comparison to literature values. 

Correspondingly, the value transition of trees along with increasing size is gentler. Due to price 

premium of sawlogs from clearcuttings, all economically feasible treatment schedules 

terminate in clearcutting. Best capital return rates are gained with two heavy thinnings from 

above before clearcutting. Present carbon emission prices allow moderate carbon storage 

increment if the increment is compensated by proportional carbon rent. Doubling the present 

carbon prices would allow strong carbon storage increments if compensated by carbon rent. 

Application of nonproportional carbon rent is proposed. 

 

Keywords: capitalization; capital return rate deficiency; expected value; carbon storage; timber 

stock; carbon rent 

 

1. Introduction 

 

Boreal forests constitute a potentially significant carbon sink. A particular benefit of boreal 

regions is significant carbon storage in the soil. It has been approximated that the amount of 

soil carbon may exceed the carbon storage in living biomass [1–4]. However, living biomass 

produces the litter resulting in soil carbon accumulation. The rate of carbon storage depends 

on the rate of biomass production on the site. The biomass production rate, in turn, is related 

to the amount of living biomass [2,5–7]. 

 

In the occurrence of clearcutting and soil preparation, the net release of carbon from the soil to 

the atmosphere begins [8–11]. Correspondingly, maintenance of canopy cover possibly is 

essential in carbon sequestration. 
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Human activity related to the sequestration and release of carbon in the atmosphere forms a 

complex system of industries and disciplines [12–16]. Instead of trying to propose some kind 

of holistic, interdisciplinary optimum, we here discuss microeconomics of carbon sequestration 

in forestry, focusing on the estate level. 

 

Within the business of forestry, a straightforward policy might appear as a carbon trade system, 

possibly administered by public agents [17]. An unbiased carbon trade, however, would 

incorporate a high initial expense [18]. Fortunately, it has been recently shown that a carbon 

rental system is equivalent to the carbon trade system, without much of an initial expense [18]. 

In general, the amount of productive biomass is not constant within any forest estate. The 

canopy cover is also not constant, but rather subject to change over time. A natural reason for 

the variation in time is that any estate has some variety of stand ages and stand biomass 

densities. The development of the state of any particular estate can be designed in terms of 

some sort of dynamic programming [19]. 

 

From the viewpoint of generic instructions, or policy actions, it might be beneficial to reduce 

the variety of initial estate states by adopting some kind of unifying boundary conditions. A 

tempting candidate is the normal forest principle [20]. This principle simply refers to 

postulating that stand ages are evenly distributed and stand characteristics are uniquely 

determined by stand age. Such a postulation, even if often departing from reality, simplifies 

many treatments, producing idealized systems that are stationary in time. 

 

Within the normal forest principle, quantities such as rotation age and average stand trunk 

volume per area unit become well defined, not only for a single stand but also on the estate 

level. Correspondingly, microeconomic discussion regarding such quantities becomes 

simplified. One can even state that the normal forest principle allows for determination of 

microeconomically optimal rotation age, as well as an expected value of stand volume. 

 

Microeconomically optimal rotation age and expected value of stand volume are not 

necessarily optimal from the viewpoint of national economics, nor the viewpoint of carbon 

sequestration. It has been recently shown that microeconomics often favors solutions with 

relatively low capitalization [19,21,22,23]. Low capitalization has adverse effects on 

volumetric growth rate, as well as litter accumulation rate [21,24,23]. 
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A rather recent paper clarified microeconomics of carbon sequestration within a boreal spruce 

forest estate [23]. It was found that the best capital return rate is achieved by multiple repeated 

thinnings from above, to the transition diameter where sawlogs are gained instead of pulpwood 

only [21,22,23]. Increased carbon storage is most economically achieved by increasing the 

harvesting limit diameter [23]. However, carbon rent derivable from present carbon market 

prices appeared not high enough to compensate for the induced capital return deficiency [23].   

 

There are some possibly important sources of uncertainty in the recent treatment [23]. Firstly, 

the growth model applied in this study discussed stem sizes at 50 mm intervals [25]. The main 

transition of assortments from pulpwood to sawlogs happens between diameter classes centered 

at 175 mm and 225 mm [26,27]. Correspondingly, computations implemented in the paper 

assumed cutting limit diameters at diameter-class boundaries 200, 250, and 300 mm.  

 

Secondly, literature values [26,27] regarding the yield of sawlogs and pulpwood from trees of 

different sizes were missing experimental verification. Even if such values have been used in 

a variety of investigations [26,21,22,23], the origin of the applied data has not been rigorously 

reported.  

 

This paper intends to clarify the uncertainties mentioned above. An empirical log yield data is 

collected and used in the valuation of trees of different sizes. The resolution of the applied 

growth model is refined and used in a more accurate determination of financially appropriate 

harvesting schedules, as well as the consequences of intentionally increased carbon storage.   

 

First, experimental materials are presented, as well as related computational methods. Then, 

microeconomic methods, as well as carbon rent formulae are introduced. Third, results are 

reported, for six different kinds of treatment schedules. Finally, the outcome is discussed, and 

a carbon sequestration subsidy system is proposed. 

 

2. Materials and Methods 

 

2.1. Empirical Observations 
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Eleven circular plots of area 314 square meters were taken from typical spots of 11 spruce-

dominated forest stands in November 2018 at Vihtari, Eastern Finland. Seven of the stands had 

experienced only young stand cleaning, whereas four of the stands were previously thinned 

commercially. Breast-height diameters were recorded, as well as tree species, and a quality 

class was visually determined for any measured tree. 

 

On measured plots on sites without any previous commercial thinning, the basal area of tree 

trunks at breast height varied from 32 to 48 m2/ha, and stem count from 1655 to 2451 per 

hectare. On measured plots on stands previously thinned commercially, the basal area varied 

from 29 to 49 m2/ha and the stem count from 891 to 955 per hectare. Further details of the 

experimental stands are reported in earlier papers [21]. 

