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1 Introduction

1.1 Rationale

The economic optimization of harvesting schedules has been studied extensively for
example in Finland and the United States. The studies have been conducted by
simulating the growth of the forest with species and site specific growth models and
maximizing simulated discounted cash flows from harvesting the timber. This has been
done by applying a chosen optimization method and taking the price for timber, the
cost of regenerating the forest and the discount rate into account. As a result, the
general procedures for the management of even-aged forest stands are well known.
However, the topic is yet uncovered in Estonia and the results of the numerous studies
considering the harvesting schedules for boreal forests cannot be directly applied to
Estonian forests for at least three reasons. First, the schedules depend on the growth
models which are dependent on the location and other site factors. Thus, local growth
models developed for Estonian forests should be used. Second, the schedules are
affected by the timber prices and regeneration costs that are differing in Estonia and
neighboring countries. Third, forestry is regulated by law in Estonia and the
regulations on clear felling, for example, are specific for Estonia only. Based on these
notations the optimal schedules in Estonia are likely to differ from the ones in more
northern Finland, for example.
The studies concerning economic optimization have also focused more on coniferous
species and studies on silver birch have been relatively less important for commercial
reasons, even though it is the third most economically significant tree species in both
Nordic and Baltic countries. Silver birch may have also an increasing role in mitigating
risks related to diseases, such as annosus root rot (Heterobasidion parviporum),
because the fungus causes significant damage in Norway spruce stands in the northern
hemisphere, but deciduous trees are more resistant to the disease. The disease is mainly
spread by root connections but also by air via basidiospores, which infect recently cut
stumps and damaged trunks and roots when the land is not frozen. Thus, the damages
can be minimized by harvesting spruce stands in winter time. (Natural Resources
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Institute Finland 2013). However, in a changing global climate the uncertainty of
suitable harvesting conditions and cold temperatures during winters will increase and
a growing number of harvests will be completed under suboptimal conditions.
Furthermore, climate change may increase the risk of damage caused by storms
(Blennow et al. 2010) and pests (Dukes et al. 2009), such as spruce bark beetles. This
may result in greater pressure regenerating Norway spruce stands with deciduous tree
species or considering mixed-species stands more often in general. Additionally,
Brukas et al. (2001) suggest that silver birch already outperforms slower growing
coniferous tree species even on medium fertile Lithuanian sites profitably with a
discount rate of 4% or higher, which indicates that silver birch is already a potential
alternative for conifers in the Baltics. Given these remarks, leaving silver birch out of
the optimization would potentially result in the loss of important information from the
decision space.
This study was executed in co-operation with Dasos Capital Oy to support their
investment decision making in Estonia and the other Baltic countries. Dasos Capital
Oy is an investment advisory and fund management company located in Helsinki,
Finland and focusing on sustainable timberland investing (Dasos Capital Oy 2017). It
is of Dasos’ interest to develop more efficient management methods in forestry to
increase the value of the Estonian forest assets. The economic optimization of the
harvesting schedules will serve as a tool for value creation. The optimization was done
in co-operation with Simosol Oy, the leading experts in simulation and optimization
based planning systems in the Finnish forestry sector (Simosol Oy 2017). The
following sections on the introduction take a closer look on the fundamentals of
investing in timberland, the forestry in Estonia, and the research questions.

1.2 Institutional timberland investment

Restructuring of the forest ownership in the United States was a major catalyst for the
institutional timberland investment. The transition emerged in the late 1970s and early
1980s as the forest industry companies divested their forest holdings to focus on their
core business, improve their balance sheets and to invest the capital in woodprocessing. Institutional investors such as pension funds, endowments, and trusts

2

holding significant amounts of capital became natural buyers for these new assets.
Their willingness to buy them was driven by the passage of the Employee Retirement
Income Security Act (ERISA) in 1974, as it set new standards for financial
diversification, by requiring institutional investors to invest in non-financial assets.
(Mei and Clutter 2010).
Most institutional investors, however, do not hold these timberland properties directly.
Instead, the holdings are managed by Timberland Investment Management
Organizations (TIMOs), which emerged soon after the forest industry companies
started divesting of their timberland properties (Mei and Clutter 2010). The three
primary drivers for returns from timberland investments according to Mei et al. (2013)
are timber price change, land value appreciation and biological growth. Biological
volume growth creates also simultaneously value growth, because as trees grow, they
become more suitable material for more valuable saw and veneer logs instead of less
valuable energy and pulpwood. Timberland returns are also driven by the mitigation
of asset and market inefficiencies. Higher timberland asset efficiency can be acquired
by improving the quality of forest management, which results in a higher yield and
improved quality of timber, and higher net revenues.
Timberland has become an increasingly attractive asset class for institutional investors,
since it provides long term moderate returns with relatively low risk (e.g. Redmond
and Cubbage 1988; Sun and Zhang 2001; Cascio and Clutter 2008), natural hedging
against higher-than-expected inflation (e.g. Washburn and Binkley 1993; Lausti 2004;
Lutz 2012), and low correlation to other asset classes (e.g. Redmond and Cubbage
1988; Cascio and Clutter 2008; Lutz 2013). Therefore, forest assets can be used to
expand the efficient frontier of a portfolio, making the more return possible per unit of
risk and achieving a better risk-return profile for the tangency portfolio (e.g. Redmond
and Cubbage 1988; Washburn and Binkley 1993). It has also been found in Finland
that standing timber can be included in an optimal allocation of assets including bank
deposits, bonds, apartments and stocks, because of the low correlation between forest
stands and the mentioned other asset classes (Hyytiäinen and Penttinen 2008).
However, there are also more conservative results about these features. For example,
Penttinen and Lausti (2009) reported high systematic risk and low risk-adjusted returns
for forest ownership in Finland. In addition, the inflation hedging feature of timberland
has been more recently partially questioned, as Wan et al. (2013) report that private-
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equity timberland assets do act as a hedge against inflation, whereas public-equity
timberland assets do not. The hedging ability was also found to be lower in recession
than in upturn. In addition, investment period affected the ability as it holds stronger
with increasing investment periods.
Even though the institutional timberland investment business is still centered in the
United States, the industry has expanded particularly in Oceania, Latin America and
Europe (Fernholz et al. 2007). In Europe, the majority of TIMOs operate in northern
Europe, where countries with a significant amount of forest resources such as Sweden
and Finland have a long history of private forestry. However, real active TIMOs started
to operate only in the early 2000s. For example, the Swedish-Finnish forest industry
company Stora Enso Oyj separated its timberland properties from its core business into
a new timberland management company in Finland in 2002. Another Finnish forest
industry company Metsäliitto Cooperative and one of its subsidiaries separated their
timberland properties in Finland during 2001-2016. (Viitala 2010; Metsä Fibre on…
2016).

1.3 Forestry in Estonia

1.3.1 Forest resources

Along with the Nordic countries, some of the most densely forested areas of Europe
are in the Baltics. However, in contrast to Finland and Sweden, private forestry in the
forest-rich Baltic countries was made possible by land restitution only during the
1990’s after the dissolution of the Soviet Union in 1991 (Natural Resources Institute
Finland 2012). Land areas that were originally owned by private owners were returned
to them through restitution, which is still in progress as some forest holdings are yet to
be privatized in Estonia and Lithuania (Yearbook Forest 2016; Lithuanian Statistical
Yearbook of Forestry 2016). A commercial forest product industry emerged at the
same time with the land restitution and has grown rapidly under privatization (Natural
Resources Institute Finland 2012). Given this history, the timberland markets for
institutional investors and TIMOs have been driven partly by completely different
factors in the Baltics than in the US and Nordic countries.
4

Estonia is the most northern of the Baltic countries, and it is bordered by the Baltic
Sea to the west, Gulf of Finland to the North and with Russia and Latvia to the east
and south respectively. Forests are an important natural resource for Estonia as the
forested area is 2.3 million ha, which equals half of the total land area. The forested
land area increased steadily by 800 000 hectares between 1942 and 2000 (Fig. 1). The
share of the land covered by forests is the sixth largest in Europe. The amount of
growing stock has increased together with the forest area since 1942 and it was 476
million m3 in 2016 (Fig. 1). As Fig. 1 presents, the biggest changes in the forest area
and growing stock happened during 1958–2000 with the forested land and growing
stock increasing modestly since 2000. This described development in the forested area
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Figure 1. The change in the forest area and growing stock in Estonia in 1942–2016.
Source: Yearbook Forest 2016.

Scots pine (Pinus sylvestris), Norway spruce (Picea abies), and silver birch (Betula
pendula) are the main tree species. 29% of the growing stock is Scots pine, 25% is
Norway spruce and 22% is silver birch (Yearbook Forest 2016). In 2016, 46% of the
forest land was owned by the state forest management center, 29% by private
individuals, 18% by private business entities and institutions, 5% was considered as
other state land and 2% of the land was subject to privatization (Yearbook Forest
2016).
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Although more than 89% of the forest area is suitable for achieving efficient timber
production objectives, but only 70% is under the appropriate active management
currently, signifying a need for improvements in the forest management in a notably
large area. The annual increment was 5.6 m3 ha-1 in state forests and 5.2 m3 ha-1 in
private forests in 2016. This difference is likely due to better and more systematical
management in state forests. For comparison, the average yearly growth of forests in
Finland is 4.8 m3 ha-1 according to the preliminary results of the latest National Forest
Inventory (Natural Resources Institute Finland 2017a), indicating there is an
opportunity for investors in Estonia. (Yearbook Forest 2016). The total volume of all
fellings was 10.1 million m3 of which 61% were completed in private forests. This
denotes that private forests are in key position to the forest industry and improvements
in the efficiency of private forestry affect remarkable share of the roundwood supply.
Even though the amount of forest resources in Estonia is significant as measured as a
percentage of total land area, there are challenges concerning the quality of private
forests. This is due to the fact that more than half of the current forests were originally
formed on previous agricultural lands. Until 1991, these lands were normally part of
collective farms owned by the state and the forests with this origin were not managed
as well as the forests under state forestry institutions, or in many cases, left completely
unmanaged. (Natural Resources Institute Finland 2012). This strongly indicates that
there is higher value creation potential in private forests relative to the state forests.

1.3.2 Timber markets in Estonia and around the Baltic Sea

Despite the noted challenges regarding some private forests, there is great potential
from an investor’s perspective regarding the opportunity to increase the value, quality
and growth of the forests. Future revenues from forests are expected to be ensured by
growing markets for roundwood, as the production and demand for wood-based
products has been growing during the past years. The production of sawnwood in
Estonia has grown from 300 000 m3 in 1992 to 1.8 million m3 in 2015, for example.
(FAOSTAT 2017). Correspondingly, the production of wood pulp grew from 35 000
t in 1992 to 233 900 t in 2015. One of the biggest changes in the production of wood
pulp was seen in 2006 when Estonian Cell As (pulp industry) started to operate, and
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immediately doubled the production. By 2015, the production had more than tripled
since 2005. (Yearbook Forest 2016). The production of sawnwood peaked in 2005,
when it almost reached 2.1 million m3. The production collapsed to 1.1 million m3 in
2009 during the global financial crisis, but has steadily recovered since then. The
Estonian forest industry is centered on sawnwood industry as it accounts for 53% of
the total value added of the forest sector. The share of pulp and paper industry is low
at only 5%. Forestry and furniture industries both account for 21%. The value of export
of wood and wood products grew from EUR 202 million in 1995 to nearly EUR 1.7
billion in 2016 (Yearbook Forest 2016).
The demand for roundwood around the Baltic Sea is expected to rise in the future and
create markets for Estonian roundwood, since there are numerous recent, upcoming
and planned investments in modern pulp mills or biorefineries in Estonia, Finland and
Sweden. First of all, in Estonia, investors are planning to invest one billion euro in a
pulp mill and biorefinery with an annual production capacity of 700 000 t and
pulpwood consumption of 3 million m3 (Est For 2017). According to the plan, the
investment decision would be made in 2019 and the production would start in 2022.
The realization of this project also defines the potential amount of Estonian roundwood
for other markets. In Finland, Metsä Group’s bioproduct1 mill started its production in
the third quarter of 2017 in Äänekoski, central Finland. The facility will produce 1.3
million t of pulp and consume 6.5 million m3 of roundwood annually, which means an
increase of 4 million m3 harvested p.a. nationally (Metsä Group 2015a). There are also
plans for pulp mills in Kemijärvi (Boreal Bioref Oy 2017), Kuopio (Finnpulp 2017)
and Paltamo (KaiCell Fibers Ltd 2017). Together these mills have an annual
production capacity of 2.15 million t of pulp and an annual consumption of 12 million
m3 of roundwood. The total increment in the roundwood demand cannot be acquired
by solely increasing the harvesting in Finland, since the total current annual harvest is
70 million m3 and it has been estimated that the sustainable annual maximum volume
is 81 million m3 until the year 2020 (Natural Resources Institute Finland 2017b). Also
the Finnish national forest strategy 2025 has set an annual harvesting target of 80
million m3 by 2025 (National forest strategy 2025). The total annual growth in Finland
is 109.9 million m3 per year (Natural Resources Institute Finland 2017a). There has
1

The current bioproducts include pulps, tall oil, turpentine and various bioenergy products, such as
bioelectricity, biogas and district heat. Other potential products include biocomposite, textile fibres and
lignin products. (Metsä Group 2015b).
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also recently been a lot of debate whether the national harvesting levels should be
restricted in the EU, but the finally it was decided that as long as the annual growth of
the forests exceed the annual harvesting, the harvesting amount can be increased (EU
ei uhkaa…2017).
Given the estimates on roundwood consumption and sustainable harvesting, imports
of roundwood to Finland should be increased to meet the growing demand. The share
of Estonia of total roundwood and wastewood imports to Finland was 9% in 2016,
equaling 0.9 million m3. However, the share of Russia of total roundwood and
wastewood import to Finland has increased from 66% in 2012 to 85% in 2016,
reducing simultaneously the share of other countries. (Natural Resources Research
Institute 2017c). A major driver behind this development is that Russia became a
member of the World Trade Organization (WTO) in 2012, which reduced the toll
payments for roundwood (Finnish forest industries 2016). After all, it is unlikely that
all of these planned mills will be built in Finland, or that older mills will be shut in
return. Thus, the increase in roundwood demand would be lower than the previously
discussed total consumption of the new facilities.
In Sweden, Södra, Stora Enso and SCA have ongoing investments in their pulp mills
and the total increase in the production is 995 000 t (Södra 2016; Stora Enso
increases… 2016; SCA 2017). All of the expanded mills in Sweden are expected to be
running by the end of 2018. The potential investments in the pulp sector will mainly
increase demand for conifer roundwood, but the future of the markets for silver birch
in Estonia also looks really promising as there are several recent and upcoming
investments in birch plywood production in Estonia (UPM Otepää plywood… 2016;
Latvijas Finieris Opens… 2016; Metsä Wood establishes… 2017). Given all these
investment plans and projects, there is increased potential in the pulpwood markets in
the Baltic Sea region.
The location of Estonia on the coast of the Baltic Sea is also logistically optimal, since
Sweden, Finland, Denmark and Germany are the most important export countries for
Estonian forest industry. Given the relatively small size of Estonia, the distance to
ports is short from all over the country, which reduces the logistical costs. The still
ongoing privatization of the forest lands creates opportunities for investors to acquire
more timberland properties, as part of the properties will be privatized by auction.
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Estonia provides a favorable environment for investors also because land ownership is
strictly regulated and transparent, as the land ownership information is digitalized and
available in a web service provided by the Centre of Registers and Informations
Systems, which is an agency in the jurisdication of the Ministry of Justice (Centre of
Registers and Information Systems 2017). In conclusion, there is increasing potential
in Estonia for institutional timberland investors, despite the problems with the
condition of private forests, as discussed earlier.

1.4 Aim of the study

This study aims to provide optimal harvesting schedules for even-aged Norway spruce,
Scots pine, and silver birch stands in Estonia. The harvesting schedules of unevenaged stands are not considered. The optimization is based on forest growth simulation,
which uses variable-density whole stand forest growth models that have not been used
before for this kind of economic optimization. In addition, this study considers the
differences in the schedules if the constraints set by the forest law on the timing of
clear fellings are considered, or ignored. Previous studies have mainly focused on the
optimization of cultivated stands that are managed according to the best-known
practice starting from stand establishment. Thus, the optimization of harvesting
schedules for more natural or suboptimal stands is not widely considered in the
literature. This study aims to provide additional information about the optimal
harvesting schedules of suboptimal mixed-species stands.
From the practical point of view, there is a need to establish a forest management tool
based on optimization to make sure that clear felled timberland properties are
regenerated and managed properly to create additional value. Another acute practical
problem from the forest owners’ and investors’ points of view is to solve how to
manage the timberland that has been left unmanaged and now consists of unfavorable
tree species distributions. By improving forest management practices, the value of
forest properties is also expected to rise as it creates more opportunities for potential
buyers in the future. The results of this study can also be used in further analysis to
estimate future harvesting volumes and cash flows.
The aim of the study is summarized in the following research questions:
9

1. What are the optimal harvesting schedules for even-aged Norway spruce, Scots
pine, and silver birch stands on main site classes in Estonia to maximize the
net present value (NPV)?
2. What is the maximum share of less valuable broadleaved species in a midrotation stand before it is optimal to clear fell the stand instead of growing it
further?
This paper is structured as following. The theoretical framework is introduced in
Section 2. The third section presents the main results and methods from previous
studies concerning the economic optimization of harvesting schedules in boreal
forests. The economic parameters, forest growth models, and simulation and
optimization are described in Section 4, which is followed by the presentation of
expected results of this study in Section 5. The results are followed by a discussion
and comparison to previous studies. Lastly, the study is concluded with Section 7.
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2 Theoretical framework

2.1 Faustmann rotation model

The determination of the optimal forest rotation period is very likely one of the most
fundamental problem in forest economics. The question in short is: when to cut the
forest to maximize the discounted net returns? Faustmann (1849) was the first to
publish the economic optimization problem of the current forest rotation also
considering the effect of future rotations. His rotation model is a simplified
presentation about maximizing the NPV of a forest stand taking the forest growth, the
stumpage price for timber, the regeneration cost and the interest rate into account. It is
assumed that the stumpage price does not depend on the volume of the stand. The
model also assumes that the stand is even-aged throughout the whole rotation, by the
time of harvesting it is clear-cut and afterwards it is regenerated. The simplest rotation
model does not include thinnings. The first rotation is followed by an infinite cycle of
similar rotations. Along with the previous simplifications and assumptions, the
formulation of the model requires the following four assumptions (Samuelson 1976;
Johansson and Löfgren 1985, p. 74-75):
1. The capital market is perfect. The forest owner can lend and borrow capital at
an interest rate, which is known and constant over time.
2. The stumpage price and regeneration costs are known and constant over time.
3. The forest growth always follows the same growth function f(t).
4. Forest land can be bought, sold and rented in a perfect market.
When the growth model, stumpage price, regeneration costs and interest rate are
known, the rotation model can be presented as

max 𝑉(𝑡) =
𝑡

𝑝𝑓(𝑡)𝑒 −𝑟𝑡 − 𝑤
,
(1 − 𝑒 −𝑟𝑡 )

(1)
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where V(t) is the bare land value (BLV), p is the stumpage market price, f(t) is the
wood volume as a function of time t, w is the regeneration cost and r is the market
interest rate. The problem is to find the t that maximizes V(t), which is the NPV of all
future rotations and at the same time the market equilibrium price of bare land. The
market equilibrium price for forest land b years after regeneration is given by
erb(V(t)+w) (Johansson and Löfgren 1985, p. 86; Tahvonen 1999). For the derivation,
see Johansson and Löfgren (1985, p. 85–86). When volume of wood in the stand at a
given time t is denoted by f(t), first derivative f’(t) shows the change in volume at a
given point of time t. In other words, f’(t) denotes the growth rate at t. The
maximization problem was solved by Pressler (1860) and later independently by Ohlin
(1921) and as a consequence the rotation model is known also as the Faustmann-Ohlin
or Faustmann-Pressler-Ohlin theorem. Differentiating Eq. 1 and setting it equal to zero
it can be obtained that

𝑉

′ (𝑡)

= 𝑝𝑓

′ (𝑡)

𝑝𝑓(𝑡)𝑒 −𝑟𝑡 − 𝑤
− 𝑟𝑝𝑓(𝑡) − 𝑟 (
) = 0.
(1 − 𝑒 −𝑟𝑡 )

(2)

The same equation can be presented in a simpler form

𝑉 ′ (𝑡) = 𝑝𝑓 ′ (𝑡) − 𝑟𝑝𝑓(𝑡) − 𝑟𝑉(𝑡) = 0,

(3)

which can yet be presented as

𝑝𝑓 ′ (𝑡) = 𝑟𝑝𝑓(𝑡) + 𝑟𝑉(𝑡).