 

The particular estate is characterized by measurements from the 11 sample plots. However, 

such a sample does not necessarily represent the entire estate accurately. More importantly, the 

sampling does not conform to the normal forest principle, with assumptions of constant age 

distribution and stand characteristics uniquely determined by stand age. Here, we utilize the 

normal forest principle in terms of establishing a “normal stand” based on the observations and 

then approximating the development of this “normal stand” as a function of stand age. 

 

The normal stand is established on the basis of two never-thinned sample plots of medium site 

fertility and younger range of stand age, among the empirical observations. The two sample 

plots were combined into one experimental plot of area 628 square meters. Within the 

representative sample plot, the basal area of acceptable-quality trees was 35.3 m2/ha, and the 

corresponding stem count 1401 per hectare. The age of the normal stand was 35 years, and the 

dominating tree height 15 m.  

 

Instead of using literature values [26,21,22,23] as an estimate of the yield of sawlogs and 

pulpwood from any tree of particular breast-height diameter, a dataset of 6123 spruce trees 

were collected. The data was collected by four different single-grip harvesters, operated by six 

individuals at four harvesting sites. Log cutting instructions provided by three different 

sawmilling companies were applied. One thinning site was located at Vihtari, two thinning 

sites and one clearcutting site at Ilomantsi, all in Eastern Finland. The proportion of sawlogs 

of the total harvester-measured volume, as a function of breast height diameter, is shown in 

Fig. 1. Fig. 1 also shows the literature values used in [26,21,22,23]. It is found that the empirical 
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sawlog yield function is smoother than the function taken from literature. Some sawlogs are 

gained from trees of diameter 175 mm, unlike in the literature data. On the other hand, the 

sawlog proportion of trees thicker than 200 mm is smaller in the empirical function. The latter 

probably is due to harvester operators being trained not to produce sawlogs that would be 

rejected at the mill. 

 

 

Fig. 1. Literature values, as well as empirical values of sawlog proportion within the 

commercial section of spruce stems of different sizes. 

 

 

2.2. Growth Model 

 

For prognostication of further development of the normal stand, some kind of a growth model 

is needed. The growth model of Bollandsås et al. [21,22,25] is adopted, discussing not only 

growth but also mortality and recruitment. The original growth model [21,22,25] discussed 50 

mm breast-height diameter classes within a temporal resolution of five years. Any diameter 

class was represented by its central tree, and the process of growth was described in terms of 

the probability of any tree to transfer to the next diameter class [21,22,25]. The underlying idea 

of the description of growth is that any tree either remains in the same diameter class or 

transfers to the next diameter class within the five-year time interval. This underlying idea 

naturally greatly simplifies computation. 
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It is found from Fig. 1 that according to the literature values of sawlog yield, there is a sharp 

transition between diameter classes centered at 175 and 225 mm. Such a sharp transition would 

induce a huge value increment. The empirical yield function being smoother, there is a need 

for a greater resolution in tree size description. It is not too complicated to modify the growth 

model from the size resolution of 50 mm to 25 mm. However, to retain the underlying principle 

of the growth model, this requires a corresponding change in the temporal resolution, from 5-

year time steps to 30 months.  

 

The simultaneous change in the time and size resolutions retains the probability of any tree to 

transfer to the next diameter class. The same is not true in the case of recruitment and mortality. 

The latter two quantities are affected by the time resolution only. Correspondingly, the 

recruitment and mortality values become scaled along with the time step by a factor of ½. 

 

For any 25-mm diameter class of trees, the volumetric amount of two assortments, pulpwood 

and sawlogs, are taken from the empirical observations as the expected values for any diameter 

class.  

 

Description of stand development until the time of observation in 2018 requires another kind 

of approach. An exponential growth function was fitted between approximated worthless initial 

volume of 15 m3/ha and the 2018 commercial volume estimate of 274 m3/ha.  

 

Possibly the simplest way to approximate financial history is to determine an internal rate of 

operative return for the period from stand establishment to 2018. In other words, we require 

  

( ) ( ) ( )3 1 2

3 1 2 0
s s s

V e R e C e
    − − −
− − =    (1) 

where R is regeneration expense at regeneration time  1 , C is young stand cleaning expense at 

cleaning time 2 , and V is stumpage value of trees at observation time 3 . In this study, the 

observation time 3  corresponds to November 2018, regeneration time is clarified according 

to known stand age, and young stand cleaning is assumed to have occurred ten years after 

regeneration. It is assumed that prices and expenses do not evolve in real terms, and thus 

presently valid expenses can be used in Equation (1). The regeneration expense is taken as 

1250 Eur/ha, and young stand cleaning 625 Eur/ha. 
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It is worth noting that the operative internal rate of return s in Equation (1) does not correspond 

to the capital return rate in the entire activity, as the latter depends on nonoperative 

capitalization such as bare land value. 

 

 

2.3. Financial Considerations 

 

To determine a momentary capital return rate, we need to discuss the amount of financial 

resources occupied [21,24,28,23]. This is done in terms of a financial potential function, 

defined in terms of capitalization per unit area K. The momentary capital return rate becomes 

  

 ( )
( )

d
r t

K t dt


=    (2) 

where   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. It is worth noting 

that timber sales do not enter the numerator of Equation (2): selling trees at market price levels 

does not change the amount of wealth, it only converts wealth from trees into the form of cash. 

However, harvesting naturally changes capitalization appearing in the denominator of Equation 

(2). Harvesting also likely changes the change rate of capitalization occurring after the harvest. 

Equation (2) gives a momentary capital return rate, not necessarily sufficient for management 

considerations. By definition, the expected value of capitalization per unit area is 

  

( )K p K KdK



−

=     (3) 

where ( )p K  is the probability density function of capitalization K. By change of variables we 

get 

  

0 0

( ) ( ) ( )
dK

K p K K da p a K a da
da

 

= =     (4) 

where a is stand age (or time elapsed since latest regeneration harvesting), and τ is rotation age. 