(4)

According to Eq. 4, the optimal timing for the clear felling is when the marginal returns
or value growth, denoted by 𝑝𝑓 ′ (𝑡) equals the sum of the capital cost of the forest
stand, denoted by 𝑟𝑝𝑓(𝑡) and the cost of bare land denoted by 𝑟𝑉(𝑡). In other words,
if the stand was cut later than the optimum, the cost that follows from delaying the
harvest revenues of the current and all future stands, would be greater than the value

12

growth of the stand. Correspondingly, if the stand was cut before the optimum, it
would have been profitable to keep the capital in the stand, since the value growth of
the forest is still relatively high. The model also shows that increasing stumpage prices
and interest rate shorten the optimal rotation, whereas high renewal costs lengthen the
rotation (Amacher et al. 2009; p. 28, Tahvonen 1999). On the contrary, according to
Pukkala (2006), higher sawlog prices will actually lengthen the rotation, whereas
higher pulpwood prices will shorten the rotation. This occurs because the required
diameter at breast height (DBH) is higher for trees that are used for sawlogs, and higher
DBH is positively correlated with age. Thus, high sawlog prices increase the relative
value growth of mature stands and as a result it is optimal to postpone the clear fell.
Lower pulpwood prices have the same effect, because a lower pulpwood price means
that there is a relative increase in the price for sawlogs. The relation between pulpwood
and sawlog prices is one of the most important things affecting the length of the
rotation. This effect is not considered in the simplest model, where only one stumpage
price is used.
Despite the fact that the approach was introduced already in 1849 and it is a
mathematically simple model, it has been proven in several studies that it is still the
correct way to define BLV. Samuelson (1976) showed that the Faustmann rotation
model is the theoretically correct approach and that several other approaches including
the internal rate of return (IRR), the maximum sustained yield (MSY) and the one
rotation cycle lead to incorrect solutions. The IRR approach, as suggested by Boulding
(1935), maximizes the interest rate that results in zero net returns over one rotation
cycle, MSY model (maximum gross sustained yield in Johansson and Löfgren 1985,
p. 91) maximizes the mean annual increment of the timber volume in the stand and
one rotation cycle (e.g. von Thünen 1826; Fisher 1930, ref. Samuelson 1976)
maximizes the NPV of the current rotation with the given interest rate, but does not
consider the future rotations. IRR leads to a too short rotation period, whereas the other
false solutions lead to too long rotations (Fig. 2). It is notable that even recognized
economists have been puzzled by the problem and suggested the mentioned incorrect
solutions, such as IRR and MSY. The maximization of NPV for one rotation comes
the closest to the correct solution in theory. According to the optimal condition of the
model, a stand should be cut when the relative value growth of the stand equals the
interest rate (Johansson and Löfgren 1985, p. 78, Fig. 2). It is logical that this model
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comes close to the solution as suggested by Faustmann (1849), because the
formulations is relatively similar. The maximization of NPV for one rotation is just
missing the perpetuity component.
Hyytiäinen and Tahvonen (2003) tested different approaches by simulating stand
growth and optimizing the rotation. As a result, they conclude that the Faustmann
approach yields higher returns than applying Forest Rent, MSY, or Finnish
silvicultural recommendations in a typical coniferous forest at a 4% rate of interest.
The forest rent model (maximum net sustained yield by Löfgren and Johansson 1985,
p. 91) aims to maximize the average annual net income, which corresponds to the
Faustmann model with a zero rate of interest (Clark 1976, p. 260; Johansson and
Löfgren 1985, p. 91-93). The forest rent model leads to the longest rotation period of
all previously described solutions (Fig. 2). Also Riitters et al. (1982b) argue against
Forest Rent and MSY as they studied that using Forest Rent reduces the value of bare
land by 25% and MSY by 37% in comparison to the Faustmann model. Valsta (1992)
showed that applying the Finnish silvicultural recommendations leads to 20–30%
losses in revenues in fertile Norway spruce stands when compared with the results
acquired by using the Faustmann approach. For the derivation of the incorrect optimal
solution formulas and optimum conditions, see Johansson and Löfgren (1985, p. 78,
90-93).
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Figure 2. A possible rotation period configuration, where 𝑡𝐼𝑅𝑅 is the rotation period for
acquired from IRR model, 𝑡𝐹 is the correct Faustmann solution, 𝑡𝑂 is the rotation
period for one cycle model, 𝑡𝑀𝑆𝑌 is the solution for MSY model, 𝑡𝑅 is the rotation
period for the forest rent model, r is the interest rate, t is time and log f(t) denotes the
stand volume in logarithmic form. Source: Johansson and Löfgren 1985, p. 94.

According to Tahvonen (1999), some criticism towards the model has been presented
based on an argument that the infinite time horizon of the Faustmann model is
unrealistic and thus, the model would not be suitable being used for forest management
in practice. However, it must be remembered that the model gives not only the rotation
period that maximizes returns, but also the market value for the bare land, implicitly.
Also, the market value for the stand for b years after the regeneration can be obtained
from the model, as noted by Johansson and Löfgren (1985, p. 86) and Tahvonen
(1999). Thus, even though the forest owner or manager would not manage but only
one rotation period or even a shorter period, by using Faustmann’s (1849) approach
the value of the forest land is maximized throughout the rotation. As a result, if the
forest land is sold in mid-rotation, the selling price will be maximized. This is an
important aspect for timberland investors as well, since, as mentioned earlier, returns
from timberland are created by selling timber and by long-term capital appreciation.
Returns are also made by selling the timberland after the value of the property has been
increased for example by applying better forest management methods. By applying the
Faustmann’s formula, the long-term capital appreciation and the selling price can be
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maximized along with the timber revenues. After all, none of the previously described
alternative solutions are justifiable from the economic point of view.

2.2 Forest growth modelling

To be able to find the optimal value for t that maximizes the BLV as shown in Eq. 1,
the increment of the stand’s timber volume over time must be known with adequate
accuracy. Forest growth and yield models have been developed for numerous tree
species and forest sites to serve this cause. Growth follows a sigmoid or S-shaped
curve which means that the growth first increases at an increasing rate but later at a
decreasing rate (Fig. 2). Since a forest stand is a biological entity, the aggregated
growth of the stand can be negative because of the increasing mortality rate of trees in
an over-mature stand. The next four sections present the standard forest growth
models.

2.2.1 Whole stand models

Modelling the growth of a forest is not an unambiguous task since forest stands are
complex biological entities, where the trees are constantly affected by numerous
factors, including the weather conditions and the intra and interspecific competition,
for example. The most straightforward method of estimating growth is to derive the
volume of the whole stand as a function of the stand age based on the previous growth
of similar stands. In this method, all of the variables are on the stand-level. In the
simplest whole-stand model, stand density is not included in the function. Hence these
models are referred to as density-free whole stand models (Davis et al. 2001, p.188).
These models provide the basis for the optimization problem. However, they cannot
be used for thinning optimization, since the volume is estimated only by the stand age
and the density or the number of trees is not considered.
In order to make whole stand models suitable for thinning schedule optimization, the
stand density has to be included in the model as an independent variable.
Correspondingly, Davis et al. (2001, p. 194) called these models variable-density
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whole stand models. With this extension, the simultaneous optimization of the thinning
regime and clear felling is attainable. Stand density is normally described as the basal
area, but the models can include also the number of trees in the stand. Davis et al.
(2001, p. 131) defined basal area as “the amount of tree vegetation per unit area
measured as the cross-sectional surface area of all stems at the diameter at breast
height”. Basal area is usually expressed in square meters per hectare. With this
extension, the simultaneous optimization of the thinning regime and clear felling is
attainable. (Hyytiäinen 2003).
Diameter distribution models, where the stand is sectioned into parts to acquire a
diameter distribution at each age, serve as a refinement of the latter model. Additional
information for each diameter class, such as average height and volume, can be added
for a more detailed description of the stand. It must be noted that the growth is
estimated as a function of stand-level variables, which is why the diameter distribution
models are still included in the whole-stand category of growth models. Furthermore,
the diameter distribution for the stand is a function of the stand-level variables as well.
The main benefit of including the diameter distribution is that harvesting costs and log
prices can be adapted separately for each size class for a more advanced economic
analysis. (Davis et al. 2001, p. 197-198). According to Hyytiäinen (2003), the usage
of whole stand models is limited mainly because either the description of stand
structure is completely missing or it is too imprecise to accurately describe the stand
development. A detailed description is required particularly when the optimization
aims at the simultaneous determination of thinning and clear felling regimes. Whole
stand models can be described as statistically calibrated models, which means that the
equation is based on empirical growth data, acquired by field measurements
(Hyytiäinen 2003). The growth curve is fitted to growth data, which is acquired by
measuring different sample stands at different ages (Davis et al. 2001, p. 194).

2.2.2 Diameter class models

Diameter class models (or stage-structured models by Getz and Haight 1989, p. 230–
239) take the fundamental idea of diameter distribution models a step further. Whereas
the previously described models use the stand-level information to derive the diameter
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distribution, the diameter class models function the other way around. The growth is
estimated for each class separately, and then summed to get the stand-level
information. In addition to the DBH, each class includes also data on average tree
volume and height and number of trees similar to the diameter distribution model.
Growth is denoted by the transition of trees from smaller to larger diameter classes
over time. The number of trees in class i at the end of the growth interval can be
calculated as following:

𝑁𝑖,𝑡+1 = 𝑁𝑖𝑡 + 𝐼𝑖 − 𝑈𝑖 − 𝑀𝑖 − 𝐶𝑖 ,

(5)

where 𝑁𝑖𝑡 denotes the number of trees in class i at time t, 𝐼𝑖 is the number of trees
growing into class i, 𝑈𝑖 is the number of trees growing out of class i, 𝑀𝑖 is the number
of trees dying in class i over the interval, and 𝐶𝑖 is the number of trees cut in class i
over the interval. 𝐼𝑖 may also be called the ingrowth, 𝑈𝑖 upgrowth, and 𝑀𝑖 mortality.
(Davis et al. 2001, p. 187, 201).
Diameter class models are already more suitable for thinning and uneven-stand
optimization than whole-stand models since they can predict in-growth and the effect
of harvests on stand structure. (Getz and Haight 1989, p. 230–239). It is also possible
to define whether the thinning is done from below or above based on the changes in
the number of trees in the diameter classes. Thinning from below means that smaller
than average trees are removed in the thinning, and thinning from above means that
mainly larger than averagetrees are removed. According to Hyytiäinen (2003), the
main limitation of stage-structured models is that the development stage cannot simply
always be described by tree sizes. Similar to whole stand models, stage-structured
models are defined as statistically calibrated models. Despite the benefits of stagestructured models, they have not been as popular in stand optimization neither as
whole-stand models nor as more advanced individual-tree models. (Hyytiäinen 2003).

2.2.3 Individual-tree models
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Individual-tree growth models are very detailed models that derive the stand stage and
growth from the stage and development of single trees. Each tree is described in detail,
taking numerous factors, such as their volume, diameter and crown ratio into account.
The crown ratio means the length of a tree’s crown (foliage) relative to the length of
the whole tree. One of the most important factors in these models is the crown
competition index (CCI), which measures the tree’s ability to compete for light,
nutrients and growing space in the stand. CCI highly affects the tree’s survival
probability. Individual-tree models can further be divided into two categories based on
whether the distance between single trees is considered when determining CCI. In
distance-independent models, the development of one tree is not affected by the
location of the other trees. Instead, it is assumed that each tree is evenly spatially
distributed in the stand and the growth and mortality rates are derived from the standlevel density variables. On the contrary, in distance-dependent individual-tree models
the development of each tree is affected by the location and size of the tree in
comparison to the neighboring trees. (Davis et al. 2001, p.187, 188, 226).
Even though individual-tree models do not estimate the stand-level parameters
significantly more precise than the whole stand models, they are better at describing
the variation of the growth between trees inside a forest stand (Miina 2001). This is
due the models’ capability of describing the within stand competition and growth of
single trees. As a result, individual-tree models are especially useful when estimating
the development of uneven-aged stand, or the effect of thinnings on stand structure
and growth. Also, individual-tree models are based on empirical growth data
(Hyytiäinen 2003).

2.2.4 Process-based models

Process-based growth models take the approach away from statistically calibrated
models by modelling the stand growth by using several causal biological processes
and tree competition mechanisms. These processes include light radiation geometry,
light competition, photosynthesis, assimilation, respiration, water balance, root
competition, and nutrient uptake. (Bossel 1991). As a result, process-based models are
complex hierarchical models, which consist of numerous sub-models (Hyytiäinen
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2003). Process-based models are the most detailed and complex forest growth models
available to date.
According to Hyytiäinen (2003), process-based models can be used to estimate growth
accurately also in cases, where empirical data has not been yet produced. These cases
could be analysis on the effect of unusual management methods or varying geographic
areas. This is possible, because process-based models provide a mechanistic
description of the interaction of the trees with the environment through the processes,
which react to the chances in environmental conditions (Battaglia and Sands 1998).
This can be a major advantage, since gathering empirical growth data by field
measurements requires a lot of time and resources. Another potential advantage of
process-based models is that given the models’ ability of describing thinning effect
and the advanced description of tree structure and crown morphology, the models
provide a chance for adding timber quality in the analysis (Hyytiäinen 2003).
However, process-based models require very detailed information about the principles
of the processes. This is a significant challenge in the application of the models. Also,
some site and species-specific parameters are hard to define by processes (Battaglia
and Sands 1998). As a result, the so-called hybrid models have been developed. Hybrid
models estimate growth by using both statistically calibrated empirical data and
ecophysiological processes at the same hierarchical level (Battaglia and Sands 1998;
Mäkelä et al. 2000). The core idea is to include the best features from both models into
a single model. The result is an empirical model, which uses some biological processes
as an input (Belli and Nautiyal 1989). Hybrid models have been applied to economic
optimization as well (e.g. Hyytiäinen et al. 2004; Tahvonen et al. 2013).

2.3 Cost of capital

Along with the estimate for forest growth, the interest rate in Eq. 1 plays a major role
in the outcome. However, there is not a single accurate way to define which interest
rate should be used. In general it is considered that the interest rate reflects an
opportunity cost for optimizing the stand and the opportunity cost of that is the cost of
capital. The interest rate is known also as the discount rate, since the interest rate is
used for discounting the future costs and returns to present value, as noted before. The
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following sections present methods how the cost of capital can be estimated to
determine the opportunity cost of the stand optimization.

2.3.1 Capital asset pricing model

The cost of equity capital refers generally to the desired, or alternative rate of return
(ARR), which is the rate of return for the best alternative investment option. A
generally accepted method of calculating this rate of return is to use the capital asset
pricing model (CAPM). CAPM was developed by Sharpe (1964) and Lintner (1965)
and is a widely accepted model in calculating the expected rate of return of an asset.
The model is based on the modern portfolio theory developed by Markowitz (1952),
which maximizes the expected returns of a portfolio given the risk of assets, where
risk is defined by the variance of returns. It includes an assumption that investors are
risk averse meaning that given two portfolios with similar expected return they choose
one with lower risk. As a consequence, a portfolio with higher risk will have to yield
higher returns to compensate higher unit of risk. Sharpe (1964) and Lintner (1965)
expanded this model by adding two assumptions:
1. The capital market is perfect. Borrowing and lending at a risk-free rate is
possible.
2. Investor expectations on the expected means, the standard deviations and
correlation coefficients of returns are homogenous.
The Sharpe-Lintner CAPM equation is presented as following:

𝐸(𝑅𝑖 ) = 𝑅𝑓 + [𝐸(𝑅𝑀 ) − 𝑅𝑓 ]𝛽𝑖𝑀 , 𝑖 = 1, … , 𝑁

(6)

where 𝐸(𝑅𝑖 ) is the expected return on any asset i, 𝑅𝑓 is the risk-free interest rate, 𝑅𝑀
is the expected market return, 𝛽𝑖𝑀 is the market beta of the asset i, and N is the number
of risky assets. [𝐸(𝑅𝑀 ) − 𝑅𝑓 ]𝛽𝑖𝑀 is the risk premium, where 𝐸(𝑅𝑀 ) − 𝑅𝑓 is the
premium per unit of beta risk. The market beta of asset i, is the covariance of its return
with the market return divided by the variance of the market return:
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𝛽𝑖𝑀 =

𝑐𝑜𝑣(𝑅𝑖 , 𝑅𝑀 )
𝜎 2 (𝑅𝑀 )

(7)

The interpretation of the market beta, or the beta coefficient, is that it measures the
volatility of the asset’s returns relative to the market returns. Thus, beta represents the
risk of the asset i in Eq. 6. The greater the value of the beta coefficient is, the higher is
the volatility of the asset relative to the market. The beta value of 1 means that the
volatility of the asset is exactly the same as the market volatility. Correspondingly, a
beta value of zero means that the returns of asset i are uncorrelated with market returns.
However, given the risk-free borrowing and lending, the asset returns that are
uncorrelated with market returns must equal the risk-free interest rate 𝑅𝑓 . Beta can be
acquired also in the following way:

𝛽𝑖𝑀 = 𝑐𝑜𝑟𝑟𝑒𝑙(𝑟𝑖 , 𝑟𝑀 )

𝜎𝑖
,
𝜎𝑀

(8)

where 𝑐𝑜𝑟𝑟𝑒𝑙(𝑟𝑖 , 𝑟𝑀 ) denotes the correlation between asset i and the market and 𝜎𝑖 and
𝜎𝑀 are the standard deviations for asset i and the market, respectively. It can be seen
from Eq. 8 that beta increases if the correlation between asset i and the market
increases, or if the standard deviation, i.e. the volatility of the asset i increases.
In practice, long-term treasury bonds are most often used to illustrate the risk-free rate
in calculations (Bruner 2003, ref. Cascio and Clutter 2008). Long-term generally refers
to 10-year maturity, or longer. Historical data on returns is often used to estimate the
beta, since expected returns cannot be observed (e.g. Cascio and Clutter 2008).
More accurately, the beta given by Eq. 7 is equity beta, which does not take the effect
of leverage into account. If some firm finances a portion of its operations with debt,
the leverage effect has to be removed from the beta. Unlevered beta is given as
following:
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𝛽𝑈𝑛𝑙𝑒𝑣𝑒𝑟𝑒𝑑 𝐴𝑠𝑠𝑒𝑡𝑠 =

𝛽𝑖𝑀

,

𝐷𝑒𝑏𝑡
[1 + (1 − 𝑇𝐶 ) 𝐸𝑞𝑢𝑖𝑡𝑦]

(9)

where 𝛽𝑖𝑀 is the beta given in Eq. 7, 𝑇𝐶 is the corporate tax rate, and Debt and Equity
are the long-term debt of the firm and market capitalization of the firm, respectively.
The corporate tax rate is included because the tax-deductible interest payments can be
subtracted from the total amount of interest the company is paying. (Cascio and Clutter
2008). It can be seen from the Eq. 8 that if a firm does not have any debt the beta of
an unlevered asset is the same as the equity beta. However, if the company has debt,
the beta of an unlevered asset is lower than the levered beta. This indicates that having
debt increases the volatility of the returns, i.e. the risk of the asset.
According to the Sharpe-Lintner CAPM, the rate of return of the asset is explained
completely by the risk premium and the risk-free rate. This can be tested by regressing
the difference between historical asset returns and risk-free interest rate against the
market risk premium, as shown by Jensen (1968):

(𝑅𝑖 − 𝑅𝑓 ) = 𝛼𝑖 + 𝛽𝑖𝑀 (𝑅𝑀 − 𝑅𝑓 ) + 𝑒𝑖 ,

(10)

where 𝑅𝑖 , 𝑅𝑓 and 𝑅𝑀 are historical returns for the asset, the risk-free rate and the
market, respectively, 𝑒𝑖 is the error term, and 𝛼𝑖 is the intercept in the regression.
Jensen (1968) calls this term alpha, showing the measurement of performance that
reveals whether other factors besides market risk affect the returns of asset i. Positive
alpha denotes that the returns of asset i exceed the returns of other assets with the same
risk level in the market, estimated by CAPM. Correspondingly negative alpha proves
that the returns of asset i are lower than what can be expected given the risk level. In
economic terms, positive alpha implies that the asset is undervalued, and negative
alpha means that the asset is overvalued (Friend and Blume 1970).
As mentioned, CAPM implies that the alpha is always zero for each asset i. However,
it has been shown in empirical tests (e.g. Friend and Blume 1970; Fama and French
2004) that this does not hold in most cases. According to the studies, CAPM
underestimates the expected returns with low beta values, and correspondingly
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overestimates the returns with high beta values. Fama and French (1993; 1996) for
example argue that market risk alone is not enough to estimate asset prices, and hence
they developed the model known as the Fama-French three-factor model. Two
additional factors in the model are the size factor and book-to-market ratio. They are
included in the equation based on the evidence that small stock portfolios outperform
large stock portfolios (Banz 1981; Fama and French 1992) and portfolios including
stocks with high book-to-market ratios outperform those with a low book-to-market
ratio (Stattman 1980; Rosenberg et al. 1985; Fama and French 1992). Factor-based
investing has become very popular during the past few years and additional factors
have been commonly applied (Why multi-factor funds… 2015; Palkkaisitko
algoritmin salkunhoitajaksi? 2017). The underlying assumptions of CAPM can be
questioned further (e.g. Sharpe 1964; Lintner 1965). However, despite the limitations
and the shown bias in the model, CAPM is still generally accepted and the most
popular method for pricing assets and estimating the cost of equity capital (Bruner
2003, ref. Cascio and Clutter 2008).

2.3.2 Weighted average cost of capital

Section 2.3.1 described one method as to how the cost of equity capital can be
estimated. However, it should be noted that companies have two options to finance an
investment: they can either use their equity or take a loan. The cost of equity refers to
the ARR, which can be calculated by using the CAPM, as described earlier. The cost
that follows taking a loan is called the cost of debt, which means the interest that is
required to borrow money. Together these costs are referred to as the cost of capital.
The weighted average cost of capital (WACC) weights both categories of capital by
their share of the total capital. WACC is calculated as follows:

𝑊𝐴𝐶𝐶 =

𝐸
𝐷
∗ 𝑅𝑒 +
∗ 𝑅𝑑 ∗ (1 − 𝑇𝑐 ),
𝐸+𝐷
𝐸+𝐷

(11)

where E is the value of the company’s equity, D is the value of the company’s debt, Re
is the cost of equity calculated by CAPM, Rd is the cost of debt, and Tc is the corporate
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tax rate. WACC can be used as the minimum acceptable rate of return when making
investment calculations, because the rate of return of the investment should be at least
equal to WACC in order to be profitable. Consequently, WACC can be used as the
interest rate when discounting the future cash flow of the investment and thus it can
also be used as the interest rate when maximizing Eq. 1.
Based on long-term average interest rates (Hyytiäinen and Tahvonen 2001) and forest
estate market prices (Hyytiäinen and Tahvonen 2003), forest owners seem to typically
use interest rates in the range of 2–6% in Finland. However, it must be noted that this
does not mean that anyone investing in timberland should use the same scale, since the
cost of capital is defined by the cost structure separately for each individual, firm and
organization, as presented in this section. Section 3.2 discusses more the interest rates
that have been used in previous studies in Finland.
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3 Previous studies

3.1 Introduction to previous studies

The economic optimization of forest rotation periods, stand-density, and timing,
volume and number of thinnings for even-aged stands is a well-known topic in forest
economics. The optimization problem has been widely studied using growth models
and simulations especially concerning coniferous forests. The history of stand-level
optimization concerning timing, number and intensity thinnings paired with the
optimization of rotation period reaches as far as the late 1960s. The first studies on this
topic by Amidon and Akin (1968), Kilkki and Väisänen (1969), Risvand (1969) and
Brodie et al. (1978) focused on optimization for coniferous tree species in the USA,
Finland, Norway and northwestern USA, respectively. All the early studies were based
on whole stand models. A step towards more complex models was taken in early 1980s
as Riitters et al. (1982a) were the first to use the stage-structured whole stand models
in thinning and rotation optimization, combining the timber production with forage.
The stage-structured models turned out to be especially applicable in uneven-stand
management optimization (Haight et al. 1985) and comparing different management
methods (Haight 1987, 1991). Around at the same time with the stage-structured
growth models also distance-independent individual-tree models were used for the
first time in stand-level optimization (Martin and Ek 1981). Since then, more and more
studies have been based on individual-tree models (e.g. Valsta 1992; Hyytiäinen et al.
2005; Hyytiäinen et al. 2010). Some studies have also used distance-dependent
individual-tree models (e.g. Pukkala et al. 1998; Vettenranta and Miina 1999). Few
newer studies have also introduced process-based models in the economic
optimization after the method was first utilized by Hyytiäinen et al. (2004).
It is notable that the studies have largely focused on the analysis of optimal
management of coniferous stands to the detriment of deciduous stands. This is due to
the fact that the coniferous species on boreal and temperate zones are more valuable
than the deciduous species, and hence the investments in the development of growth
models has also focused on coniferous species. Given the fact that the economic
optimization is dependent on the growth models, it is natural that also the economic
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analysis has been centered on the coniferous species. (Hyytiäinen 2003). To the
author’s knowledge, the only study which considers the optimization of a pure evenaged silver birch stand is by Salminen (1993a). The whole stand growth and yield
models for silver birch used in that study were developed by Oikarinen (1983). Besides
Salminen (1993a), Valsta (1986, 1990) has studied the optimization of silver birch in
a mixed Scots pine-silver birch stand.
The effect of active forest management on the economic profitability of forestry is
well-known as active forest management is needed to maximize the forest land value
in timber production. Most studies examine the harvesting schedules for stands that
have an optimal management history since regeneration (e.g. Valsta 1992; Hyytiäinen
and Tahvonen 2002; Hyytiäinen et. al 2010), whereas few have studied the harvesting
schedules for stands with non-optimal initial stand conditions (e.g. Salminen 1993b;
Pukkala and Miina 2005).
The remainder of this section presents the main results of studies concerning the
optimization of Scots pine and Norway spruce on various boreal and hemiboreal forest
sites.

3.2 Results from previous studies

The focus is on the comparison of studies by Hyytiäinen and Tahvonen (2002), and
Hyytiäinen et al. (2010). These studies are chosen for a more detailed review, because
both of which examine the harvesting schedule optimization for both Norway spruce
and Scots pine on several boreal forest sites. Moreover, Hyytiäinen and Tahvonen
(2002) applied whole stand models to the optimization, whereas Hyytiäinen et al.
(2010) used distance-independent individual-tree models, which brings another aspect
to the comparison. The results of these studies are supported by a few others. A study
by Brukas and Brodie (1999b) concerning the economic optimization of silvicultural
regimes for Scots pine in Lithuania is presented for an insight about the harvesting
schedules for Scots pine on hemiboreal forest sites in the Baltics. Lastly, a brief
overview of the results from few studies concerning harvesting schedules for
suboptimal stands is added.
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3.2.1 Optimization of cultivated stands

Hyytiäinen and Tahvonen (2002) analyzed the dependence of optimal thinnings and
clear felling on economic parameters and forest site quality in Norway spruce and
Scots pine stands on several forest site types in Finland to find the harvesting regime
that maximizes the returns from timber. The growth and yield data in their study was
based on whole stand growth models developed by Vuokila and Väliaho (1980).
Neither the volume of thinnings nor the timing of clear felling was restricted to find
the global theoretical optimum. The only restriction was that the maximum allowed
number of thinnings was seven. The regeneration and management chains and costs
were determined for both species and each forest sites separately. The harvesting costs
in their study depended on the total harvested volume and the average volume of
harvested trees.
Further results concerning optimal thinning regime and rotation periods for Scots pine
and Norway spruce were reported by Hyytiäinen et al. (2010). The aim of that study
was similar as in Hyytiäinen and Tahvonen (2002). The optimized variables were the
number, timing, and intensity of thinnings, thinning method (from below or above),
and timing of clear felling. First of the main differences compared with Hyytiäinen
and Tahvonen (2002) was that whereas the last-mentioned authors used the stand-level
growth models developed by Vuokila and Väliaho (1980), Hyytiäinen et al. (2010)
used individual-tree models. The second difference was that Hyytiäinen et al. (2010)
restricted the volume of thinnings to simulate the avoidance of storm and snow damage
caused by too intensive thinnings. The maximum thinning volume was set at 50% of
the basal area in the first thinning and 40% for later thinnings to avoid snow- and storm
damage in over-thinned stands. The minimum thinning volume was set at 30 m3 ha-1
to ensure that the thinnings would be reasonable in practice. The optimization model
included the growth model, harvesting cost model and wood price, management cost
and interest rate parameters. Managed seedling stands formed the basis for the
calculations, which were done for several geographical areas, two roundwood pricing
methods, and taking the wood qualifications and mortality rates caused by over-density
into account. It was also assumed that Norway spruce stands were regenerated by
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planting and Scots pine stands were regenerated by planting or sowing on more fertile
sites, and naturally regenerated on poorer sites. Both traditional and quality-based
pricing methods were applied. The traditional pricing method denotes that the stem is
divided into sawlog and pulpwood parts and more specific assortments are not
considered. In the quality-based pricing the stem is correspondingly divided into
several sawlog classes based on the quality. A condensed comparison of the results of
the two studies is presented in Table 1 and Table 2.

Table 1. Findings from Hyytiäinen and Tahvonen (2002) and Hyytiäinen et al. (2010)
for Scots pine stands. Rotation length, the number of thinnings and height at the first
thinning are acquired using 3% interest rate. Dominant height is the average height of
the 100 thickest trees in the stand. CT is Calluna-type site, VT is Vaccinium-type site
and MT is Myrtillus-type site2. Part of the results are approximations from figures.
Hyytiäinen and
Tahvonen (2002)

Hyytiäinen et al.
(2010) 1300 dd*

Hyytiäinen et al.
(2010) 1100 dd*

Study
Dominant height at
the age of 100
years, m (site)

18
(CT)

24
(VT)

27
(MT)

18
(CT)

24
(VT)

27
(MT)

18
(CT)

24
(VT)

27
(MT)

Rotation length

107

90

80

91

75

71

-

95

70

1

2

2

3

3

3

-

4

2

15.8

17.5

18.5

12

13

13.5

-

12

12

2%

3%

4%

3%

4%

5%

-

3%

4%

Number of
thinnings
Dominant height at
the first thinning, m
Highest rate of
interest yielding
positive NPV

* Results based on initial density of 2000 trees ha-1 and traditional pricing method.
1300 dd (degree days) denotes the heat sum for southern Finland and 1100 dd the heat
sum for central Finland.

Forest site types based on Cajander’s (1949) forest site typology. Typology is based on the vegetation
of the site. CT-type indicates dry site, VT-type dryish site and MT-type moist site.
2
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Table 2. Findings from Hyytiäinen and Tahvonen (2002) and Hyytiäinen et al. (2010)
for Norway spruce stands. Rotation length, the number of thinnings and height at the
first thinning are acquired using 3% interest rate. Dominant height is the average height
of the 100 thickest trees in the stand. VT is Vaccinium-type site, MT is Myrtillus-type
site and OMT is Oxalis-Myrtillus-type site3. Part of the results are approximations
from figures.
Hyytiäinen and
Tahvonen (2002)

Hyytiäinen et al.
(2010) 1300 dd*

Hyytiäinen et al. (2010)
1100 dd*

Study
Dominant height
at the age of 100
years, m (site)

24 (MT)

27 (OMT)

24 (MT)

27 (OMT)

24 (MT)

27 (OMT)

Rotation length

80

70

70

61

85

77

2

2

2

2

2

2

17.5

18.5

15

16

14

15

3%

4%

4%

5%

3%

4%

Number of
thinnings
Dominant height
at the first
thinning, m
Highest rate of
interest yielding
positive NPV

* Results based on initial density of 1800 trees ha-1. 1300 dd (degree days) denotes the
heat sum for southern Finland and 1100 dd the heat sum for central Finland.

The rotation periods presented for Hyytiäinen et al. (2010) and southern Finland (1300
dd) are shorter than those by Hyytiäinen and Tahvonen (2002) (Table 1; Table 2). 1300
dd denotes the annual cumulative sum of the daily temperatures exceeding five degrees
Celsius in southern Finland. In central Finland (1100 dd) the rotation periods are longer
in all cases. The number of thinnings in Scots pine stands with the given interest rate
is on average three according to Hyytiäinen et al. (2010), whereas according to
Hyytiäinen and Tahvonen (2002) it is two for the same sites (Table 1). The number of
thinnings in the Norway spruce schedules is very consistent, as the number is two in
all scenarios in examination in both studies (Table 2).
There is a significant difference between the results in the timing of the first thinning,
especially in the case of Scots pine, as Hyytiäinen and Tahvonen (2002) reported
notably later time for the thinning (Table 1). The difference is around 4 m in Scots

Forest site types based on Cajander’s (1949) forest site typology. Typology is based on the vegetation
of the site. VT-type indicates dryish site, MT-type moist and OMT-type more fertile moist site.
3
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pine stands and around 3 m in Norway spruce stands. The difference is expectedly
derived from the different growth models used in the studies. There is variation in the
literature regarding the topic in general. For example, according to Valsta (1992)
Norway spruce stands on fertile sites should be thinned at 18 m dominant height when
the interest rate is 1–3% and at 16m height when the rate is 5%. Pukkala et al. (1986)
and Vettenranta and Miina (1999) reported that the optimum timing for the first
thinning in mixed Norway spruce and Scots pine stands is when the dominant height
is 14–17 m, when the initial density is about 2000 trees ha-1. Current Finnish
silvicultural recommendations suggest that in southern Finland the first thinning
should be performed at 13–15 m dominant height in Scots pine stands and at 13–16 m
in Norway spruce stands. Given that the recommended timing is at lower dominant
height, it implies that the silvicultural recommendations are based on other aspects as
well, rather than the pure economic optimum. Hyytiäinen and Tahvonen (2002) stated
that the optimal timing for the first thinning is earlier with higher interest rates and the
dominant height is generally higher on more fertile than poor sites. Hyytiäinen et al.
(2010) did not show such a clear dependency.
The results about the highest interest rate yielding positive NPV are well aligned
between these two studies. The results indicate that the highest rate of interest yielding
positive NPV is 1% higher in southern Finland than in central Finland or Finland
generally. However, it must be noted that 5% was the highest rate of interest that
Hyytiäinen et al. (2010) took into consideration. Thus, it is possible that the NPV could
have been positive with a higher rate of interest than 5%, for example, in the case of
Norway spruce on OMT-sites in southern Finland. Lastly, according to Hyytiäinen and
Tahvonen (2002), growing Norway spruce is profitable with an interest rate as high as
6% on the most fertile site (H(100)=33), which was not included in Table 2.
Hyytiäinen and Tahvonen (2002) showed that when increasing the interest rate from
1% to 7%, the rotation period shortens significantly. This follows from Eq. 1 and the
term structure of interest rates, because discounting reduces the value of the cash flow
at a rate equal to the opportunity cost of capital, denoted by the discount rate. From
this follows that NPV of an equal cash flow at the same time in the future is lower with
higher rate of interest. Thus, the future cash flow from the clear fell are brought earlier
with increasing interest rate by preponing the clear fell. However, their results show
that decrease in the rotation period given the interest rate is not monotonic, as with
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most sites the rotation period can slightly lengthen at certain interest rates. This occurs
because the number, timing and intensity of thinning are determined endogenously.
This means that these variables are freely determined by the optimization for each
scenario separately. Thus, the rotation period may lengthen because of the
simultaneous increase in the number or intensity of thinnings. This also occurs because
of the term structure of interest rates and discounting revenues. If the basis for the clear
fell is at year t under interest rate r, it may optimal to postpone the clear fell at year
t+10 under interest rate r+1 if an additional thinning at year t-5 is included. In this case
making an additional thinning enables earlier revenues (that are preferred under
increasing interest rate), of which follows that it is optimal to postpone the clear fell to
increase the total harvested saw log volume and improve timber quality. They also
showed that in general the more fertile a site is, the shorter is the optimal rotation,
because higher fertility enables faster production of timber and earlier fellings.
According to the results, the variation in the optimal rotation between the sites is
significant with low and medium interest rates, but when the rate is high the differences
become small. This happens because under high interest rates the harvesting revenues
are inevitably less valuable relative to the opportunity cost of capital because of the
time needed to produce commercial timber, no matter how fertile the site. Thus,
preponing the fellings would not increase BLV. It has to be also noted that once the
BLV gets negative with high enough interest rate, increasing the rate might actually
lengthen the rotation period, because the negative BLV is treated as cost that is optimal
to be postponed rather than preponed. Once again, this traces back to the way
discounting works: similar cost received in ten years is preferable to a similar cost
received today. The results by Hyytiäinen et al. (2010) regarding the dependency of
the rotation period of the interest rate are consistent with the previously mentioned
study and the Faustmann’s model (1849). Higher interest rate or more fertile site lead
generally to shorter rotations, but the development is not monotonic in all cases.
Additionally, they showed that rotations are generally shorter in more southern the
locations.
Hyytiäinen and Tahvonen (2002) also suggested that in most cases increasing site
fertility increases the optimal number of thinnings and increasing the interest rate
decreases the number of thinnings. In Scots pine stands the effect of interest rate and
site fertility on the optimum number of thinnings is significant, as the range is from 0
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to 6 thinnings. 5 or 6 thinnings are optimal only on very fertile sites with 0.5–1%
interest rates. In most sites and with most interest rates, the optimum number of
thinnings for Scots pine stands is 2 or 3. Hyytiäinen et al. (2010) agreed that raising
the interest rate increases the intensity and reduces the number of thinnings. On the
contrary to the results by Hyytiäinen and Tahvonen (2002), they did not report high
sensitivity in the number of thinnings to the site fertility. Corresponding to the results
reported by Hyytiäinen and Tahvonen (2002), the optimal number of thinnings is 2–3
in general, but the range is greater in Scots pine stands. In Norway spruce stands two
thinnings is the most common number of thinnings and three is maximum. They noted
that the optimal timing for thinnings is when the stand is close to the frontier where
the mortality rate increases because of over-densification. However, that timing is very
hard to define in practice. The timing of later thinnings should occur after the trees
have grown enough to shift from the pulpwood to the sawlog category, or from lower
quality sawlogs to higher quality sawlogs. Increasing the interest rate also impacts on
the goal of maximizing the volume for the best quality sawlogs, making that outcome
suboptimal. When growing Scots pine, for example, aiming at the best quality sawlogs
is not optimal even at a 3% rate; instead, lower quality logs provide the best land value,
since they do not require equally long rotations.
According to Hyytiäinen and Tahvonen (2002), the thinning intensity correlates
positively with the interest rate. For Scots pine, the effect is seen for the first thinning
at interest rate greater than 4% and for the second thinning at rate greater than 2.5%.
All thinnings are light, removal being around 20% of the basal area, under interest
rates lower than 2.5%. For Norway spruce, the intensity for the first thinning rises
significantly when the interest rate is greater than 3%, whereas the intensity of the
second thinning already increases when the interest rate is 2% or higher. The situation
is not as clear in Scots pine stands according to Hyytiäinen et al. (2010), as the intensity
of the first thinning is not notably affected by the interest rate. On the other hand, they
report remarkable changes in the intensity of the first thinning in Norway spruce
stands. Valsta (1992), for example, who studied the Norway spruce management on
MT-sites in Finland, also found that increasing the interest rate leads to fewer and
heavier thinnings.
It was shown by Hyytiäinen et al. (2010) that higher initial density makes the first
thinning earlier, increases the number of trees removed in thinnings, and in some cases
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also the number of thinnings. According to the results, forestry using a 5% interest rate
was profitable only when growing Norway spruce on the most fertile sites in southern
Finland, or when growing Scots pine in the same area on the most fertile sites that are
still suitable for Scots pine. Results regarding the timing and intensity of the first
thinning depending on the stand density were similar as Hyytiäinen and Tahvonen
(2002) noted. Higher starting stand density results in earlier first thinning, and heavier
and possibly more thinnings in general.
Salminen (1993a) considered the optimization of harvesting schedules for even-aged
silver birch stands by applying dynamic programming and whole-stand growth models
developed by Oikarinen (1983). According to the study, it was optimal to do an intense
thinning very early, when the stand was still at seedling stage. The number of trees per
ha after the thinning was as low as 450–750, depending on the forest site. The rotation
length with 3% interest rate was 50–60 years depending on the forest site. There was
a significant difference between the prices for sawlogs and pulpwood, which lead to a
situation where growing pulpwood was not profitable. The timber grade distribution
models also estimated the share of pulpwood to be low. The intense early thinning was
done to maximize the yield of sawlogs. Salminen (1993a) notes that the initial density
of 2 000 trees ha-1 included in the growth model was too high. The Finnish silvicultural
recommendations (Metsänhoidon suositukset 2014) suggest that the planting density
for silver birch should be 1 600 trees ha-1, which is also a common practice. A very
low-density stand is also more exposed to damage and it cannot be guaranteed that the
growth models estimate the growth, stem shapes and timber grade distributions
correctly when the density of the stand differs significantly from the average stands or
the data that has been used to create the models. Salminen (1993a) mentions also that
the growth could not be used to simulate the growth for more than 60 years, because
the growth was unrealistically high when extrapolated beyond that point, which lead
to really long rotations. Thus, the results can be questioned given the described
remarks.
The number of studies examining the economic optimization of harvesting schedules
in the Baltic countries is significantly low. One of the few studies considers the optimal
silvicultural regimes for Scots pine in Lithuania by using whole-stand growth models
and dynamic programming (Brukas and Brodie 1999b). The schedules were found for
four forest sites based on the site productivity and by applying forest rent method and
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the Faustmann’s (1849) formula with 1–5% interest rates. It was found that on an
average site H100=24m, the optimal rotation period is 60-90 years when 1–5% interest
rates were used. However, a 4% interest rate already yielded a negative bare land value.
The forest rent method resulted in a significantly longer rotation period of 110 years
and a low BLV. The rotation periods based on the Faustmann (1849) model were
significantly shorter than the periods suggested by Hyytiäinen and Tahvonen (2002)
for Scots pine, but rather close to the results presented by Hyytiäinen et al. (2010).
Apparently, there was no minimum level set for the thinning intensity, because
according to the results, it would be optimal to do many unrealistically light thinnings.
For example, the results suggest that the optimal number of thinnings on H100=30m
site with a 3% interest rate is four, with thinning removal volumes varying from 4 to
163 m3 ha-1. It is not realistic to assume that harvesting very low volumes would be
profitable in practice. With a 1% rate, the stand volume is kept at high stocking and
only one light thinning is applied. With higher interest rates, two more intensive
thinnings are done and the stand volume decreased moving towards the clear felling
age. When a 3% interest rate was applied for sites H100=15m, 18m, 24m and 30m, the
rotation period was 100–70 years. The period was longer the lower the site
productivity. BLV was positive on H100=24m and 30m. Four light thinnings were
done on the two poorest sites, whereas on the two most fertile sites two intensive
thinnings were achieved. It was also found that when the density of the initial stand
increased, the intensity or the number of the thinnings increased. A change in the price
of pulpwood did not affect the rotation period, but changed the regime so that more
intensive thinnings were optimal and with the highest price, one additional thinning
was done early in the rotation. In all scenarios, the first thinning with a reasonable
volume was done remarkably late, the average being 50 years. This is very late,
especially when considering that the authors mention that the common planting density
in Lithuania at the time that the study was made was as high as 6 000–11 000 trees per
hectare.