The expected value of the change rate of capitalization is 
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0

( )
( )

d d a
p a da

dt dt


 

=     (5) 

Correspondingly, the expected momentary rate of relative capital return is 

  

0 0

0 0

( , )
( ) ( ) ( , ) ( , )

( )

( ) ( , ) ( ) ( , )

d a td
p a da p a K a t r a t da

dtdt
r t

K
p a K a t da p a K a t da

 

 



= = =
 

 

   (6) 

We find from Equation (6) that the expected value of capital return rate within an estate 

generally evolves in time as the probability density of stand ages evolves. However, Equation 

(6) can be simplified to be independent of time by adopting the normal forest principle, where 

stand age probability density is constant [20]. Besides, the constancy of the expected value of 

capital return rate in time requires that prices and expenses do not evolve in real terms. Then, 

the expected value of the capital return rate becomes 

  

0 0

0 0

( )
( ) ( )

( ) ( )

d a
da K a r a da

dt
r

K a da K a da

 

 



= =
 

 

   (7) 

It has been recently shown that Equation (7) corresponds to the ratio of the partition functions 

of the change rate of capitalization and capitalization itself [29]. It also has been recently shown 

that the maximization of the net present value of future revenues may result in financially 

devastating consequences [30]. Momentary capital return rate as given in Equation (2) was 

introduced in 1860 [28]; an expected value was mentioned in 1967 [31,32], however 

applications have been introduced only recently [21,22,29,30,23]. 

 

High capital return rates are gained by an improvement harvesting including diameter-limit 

cutting to the transition diameter between pulpwood and sawlogs [21,23]. It may be possible 

to retain a state of high capital return for decades, implementing further diameter-limit cuttings 

frequently, provided there is an abundant supply of pulpwood-size stems of an at least semi-

shade-tolerant tree species [21,23]. In this investigation, however, the focus is on procedures 

inducing an increment of biomass density on the one hand, and extension of semiclosed canopy 

cover on the other hand. The former can simply be achieved by applying cutting diameter limits 
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greater than the transition diameter between pulpwood and sawlogs. It is however worth noting 

that the application of the empirical yield data may change any of the results achieved in 

previous investigations. 

 

In the context of the improvement harvesting, 20% of the stem count of good-quality trees is 

removed in all diameter classes due to the establishment of striproads. 

 

The stumpage value is determined in terms of roadside price, deduced by harvesting expense. 

We here use the roadside prices recently applied by Parkatti et al. [33], 34.04 Eur/m3 for spruce 

pulpwood, and 58.44 Eur/m3 for sawlogs. We further use the same harvest-expense function 

as Parkatti et al. [33], stated to be based on a productivity study of Nurminen et al. [34], 

however with one correction. Model parameter C5 value is taken as 2, instead of 1. With this 

correction, the expense function corresponds to present local circumstances, including the 

transfer expense of machinery. In addition to the expense function, we include a fixed 

harvesting entry expense per hectare. Justification of the latter is that some sites require at least 

partial pre-harvest cleaning. The entry expense is approximated as 200 Eur/ha. Again, is 

assumed that prices and expenses do not evolve in time. In other words, the capital return rate 

is discussed in real terms. 

 

The original version of the growth model operates in five-year time steps [21,22,25,23], as 

discussed above. Consequently, an eventual harvesting entry may take place every five years. 

According to recent investigations, it often is favorable to harvest every five years [21,23]. 

However, the fixed harvesting entry cost of 200 Eur/ha restricts low-yield harvesting entries. 

Numerical investigations indicated that it is not reasonable to harvest if the yield would be less 

than 20–30 m2/ha. Such an entry limit is in concert with practices applied in the area.  

 

The feasibility of harvesting is investigated in five-year intervals, always considering two 

options: thinning or clearcut. Clearcutting expenses are lower than thinning harvesting costs, 

according to Parkatti et al. [33], stated to be based on a productivity study of Nurminen et al. 

[34]. Besides, a 15% clearcutting premium for the roadside price of sawlogs is applied, 

following with local tradition. The premium, as well as the harvesting cost reduction, are 

applied within the last 30-month period before eventual clearcutting. 
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Thinning procedures are iteratively designed to maximize the expected value of capital return 

rate, up to the rotation age providing the maximum expected value. After the maximum 

expected value, any thinning procedure is designed to maximize the capital return rate within 

the next five years.  

 

In thinnings from above, applied cutting diameter limit is used as a restriction. The applied 

restrictions are the upper limits of 25-mm diameter classes centered at 175, 200, 225, and 275 

mm. Also, a case of heavy thinning is investigated. This case corresponds to removing 50% of 

good-quality trees in all diameter classes in the context of the improvement harvesting. 

 

In addition to high thinnings intended to maximize capital return rate [21,22,29,30,23], the 

consequences of following semi-official silvicultural guidance commonly applied in the area 

[35] are discussed. Thinnings are predominantly applied from below, and any rotation is 

terminated in clearcutting. The first thinning from below, combined with quality thinning, as 

well as opening striproads, is conducted to basal area 21 m2/ha. The second thinning is 

implemented when the basal area exceeds 32 m2/ha, and it is conducted to basal area 25 m2/ha. 

No further thinnings from below are applied as they do not tend to increase the capital return 

rate. 

 

Application of Equation (7) results as an expected value of capital return rate for any treatment 

schedule investigated. Treatment schedules not corresponding to the most economical one 

induce some amount of capital return rate deficiency, in terms of percentage per annum. Such 

deficiency is related either to the amount of timber stock deviating from the optimal timber 

stock, or the rotation age deviating from the optimal rotation age, or both. In the former case, 

the deficiency often is due to an excess standing volume, which allows for expressing the 

deficiency per excess volume unit. 

 

2.4. Carbon Rent Considerations 

 

The last issue in this section of methods regards carbon trade and carbon renting. It is worth 

noting that carbon prices or rents do not enter the analysis described above in any way. Carbon 

prices and rents are discussed to enable a comparison of the capital return deficiency per excess 

volume with any hypothetical carbon rent. 
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It has been recently shown that policies based on carbon rent are equivalent to policies based 

on carbon sequestration subsidies and taxies [18]. Unbiased carbon sequestration trade would 

require a huge initial investment; correspondingly mostly carbon rent procedures are practically 

feasible [18]. We will here present a brief derivation of the equivalency of the two principles 

of subsidies, however adopting boundary conditions possibly less restrictive than those of 

Lintunen et al. [18]. 