3.2.2 Optimization of inferior quality coniferous stands
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The optimization of harvesting schedules for suboptimal stands has not been widely
studied. The fact that the stand can differ from the optimum in many ways is one factor
that makes the topic challenging. A suboptimal stand is often associated with the
reduced yield of a stand, which might be a result of e.g. low-density (understocked
stand), growing tree species that are not suitable for the forest site, damage caused by
insect pests or snow, overmaturity or over-density. The optimization problem with
stands of reduced yield is to determine whether the growth has reduced so much that
clear felling is more profitable than continuing to grow the stand. The sub-optimal
rotation is then followed by an infinite cycle of optimal rotations. One of the early
studies that consider this topic to some extent (Kilkki and Väisänen 1969), notes that
the largest economic losses are caused by over-density.
Salminen (1993b) studied understocked Norway spruce and Scots pine stands to find
the economic break-even basal area and the number of trees per hectare at which
growing the stand is more profitable than an immediate clear felling. This was done
by comparing the sum of net returns of the immediate clear felling and the present
value of all future rotations with the sum of the present value of the returns from the
delayed clear felling and all future rotations (for the formulation of the problem, see
Salminen 1993b). The optimization problem is the same as the current stand problem
presented by Johansson and Löfgren (1985, p. 85–86), which was discussed in Section
2.1. The growth of the stand in the study was simulated by using growth and yield
models developed especially for understocked stands by Gustavsen (1992). According
to the results, the minimum basal and number of stems depend highly on the forest
site, interest rate and stand age. It was found that the lower the interest rate, the higher
the required break-even basal area. The variation in the minimum basal area is also a
lot higher with lower interest rates. For example, the minimum basal area for Scots
pine on a medium fertile site with 1% interest rate was 4–14 m2 ha-1 when the stand
age was 20–60 years. Correspondingly, on the same site and 3% interest rate, the
minimum basal area was only as low as 1–4 m2 ha-1 when the stand age was 20–60
years. The minimum basal area was lower in general for Norway spruce. The required
number of stems varied between 50–1 000 stems ha-1 for both species. The numbers
are notably low. For Scots pine on a medium fertile site, for example, a 3% interest
rate and stand age of 30–60 years, the minimum number of stems is only 100. For
Norway spruce, the number was 50–100 with the same criteria. The mean diameter of
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the stands was expected to be the same as the diameter of regularly thinned normally
stocked stands with the same age and dominant height. The rotation lengths were 55–
85 years for Scots pine and 65–95 years for Norway spruce depending on forest site
and interest rate. The break-even basal area was generally lower for both species than
what the Finnish silvicultural guidelines recommend being the minimum level. It was
also found that the break-even basal area is higher, the lower the sawlog and volume
yields, or the higher the NPV of the future rotations.
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4 Data and methods

4.1 Optimization problem and restrictions

Solving the optimal schedules and the BLVs was done by applying the Faustmann
(1849) rotation model, presented in Section 2.1. The calculations for the optimization
with no thinnings follow the model directly, whereas other optimizations including the
optimization of thinnings are an addition to the classic Faustmann (1849) model.
The aim of the optimization in this study was to find the harvest schedule and rotation
period that maximizes the BLV of the forest land. The variables to be optimized are
the timing, intensity, and number of thinnings and the timing of clear felling for Scots
pine, Norway spruce and silver birch in the main site classes. Thinning type was fixed
to be thinning from below in all scenarios. The optimization was based on the growth
model, initial stand characteristics, and regeneration costs and timber stumpage prices,
which are described more in 4.2 and 4.3. It was assumed that the initial seedling stand
is managed according to the best-known practice that varies by site class and tree
species in all scenarios, which are used to answer the first research question. The
regeneration and management chains are given in the annexes. The optimization took
the dimension criteria for sawlogs and pulpwood into account. The distribution of the
timber grades was simulated using stem-modelling and cutting optimization.
All operations were optimized with a one-year time interval and the thinning intensity
is optimized at accuracy of one percent of the basal area. The minimum timber volume
acquired in the thinnings was 30 m3 ha-1. That constraint was set to make sure that the
volume was large enough for the thinning to be profitable in practice. The maximum
thinning intensities were 40% of the total basal area. The aim was to avoid too
intensive thinnings that would potentially increase the risk of damage caused by storms
and snow. The constraints were based on previous studies (Hyytiäinen and Tahvonen
2002; Pukkala 2006; Hyytiäinen et al. 2010). There were no criteria for the minimum
age or the average diameter of the stand for the clear felling in all optimizations, except
in the one that follows the legal limits. The minimum interval between thinnings was
set at ten years to avoid unrealistically frequent thinnings. The comparison with the
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law constraints was done by setting the minimum clear fell age and diameter for each
species and site classes and requiring either one of them to be met before clear fell was
allowed. The number, timing and intensity of the thinnings and the timing of the clear
fell were determined endogenously.
The sensitivity analysis on the price for pulpwood was done only on site class 2 and
with an interest rate of 3% for all species. The parameters were chosen because site
class 2 is suitable and common for all species in Estonia and an interest rate of 3% is
the middle of the range studied. The prices were changed with 20% time steps up to
60% in both directions. The analysis on the suboptimal stands was also done only on
site class 2 and with an interest rate of 3%. It was considered that the other broadleaves
of lesser value in the last analysis are completely sold as energywood.
The sensitivity analysis on the broadleaved species’ share follows a similar logic as
the one used by Salminen (1993b), presented in Section 3.2.2. The difference from that
study was that whereas the current stand was considered to be only understocked, the
current stand in this study was considered including an understocking of the main tree
species (Scots pine, Norway spruce or silver birch) and the rest of the stand consisted
of lower value broadleaved species. The growth models for grey alder were used to
simulate the growth for lower value species. The total attainable volume of the lower
value broadleaves was sold completely as energy wood. The aim was to find the breakeven number of the main tree species stems in the stand, at which growing the stand is
more profitable than immediate clear felling and regeneration with full-stocked main
tree species. To do this, the initial state of the stand was first determined. The initial
age of the stand was 30 years and the number of the stems of the main species was
altered in 200 stems steps, starting from 0. The average height and diameter in each
scenario correspond to the ones of the main tree species in the first optimization. The
values are 8 m and 10 cm for the conifers and 12 m and 12 cm for silver birch,
respectively. The calculation is done by comparing the sum of net returns of the
immediate clear felling and the present value of all future rotations with the sum of the
present value of the returns from the delayed clear felling, possible thinnings and all
future rotations. The NPV of the future rotations is acquired from the standard
optimization for each species. Thus, after the clear fell the stand is regenerated and
managed according to the optimal schedule for an infinite number of rotations. The
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fundamental optimization problem was still the same as the current stand problem
presented by Johansson and Löfgren (1985, p. 85–86), as discussed in Section 2.1.

4.2 Optimization method and tool

The optimization method was based on the Hooke and Jeeves’ (1961) direct search
optimization algorithm. The method has been successfully used in forestry
applications in many earlier studies considering the stand-level optimization (e.g.
Valsta 1992; Hyytiäinen et al. 2005). For detailed description of the optimization
principles, see e.g. Valsta (1992).
All calculations were carried out by using a forest management planning program
SIMO (SIMulation and Optimization). It is being used because it is capable of coupling
forest growth and yield simulations with optimization methods, which is needed to
execute this study. SIMO produces various alternative development scenarios with
each time interval for each simulation. The number of scenarios depend on the
parameters such as the accuracy of the thinning intensity and the time interval of the
steps. The optimal solution can then be found among the alternative scenarios by
defining the goals and the constraints. It has to be noted that the group of alternative
scenarios varies each time the optimization is run, because the optimization cannot go
through each possible option, which is why there is inevitable random variation in the
outcome. For more information on SIMO, see Rasinmäki et al. (2009).

4.3 Forest growth models

The initial state of the stand was bare land in all scenarios, except in the one
considering the suboptimal stands. All species had a target age for reaching breast
height for all site classes. The DBH was fixed separately for different site classes, but
it was not considered to vary among species. The initial growth from bare land to breast
height was calculated linearly to reach the target DBH in the given time. After reaching
the breast height, average height, DBH, and volume for all species were estimated by
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using the whole-stand level growth models by Kiviste and Kiviste (2009). The input
variables in the models are:
-

dominant tree species

-

thickness of the organic layer of soil (indicator of the site class)

-

origin of the stand (naturally regenerated or planted)

-

stand age at a given moment

-

stand height, m, diameter, cm, or volume, m3, at a given moment

The models are algebraic difference equations based on the present stand description
data (Kiviste and Kiviste 2009). The equations were based on the stand records of the
Estonian state forest inventory in 1984–1993. The data included the average height,
the mean squared diameter at breast height and the volume of 423 919 stands. The data
was grouped by dominant tree species, forest site type, stand origin (naturally
regenerated or planted), and stand age using 5-year intervals. The model is based on
Hossfeld growth function, which according to Kiviste (1988) and Kiviste et al. (2002)
is one of the most suitable options for forest growth modelling, and the Cieszewski
and Bella (1989) algebraic difference equation. (Kiviste and Kiviste 2009). The
models regulating the self-thinning of the stands are given in Padari et al. (2009).
The diameter distribution of the stands was estimated by using Weibull-functions
presented by Mykkänen (1986), Kilkki et al. (1989) and Siipilehto (1999). After the
diameter distribution had been estimated, it was considered that there are certain
amount of stems in each diameter class, which are represented by one simulated
description tree. The height for the simulated trees were estimated by using height
models by Padari (2004). The taper curves for the simulated trees were estimated by
using the models by Laasasenaho (1982), because there are no Estonian taper curves
available. The timber assortment distribution between logs, pulpwood and
energywood were estimated by using a dynamic optimization model for cutting each
stem, considering the timber prices and minimum diameters for each assortment.

4.4 Economic parameters
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The economic data for the optimization includes local timber prices and forest
management costs and the interest rates. In general, there are many options for the
timber pricing method, varying in complexity. The simplest method would be to
choose a fixed timber price that depends on the harvested volume. A more complex
method is to split the harvested timber into assortments, such as pulpwood and
sawlogs. The most sophisticated method is to add a quality premium that divides for
example the sawlogs into more detailed assortments based on the timber quality. In
this case, things such as the number and thickness of branches and the stem shape
affect the volume of assortments. Logging costs can also be fixed per unit of volume,
dependent on the harvesting type (first thinning, other thinnings, clear felling), or
dependent on both total harvested volume and the volume per harvested trees. In this
study, the pricing method is timber assortment pricing, including energywood,
pulpwood and sawlogs. The logging costs were estimated separately for first thinning,
other thinnings and clear felling to derive the stumpage prices for the harvesting types.
Fixed forest regeneration and seedling stand management costs were the real average
costs from 2014 (Yearbook Forest 2014), inflated with 2017 as the base year using the
Estonian consumer price index. Harvesting costs were the real average harvesting and
timber logistics costs for thinning and clear fellings for the first quarter of 2017
(Private Forest Centre 2017).
Roadside prices for sawlogs and pulpwood were the average of the real prices from
1/1998 to 4/2017 in 2017 terms. Roadside prices were acquired from the timber sales
statistics published by the Estonian State Forest Management Centre and they are the
most comprehensive price series in Estonia. A long price series was needed to
minimize the effect of fluctuation in prices, which has been high in both sawlog and
pulpwood prices, especially 2005–2009 (Fig. 3, Fig. 4).
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Figure 3. Real sawlog prices in state forests in Estonia 1/1998–4/2017 in 2017 terms.
Deflation: consumer price index. Sources: State Forest Management Center, Statistics
Estonia.
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Figure 4. Real pulpwood prices in state forests in Estonia 1/1998–4/2017 in 2017
terms. Deflation: consumer price index. Sources: State Forest Management Center,
Statistics Estonia.

The price for energywood was not attainable and thus, it was estimated to be EUR 5
per m3. The prices and costs are listed in the annexes.
The calculations were made for interest rates on a range from 1% to 6% to study the
effect of interest rate on the harvest regime. The scale was chosen based on previous
studies (e.g. Hyytiäinen and Tahvonen 2002 and Hyytiäinen et al. 2010) in Finland. It
was expected that the scale would capture all the scenarios that would yield positive
BLV values. The same economic parameters were applied for all analyses.
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5 Results

5.1 Structure of the results

The results are presented in five main sections of which the first presents the results
for optimal schedules, the second the results for optimization with no thinnings and
the third the results for the optimization which has been restricted with the current
legal constraints regarding the minimum average diameter and age for the clear fell.
The fourth section presents the results for a sensitivity analysis regarding the price for
pulpwood. The last section introduces the results for analysis on how the increasing
share of less valuable broadleaved species in the stand effects the forest renewal
decision. The last two analyzes were performed for a more condensed group of species,
site class and interest rate combinations.

5.2 Optimal schedules

5.2.1 Bare land value
The results for BLV on optimal schedules are presented in Table 3. Scots pine yielded
positive BLV with 1–4% interest rate on site classes 1–3 and with 1–3% rates on site
class 4. Scots pine also yielded the highest BLV with all interest rates on site classes
1–3. The relative profitableness of Scots pine compared with Norway spruce and silver
birch was the largest on site class 3, as can be expected given the better adaptation of
Scots pine for less fertile sites. Norway spruce yielded positive BLV with 1–5%
interest rates on site class 1a, with 1–4% rates on site classes 1–2 and with 1–3% rates
on site class 3. Silver birch yielded the highest BLV on site class 1a with 2–6% interest
rates and it is also the only species that yields positive BLV on site class 1a with 6%
rate. The profitability of silver birch stands dropped soon on less fertile site classes.
On site class 1 the BLV was positive when 1–4% interest rates are applied, on site
classes 2 the BLV was positive with 1–3% rates and on site class 3 with 1–4%.
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Table 3. Bare land value for the optimal schedules for Scots pine, Norway spruce and
silver birch. EUR ha-1.
Site class

r

Scots pine

Norway spruce

Silver birch

1a

1%

-

21 733

20 961

2%

-

7 559

7 857

3%

-

3 276

3 824

4%

-

1 372

1 963

5%

-

413

938

6%

-

-136

323

1%

17 612

15 336

10 857

2%

5 651

4 848

3 661

3%

2 155

1 764

1 462

4%

683

486

470

5%

-70

-176

-63

6%

-458

-551

-373

1%

11 917

11 527

6 347

2%

3 623

3 561

1 834

3%

1 286

1 262

484

4%

311

289

-114

5%

-171

-180

-423

6%

-431

-444

-564

1%

9 247

6 291

3 595

2%

2 826

1 559

1 030

3%

1 002

223

321

4%

278

-324

16

5%

-71

-581

-120

6%

-254

-710

-189

1%

5 512

-

-

2%

1 467

-

-

3%

391

-

-

4%

-45

-

-

5%

-235

-

-

6%

-323

-

-

1

2

3

4

5.2.2 Timing of clear fell

The optimal timing of clear fell for all species depended greatly on the interest rate
and site class as expected in alignment with the findings presented in the literature

45

review. In general, increasing the interest rate shortened the rotation, as expected. This
follows from Eq. 1, as discussed earlier. The only case where increasing the interest
rate also increased the optimal clear fell age is when the interest rate was increased
from 2% to 3% on site class 3 on silver birch culture (Fig. 5c). The optimal rotation
was mostly shorter the more fertile the site class. As it can be seen in Fig. 5a, this did
not hold strictly on all cases in Scots pine stands with 2–4% interest rates on site classes
1–3. Similar development can be seen in silver birch stands with 1–2% rates on site
classes 1a and 1. The variation, however, was small on these exceptions and the
optimal clear fell ages were close to each other. In Scots pine stands, the optimal clear
fell age was in between 45 and 98 years. Both maximum and minimum clear fell ages
for Scots pine were the highest of all species. Also, the range was the largest in Scots
pine stands. In Norway spruce stands, the optimal clear fell age was in between 44 and
87 years (Fig. 5b). Expectedly, silver birch stands had the shortest rotations as the
optimum is in between 41 and 67 years (Fig. 5c).

46

(b) Norway spruce

Years

Years

(a) Scots pine
100
95
90
85
80
75
70
65
60
55
50
45
40
1

2

3

4

5

6

90
85
80
75
70
65
60
55
50
45
40
1

2

Interest rate, %

1

2

3

4

5

6

Interest rate, %

3

4

1a

1

2

3

(c) Silver birch
70
65

Years

60
55
50
45
40
35
1

2

3

4

5

6

Interest rate, %
1a

1

2

3

Figure 5. Optimal clear fell ages for Scots pine on site classes 1–4, Norway spruce on
site classes 1a–3 and silver birch on site classes 1a–3 with interest rates 1–6%. Solid
line indicates positive bare land value and dotted negative bare land value.

5.2.3 Number of thinnings

The optimal number of thinnings varied between three and one (Table 4). In general,
the number was the highest in the most fertile sites and under low rates of interest.
Correspondingly, the number was the lowest in the least fertile sites and under high
rates of interest.
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In Scots pine stands, the optimal number was three in most cases when the interest rate
was 1–3% and two when the interest rate was 4% or higher. The only combination for
Scots pine where only one thinning was optimal is when the interest rate was 6% and
the site class is 4. This combination of high interest rate and low fertility on-site
yielded, however, a negative BLV. The optimal number of thinnings was two for
Norway spruce in all but one case, where the number is three. The most common
number of thinnings for silver birch was two, the range being in between three and one
and following the same general tendencies.
There was some unexpected variation in the number of thinnings in the same way there
was variation in the timing of clear fell. In the case of Scots pine, the development of
the number of thinnings was inconsistent as the number dropped from three to two
with 2% interest rate when moving from site class 1 to 2, but then rose back to three
when moving from site class 2 to 3. When a 4% interest rate was applied, the number
of thinnings peaked in site class 2 but then dropped in less fertile site classes. In
Norway spruce and silver birch stands, the unexpected variation occurred in site class
3 with 2% interest rate. (Table 4).

Table 4. Number of thinnings in optimal schedules for Scots pine, Norway spruce and
silver birch on various site classes (1a–4). Roman numbers indicate positive bare land
value and numbers in parenthesis negative bare land value.
Scots pine

Norway spruce

Silver birch

r

1

2

3

4

1a

1

2

3

1a

1

2

3

1%

3

3

3

3

2

2

2

2

3

2

2

2

2%

3

2

3

2

2

2

2

3

3

2

2

1

3%

3

3

3

2

2

2

2

2

2

2

2

2

4%

2

3

2

2

2

2

2

(2)

2

2

(2)

2

5%

(2)

(2)

(2)

(2)

2

(2)

(2)

(2)

2

(2)

(2)

(1)

6%

(2)

(2)

(2)

(1)

(2)

(2)

(2)

(2)

2

(2)

(2)

(1)

5.2.4 Timing of the first thinning

The timing of the first thinning was greatly dependent on the interest rate and
especially on the site class in the conifer stands (Fig. 6). In the case of silver birch, the
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interest rate affected the timing only marginally and the first thinning was performed
at nearly the same average height on site classes 1–3 with 2% or higher interest rate
(Fig. 6c). The most distinctive difference was in the timing between site class 1a and
all other site classes. The range for silver birch was the smallest of all three species,
optimal average height being in between 15.6 and 12.6 m. For conifer stands, the
variation was notably larger, the range being from 15.6 to 9.3 m for Scots pine and
from 17.1 to 9.7 m for Norway spruce. The variation in conifer stands within a site
class reduced significantly when the site fertility decreases. This can be clearly seen in
Fig. 6 as the curve of the more fertile site classes descents more than the least fertile
site classes, they all result in being within a 0.4 m range. The number of trees per ha
after the thinning was in between 1 113–1 215 for Scots pine, 956–1 073 for Norway
spruce and 883–1 078 for silver birch.
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Figure 6. Average height at the time of the first thinning for Scots pine stands on site
classes 1–4 and Norway spruce and silver birch stands on site classes 1a–3 with 1–6%
interest rate. Solid line indicates positive bare land value and dotted negative bare land
value.

5.2.5 Thinning intensity

In general, the thinning intensities remained at high level for all species, especially
with interest rates higher than two percent (Fig. 7). In most cases, the intensity was
higher than 35% of the basal area. There were also numerous scenarios where the
intensity of all thinnings included in the schedule was the maximum allowed 40%. The
intensity of the second thinning was also increasing in the Scots pine and silver birch
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stands. However, there was the least variation in the intensity in silver birch stands, as
the intensity was in between 35% and 40% in all but one scenario, where it was 32%
for the second thinning. For Scots pine, the range was the largest, starting from 22%.
On several occasions, the intensity altered unexpectedly, as, for example, in the case
of Norway spruce on site class 2 with 3–4% interest rate (Fig. 7b). The number of
thinnings decreased also in the Scots pine schedule in question from three to two as
the interest rate is increased (Fig. 7a).
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Figure 7. The thinning intensities as a percentage of basal area for first, second and
third thinning. The results are presented for site class 3 for Scots pine and site class 2
for both Norway spruce and silver birch. Solid line indicates positive bare land value
and dotted negative bare land value.
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5.2.6 Basal area

The complete rotations and the development of the basal area of the stand as a function
of age for all three species are presented in Fig. 8, Fig. 9 and Fig. 10. For the sake of
the clarity of the figures, some series for two or more interest rates have been combined
in the cases where the schedules with those interest rates are the same, or so close to
each other that the difference could not be seen from the figures.
In Scots pine stands, there was a clear pattern in the development of the basal area.
The basal area was strongly decreasing on all site classes with a 1% interest rate, and
in most cases it peaked at the second thinning with higher interest rates (Fig. 8).
However, there were some exceptions. For example, on site class 1, the basal area was
strongly decreasing after the first thinning with interest rates of 1–3%. On site class 4,
the basal area peaked at the clear fell with 6%, but in that case there is only one thinning
(Fig. 8d).
In Norway spruce stands, the pattern was not as clear. On site class 1a, the basal area
peaked at the second thinning with all interest rates, but on site class 3 the basal area
was decreasing after the first thinning with all rates (Fig. 9). On site class 1 the
development followed the same pattern as in Scots pine stands, as the basal area
peaked at the first thinning with 1–2% rates of interest and at the second thinning with
higher rates (Fig. 9b). On site class 2 there was the most variation, as the basal area
peaked at first or second thinning or at the clear fell, depending on the interest rate
(Fig. 9c).
The schedules were more sensitive to changes in the interest rate with more fertile site
classes in Scots pine stands than in Norway spruce stands. For example, in the case of
Scots pine the timing of first thinning was greatly dependent on the interest rate on site
class 1, affecting the whole rotation simultaneously. When 5% or 6% interest rate was
applied, the stand had been thinned twice before the stand reached the optimal time for
first thinning if 1% interest rate was applied (Fig. 8a). On the contrary, on site class 4
the first thinning was done at the same time with 2–6% interest rates and differences
in the schedules occurred later in the form of variation in the timing of clear felling or
number of later thinnings (Fig. 8d).
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The schedules and the basal area development in silver birch stands were very different
than the conifer stands. On site classes 1a–2 the basal area peaked at the second
thinning or clear fell with all interest rates, whereas on site class 3, the basal area
peaked at the first thinning with all interest rates (Fig. 10). When it comes to the
sensitivity of the schedules for the interest rate, silver birch clearly differed from the
conifers. The schedules were very similar on site classes 1a–2 when 3–6% interest
rates are applied. On site class 3 the schedules were very close to each other with 1–
3% interest rates (Fig. 10d). The largest differences between the schedules for silver
birch were in the timing of clear felling, as most of the schedules included two
thinnings and the thinnings were done at the same or nearly the same time.
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Figure 8. Optimal schedules for Scots pine on site classes 1–4 and with interest rates
1–6%. The legend includes two interest rates for one series if the schedules are the
same with both rates.
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Figure 9. Optimal schedules for Norway spruce on site classes 1a–3 and with interest
rates 1–6%. The legend includes two interest rates for one series if the schedules are
the same with both rates.
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Figure 10. Optimal schedules for silver birch on site classes 1a–3 and with interest
rates 1–6%. The legend includes two or more interest rates for one series if the
schedules are the same with those rates.

5.3 Optimization with no thinnings

The second optimization was run to find out how it affects the BLV and the rotation
length if no thinnings were performed during the rotation. The schedule still included
the same renewal operations as in the first optimization.
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According to the results (Table 5), refraining from thinnings causes losses in all cases.
The results were expected, since at least one thinning was included in all of the optimal
schedules presented in Section 5.1. Thus, differing from the optimal schedules by
leaving out the thinnings must result in economic loss. The absolute losses were the
largest with low interest rates and fertile sites, but the relative losses were the larger
the higher is the interest rate. Among species, both the absolute and relative losses
were the largest in Scots pine stands and lowest in silver birch stands. The average
relative loss in Scots pine stands was -63%. The number included the losses where the
BLV with thinnings was positive. The corresponding average loss was -61% in
Norway spruce stands and -51% in silver birch stands.
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Table 5. The bare land value (BLV) for Scots pine, Norway spruce and silver birch
stands if no thinnings are performed and the change in BLV compared to the optimal
schedule. EUR ha-1.
Species
Scots pine
Site

Norway spruce

Silver birch

r

BLV

Change

BLV

Change

BLV

Change

1%

-

-

15 681

-6 052

14 592

-6 369

2%

-

-

5 355

-2 204

5 396

-2 461

3%

-

-

2 110

-1 166

2 530

-1 294

4%

-

-

656

-716

1 181

-782

5%

-

-

-36

-448

471

-468

1%

10 132

-7 480

11 244

-4 092

7 675

-282

2%

2 988

-2 663

3 280

-1 568

2 251

-1 410

3%

895

-1 259

876

-889

673

-789

4%

10

-674

-28

-513

-9

-479

5%

-450

-379

-493

-317

-328

-265

1%

7 234

-4 683

7 967

-3 560

4 457

-1 890

2%

2 044

-1 579

2 297

-1 265

1 134

-700

3%

530

-756

650

-613

145

-339

4%

-130

-441

-65

-354

-297

-184

5%

450

-280

-420

-240

-525

-102

1%

5 747

-3 500

4 307

-1 984

2 875

-720

2%

1 595

-1 232

782

-777

835

-196

3%

401

-602

-189

-412

236

-85

4%

-19

-297

-520

-196

-20

-36

5%

-224

-153

-683

-102

-144

-24

1%

3 257

-2 254

-

-

-

-

2%

769

-698

-

-

-

-

3%

106

-285

-

-

-

-

4%

-165

-120

-

-

-

-

5%

-292

-57

-

-

-

-

class
1a

1

2

3

4

Refraining from thinnings shortened the rotation period in nearly all cases (Table 6).
There was one case in Norway spruce stands where the clear fell was later than in the
unrestricted optimal results and another in silver birch stands. The largest decrease in
rotation age was 19 years for Scots pine, 18 years for Norway spruce and 16 for silver
birch.
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Table 6. Optimal clear fell age for Scots pine, Norway spruce and silver birch with 1–
5 % interest rates if no thinnings are performed and change of the rotation age relative
to the optimum. Numbers in parenthesis indicate negative bare land value.
Scots pine
Timing of clear fell

Change in rotation

r

1

2

3

4

1

2

3

4

1%

56

60

66

95

-18

-18

-15

-3

2%

48

53

65

62

-18

-18

-12

-15

3%

46

53

51

60

-19

-19

-15

-15

4%

41

(53)

(45)

(59)

-11

(-11)

(-12)

(-11)

5%

41

(43)

(44)

(59)

(-4)

(-4)

(-13)

(-11)

Norway spruce
Timing of clear fell

Change in rotation

r

1a

1

2

3

1a

1

2

3

1%

47

57

60

73

-18

-12

-12

-14

2%

47

57

54

72

-6

-2

-8

-4

3%

47

45

53

(53)

-6

-13

-9

(-13)

4%

46

(45)

(53)

(53)

-4

(-5)

(1)

(-13)

5%

(37)

(44)

(51)

(53)

(-8)

(-6)

(-1)

(-9)

Silver birch
Timing of clear fell

Change in rotation

r

1a

1

2

3

1a

1

2

3

1%

45

55

58

66

-6

3

-5

-1

2%

35

48

45

53

-16

-1

-11

-8

3%

35

42

45

53

-6

-4

-9

-14

4%

34

(32)

(44)

(53

-7

(-13)

(-9)

(-11)

5%

31

(32)

(43)

(53

-10

(-13)

(-10)

(-1)

5.4 Optimization with forest law constraints

Forest management is regulated by law in Estonia. The purpose of the Forest Act is to
ensure the protection, biological diversity, productivity, and the vitality of the forests
in a way that multiple uses of the forest satisfy ecological, economic, social and
cultural needs (Riigi Teataja 2015). However, given the fact that the studies on optimal
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harvesting schedules in Estonia are practically nonexistent, it is unclear to some extent
what the basis for the legal limits is. The timing of clear fellings is one of the most
binding regulations set in the Forest Act. The stand has to meet either the minimum
average age or diameter before the clear felling is allowed. The minimum levels are
defined separately for each species and site classes (Table 7). The public discussion
about the limits is still ongoing in Estonia. The latest step towards more liberal
regulatory framework was recently taken in September 2017, as the minimum clear
fell age for Norway spruce on site classes 1a and 1 was lowered from 80 to 60 years.

Table 7. The current legal minimum limits for regeneration cuttings for Scots pine,
Norway spruce and silver birch in Estonia. Either average age or diameter has to be
met before cutting is allowed. Age in years and diameter in cm. Source: Riigi Teataja
(2007).
Scots pine

Norway spruce

Silver birch

Site class

Age

Diameter

Age

Diameter

Age

Diameter

1a

90

28

60

26

60

26

1

90

28

60

26

60

26

2

90

28

80

26

70

24

3

100

28

90

26

70

22

4

110

28

90

26

70

18

The legal limits constrained an overwhelming majority of the schedules (Fig. 11). The
schedules that fulfilled the requirements for age or diameter were without exceptions
the ones that were based on the most fertile site classes and low to medium interest
rates. These results clearly state that the optimal schedules presented in 5.1.1–5.1.5
cannot be applied in practice in forest management. It can be seen from Fig. 11 that in
Scots pine stands only three optimal schedules (site class 1, 1–3% rate of interest) meet
the minimum diameter for clear fell and none meet the minimum age. In Norway
spruce schedules only the schedule based on site class 1a and 1% rate of interest met
the diameter limit. Scenario for site class 1 under 1% rate of interest met the minimum
age limit. However, because the age and diameter are shown for the year preceding the
clear fell, also scenario under 2% rate of interest in the same site class met the age
limit. This occurred because in the plot the age one year before the clear fell was 59
and after one year’s growth the age would have been 60, which is the current age limit
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for the corresponding site class. In silver birch stands, scenarios under 1% and 2% rate
of interest in site class 1a met the minimum diameter limit and none of the scenarios
met the minimum age limit.

(a) Scots pine

30

3%

28
3-4%

26
4%

24

1%
1%

2%
5-6%

22

3%

4-5%

20

5%,

18

2%
6%

25

4%
5%

1%

2%

2%

23

6%

3%

4-6%

22

1%

2%

5-6%

4%
3%

4%

20

6%

1%
3%

24

21

4-5%

16

2-3%

26

2%

3%

1%

27

Diameter, cm

Diameter, cm

(b) Norway spruce
28
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2
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(c) Silver birch
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3–6%
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Figure 11. Age and diameter of the stand by the end of the year preceding the
regeneration year if the forest law limits are not taken into account. The minimum
limits for clear felling age and diameter set by the law are shown as lines. 1a–4 indicate
site classes. The percentage numbers indicate the corresponding discount rate that is
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applied for the scenario. Diameter means the average diameter at breast height (1.3
m).

To find the effect of following the legal limits on the schedules and profitability,
another optimization was performed so that the clear fell was allowed if either the legal
average age or diameter limit was met. The BLV for the rotations was expectedly
lower when the limits set by the forest law were followed (Table 8). The BLV was
higher in scenario for Norway spruce under 1% rate of interest in site class 1a. This
anomaly is caused by the random variation in the optimization, because adding more
constraints to the optimization cannot yield higher BLV. The results followed the same
pattern as in the case of optimization with no thinnings. The relative losses were
increasing as the interest rate increased. Among species, the losses were the largest in
Scots pine stands, as they were in the optimization with no thinnings allowed. The
relative loss in Scots pine stands were in between -0.3% and -52.6% in only those
cases where the BLV for unrestricted optimization is positive. The average loss was
14%. In Norway spruce stands, the losses were in between -0.5% and -48.5%, the
average being 9%. In silver birch stands, the range was from 0.0% to -204.2%. The
large loss is due to the small absolute values, as the BLV drops from EUR 16 to EUR
-16. If this outlier is removed, then the loss was -6% on average.
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Table 8. The bare land value (BLV) for Scots pine, Norway spruce and silver birch
stands if the stand is managed according to the law limits and the change in BLV
compared to the optimal schedule. EUR ha-1.
Species
Scots pine

Norway spruce

Silver birch

Site class

r

BLV

Change

BLV

Change

BLV

Change

1a

1%

-

-

21 742

9

20 809

-152

2%

-

-

7 390

-169

7 857

0

3%

-

-

3 112

-164

3 674

-150

4%

-

-

1 158

-214

1 771

-192

5%

-

-

212

-200

762

-176

1%

17 567

-44

15 264

-71

10 725

-132

2%

5 539

-111

4 785

-63

3 604

-57

3%

2 029

-126

1 727

-37

1 374

-87

4%

514

-169

419

-67

370

-100

5%

-233

-162

-259

-83

-155

-92

1%

11 874

-43

11 357

-170

6 175

-172

2%

3 545

-77

3 504

-58

1 766

-68

3%

1 139

-147

1 247

-16

416

-69

4%

208

-103

276

-13

-175

-62

5%

-267

-97

-217

-37

-473

-50

1%

8 963

-283

6 197

-94

3 535

-61

2%

2 619

-207

1 467

-93

1 040

9

3%

872

-131

138

-85

297

-24

4%

173

-105

-389

-64

-16

-32

5%

-151

-80

-633

-53

-142

-22

1%

5 338

-174

-

-

-

-

2%

1 228

-239

-

-

-

-

3%

185

-205

-

-

-

-

4%

-181

-136

-

-

-

-

5%

-318

-83

-

-

-

-

1

2

3

4

The results were expected because following the minimum age and diameter for clear
fell lead to longer rotations (Table 9) and longer rotations mean that the solutions are
further from the optimum. The change in rotation was the lowest with most fertile site
classes and lowest interest rates and correspondingly the largest with least fertile site
classes and highest interest rates. The changes were also the highest with Scots pine,
which is in line with the result that the losses are the highest with the same species.
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There was only one case in Norway spruce stands where following the law limits leads
to an earlier clear fell (site class 1a, 2% rate of interest).

Table 9. Optimal clear fell age for Scots pine, Norway spruce and silver birch with 1–
5 % interest rates if legal limits set by forest law are followed and change in the rotation
when compared to optimal timing. Numbers in parenthesis indicate negative bare land
value.
Scots pine
Timing of clear fell

Change in rotation

r

1

2

3

4

1

2

3

4

1%

76

82

100

113

2

1

19

15

2%

71

81

86

110

5

13

9

33

3%

70

72

82

110

5

12

16

35

4%

70

70

82

(110)

18

10

25

(40)

5%

(71)

(71)

(81)

(110)

(26)

(21)

(24)

(40)

Norway spruce
Timing of clear fell

Change in rotation

r

1a

1

2

3

1a

1

2

3

1%

65

69

81

91

0

0

9

4

2%

60

67

73

85

-3

8

11

9

3%

61

62

63

85

8

4

1

19

4%

60

60

63

(84)

10

10

11

(18)

5%

60

(61)

(63)

(84)

15

(11)

(11)

(22)

Silver birch
Timing of clear fell

Change in rotation

r

1a

1

2

3

1a

1

2

3

1%

52

55

66

71

1

3

3

4

2%

51

55

63

70

0

6

7

9

3%

51

55

63

70

10

9

9

3

4%

51

55

(63)

(70)

10

10

(10)

(6)

5%

51

(55)

(63)

(70)

10

(10)

(10)

(16)

In Scots pine stands the timing of clear fell, as measured by both the diameter and age,
was on the minimum limits or very close to them in most of the scenarios (12a). The
only scenarios where the clear fell was notably far from the minimum limits were on
site class 1 with 2–4% rates of interest. On site classes 1–3 the diameter limit defined
the timing, whereas on site class 4 the age limit was met before the diameter limit,
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because of the lower productivity. In Norway spruce stands, the results were more
divided (12b). The minimum diameter limit was distinctly surpassed with 3–5% rates
of interest on the two most fertile sites. In addition, clear fell on site class 1a with 1%
interest rate and on site class 2 with a 2% interest rate was performed at about 1cm
higher diameter than the minimum limit. In other scenarios, the clear fell was
performed on the minimum limits or very close to them. On site classes 1a and 1 both
diameter and age limits were met before the clear fell was performed. On site classes
2 and 3, the age limit was met only under a 1% interest rate. In silver birch stands, the
age limit is met only on site class 3 (Fig. 12c). On site classes 2 and 3 the diameter
limit was surpassed by 1cm and on site class 1a by 2.5cm.