 

Let us establish a carbon sequestration subsidy system at a particular time τ. Within a time 

range up to time τ, the total carbon trade compensation is 

  

2 2

1 1 1 1

1 1

( )d pC dC dp
p C dt p C p C dt

dt dt dt

 

   

 

 
+ = + + 

 
     (8) 

where tp  is carbon price at time t, and tC  is carbon inventory at time t. On the other hand, the 

revenue from carbon rentals is 

  

2

1

uCdt





    (9) 

where u is the rent rate per carbon unit. Now, to establish equivalency between the carbon 

storage trade and rent, Equations (8) and (9) must become equal. Equality naturally should 

apply in any possible circumstance. One of the circumstances is that the time change rate of 

prices, as well as inventories, is zero. In such a case, the latter term of Equation (8) vanishes. 

Consequently, the long-term flow of carbon rents should equal a one-time initial storage 

purchase payment. If the duration of the rent payments extends towards infinity, the only 

possibility is that the present value of rent payments forms a contracting series. One possibility 

of such a contracting series is 

  

1 1 1 1

0

qtu C e dt p C   



− =    (10) 

where q is a discount rate. The corresponding solution for the carbon rent rate is 

  

t tu qp=    (11) 

One can readily show that Equation (11) applies not only to a steady-state of Equations (8) and 

(9) but also to any incremental carbon price and inventory. 
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3. Results 

 

Figure 2 shows the capital return rate according to Equation (2) for any 30-month period after 

the improvement harvesting for four different cutting limit diameters, the heavy thinning-case, 

as well as with thinning from below. In any 30-month annualized capital return rate, there is 

no integration over the site lifespan, neither is any clearcutting price premium or clearcutting 

harvesting pricing considered. The latter issues are neglected in Fig. 2 since they would indicate 

clearcutting and thus specify rotation age.  

 

The lower is the cutting limit diameter, the higher is the capital return rate in Fig. 2. The case 

of the heavy thinning falls to the midrange, thinning from below being the worst performer. 

Nonsmoothness of the curves is due to irregular harvesting. Typically, there is a depression in 

the capital return rate during 30-month periods including thinning, for two reasons. Firstly, 

there often is greater capitalization before the thinning is implemented. Secondly, thinning-

induced harvesting entry expense reduces net value increment.  

 

It is worth noting that in Fig. 2, the leftmost data point within any curve corresponds to capital 

return rate appearing during the first 30-month period after observations in November 2018. 

 

Fig. 2. Capital return rate according to Eq. (2) for six different treatments applied on a normal 

stand representing the example estate. The capital return rate is computed for any 30-month 
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period, without integration over the site lifespan, and without considering any clearcutting price 

premium or clearcutting harvesting pricing. 

 

The expected value of capital return rate, integrated over the stand lifespan according to Eq. 

(7) is shown in Fig. 3. Any feasible treatment cycle terminates in clearcutting, and thus utilizes 

the premium in clearcutting price, as well as the harvesting expense reduction. The achievable 

expected value of capital return rate is the greater the smaller the cutting diameter limit. 

However, the difference between 188 and 213 mm limits is small, the latter mostly renders a 

younger rotation age.  Heavy thinning induces a somewhat smaller expected value of capital 

return rate than the 238 mm cutting diameter limit. 288 mm cutting diameter limit induces a 

monotonically decreasing capital return rate, indicating that the suitable rotation age would be 

40 years. In that case, the 288 mm limit would actually not be used, since there would be only 

one thinning, referring to improvement harvesting without any thinning from above, 

corresponding to opening striproads and removing bad-quality trees. Also thinning from below 

shows a monotonically decreasing capital return rate, along with the worst overall performance. 

In the last case, the second thinning is not to be implemented if the capital return rate is 

maximized. 

 

 

 

Fig. 3. The expected value of capital return rate for six different treatment schedules applied 

on a normal stand representing the example estate. The capital return rate is integrated 

according to Eq. (7) over stand age until any rotation age. The clearcutting price premium is 

applied within the terminal 30 months, as well as clearcutting harvesting pricing. 
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Figure 4 shows representative commercial stand volume for any 30-month period after the 

improvement harvesting for four different cutting limit diameters, the heavy thinning-case, as 

well as with thinning from below. The higher is the cutting limit diameter, the higher is the 

total volume of trees. Thinning from below results in a higher range of stand volumes, however, 

showing a relative decline along with time.  The case of heavy thinning results in a low stand 

volume, however increasing in its relative position since there is a large delay before a such 

stand can be thinned again. 

 

The integrated (average) stand volume increases with rotation age in all cases (Fig. 5). The 

greatest volume increment is gained by thinning above with the 288 mm cutting diameter limit, 

followed by thinnings from below. Initial heavy thinning leads to average stand volumes of the 

lower range. 

 

 

Fig. 4. Commercial stand volume for six different treatments applied on a normal stand 

representing the example estate. A representative stand volume is computed for any 30-month 

period, without integration over the site lifespan. 
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Fig. 5. The xpected value of commercial stand volume for six different treatment schedules 

applied on a normal stand representing the example estate. The volume is integrated over stand 

age until any rotation age. 

 

Representative capitalization per hectare for any 30-month period (Fig. 6) differs from the 

stand volume (Fig. 4) most in the case of thinning from below. This due to the removal of the 

least valuable trees in thinning. The heavy thinning case also shows greater capitalization, in 

relation to stand volume, partially for the same reason. Again, the capitalization within the 30-

month periods does not consider any premium in clearcutting sawlog price, neither the 

harvesting expense reduction, since such measures would indicate clearcutting and thus specify 

rotation age. 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


16 

 

Fig. 6. Capitalization per hectare for six different treatments applied on a normal stand 

representing the example estate. The capitalization is computed for any 30-month period, 

without integration over the site lifespan, and without considering any clearcutting price 

premium or clearcutting harvesting pricing.  