65

(a) Scots pine
31.0

(b) Norway spruce
31.0

5%

3%

30.0

2%

30.0

28.0

2%

2%

4%
3% 5% 3%

4%

27.0

3%

1%

1%
5%

Diameter, cm

Diameter, cm

4%

29.0

5%
4%

5%

1%

4%

26.0

3%
2%

25.0

29.0
5%

28.0

4%

2%
1%

3%

27.0
26.0

24.0

3%

1%
2%

2%
4%

25.0

1%

4%

5 % 3%

2%
5%

1%

1%

24.0
60

70

80

90

100

110

120

Age, years
1
3
Age limit, 1 and 2
Age limit, 4

50

60

70

80

90

100

Age, years

2
4
Age limit, 3
Diameter limit, all

1a
2
Age limit, 1a and 1
Age limit, 3

1
3
Age limit, 2
Diameter limit, All

(c) Silver birch
30.0

5%
4%

28.0

1%

3%

Diameter, cm

2%

5%
4%
3%
1%

5%

26.0

2%

1%

4%

24.0

2% 3%

22.0

5%
1%

2%

20.0
3%

4%

18.0
40

50

60

70

80

Age, years
1a

1

2

3

Limits, 1a and 1

Diameter limit, 2

Diameter limit, 3

Age limit, 2 and 3

Figure 12. Age and diameter of the stand by the end of the year preceding the
regeneration year if the forest law limits are taken into account. The percentage
numbers indicate the corresponding discount rate that is applied for the scenario.
Minimum limits for clear fell age and diameter are presented as lines. 1a–4 indicate
site classes. Diameter is the average diameter at breast height (1.3 m).

By postponing the clear fellings, the optimal number of thinnings increased as well in
general. In Scots pine stands, the optimal number was three for all scenarios and in
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Norway spruce stands the number was three in all cases except the more fertile site
classes and low interest rates (Table 10).

Table 10. Number of thinnings in schedules following the law limits for Scots pine,
Norway spruce and silver birch on various site classes (1a–4). Numbers in parenthesis
indicate negative bare land value.
Scots pine

Norway spruce

Silver birch

r

1

2

3

4

1a

1

2

3

1a

1

2

3

1%

3

3

3

3

2

2

2

3

3

3

3

2

2%

3

3

3

3

2

2

3

3

3

3

3

3

3%

3

3

3

3

3

3

3

3

3

3

3

2

4%

3

3

3

(3)

3

3

3

(3)

3

3

(3)

(2)

5%

(3)

(3)

(3)

(3)

3

(3)

(3)

(3)

3

(3)

(3)

(3)

5.5 Sensitivity analysis for pulpwood price

Altering the pulpwood price with 20% steps affected mainly the BLV and the optimal
clear fell age. Lowering the pulpwood price by 60% lead to a 12% loss in BLV in
Scots pine stands, a 15% loss in Norway spruce stands and 52% loss in silver birch
stands. Correspondingly raising the pulpwood price by 60% increased the BLV by
15% in Scots pine stands, 19% in Norway spruce stands and 57% in silver birch stands.
The optimal clear fell age rose by two years when the pulpwood decreased by 60% in
the conifer stands and by one year in silver birch stands (Fig. 13). However, the
increase was not monotonic in Scots pine stands, as the optimal rotation age decreased
when moving from -40% price to -60% price. As the price for pulpwood increased,
the rotation length decreased in Norway spruce and silver birch stands. On the
contrary, the rotation length for Scots pine increased a total of five years when the
price for pulpwood increased by 60%.
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Figure 13. The optimal clear fell age for Scots pine, Norway spruce and silver birch
with various pulpwood prices with 3% interest rate on site class 2.

The thinning schedules and intensities for all species were more insensitive to changes
in the pulpwood price. The number of thinnings remained unchanged for both Scots
pine and silver birch. In Norway spruce stands, on the contrary, the number of
thinnings increased from two to three when the price decreases 20% under the current
level. The timing of thinnings in Norway spruce stands mainly depended on the
number of thinnings. On average, the first thinning was done four years later and
second thinning five years later if there were two thinnings performed instead of three.
The intensity of the first thinning varied in between 37% and 40% without a clear
trend. The timing of thinnings in Scots pine stands remained nearly unchanged
between the lowest and the second highest price scenarios, but when the price for
pulpwood was increased by 60%, all thinnings were done four years later than on
average on the other scenarios. The thinning intensities for the first and last thinnings
were nearly unaffected by the changes in the pulpwood price, the levels staying at the
maximum level allowed or very close to it. In the intensity of the second thinning there
was variation between 31% and 36%, but the variation was not monotonic.
The schedules for silver birch were the most insensitive to changes in the pulpwood
price. Neither increasing nor decreasing the price for the pulpwood price did not affect
the timing of the thinnings at all. The intensity of the first thinning remained also
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unchanged at a level of 40% of basal area. The intensity for the second thinning varied
between 39% and 40%.

5.6 Suboptimal stands

Both the number of thinnings and the timing of clear fell were sensitive to changes in
the number of the stems of the main tree species in the stand for all species (Fig. 14;
Table 11). In Scots pine stands, an immediate clear fell was the optimal solution at the
age of 30 when the number of the Scots pine stems was 600 or less (Fig. 14). The clear
fell is drastically increased when the number of Scots pine stems is 800. With higher
numbers, the rotation period shortens 10–14 years. With 1 200–1 800 stems the
schedule is nearly unchanged. The basal area is decreasing after the first thinning in
all Scots pine stands.
In Norway spruce stands, immediate clear fell was the optimal choice when the number
of Norway spruce stems is 200 or less (Fig. 14). When the number is increased to 400
the clear fell was postponed by two years, but no thinnings were included (Table 11).
With 600–1 400 stems there were only minor changes in the schedules, as the number
of thinnings remained unchanged and the changes in the timing of clear fell are within
four years. The number of thinnings increased by one when the number of stems was
increased to 1600 and the rotation period lengthened by ten years simultaneously. The
basal area was decreasing after the first thinning when the number of Norway spruce
stems was 600–800, but peaked at the second thinning with higher numbers.
In silver birch stands, the clear felling was not postponed either until the number of
silver birch stems reached 400 (Fig. 14). One thinning was also included at the same
time (Table 11). The thinning was excluded and the rotation period shortened when
the number of silver birch stems was increased to 600. With higher numbers, the
changes in the schedule were minor. The basal area is decreasing after the first thinning
in all scenarios.
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Figure 14. Timing of clear fell for all species when the number of the main tree species
is altered. Clear fell at the age of 30 denotes immediate clear fell, because the starting
year of the simulation is 30. The total initial density is 2 000 for Scots pine, 1 800 for
Norway spruce and 1 600 for silver birch. The rest of the stems in each stand are
considered to be less valuable broadleaved species. The results are for site class 2 with
3% interest rate for all species.

Table 11. The number of thinnings for when the number of the main tree species is
altered. The total initial density is 2 000 for Scots pine, 1 800 for Norway spruce and
1 600 for silver birch. The rest of the stems in each stand are considered to be less
valuable broadleaved species. The results are for site class 2 with 3% interest rate for
all species.
Number of main tree

Scots pine

Norway spruce

Silver birch

0

0

0

0

200

0

0

0

400

0

0

1

600

0

2

0

800

2

2

2

1000

3

2

2

1200

3

2

2

1400

3

2

2

1600

3

3

-

1800

3

-

-

species stems
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6 Discussion

6.1 Optimal schedules

6.1.1 Bare land value

Scots pine was found to be the dominating species in profitability. It was the optimal
choice in all site classes from 1 to 4 under all interest rates. Silver birch was found to
be the optimal choice in site class 1a. Norway spruce was the optimal species only in
site class 1a under 1% interest rate. However, Norway spruce is a potential option in
site classes 1a–2. Highest interest rate yielding positive BLV in site was 6% in site
class 1a, 4% in site classes 1–3 and 3% in site class 4.
The superior performance of silver birch in site class 1a occurred because the most
fertile site paired with the fast growth of the broadleaved species enabled notably short
rotation that Norway spruce could not reach. Scots pine expectedly outperformed both
Norway spruce and silver birch on less fertile site classes 2 and 3, but surprisingly also
in the more fertile site class 1. The price for silver birch timber was not enough to
compete with the conifer prices, but both the sawlog and pulpwood prices for Norway
spruce were slightly higher than those for Scots pine. Therefore, the reason had to be
something else than the price. Comparing the growth data of the two species was not
unambiguous because of the differing initial densities and harvesting schedules. The
data still revealed that the growth capacity of Scots pine on site class 1 was not clearly
superior to the capacity of Norway spruce, but the total harvested volume in the Scots
pine stand was higher. This can be explained by the higher initial density, the greater
number of thinnings and longer rotation. Even though the comparison was not
completely unbiased as stated earlier, the results indicate that the higher BLV of Scots
pine on site class 1 was not explained by a higher growth capacity, but rather by the
higher initial density, which enabled higher timber production and harvesting. This
sets the self-thinning models of the simulation in question, because this result implies
that higher density leads to higher timber yield and BLV. To a certain point this
naturally holds, but higher than optimal density leads to losses in growth and increases
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the mortality in the stand. However, sensitivity analysis for density was not performed
and more sophisticated analysis on the subject is thus impossible.
The optimal schedules were mostly logical, expected and follow the general rules of
Faustmann’s (1849) rotation theory. However, there were still few things that were
unexpected or illogical to some extent. The results regarding BLV were perfectly
logical in the sense that the largest BLVs were acquired on the most fertile sites and
with the lowest interest rates and either moving to a less fertile site or increasing the
interest rate lowered the BLV.
The only exception was in the case of silver birch when moving from site class 2 to 3,
as the BLV is higher with 4–6%. This surprising result occurred because of the
different regeneration schedules on site class 2 and 3. The stand was planted on site
class 2 but naturally regenerated after the soil scarification on site class 3. Natural
regeneration was chosen as a regeneration method for site class 3, because in practice
the birch stands on the site class are born of natural regeneration. Planting would be
too expensive for the site and seeding for birch is not commonly used in practice.
However, in these scenarios in question the BLV was negative except for site class 3
with an interest rate of 4%, where the BLV is only EUR 16. Thus, this result has no
high importance, as growing silver birch on site classes 2 or 3 is practically
unprofitable when higher than 3% interest rates are applied.
After all, the BLVs and the interest rates that yield positive BLV for the schedules
were reasonable and well aligned with other studies concerning the schedules around
the Baltic Sea. Hyytiäinen and Tahvonen (2002) reported that the highest rate of
interest that yields positive BLV is 2–5% for Scots pine and 2.5–6% for Norway spruce
in Finland, depending on forest site (Hyytiäinen and Tahvonen 2002). Hyytiäinen et
al. (2010) reported positive BLV for Scots pine stands with an initial density of 2 000
stems ha-1 in southern Finland under the maximum interest rates of 3–5% depending
on site. For Norway spruce stands with an initial density of 1 800 stems ha-1 in southern
Finland, the corresponding interest rates were 4–5%. However, 5% was the maximum
rate of interest in consideration included in the study by Hyytiäinen et al. (2010). The
results imply that the profitability for conifer stands is very close in Estonia and
Finland, but on less fertile site classes it is perhaps slightly higher in Estonia, whereas
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on more fertile site classes the profitability is rather similar, or slightly inferior in
Estonia.
According to Brukas and Brodie (1999b), the IRR for Scots pine stands in Lithuania
on site index H(100)=24m is 3.5%. The site index in question corresponds roughly to
site class 2 or 3 in this study. According to the results in this study, the BLV is positive
for Scots pine stands on both site classes with interest rates of 1–4%. Thus, the results
denote that the profitability is higher in Estonia than in Lithuania on similar sites.
Another Lithuanian results state that even on the sites of medium fertility conifers
should be replaced with birch when interest rates of higher than 3% are applied (Brukas
and Brodie 1999a, ref. Brukas et al. 2001). In this study silver birch was found to yield
the highest positive BLV only on the most fertile site class 1a with interest rates of 2–
6%. It also surpassed Norway spruce on site class 3 with interest rates higher than 2%,
but this is practically explained by the fact that silver birch was considered
regenerating naturally without planting or seeding costs, whereas the planting costs
reduce the profitability of the Norway spruce culture.
Lastly, an important thing to be noted when analyzing the BLV on the fertile site
classes is that there are currently no accurate timber quality models in Estonia. This is
a major limitation in this study and the biggest problem in the case of Scots pine, since
even though the simulation shows that pine grows really well on fertile sites, the
quality of the timber is not as good as on medium and poorer sites because Scots pine
grows thick branches on fertile sites, which reduces the real attainable amount of
sawlogs and correspondingly the harvesting revenues. In the case of Norway spruce,
the most significant cause of reduced quality is likely rot, as discussed in the
introduction. Silver birch trunks have to be thick, straight, round and have only few
branches to meet the criteria set for birch saw and veneer logs. The criteria are rather
strict and thus it is not realistic to assume that all stems that meet the diameter criterion
for sawlogs would meet the other criteria as well. Veneer logs, however, were not
included in the optimization at all. It is rather hard to estimate what is the proper
reduction in value in practice for each species, but it is possible that the current results
over estimate the profitability of Scots pine on more fertile site classes and Norway
spruce could be more profitable on site class 1. Future research on this topic should
include timber quality models.
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As a practical recommendation, silver birch should be considered in the site class 1a,
when possible. Also Norway spruce is very potential for 1a. Scots pine and Norway
spruce may both be considered for site classes 1–2, given the above annotations and
relatively small differences in the BLV (Table 3). Scots pine should be considered for
site classes 3 and 4.

6.1.2 Timing of clear fell

The rotation periods for Scots pine were found to be the longest, the range being from
52 to 98 years in the cases where the BLV is positive. Norway spruce had the second
longest rotations, the optimal solutions falling in between 45–87 years with the same
criteria. Silver birch had the shortest rotations varying from 41 to 67 years. These
results occurred because of the growth rates of the species, the growth being the
slowest for Scots pine and fastest for silver birch.
The optimal rotation periods are logical as they are in general the shorter the higher
the interest rate with all species and site classes. The fact that increasing the interest
rate shortens the rotation period follows from Eq. 1 and is one of the most established
findings in forest economics. If the optimization is restricted to the form presented in
Eq. 1, increasing the interest rate automatically leads to a shorter rotation. However,
this is not the case with a more complicated optimization problem that includes also
thinnings. Because the thinnings are determined endogenously the number, timing and
intensity of the thinnings can change with interest rates and an increase in the number
or intensity of the thinnings may result in a longer rotation period. Hyytiäinen and
Tahvonen (2002) found that the shortening effect of increasing the interest rate does
not hold in all cases, as presented in section 3.2.1 concerning the results of previous
studies. In contrast to Hyytiäinen and Tahvonen’s (2002) results, in this study the
rotation period lengthened in only one case when the interest rate was increased.
There were few cases where increasing site fertility increased simultaneously the
rotation period. In Scots pine stands, this occurred in two cases and in silver birch
stands in one case. The reason behind these results was also in the endogenous
determination of timing, number and intensity of thinnings. In Scots pine stands one
of the cases was caused by increasing intensity and the other one by increasing number
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of thinnings. In silver birch stands, the reason was the both higher number and higher
intensity of the thinnings.
When it comes to the length of the rotation periods, it is clear that the periods were
shorter in this study, than in the studies concerning the optimal schedules in Finland.
None of the schedules in this study have a rotation period longer than 100 years,
whereas Hyytiäinen and Tahvonen (2002) reported 130-year rotation periods for Scots
pine on site index H(100)=21 with 1% interest rate. With 6% interest rate, the rotation
period is reported being 60–70 years for Scots pine depending on site. Hyytiäinen et
al. (2010) report 55–125 year-rotations for Scots pine in southern Finland on MT–CT
sites under 1–5% interest rates, 2 000 initial density and the traditional pricing method.
The same thing occurs in Norway spruce stands. In this study, there were rotation
periods for Norway sp4ruce no longer than 86 years, whereas Hyytiäinen and
Tahvonen (2002) showed that on site index H(100)=24 the optimal rotation is around
100 years for interest rates lower than 4%. In this study, the average rotation period
for Norway spruce was 60 years but in Hyytiäinen and Tahvonen’s (2002) results, only
the schedules on the most fertile H(100)=33 site index reached as short rotations.
Hyytiäinen et al. (2010) reported 55–105 year rotations for Norway spruce stands in
southern Finland. The same trend was seen also in the results for silver birch. Salminen
(1999a) reported 50–60-year rotations with 3% interest rate on site indexes H(50)=26–
22, whereas the current study suggests 41–46-year rotations (roughly corresponding
site classes 1a and 1).
The rotation periods were also slightly shorter than those presented by Brukas and
Brodie (1999b) for Scots pine stands in Lithuania. They reported rotation periods of
90, 70 and 60 years on H(100)=24 site index with 1%, 3% and 5% interest rates,
respectively. In this study, for example, on site class 3, the rotation periods for the
same interest rates are 81, 66 and 57 years. Brukas and Brodie (1999b) also reported
rotation periods of 70, 70 and 90 years with 3% interest rate on site indexes H(100)=30,
24 and 18, respectively. In this study, the corresponding site classes would be 1, 3 and
4 and the rotation periods 65, 66 and 75, respectively. However, when taking into
account that Brukas and Brodie (1999b) used a 10-year interval to determine the timing
of clear fell, the results for 3–5% interest rates and the more fertile site classes were
practically the same in both studies.
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It has to be remembered that the quality premium for timber assortments was not
included in the optimization and if it had been, the rotation periods may be longer. For
example, Hyytiäinen et al. (2010) showed that when the quality premium is added, the
timing of clear fell is in general later when compared to a pricing method that considers
the price for pulpwood and sawlogs. For example, in Scots pine stands in medium
fertile site (VT-type) in southern Finland with an initial density of 2 000 stems ha-1 and
under 3% interest rate the optimal age for clear felling without quality premium was
around 75 years, whereas with quality premium it was over 80 years. Quality premium
for sawlogs lengthens the rotation period, because producing the best quality sawlogs
that are thick and lack branches takes longer time than producing sawlogs that meet
only the minimum diameter for sawlogs.
From the practical point of view, these optimal rotation periods, however, are not
generally not allowed at the moment, because of the restrictions set by the current
forest law. This finding and the currently allowed rotations will be discussed in more
detail in Section 6.3.

6.1.3 Number of thinnings

The optimal number of thinnings was found to be in between 1 and 3. The number is
1–3 for Scots pine and silver birch and 1–3 for Norway spruce. In the scenarios
yielding positive BLV, the number is 2–3 for the conifers and 1–3 for silver birch.
However, two thinnings is the optimal number in most of the scenarios for both
Norway spruce and silver birch, whereas the results are more divided in Scots pine,
more than half of the schedules yielding positive BLV having three as an optimal
number.
The number of thinnings are well in line with current Finnish practice and the
silvicultural recommendations. Two or three thinnings are common for all species, one
thinning being quite rare in actively managed forests. The results are also rather well
in line with the results by Hyytiäinen et al. (2010), as they report one to four thinnings
for Scots pine stands in southern Finland with the initial density of 2000 trees ha-1 and
with an interest rate of 1–5%. Four thinnings were optimal only on the most fertile
sites with the lowest interest rates and one thinning was optimal only on least fertile
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sites with high interest rates. Thus, two or three was the most common number of
thinnings. For Norway spruce in southern Finland with the initial density of 1800 trees
ha-1 and with an interest rate of 1–5% they reported two thinnings for all but one
scenario, where the number is three. However, it has to me remembered that the
optimal rotation periods where shorter in this study than what was reported by
Hyytiäinen et al. (2010), denoting need for same number of thinnings in shorter time.
This implies that the growth capacity of the Estonian sites is higher than in Finland,
because as discussed earlier, the number of thinnings is generally higher with
increasing site fertility.
The results of the study by Hyytiäinen and Tahvonen (2002) are not completely
comparable since they used a nearly unrestricted optimization, meaning that only the
maximum amount of thinnings was set to seven, but the minimum harvested volume
was not set at all. This lead to zero to seven optimal thinnings for Scots pine, depending
on the fixed harvesting cost. For Norway spruce, the number was in between zero and
three. Despite the extremely high or low number of thinnings on certain cases, the
number was in between one and three in most cases for both species. Brukas and
Brodie (1999b) reported 2–4 major thinnings for Scots pine on site indexes
H(100)=30–15 when 3% interest rate is applied. The very light thinnings, as discussed
in Section 3.2.1, are not considered. The number of thinnings wass three on all
corresponding site classes in this study. Salminen (1999a) showed greater variance for
the number of thinnings on silver birch stands, as he reported 1–4 thinnings with 1–
3% interest rates on site indexes H(50)=26–22. The corresponding range would be 2–
3 thinnings on site classes 1a and 1 in this study.
In summary, there is little variation in the number of thinnings for all species in
comparison to previous studies. Detailed practical recommendations are not given,
because the current forest law affects the optimum.

6.1.4 Timing of the first thinning

The timing of the first thinning is usually defined as the dominant height of the stand
in Finnish silvicultural recommendations and previous studies. In this study the timing
of the first thinning is presented as the average height of the stand, because the height
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models that were used in this study give the average height of the stand instead of the
dominant height. Since dominant height is calculated as the average height of the one
hundred tallest trees in the stand, it is larger than the arithmetic average of the whole
stand, if there is variation in the height within the stand. Thus, the comparison in the
timing of the first thinning with the results of this study and previous studies and
guidelines suffers from the different determination of height.
The results of this study clearly denote that the timing of first thinning for conifers
would be earlier in many cases than what the Finnish findings recommend (Table 12).
The results for Silver birch, on the other hand, are well in line with the silvicultural
recommendations. However, it must be remembered that the height presented in this
study is the average height, not the dominant. Thus, the results would be somewhat
higher if the results were reported as in dominant height. Despite the fact that the
timing for the first thinning on conifer stands seems to be lower than in the Finnish
studies in most cases, the range in the results of this study is wider, covering also the
silvicultural recommendations and the results by Hyytiäinen et al. (2010).

Table 12. The dominant height (m) at the time of the first thinning. The results for this
study are reported as average height (m).
Study
Hyytiäinen and Tahvonen (2002)

Hyytiäinen et al. (2010), 1300 dd*

Finnish recommendations

This study

Species

Sites

Range

Scots pine

H(100)=18–30

15.5–18.5

Norway spruce

H(100)=21–33

15.0–19.5

Scots pine

MT–CT

11.5–13.5

Norway spruce

OMT-MT

14.0–16.0

Scots pine

Nonspecified

10.0–15.0

Norway spruce

Nonspecified

13.0–16.0

Silver birch

Nonspecified

13.0–15.0

Scots pine

Site classes 1–4

8.9–15.6

Norway spruce

Site classes 1a–3

9.7–17.1

Silver birch

Site classes 1a–3

12.6–15.3

*) 1300 dd (degree days) denotes the heat sum for southern Finland. Initial density for
Scots pine 2000 stems ha-1 and 1800 stems ha-1 for Norway spruce. Traditional pricing
method applied.

The Finnish silvicultural guidelines state that the timing of the first thinning for Scots
pine in managed forests in southern Finland is done normally at 13–15 m dominant
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height, and there should be 900–1 000 trees left per hectare if the thinning is done from
below and at 10–12 m dominant height with 1 100–1 300 trees left per ha, if the
thinning aims at leaving only best-quality trees. Thinning from below is the normal
thinning method in good-quality stands and if the stand is over-dense or the trees have
thick branches, the thinning is done as quality thinning. For Norway spruce, the
recommended timing is at 13–16 m dominant height in southern Finland, leaving 900–
1 100 trees per hectare. For silver birch, the recommended timing is at 13–15 m
dominant height, leaving 700–800 trees per hectare. (Metsänhoidon suositukset 2014).
The results of this study considering the stand density after the first thinning are rather
similar to the Finnish silvicultural recommendations. For Scots pine, the average
residual number of trees was 1 160 trees per ha, which is a bit over the recommended
range for well-managed Scots pine stands, but it is in the middle of the range if qualitythinning is performed. In Norway spruce stands, the average residual density was
1 031 trees per ha which is nearly exactly in the middle of the recommended range.
For silver birch, the average density of 964 trees per ha exceeds the recommended
range of 700–800 trees per ha in southern Finland. Especially the results regarding the
residual density of the conifer stands indicate that the timing of the first thinning in
Estonia might be even closer to the one in southern Finland than what Table 12 implies.
If the dominant height at the time of the thinning were significantly lower than in
southern Finland, the residual density would be most likely correspondingly
significantly higher. Since the densities are close to each other, it is likely that the
dominant height would be rather close to the one in southern Finland.
There is a key difference between the results by Hyytiäinen and Tahvonen (2002) and
this study in comparison Hyytiäinen et al. (2010) in the effect of interest rate on the
timing of the first thinning. As it was presented in Fig. 6 and as it can be seen also in
Fig. 8, Fig. 9 and Fig. 10, higher interest rate clearly prepones the first thinning.
Hyytiäinen and Tahvonen (2002) have similar results. On the contrary, according to
Hyytiäinen et al. (2010), higher interest rate is more likely to postpone the first
thinning, but on many cases, the timing of first thinning is insensitive to changes in the
interest rate.
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6.1.5 Thinning intensity

The thinning intensities were notably high in most of the scenarios, being close to the
maximum allowed 40% of the basal area. The intensity of the first thinning was 40%
in nearly all scenarios with all species.
It has been found in many studies (e.g. Valsta 1992; Hyytiäinen and Tahvonen 2002;
Tahvonen et al. 2013) that raising the interest rate increases the thinning intensity and
reduces the number of thinnings. As shown in Table 4, the number of thinnings
generally decreases towards the highest interest rates, but given the notably high
thinning intensities on all scenarios and all thinnings, it is not as simple to draw the
conclusion that the thinning intensity rises with the interest rate. When compared to
the results by Hyytiäinen and Tahvonen (2002), the thinnings were more intense with
low rates of interest in this study, as in Scots pine stands on site index H(100)=24 the
intensity of all four thinnings was in between 20–30% with lower than 2.5% interest
rate. For Norway spruce stands Hyytiäinen and Tahvonen (2002) showed that the
intensity for both thinnings was 20% with 1.5% or lower rates of interest, on site index
H(100)=27. On the contrary, the intensity increased drastically with higher interest
rates in their study. The intensity was in between 60–80% in Scots pine stands for the
only thinning in question, with higher than 4% interest rate, and for the second thinning
under 3% or higher interest rates. For Norway spruce they reported the thinning
intensities to be 70–80% with 3% or higher interest rates. For the second thinning the
intensity was nearly 60% already with 2% interest rate. Thus, there was a lot less
variation in the thinning intensity in this study, which can be also explained by the
maximum limit at 40%.
There is also a lot of unexpected variation in the thinning intensities among scenarios
in a sense that increasing interest rate lowered the intensity of some of the thinnings,
even though most of the variation was low. This is most likely explained by the random
variation that is always present in the optimization since the reason cannot be the
endogenous determination of the variables, if the timing or number of thinnings do not
change. The variation, however, was relatively small (Fig. 7), especially when
compared with the results by Hyytiäinen and Tahvonen (2002).
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The most important implication of these results for practice is that in general, first
thinning should be intensive, nearly 40% of the basal area an all scenarios.

6.1.6 Basal area

The present results confirm the finding that when the alternative cost of the capital is
low, the stand density, as measured by the basal area, is kept at higher level throughout
the rotation than with a higher cost of capital. However, the basal area is often
decreasing throughout the rotation with a low cost of capital, especially in Scots pine
stands. With higher interest rates, the basal area is lowered by preponing the first
thinning, after which it generally peaks at the second or third thinning. In silver birch
stands, the differences in the schedules appear mostly as longer rotations with lower
interest rates.
The basal area development for all species is mainly logical and there are both
similarities and incoherencies with the findings of several previous studies. It has been
found that the stand density, as measured by the basal area, is generally the highest
with the lowest interest rates (e.g. Salminen 1993a; Hyytiäinen and Tahvonen 2002;
Hyytiäinen et al. 2004). This is rational since with the lowest interest rates the
alternative cost of keeping the capital bound in the stand is the lowest. Thus, as the
alternative cost, denoted by the interest rate, rises, it is reasonable to realize the capital
in the standing timber by selling roundwood. This can be seen as lower basal area
throughout the rotation. The results of this study confirm these findings as the basal
area is the highest throughout the rotation with 1% interest rate in all scenarios.
The basal area has been also found to be often decreasing towards the end of the
rotation after the first thinning, especially with higher interest rates (e.g. Valsta 1992;
Hyytiäinen and Tahvonen 2002, 2003; Hyytiäinen et al. 2004). The current results are
somewhat contradictory with these previous findings. For example, Hyytiäinen and
Tahvonen (2002) reported that on an average site the basal area is slightly increasing
throughout the rotation with 1% interest rate in conifer stands. Hyytiäinen et al. (2010)
presented strongly increasing basal area development for both conifers with 1–2%
interest rates in southern Finland. On the contrary, according to findings by Salminen
(1999a), the basal area is strongly decreasing on fertile sites for Norway spruce stands,
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and on all sites for silver birch stands with 1% interest rate. For Scots pine stands and
low interest rates, he has rather similar findings as Hyytiäinen and Tahvonen (2002).
As shown in Section 5.1.5, in this study the basal area was found to be decreasing after
the first thinning with 1% interest rate in conifer stands in general. In silver birch
stands, the current results show moderate increasing development.
With higher interest rates, the findings of this study regarding the basal area were
remarkably different than those presented by e.g. Valsta (1992), Hyytiäinen and
Tahvonen (2002) and Hyytiäinen et al. (2004). Those studies showed that with higher
interest rates the timing of first thinning did not differ notably of the interest rates, but
the stand density was largely lowered by heavy first thinning, after which the basal
area was kept at low levels. In this study, on the contrary, the basal area was decreased
to a lower level by preponing the first thinning, after which it was also allowed to
increase until the second thinning. As shown earlier, the basal area generally peaked
at the second thinning and then slightly decreased towards the end of the rotation,
whereas the listed previous studies showed strongly decreasing basal area after the first
thinning. However, Hyytiäinen et al. (2010) reported generally similar development
for Scots pine with higher interest rates in southern Finland. For Norway spruce, their
results are rather different, as they present increasing basal area on MT-site with 1–
5% interest rates. Salminen (1999a) suggested similar logic for most Scots pine and
Norway spruce schedules with 3% interest rate, which was the highest rate of interest
considered in the study. For silver birch, his results denote strongly decreasing basal
area with 3% interest rate, which is in conflict with the current findings.
It is recommended to keep the stand density at a relatively high level throughout the
rotation if the cost of capital is low, yet the basal area should be decreasing after the
first thinning. Under higher interest rates, the stand density as measured by the basal
area should relatively similar at all fellings. Also, the basal area after the thinnings
should at about the same level after all thinnings.

6.2 Optimization with no thinnings

Leaving out the thinnings from the optimization resulted in economic losses, which
were the most significant for Scots pine schedules and least significant for silver birch
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schedules. The losses were also relatively largest under highest interest rates in
consideration.
The optimization where no thinnings were allowed did not provide any major
surprises. It was expected that maximizing the BLV requires thinning the stand. Also
since the optimal results included 1–3 thinnings for each species and scenarios it was
evident that removing the thinnings result in losses in BLV. The relative losses that
follow if all thinnings are excluded, are nearly exactly the same that Valsta (1992)
reported for Norway spruce on MT-site with 3% interest rate. According to his
findings, the loss is 45% on the scenario in question, and the results of this study state
that the loss on the corresponding site class and interest rate combination is 49%.
Additionally, he found that all scenarios where 1–4 thinnings were done, increased the
returns by 15–45% in comparison to the situation where no thinnings were done. The
optimum number of thinnings was 2–3, even though most of the benefit was already
acquired by thinning once.
These results emphasize that in practice, forest management is needed throughout the
rotation to maximize the BLV. Furthermore, the current results strongly indicate that
the thinnings are needed the most in Scots pine stands, as it was found that the losses
are the largest in Scots pine stands if no thinnings are performed.

6.3 Optimization with forest law constraints

The current forest law was found to constrain most of the optimal schedules and
following the forest law results in economic losses. The losses were relatively largest
for Scots pine and under increasing interest rate, in general. Following the legal limits
lengthened the rotation period. The increase in rotation was largest for Scots pine and
smallest for Silver birch. In half of the scenarios, clear fell was done at the minimum
diameter or age and in the rest of the scenarios above the minimum diameter limit. The
optimal number of thinnings was three for all species in general.
The timing of the clear fell was expected to be postponed and the increase in rotation
to be the largest on the least fertile site classes, given that the optimal solutions were
below the legal limits (Fig. 11). The rotations were also the longest under the lowest
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interest rates in the optimal schedules, which is why the changes in the rotation are the
smallest under the lowest interest rates. However, in Scots pine stands the changes are
rather high also with the lowest rates on the least fertile site classes. The rotation
periods for the conifers following the legal limits under medium interest rates (3–4%)
were notably close to the ones reported by Hyytiäinen et al. (2010) and which were
presented in Section 3, discussing the previous studies (Table 1; Table 2).
The number of thinnings was found to increase in many cases from two to three, which
is also reasonable, as there is a positive correlation with the number of thinnings and
the rotation period length, in general. Once again, the number of the thinnings was
remarkably stable for all species, most common number being three. The number of
thinnings for Scots pine schedules was in general the same as Hyytiäinen et al. (2010)
reported for Scots pine in southern Finland, yet the range was 1–4 in their study. These
results imply that the number of thinnings may be more sensitive to more sophisticated
growth and cost models. The number of thinnings for Norway spruce schedules was
higher in this study than what was reported by Hyytiäinen et al. (2010). This is a
notable difference given that the rotation periods are very close to each other in both
studies. However, analyzing the difference in the parameters that causes this is not
unambiguous, because as discussed earlier, Hyytiäinen et al. (2010) used individualtree growth models and logging costs that depended on both total harvested volume
and average volume per harvested tree. However, shorter optimal unrestricted
rotations from this study imply higher growth capacity in Estonia than in Finland,
which likely results a greater number of thinnings, if the rotation period is forced to be
longer than optimal.
When taking the legal limits into account, it was unexpected that the stand was grown
further in several scenarios, even though the minimum diameter limit had already been
met. This was unforeseen because the optimal timing of the clear fell were notably far
from the minimum limits, when the law limits were not taken into account. Thus, it
was expected that when the law limits are added to the optimization, the timing of clear
fell would be either on the diameter or age limit. These results imply that if the clear
fell is not allowed at the optimal timing, in many cases it is optimal to do an additional
thinning and aim at increasing the sawlog volume by growing the stand further and
surpassing the minimum diameter limits, instead of keeping the number of thinnings
unchanged and postponing the clear fell only until the diameter limit is met.
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When the losses are compared with the losses that result if no thinnings are done (Table
5), the losses that result from following the law limits are notably lower. This strongly
indicates that differing from the optimal schedules by leaving the thinnings out leads
to the greatest losses and increasing the rotation period is not as severe if the stand is
thinned throughout the rotation.
The recommendation for Scots pine stands is to clear fell the stand at the legal
minimum age only in site class 4. In site classes 2–3 the stand should be felled at the
minimum diameter and in site class 1 the minimum diameter limit may be exceeded.
The recommendation for Norway spruce is to clear fell the stand at the age the clear
felling is allowed in site class 1a under all rates of interest and in site class 1 under 3–
5% rates of interest. In other site classes and scenarios, the diameter limit should be
considered for the timing. In silver birch cultures legal age limit should be followed in
site class 3. In other scenarios stand should be felled after the diameter limit has been
exceeded.

6.4 Sensitivity analysis for pulpwood price

As expected, the BLV of stands was sensitive to the changes in the pulpwood price.
The changes were the lowest for Scots pine and highest for silver birch. Increasing
pulpwood price was found to shorten the rotation period in Norway spruce and silver
birch stands, and the effect was larger for Norway spruce. In the case of Scots pine,
the effect of increasing the interest rate on the rotation depended on the starting price.
The BLV of the stands naturally changes when timber price is altered. The relative
changes in the BLV in silver birch were remarkably high, which is largely explained
by the fact that the starting point BLV for silver birch in the given scenario is less than
40% of BLV of Scots pine and Norway spruce. Thus, equally large absolute changes
are relatively a lot larger for silver birch. However, also the absolute changes were the
largest in silver birch stands. This is logical since the share of pulpwood of the total
volume harvested is much higher for Silver birch than for the conifers on all site
classes.
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The results concerning the sensitivity of optimal clear fell age are mainly logical and
follow previous findings. It has been found that an increase in the price of pulpwood
lowers the optimal clear fell age and an increase in the price of sawlogs raises it
(Pukkala 2006). The effect is linked to the fact that higher sawlog prices increase the
cash flows from latter thinnings and the clear fell relatively more than the cash flows
from early thinnings, where the sawlog yield is low. Thus the value growth in mature
stands is higher with higher sawlog prices. The topic was briefly discussed also in
Section 2.1. Nyyssönen and Ojansuu (1982) studied also the effect of pulpwood price
on the value increment percentage of the stand. According to their results, higher price
for pulpwood lowers the relative value increment percentage in mature stands. This
implies that the optimal timing for clear fell is the earlier the higher the price for
pulpwood.
This described effect can be seen in the results for Norway spruce and silver birch in
this study. The effect was the strongest in Norway spruce stands, where a 20% change
in the pulpwood price alters the optimal clear fell age by one, on average. However,
the results for Scots pine contradicted with these findings. The clear fell was
surprisingly postponed when the pulpwood price was increased from the base scenario.
The largest increase between the steps was when moving from +40% scenario to +60%
scenario. This is the same interval where the first thinning was postponed by four
years. As the number of thinnings remained the same, postponement in the first
thinning very likely caused the rotation period to lengthen. Postponing the first
thinning with a higher pulpwood price is logical in a sense that higher pulpwood price
increases the income of the first thinning relatively the most and by postponing the
thinning the harvested volume and acquired income can be increased. Pukkala (2006)
noted also that postponing the first thinning is logical if the number of pulpwood stems
is soon increasing in the stand. This, however, explains only the increase in rotation
when moving from the +40% scenario to the +60% scenario, but not the two-year
increase when moving from the 0% scenario to the +40% scenario. There were only
minor changes in the intensity of the second thinning in that interval, but it does not
explain the systematic increase in rotation length, since the variation in the intensity
of the second thinning is not monotonic. Thus, it has to be concluded that the surprising
results were due to the random variation in the optimization.
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The only major change in the thinning schedules was the increase in the number of
thinnings in Norway spruce stands when the pulpwood price was decreased below the
basis level. It is reasonable that at very low pulpwood prices the first thinning is
preponed and the sawlog volume is maximized throughout the rotation. Pukkala (2006)
has similar results regarding the thinning schedules, as he reports that the wood prices
affect only a little the timing and intensity of the thinnings and only marginally the
thinning type.
From the practical point of view, the results of this study strengthen the implication
that the thinning schedules are rather insensitive to changes in wood price and thus the
thinning practice should be based on the stand characteristics. In addition, the current
results suggest that with low pulpwood prices it is optimal to prepone the first thinning
in Norway spruce stands, perform an additional thinning and postpone the clear fell.
Lastly, it has to be remembered that given the current legal restrictions on the rotation
period, preponing the clear felling as a result of higher price for pulpwood would not
be allowed in many scenarios (Fig. 12).