 

In integrated (average) capitalization increases monotonically along with rotation age, except 

for of the two lowest cutting limit diameters (Fig. 7). The average capitalization does consider 

the premium in clearcutting sawlog price, as well as the harvesting expense reduction, as it is 

computed as a function of rotation age. The average capitalization of thinning from above with 

the 288 mm limit almost unifies with thinning from below (Fig. 7), unlike the case of average 

volume (Fig. 5). For the second half of rotation ages, the heavy thinning case almost unifies 

with the 238 mm thinning (Fig. 7), unlike in the case of average volume (Fig. 5). 

 

 

Fig. 7. The expected value of capitalization for six different treatment schedules applied on a 

normal stand representing the example estate. The capitalization is integrated over stand age 

until any rotation age. 

 

Figure 8 shows the annual growth rate per hectare for any 30-month period after the 

improvement harvesting for four different cutting limit diameters, the heavy thinning-case, as 

well as with thinning from below. The higher is the cutting limit diameter, the higher is the 

growth rate. The heavy thinning case is the worst performer after first thinning but improves 

along with time. Thinning from below results in a strongly declining growth along with time. 
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Fig. 8. Net annual growth rate per hectare for six different treatments applied on a normal stand 

representing the example estate. The growth rate is computed for any 30-month period, without 

integration over the site lifespan. 

 

The integrated (average) growth rate declines monotonically in three cases and shows a 

maximum in Fig. 9 in the remaining three cases. The expected value of growth rate over the 

rotation age is the greater the larger is the harvesting limit diameter. At young rotation ages, 

the heavy thinning performs worst. At older rotation ages, thinning from below is the worst 

performer. 

 

 

Fig. 9. The expected value of net annual growth rate for six different treatment schedules 

applied on a normal stand representing the example estate. The growth rate is integrated over 

stand age until any rotation age. 
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As Figure 3 shows the maximal expected value of capital return rate is found with thinnings 

from above with 188 mm cutting diameter limit and rotation age 60 years, other treatments are 

principally deficient. The deficiencies are plotted in Fig. 10. At the youngest rotation ages, the 

most severe thinnings show the greatest deficiencies. At greater rotation ages, thinning from 

below shows superior deficiencies, followed by thinning above with 288 mm cutting diameter 

limit, and the heavy thinning. 238, 213 and 188 diameter limits do not differ drastically, but in 

all cases increasing rotation age induces a significant capital return rate deficiency. 

 

 

Fig. 10. The deficiency of the expected value of capital return rate, in comparison to maximum 

value available according to Eq. (7) and Fig 3. The deficiency is plotted for six different 

treatment schedules and any rotation age. 

 

The capital return rate deficiency in terms of percentages (Fig. 10) can be converted to Euros 

per hectare and year by multiplying by the capitalization appearing in Fig. 7. The result is 

shown in Fig. 11. It is found that the deficiency may be hundreds of Euros per hectare and year. 

Doubling the expected value of stand volume (Fig. 5) would induce a capital return deficiency 

in the order of 150 Euros per hectare and year (Figs. 5 and 11). 
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Fig. 11. The deficiency of the expected value of capital return rate in terms of Euros per hectare 

and year. The deficiency is plotted for six different treatment schedules and any rotation age. 

 

From the viewpoint of any carbon rent policy, or any other carbon sequestration policy, it is of 

interest to consider what is the capital return rate deficiency due to any excess stand volume. 

First, the excess commercial stand volume in cubic meters per hectare is plotted in Fig. 12. 

This plot actually is a more detailed analysis of the data appearing in Fig. 5. The expected value 

of stand volume (Fig. 5) corresponding to the maximum value of the expected capital return 

rate (Fig. 3) is 104 m3/(ha*a). Figure 12 reveals that the excess stand volume achievable may 

be more than that. 
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Fig. 12. The expected value of stand volume over the stand volume providing the greatest 

expected value of capital return rate according to Eq. (7) and Fig. 3. The excess volume is 

plotted for six different treatment schedules and any rotation age. 

 

The annual capital return rate deficiency per excess stand volume is shown in Figure 13. Figure 

13 simply shows the deficiency per hectare shown in Fig. 11 divided by the excess volume per 

hectare shown in Fig. 12. It is found that thinning from below always shows a deficiency of at 

least 2 Eur/(excess m3*a), heavy thinning performing somewhat better at greater rotation ages.  

 

 

Fig. 13. The deficiency of the expected value of capital return rate in terms of Euros per excess 

volume and year. The deficiency is plotted for six different treatment schedules and any 

rotation age. Negative values are omitted from the Figure. 

 

To establish strategies for financially effective carbon storage, it is beneficial to plot he annual 

capital return rate deficiency per excess stand volume as a function of excess volume, instead 

of stand age (Fig. 14). We find that the financially most effective way of increasing timber 

volume is to increase the cutting diameter limit. An excess volume up to 30 m3/ha is best gained 

by increasing the cutting diameter limit to 213 mm, then up to 50 m3/ha by increasing the 

cutting diameter limit to 238 mm. An excess volume greater than 60 m3/ha requires a cutting 

diameter limit greater than 238 mm (Fig. 14). 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


21 

 

 

Fig. 14. The deficiency of the expected value of capital return rate in terms of Euros per excess 

volume and year. The deficiency is plotted for six different treatment schedules as a function 

of excess volume. Negative values are omitted from the Figure. 

 

4. Discussion 

 

Issues related to increment of biomass density on the one hand, and extension of semiclosed 

canopy cover, on the other hand, have been discussed at the estate level, with application to 

fertile boreal spruce estates. The results of this investigation can be readily compared with a 

recent paper that utilized similar methodology but different data for the yield of logs from trees, 

as well as a coarser version of the growth model [23]. 

 

The most striking difference of the present results to the recent ones [23] is that all financially 

feasible treatment cycles terminate in clearcutting, instead of multiple thinnings from above 

slowly leading to diminishing growth and yield. A simple reason for this difference is the 

gradient in the sawlog proportion shown in Fig. 1. In the recent paper, the sharp value increment 

from 175 mm to 225 mm of diameter favored multiple thinnings from above, utilizing the value 

transition [23]. The smoother value transition in the present paper redirects the focus from the 

utilization of a single value step towards simultaneous utilization of the clearcutting premium 

and control of capitalization through thinnings from above. 

 

In the recent paper [23] the capital return rate was not sensitive to rotation age. In the present 

results, it is sensitive to rotation age (Fig. 3). Also this difference is due to the yield functions. 
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Sharp value transition made it possible to utilize the value step even with low stem count, 

within a wide temporal tolerance [23]. Slow recruitment, along with a smooth value transition 

applied in this paper makes the capital return rate sensitive to rotation age, the optimal rotation 

age depending on the applied thinning practices (Fig. 3).  

 

In the recent paper [23] the capital return rate was sensitive to cutting limit diameter. In the 

present results, such dependency is much less (Fig. 3). Again, the difference is due to the yield 

functions. Sharp value transition between 175 mm and 225 mm diameter induced low value 

increment rates for trees of at least 250 mm of diameter [23]. In the present paper, the smooth 

value transition allows a range of cutting limit diameters where the capital return rate does not 

differ much, the thinning pattern mostly affecting the suitable rotation age (Fig. 3).  

 

Manipulation of biomass density is possible even if the rotation age would not be manipulated. 

The possibilities for this are particularly pronounced if thinnings are done from above (Fig. 5). 

It is possible to double the density of living biomass, in comparison to the financially optimal 

treatment schedule (Fig. 5), and consequently, the growth rate is increased (Fig. 9). However, 

another consequence is a deficiency in the capital return rate (Figs. 3 and 10). 

 

It is possible to allocate the capital return rate deficiency to the excess value of commercial 

stand volume. With prices applicable at the time of writing, the deficiency per excess volume 

is in the order of 1.5 Euros per excess standing cubicmeter, if the biomass density is doubled 

(Fig. 14). With smaller excess volume, the specific deficiency is less (Fig. 14). 

 

An applicable carbon rent can be derived from carbon storage market price according to 

Equation (11). At the time of writing, the market price of carbon dioxide emissions is in the 

order of 25 Euros per ton. This inserted to Equation (11) together with a 3% discount rate, often 

applied in Forestry [36–38], results as an annual carbon rent of 0.75 Euros per ton of carbon 

dioxide.  

 

In coarse terms, a cubicmeter of commercial trunk volume in boreal forest stores a ton of carbon 

dioxide (in living biomass, litter, and soil) [1,2,4,7,39,40]. Correspondingly, considering the 

prices valid at the time of writing, one might reasonably expect a carbon rent of 0.75 Euros per 

standing cubicmeter. In comparison to Fig. 14, that is enough only up to an excess volume of 

30 m3/ha. For greater levels of carbon storage, the deficiency of capital return rate per standing 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


23 

 

cubicmeter is greater than the appropriate rent. The situation will naturally change if the market 

price of carbon dioxide emissions changes. 

 

It has recently been shown that a carbon sequestration trade policy is equivalent to a carbon 

rent policy [18]. The same treatment, abbreviated and with somewhat less restrictive boundary 

conditions, is given in Equations (8) to (11) of this paper. There are reasons why any carbon 

sequestration trade compensation must be proportional to the carbon storage on the estate level 

[18]. If it would not be, agents with large carbon inventories would initially suffer heavy and 

unjustified release taxes. 

 

Unlike the carbon trade, there is no particular reason why the carbon rent should be 

proportional. If the carbon rent is made nonproportional, the marginal rent may reasonably 

reach or exceed the capital return rate deficiency of Fig. 14, also on the right on the Figure. 

 

All the quantitative results in this paper are estate-specific. It is of interest to consider how they 

would change if the properties of the estate would change. Changing soil fertility, as well as 

changing temperature sum, would change the values of all time derivatives. Correspondingly, 

capital return rates, as well as annual capital return deficiencies would change. Greater fertility 

would result in greater time change rates, and vice versa. The effect of adopting other 

dominating tree species but Norway spruce on the estate is somewhat more difficult to estimate. 

 

It has recently been proposed that on a national level, sites of low fertility and regions of cool 

climate are most suitable for carbon sequestration, while regions with high production capacity 

are best suitable for wood raw material supply [17]. Consequently, one might think that carbon 

rent derived from present emission prices might well suffice to compensate for capital return 

deficiency on forests at lower fertility or temperature sum. However, maximizing capital return 

rate results in low capitalization on productive sites, and correspondingly as reduced growth 

(Figs. 3, 5, 7, and 9), which in turn reduces timber supply. A functional carbon sequestration 

subsidy would increase capitalization, growth, and timber supply from productive forests. 

 

Many of the quantitative results in this paper depend on the market prices of roundwood 

assortments, bare land, silvicultural and harvesting expenses, carbon emission, as well as the 

discount rate applied in Equations (10) and (11). Considering eventual changes in the latter two 

is straightforward in terms of Equations (10) and (11). Changes in the former quantities 
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contribute trivially if they are proportional. In the case of significant nonproportional changes 

in prices, most of the Figures of this paper will have to be redrawn. 

 

It might be of interest to try to relate the present results with previous approaches with a focus 

on large-scale systems. Some investigations claim the benefits of intensive forestry with 

significant harvesting, considering the displacement of nonforest products with forest products 

[12,13]. Other investigators claim displacement factors are not large enough, and consequently 

minimized harvesting, resulting in large carbon stocks in forests, should be favored [15,16]. 

The present results happen to be in concert with both views. Maximization of capital return 

rate results in small carbon inventory, as well as a smallish rate of wood production. Carbon 

stocking, as well as growth rate, can be increased at the expense of capital return deficiency 

(Figs. 5, 9, and 10). 

 

5. Conclusions 

 

Extending rotations induces a large capital return rate deficiency if thinnings from below are 

applied. With thinnings from above, the capital return rate also is sensitive to rotation age. It is 

less sensitive to cutting limit diameter than indicated by previous studies. All feasible growing 

cycles terminate in clearcutting, provided there is a price premium in clearcutting sawlogs. 

Manipulation of biomass density is most feasible by manipulating the intensity of thinnings 

from above. 

 

Maximization of capital return rate results in small carbon inventory, as well as a smallish rate 

of wood production. Carbon stocking, as well as growth rate, can be increased at the expense 

of a capital return rate deficiency. 

 

It is possible to allocate the capital return rate deficiency to an excess value of commercial 

stand volume. Present carbon prices allow only moderate excess volumes, if carbon rent is 

proportional to carbon storage. However, unlike carbon trade, carbon rent can be made 

nonproportional.   

 

 

 

Acknowledgement 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


25 

 

 

This research was partially funded by Niemi Foundation. 

 

References 

 

1. Adams, A.; Harrison, R.; Sletten, R.; Strahm, B.; Turnblom, E.; Jensen, C. Nitrogen-

fertilization impacts on carbon sequestration and flux in managed coastal Douglas-fir stands of 

the Pacific Northwest. For. Ecol. Manag. 2005, 220, 313–325, 

doi:10.1016/j.foreco.2005.08.018. 

2. Lal, R. Forest soils and carbon sequestration. For. Ecol. Manag. 2005, 220, 242–258, 

doi:10.1016/j.foreco.2005.08.015. 

3. Liskia, J.; Lehtonen, A.; Palosuo, T.; Peltoniemi, M.; Eggersa, T.; Muukkonen, P.; Mäkipää, 

R. Carbon accumulation in Finland’s forests 1922-2004-an estimate obtained by combination 

of forest inventory data with modelling of biomass, litter and soil. Ann. For. Sci. 2006, 63, 

687–697. 

4. Peltoniemi, M.; Mäkipää, R.; Liski, J.; Tamminen, P. Changes in soil carbon with stand age 

– an evaluation of a modelling method with empirical data. Glob. Chang. Biol. 2004, 10, 2078–

2091. 

5. Campioli, M.; Vicca, S.; Luyssaert, S.; Bilcke, J.; Ceschia, E.; Iii, F.S.C.; Ciais, P.; 

Fernández‐Martínez, M.; Malhi, Y.; Obersteiner, M.; et al. Biomass production efficiency 

controlled by management in temperate and boreal ecosystems. Nat. Geosci. 2015, 8, 843–846, 

doi:10.1038/ngeo2553. 

6. Powers, M.; Kolka, R.; Palik, B.J.; McDonald, R.; Jurgensen, M. Long-term management 

impacts on carbon storage in Lake States forests. For. Ecol. Manag. 2011, 262, 424–431, 

doi:10.1016/j.foreco.2011.04.008. 

7. Thornley, J.H.M.; Cannell, M.G.R. Managing forests for wood yield and carbon storage: a 

theoretical study. Tree Physiol. 2000, 20, 477–484, doi:10.1093/treephys/20.7.477. 

8. Karhu, K.; Wall, A.; Vanhala, P.; Liski, J.; Esala, M.; Karhu, K. Effects of afforestation and 

deforestation on boreal soil carbon stocks—Comparison of measured C stocks with Yasso07 

model results. Geoderma 2011, 164, 33–45, doi:10.1016/j.geoderma.2011.05.008. 

9. Liski, J.; Palosuo, T.; Peltoniemi, M.; Sievänen, R. Carbon and decomposition model Yasso 

for forest soils. Ecol. Model. 2005, 189, 168–182. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


26 

 

10. Rantakari, M.; Lehtonen, A.; Linkosalo, T.; Tuomi, M.; Tamminen, P.; Heikkinen, J.; Liski, 

J.; Mäkipää, R.; Ilvesniemi, H.; Sievänen, R. The Yasso07 soil carbon model–Testing against 

repeated soil carbon inventory. Forest Ecology and Management 2012, 286, 137–147. 

11. Tupek, B.; Launiainen, S.; Peltoniemi, M.; Sievänen, R.; Perttunen, J.; Kulmala, L.; 

Penttilä, T.; Lindroos, A.; Hashimoto, S.; Lehtonen, A. Evaluating CENTURY and Yasso soil 

carbon models for CO 2 emissions and organic carbon stocks of boreal forest soil with Bayesian 

multi‐model inference. Eur. J. Soil Sci. 2019, 70, doi:10.1111/ejss.12805. 

12. Gustavsson, L.; Haus, S.; Lundblad, M.; Lundström, A.; Ortiz, C.A.; Sathre, R.; Truong, 

N.; Wikberg, P.-E. Climate change effects of forestry and substitution of carbon-intensive 

materials and fossil fuels. Renew. Sustain. Energy Rev. 2017, 67, 612–624, 

doi:10.1016/j.rser.2016.09.056. 

13. Van Kooten, G.C.; Bogle, T.N.; De Vries, F.P. Forest Carbon Offsets Revisited: Shedding 

Light on Darkwoods. For. Sci. 2015, 61, 370–380, doi:10.5849/forsci.13-183. 

14. Van Kooten, G.C.; Johnston, C.M.T. The Economics of Forest Carbon Offsets. Annu. Rev. 

Resour. Econ. 2016, 8, 227–246, doi:10.1146/annurev-resource-100815-095548. 

15. Pukkala, T. Carbon forestry is surprising. For. Ecosyst. 2018, 5, doi:10.1186/s40663-018-

0131-5. 

16. Seppälä, J.; Heinonen, T.; Pukkala, T.; Kilpeläinen, A.; Mattila, T.; Myllyviita, T.; 

Asikainen, A.; Peltola, H. Effect of increased wood harvesting and utilization on required 

greenhouse gas displacement factors of wood-based products and fuels. J. Environ. Manag. 

2019, 247, 580–587, doi:10.1016/j.jenvman.2019.06.031. 

17. Pukkala, T. At what carbon price forest cutting should stop. J. For. Res. 2020, 31, 713–727, 

doi:10.1007/s11676-020-01101-1. 

18. Lintunen, J.; Laturi, J.; Uusivuori, J. How should a forest carbon rent policy be 

implemented? For. Policy Econ. 2016, 69, 31–39, doi:10.1016/j.forpol.2016.04.005. 

19. Kilkki, P.; Väisänen, U. Determination of the optimum cutting policy for the forest stand 

by means of dynamic programming. Acta For. Fenn. 1969, 102, 1–23, doi:10.14214/aff.7613. 

20. Leslie, A.J. A REVIEW OF THE CONCEPT OF THE NORMAL FOREST. Aust. For. 

1966, 30, 139–147, doi:10.1080/00049158.1966.10675407. 

21. Kärenlampi, P.P. Harvesting Design by Capital Return. Forests 2019, 10, 283, 

doi:10.3390/f10030283. 

22. Kärenlampi, P.P. The effect of capitalization on financial return in periodic growth. Heliyon 

2019, 5, e02728, doi:10.1016/j.heliyon.2019.e02728. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


27 

 

23. Kärenlampi, P.P. Estate-Level Economics of Carbon Storage and Sequestration. Forests 

2020, 11(6), 643; https://doi.org/10.3390/f11060643. 

24. Kärenlampi, P.P. Stationary Forestry with Human Interference. Sustainabiliy 2018, 10, 

3662, doi:10.3390/su10103662. 

25. Bollandsås, O.M.; Buongiorno, J.; Gobakken, T. Predicting the growth of stands of trees 

of mixed species and size: A matrix model for Norway. Scand. J. For. Res. 2008, 23, 167–178, 

doi:10.1080/02827580801995315. 

26. Rämö, J.; Tahvonen, O. Economics of harvesting boreal uneven-aged mixed-species 

forests. Can. J. For. Res. 2015, 45, 1102–1112, doi:10.1139/cjfr-2014-0552. 

27. Heinonen J. Koealojen puu-ja puustotunnusten laskentaohjelma KPL. In Käyttöohje 

(Software for Computing Tree and Stand Characteristics for Sample Plots. User’s Manual); 

Research Reports; Finnish Forest Research Institute: Vantaa, Finland, 1994. (In Finnish) 

28. Pressler, M.R. Aus der Holzzuwachlehre (zweiter Artikel). Allgemeine Forst und Jagd 

Zeitung, 1860, 36, 173–191. Translated by W. Löwenstein and J.R. Wirkner as “For the 

comprehension of net revenue silviculture and the management objectives derived thereof”. J. 

Forest Econ. 1995, 1, 45–87. 

29. Kärenlampi, P.P. State-space approach to capital return in nonlinear growth processes. 

Agric. Finance Rev. 2019, 79, 508–518, doi:10.1108/afr-07-2018-0055. 

30. Kärenlampi, P.P. Wealth accumulation in rotation forestry–Failure of the net present value 

optimization? PLoS ONE 2019, 14, e0222918, doi:10.1371/journal.pone.0222918. 

31. Speidel, G. Forstliche Betreibswirtschaftslehre, 2nd ed.; Verlag Paul Parey: Hamburg, 

Germany, 1967, 226p. (In German) 

32. Speidel, G. Planung in Forstbetrieb, 2nd ed.; Verlag Paul Parey: Hamburg, Germany, 1972; 

270p. (In German) 

33. Parkatti, V.-P.; Assmuth, A.; Rämö, J.; Tahvonen, O. Economics of boreal conifer species 

in continuous cover and rotation forestry. For. Policy Econ. 2019, 100, 55–67, 

doi:10.1016/j.forpol.2018.11.003. 

34. Nurminen, T.; Korpunen, H.; Uusitalo, J. Time consuming analysis of the mechanized cut-

to-length harvesting system. Silva Fenn. 2006, 40, 335–363. 

35. Äijälä, O.; Koistinen, A.; Sved, J.; Vanhatalo, K.; Väisänen, P. (Eds.). Metsänhoidon 

suositukset. Tapion julkaisuja. 253p. (2019). Available online: 

https://www.metsanhoitosuositukset.fi/wp-

content/uploads/2019/06/Metsanhoidon_suositukset_Tapio_2019.pdf (accessed on 15 May 

2020). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1


28 

 

36. Pukkala, T. Plenterwald, Dauerwald, or clearcut? For. Policy Econ. 2016, 62, 125–134, 

doi:10.1016/j.forpol.2015.09.002. 

37. Pyy, J.; Ahtikoski, A.; Laitinen, E.; Siipilehto, J. Introducing a Non-Stationary Matrix 

Model for Stand-Level Optimization, an Even-Aged Pine (Pinus sylvestris L.) Stand in Finland. 

Forests 2017, 8, 163, doi:10.3390/f8050163. 

38. Sinha, A.; Rämö, J.; Malo, P.; Kallio, M.; Tahvonen, O. Optimal management of naturally 

regenerating uneven-aged forests. Eur. J. Oper. Res. 2017, 256, 886–900, 

doi:10.1016/j.ejor.2016.06.071. 

39. Petersson, H.; Holm, S.; Ståhl, G.; Alger, D.; Fridman, J.; Lehtonen, A.; Lundström, A.; 

Mäkipää, R. Individual tree biomass equations or biomass expansion factors for assessment of 

carbon stock changes in living biomass–A comparative study. For. Ecol. Manag. 2012, 270, 

78–84. 

40. Schepashenko, D.; Shvidenko, A.; Usoltsev, V.; Lakyda, P.; Luo, Y.; Vasylyshyn, R.; 

Lakyda, I.; Myklush, Y.; See, L.; McCallum, I.; et al. A dataset of forest biomass structure for 

Eurasia. Sci. Data 2017, 4, 170070, doi:10.1038/sdata.2017.70. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 November 2020                   doi:10.20944/preprints202011.0383.v1

https://doi.org/10.20944/preprints202011.0383.v1