6.5 Suboptimal stands

All species were found to have a threshold stocking level, at which it is optimal to
grow the stand further instead of clear felling it immediately. The thresholds were 800,
600 and 400 stems for Scots pine, Norway spruce and silver birch, respectively. As
percentage of the total stems, these numbers correspond to 40%, 33% and 25%,
respectively. The change in the rotation at the threshold was the largest for Scots pine
and lowest for silver birch.
The results for Scots pine follow the logic that the least productive sites have the
longest rotation periods and the least thinnings. The least productive sites in this case
are considered to be the scenarios with the lowest number of Scots pine trees that still
include thinnings and the postponed clear fell. When the productivity, i.e. the number
of Scots pine stems increases, the rotation period is shortened and the number of
thinnings is increased.
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There was more unexpected development and variation in the results for Norway
spruce and silver birch. For example, in the Norway spruce stands, the rotation period
both increased and decreased between the scenarios including 600–1 400 Norway
spruce stems (Fig. 14). However, the variation was really small, as noted before. A
major difference occurred when the number of Norway spruce was increased to 1 600
as the rotation period increased by ten years and one additional thinning was included.
An additional simulation was performed by increasing the number of Norway spruce
stems to 1 800, i.e. 100% of the whole stand and keeping the initial state of the stand
otherwise the same. In this scenario, the rotation period dropped ten years back and
the additional thinning was removed. This finding implies that the unexpected result
was a result of the random variation in the optimization. In silver birch stands, the
unexpected result occurred in the scenario where the number of silver birch stems was
600, as the rotation period shortened in comparison to the scenario with 400 stems and
the only thinning was removed. With a higher number of silver birch stems there was
also minor variation in the timing of clear fell. The reason for the illogicality in the
600-stem scenario was not revealed, but given the results for Norway spruce, it is
possible that the reason was the random variation also in this case. After all, also the
threshold for silver birch holds, because immediate clearcut was not profitable with
higher silver birch stocking levels.
There is a significant difference in the present results in comparison to the ones
presented by Salminen (1993b), as he reported the minimal number of stems to be only
100 for both Scots pine and Norway spruce on site class H(100)=27 and 3% interest
rate in Finland. The site in question is the closest corresponding site to site class 2 in
Estonia. The difference is especially large when taking into account that the simulation
in this study included also the less valuable broadleaved species that are sold for
energy, whereas Salminen (1993b) considered the stand to consist of only Scots pine
or Norway spruce.
The recommendation is that if the share of the main tree species in mid-rotation stands
is less than 40%, 33% or 25% of the total stems in understocked Scots pine, Norway
spruce and silver birch stands, respectively, the stand should be clear felled and
regenerated with the main tree species.
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6.6 Limitations of the study and proposals for future research

There were several major limitations in the study that could be improved in future
research. First, the regeneration chains had only cost effect in the optimization,
meaning that adding or removing operations did not affect the growth rates. Improving
the regeneration chain requires further studies about the forest renewal methods. For
example, soil scarification in this study was considered being the same undefined
scarification regardless of the site and species, because of lack of experience of
different scarification methods in Estonia. Cost-benefit analysis on the cleaning and
tending of seedling stands would be needed as well. Detailed models capable of
describing the juvenile growth of the stand would be needed in general. Regeneration
chain matters because the forest management before the commercial thinnings define
to a large extent the development and the tree species distribution of the stand at old
age.
Second, there are many things that could be improved for better thinning schedule
optimization. More sophisticated growth models, for example individual-tree models,
would be an excellent starting point for further studies, as the precision of the wholestand models is more restricted. Third, more detailed timber assortments could be
taken into account by including several classes for logs, based on the quality. The
pricing and timber assortment categorizing method has effect on both thinning
schedules and rotation period, as shown by Hyytiäinen et al. (2010). This analysis
would require also accurate models capable of describing for example the stem form
and number, type and thickness of branches in Estonia. Fourth, more sophisticated
harvesting cost models that take the average volume of the removed trees and the total
harvested volume into account would be needed to describe the cash flows of different
harvests accurately, as for example Valsta (1992) has applied. The relative profitability
of different fellings affects also the schedule. Fifth, the thinning type could also be
added to the optimization as now it was considered that all thinnings are done from
below.
Lastly, it must be remembered that the optimization in this study was run to find the
economic optimum, ignoring all other values or aspects. Thus, it cannot be stated that
the forest law limits the forest owners from other aspects. If, for example, carbon
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sequestration, had been included in the optimization, the results may be different.
Forestry, the forest law and the potential increase in the harvesting volumes is currently
a hot topic in Estonia from the environmental and climatic aspects (Estonia’s trees:
Valued… 2017). At the same time, the discussion in the European Union (EU) about
the carbon emissions and sequestration of the land use sector including forests,
strongly denote that carbon balance is more and more important to be taken into
account when planning forestry on large scales (European Commission 2017). Given
this, it would be reasonable to pair for example carbon sequestration with the BLV
maximization in the optimization to find schedules that maximize both and to increase
the transparency of forestry from the sustainability aspect.
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7 Conclusions

The aim of this study was to define the optimal harvesting schedules for Scots pine,
Norway spruce and silver birch on various forest sites in Estonia. The optimization
was run by both ignoring and considering the law restrictions to see whether the current
forest law restricts the optimal schedules. Additional analysis omitting the thinnings
was conducted to find the significance of forest management on the economic
outcome. In addition, a sensitivity analysis on the pulpwood price was performed to
see the response in BLV and the harvesting schedules. The last aim was to find the
threshold for the number of main tree species in a mid-rotation mixed-species stand,
at which it is profitable to grow the stand further instead of immediate clear felling.
All steps and analyses were completed by applying the Faustmann (1849) rotation
model and Hooke and Jeeves’ (1961) optimization method. The results were compared
mainly with the results of previous Finnish studies on the subject, to find out what are
the potential differences that must be taken account when planning the forest
management in Estonia.
Scots pine was found to be the most profitable species in an overwhelming majority
of the scenarios, silver birch being the optimal species in the most fertile site. Norway
spruce was found to be a potential option in sites with high and medium fertility. The
rotation periods are the longest for Scots pine and shortest for silver birch. The optimal
number of thinnings is three in most of the scenarios with the current legislation. The
threshold share of the less valuable broadleaved species in a mid-rotation mixedspecies stand at which it is optimal to grow the stand further instead of an immediate
clearcut depends on the species. The threshold is the highest in Scots pine stands and
lowest in silver birch stands.
Current forest law was found to limit the optimal timing of clear fell in nearly all cases,
resulting in economic losses. As a result, the currently allowed optimal timing of clear
fell was found to be on the law limits or very close to them in most of the scenarios.
From the practical point of view, if the regulation on forestry is not remarkably
reduced, the most essential ways of creating additional value in even-aged forestry are
to improve the regeneration chain and the thinning schedule, because the timing of
clear fell cannot be preponed. The results about the optimization with no thinnings
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clearly show that forest management is needed to maximize the economic value of the
forests. The losses were, however, higher than what followed from the legal
restrictions, denoting that if the stand is thinned during the rotation, postponing the
clear felling is not as severe as leaving out the thinnings. The pulpwood price analysis
revealed that changes in the pulpwood price do not affect the thinning schedules
significantly. Thus, the thinning recommendations can be given focusing on the stand
development rather than timber price, since the stand development affects the optimal
timing more than the price for timber does.
The comparison to the Finnish studies revealed that many Finnish forest management
practices especially from southern Finland can be applied also in Estonia, as many
findings are also valid in Estonia. For example, the suitability of the species for various
sites based on the relative fertility of the site, the relative lengths of the rotation periods
among the species and the number of thinnings are very similar in both countries. Then
again, silver birch is considered as secondary species in Finland, but in this study, it
was found that silver birch outperforms the conifers in the most fertile site and
therefore it should be considered when possible. Also, the shorter optimal rotation
periods, partially differing optimal number of thinnings and the earlier optimal timing
of the first thinning with medium and high interest rates denote that local practices
must be developed as well.
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Annexes

Annex 1. Growth models

Target age for the tree species for reaching the breast height and corresponding DBH
are shown in Table A.1. Growth models by Kiviste and Kiviste (2009) were applied
for stands after they had reached the breast height.

Table A.1. Target age and DBH for all species at breast height.
Scots pine

Norway spruce

Silver birch

Site class

Target age

DBH (cm)

Target age

DBH (cm)

Target age

DBH (cm)

1a

-

-

6

0.7

3

0.7

1

6

0.7

7

0.7

4

0.7

2

7

0.6

8

0.6

5

0.6

3

8

0.6

10

0.6

6

0.6

4

10

0.5

-

-

-

-

Height and diameter growth models (Kiviste and Kiviste 2009):

Height (H2, m) at desired age A2:

𝐻2 =

𝐻1 + 𝑑𝐻 + 𝑟𝐻

(A.1)

2
𝐴−𝑏𝐻
2

2 + 4 ∗ ϐ𝐻 ∗
𝐻1 − 𝑑𝐻 + 𝑟𝐻

Diameter (D2, cm) at desired age A2:
𝐷1 + 𝑑𝐷 + 𝑟𝐷

𝐷2 =
(

−𝑏𝐷 2

2 + 4 ∗ ϐ𝐷 ∗ 𝐴2
𝐷1 − 𝑑𝐷 + 𝑟𝐷

(A.2)
)

i

Coefficients ϐH and ϐD (ln is a function of the normal logarithm):
ϐ𝐻 = 𝐶𝐻0 − 493 ∗ 𝑙𝑛(𝑂𝐻𝑂𝑅 + 1) + 1355 ∗ 𝐾

(A.3)

ϐ𝐷 = 𝐶𝐷0 − 306 ∗ 𝑙𝑛(𝑂𝐻𝑂𝑅 + 1)

(A.4)

K denotes origin of the stand. K=0 if stand naturally regenerated, K=1 if stand is
planted.

Table A.2. Estonian forest site types by Lõhmus (1984) and thickness of organic layer
of soil (OHOR).
Code OHOR Site type

Code

cm

OHOR Site type
cm

LL

2

Arctostaphylos-alvar

SL

1

Hepatica

KL

1

Calamagrostis-alvar

ND

1

Aegopodium

SM

4

Cladonia

SJ

15

Dryopteris

KN

5

Calluna

AN

10

Filipendula

SN

20

Vaccinium uliginosum

TAN

15

Carex-Filipendula

PH

4

Rhodococcum

OS

20

Equisetum

JPH

4

Oxalis-Rhodococcum

TR

20

Carex

MS

10

Myrtillus

RB

50

Raised bog

JMS

6

Oxalis-Myrtillus

SS

50

Transitional bog

KMS

13

Polytrichium-Myrtillus

MDS

50

Alder-birch swamp

KR

20

Polytrichium

LD

50

Alder fen

JK

4

Oxalis

KS

50

Drained swamp

Variables dH, rH, dD and rD:
𝑑𝐻 =

ϐ𝐻
50𝑏𝐻2

𝑟𝐻 = √(𝐻1 − 𝑑𝐻)2 +

(A.5)

4 ∗ ϐ𝐻 ∗ 𝐻1

(A.6)

𝑏𝐻2

𝐴1

ii

𝑑𝐷 =

ϐ𝐷
50𝑏𝐷2

𝑟𝐷 = √(𝐷1 − 𝑑𝐷)2 +

(A.7)

4 ∗ ϐ𝐷 ∗ 𝐷1

(A.8)

𝑏𝐷2

𝐴1

Table A.3. Parameters for height and diameter algebraic difference equations (Eq.
A.5–A.8).
Species

bH2

bD2

Scots pine

1.58

1.33

Norway spruce

1.71

1.54

Silver birch

1.48

1.37

Grey alder

1.38

1.38

Volume and basal area models (Keskkonnaministri 2009):

Volume for young stands (height from 1,3m to 6m):
𝑀1,3…6𝑚 = 0.0000785 ∗ 𝐷2 ∗ 𝐻 ∗ (𝑎 +

𝑏
) ∗ 𝑁,
𝐻𝑐

(A.9)

where M is volume, m3 ha-1, D is average DBH cm, H is average height, m, N is the
number of the trees per ha and a, b and c are parameters.

Volume for older stands (height over 6m):
𝑀𝐻>6𝑚 = 𝐺 ∗ 𝐻 ∗ 𝐹,

(A.10)

where G is stand basal area at breast height, m2 ha-1, H is average height, m and F is
average breast height form, which is acquired as following:
𝐹=𝑎+

𝑏
+ 𝑐 ∗ √𝐻 + 𝑑 ∗ ln(𝐻)
𝐻

(A.11)

iii

Basal area:
𝐺=

𝑀
𝐻∗𝐹

(A.12)

Table A.4. Values for parameters a, b and c (Eq. A.9–A.12).
Parameter

Species
Scots pine

Norway spruce

Silver birch

Grey alder

a

0.6321

0.6819

0.5922

0.5964

b

13.4558

55.1416

46.7815

28.1186

c

3.3642

4.757

4.1932

3.7832

Self-thinning model (Padari et al. 2009)

The number of trees after one-year simulation of growth per ha can be acquired by the
following steps:
First, the sparsity of the forest, (average distance between trees) is calculated:
𝐿=

10 000
√𝑁

(A.13)

,

where N is the number of trees per ha. Second, the mood sparsity of the forest, cm,
Lmode, limit of the sparsity of the forest, cm, Llimit and a coefficient of the increment of
the diameter, kD, are calculated as following:
𝐿𝑚𝑜𝑑𝑒 = 𝑎𝐿 + 𝑏𝐿 ∗

𝐿𝑙𝑖𝑚𝑖𝑡 =

𝐿𝑚𝑜𝑑𝑒
,
1.34

𝐷2
,
𝐻

(A.14)

(A.15)

iv

𝐿
( 𝑚𝑜𝑑𝑒
)6
𝐿
𝑘𝐷 = 2 − 2 ∗
𝐿
6
( 𝑚𝑜𝑑𝑒
𝐿 ) +1

(A.16)

Constants aL and bL are shown in Table A.5. Third, a specifier Ldifference is used to
characterize the difference between actual sparsity and the limit of the sparsity:
𝐿𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐿 − 𝐿𝑝𝑖𝑖𝑟

(A.17)

Fourth, a specifier K is defined:
8 ∗ 𝐿𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑏𝐿
𝐾 = √(𝑎 −
)∗
3 ∗ 𝐿𝑙𝑖𝑚𝑖𝑡
1.34

(A.18)

Fifth, the sparsity of forest after growth of forest, cm, is acquired as following:
𝐿𝐴+1 = 𝐿 + 𝐾 ∗ (

𝐷 + 𝑧𝐷2 𝐷2
− ),
𝐻 + 𝑧𝐻
𝐻

(A.19)

where D is the average DBH, H is the average height, zD is increment of the average
diameter using kD with Eq. A.16 and forest growth by the difference models by Kiviste
and Kiviste (2009) (Eq A.2.), m.
Sixth, the limit of the sparsity of the forest after one-year growth is presented as:
𝐿𝑙𝑖𝑚𝑖𝑡,𝐴+1 = 𝑎𝐿 + 𝑏𝐿 ∗

(𝐷 + 𝑧𝐷)2
𝐻 ∗ 1.34

(A.20)

Llimit, A+1 denoted the sparsity after the growth if the sparsity calculated after the growth
(LA+1) was less than the limit of the sparsity Llimit, A+1.
Lastly, the number of the trees after the simulation of one-year growth was calculated
as following:
𝑁𝐴+1 =

100 000 000
,
𝐿2𝐴+1

(A.21)
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Table A.5. Constants in self-thinning model (Eq. A.14, Eq. A.18, Eq. A.20).
Constants

Species

aL

bL

Scots pine

42.8

14.23

Norway spruce

56.2

14.51

Silver birch

117.0

14.15

Grey alder

84.2

14.85

Annex 2. The diameter distribution models

The probability density function for the Weibull random variable x is
𝑓(𝑥) =

𝑐 𝑥 − 𝑎 𝑐−1
𝑥−𝑎 𝑐
(
) exp(− (
) )
𝑏
𝑏
𝑏

(𝑎 ≤ 𝑥 ≤ ∞)

(A.22)

= 0(𝑥 < 𝑎)

The cumulative distribution Weibull-function:
𝐹(𝑥) = 1 − exp (− (

𝑥−𝑎 𝑐
) )
𝑏

(𝑎 ≤ 𝑥 ≤ ∞)

(A.23)

= 0(𝑥 < 𝑎)

Parameters a, b and c for Scots pine (Mykkänen 1986):
𝑎 = exp(−1.306454 + 1.154433 ∗ ln(𝐷))

(A.24)

𝑐 = exp(0.647888 + 0.025530 ∗ D − 0.005558 ∗ G)

(A.25)

vi

𝑏=

𝐷−𝑎

1 ,
−𝑙𝑛0.5 ⁄𝑐

(A.26)

where D is the average DBH of the stand, cm and G is the basal area of the stand, m2
ha-1.

Parameters a, b and c for Norway spruce (Kilkki 1989):
𝑎 = 0.001389 + 0.517444 ∗ 𝐷

(A.27)

𝑏 = ln(−0.346223 + 0.934993 ∗ ln(𝐷) − 0.000925 ∗ 𝐺)

(A.28)

𝑐=

ln(− ln(0.5))
ln(𝐷 − 𝑎)
𝑏

(A.29)

Parameters a, b and c for Silver birch (Siipilehto 1999):
a is estimated to be 0.
𝑐 = 3.7062 + 0.08632 ∗ 𝐷 + 0.02185 ∗ 𝐴 − 0.1126 ∗ 𝐺

𝑏=

𝐷

(A.30)

(A.31)

1
(−ln(0.5) ⁄𝑐

Annex 3. The taper curve and height models for the description trees

Taper curves are the ones presented by Laasasenaho (1982) and can be found described
in detail in his study.
The height models for the description trees are the following (Padari 2004):

vii

𝑘ℎ =

𝐻

(A.32)

𝐷
1.3 + 𝑐1 ∗ (𝐷 + 𝑐 )𝑐3
2

𝐻𝑡𝑟𝑒𝑒 = 𝑘ℎ ∗ (1.3 + 𝑐1 ∗

𝐷𝑡𝑟𝑒𝑒
),
(𝐷𝑡𝑟𝑒𝑒 + 𝑐2 )𝑐3

(A.33)

where Dtree is the DBH of the description tree and H and D are the average parameters
for the tree species stratum.

Table A.6. Parameters for c1, c2 and c3 (Eq. A.32 and Eq A.33).
Parameter

Scots pine

Norway spruce

Silver birch and grey alder

c1

32.7621

37.23511

31.9851

c2

1.1

1.3

8

c3

9.9241

10.858

1.4625

viii

Annex 4. The forest regeneration chains

Table A.7. Forest regeneration chains for Scots pine.
Scots pine
year
0
0
1
2
4
9
14
year
0
0
4
14

Site class 1
operation
scarification
planting
grass suppression
cleaning
cleaning
tending of seedling stand
tending of seedling stand
Site class 3
operation
scarification
seeding
cleaning
tending of seedling stand

year
0
0
4
14

Site class 2
operation
scarification
planting
cleaning
tending of seedling stand

year
0
0
14

Site class 4
operation
scarification
seeding
tending of seedling stand

Table A.8. Forest regeneration chains for Norway spruce.
Norway spruce
year
0
0
1
2
4
9
14
year
0
0
4
14

Site class 1a
operation
scarification
planting
grass suppression
cleaning
cleaning
tending of seedling stand
tending of seedling stand
Site class 2
operation
scarification
planting
cleaning
tending of seedling stand

year
0
0
1
2
4
9
14
year
0
0
4
14

Site class 1
operation
scarification
planting
grass suppression
cleaning
cleaning
tending of seedling stand
tending of seedling stand
Site class 3
operation
scarification
planting
cleaning
tending of seedling stand

ix

Table A.9. Forest regeneration chains for silver birch.
Silver birch
year
0
0
4
9
14
year
0
0
4
14

Site class 1a
operation
scarification
planting
cleaning
tending of seedling stand
tending of seedling stand
Site class 2
operation
scarification
planting
cleaning
tending of seedling stand

year
0
0
4
9
14
year
0
4
14

Site class 1
operation
scarification
planting
cleaning
tending of seedling stand
tending of seedling stand
Site class 3
operation
scarification
cleaning
tending of seedling stand

Annex 5. Regeneration and harvesting costs.

Table A.10. Regeneration costs by operation.
Cost, EUR ha-1
Operation
Scarification
109.3
Planting
591.7
Seeding
248.6
Grass suppression
100.0
Cleaning
150.0
Tending of seedling stand
210.5

Table A.11. Harvesting and timber logistics costs.
Operation
First thinning
Other thinning
Regeneration cutting
Timber logistics

Cost, EUR (m3) -1
15
13.75
12.5
8

x

Annex 6. Timber prices

Table A.12. Roadside timber prices. EUR (m3) -1.
Assortment
Logs
Pulpwood

Scots
pine
69.1
32.7

Norway
spruce
69.5
64.4

Silver
birch
64.3
34.0

Table A.13. Stumpage prices. EUR (m3) -1.

Harvesting type
First thinning
Other thinning
Regeneration felling

Harvesting type
First thinning
Other thinning
Regeneration felling
Harvesting type
All

Scots
pine
46.1
47.4
48.6
Scots
pine
9.7
11.0
12.2
5.0

Logs
Norway
spruce
46.5
47.7
49.0
Pulpwood
Norway
spruce
11.4
12.6
13.9
Energywood
5.0

Silver
birch
41.3
42.6
43.8
Silver
birch
11.0
12.3
13.5
5.0

Annex 7. Site indexes for the site classes

Table A.14. Site indexes for the site classes. Site index H(100) denotes the average
height of the stand at the age of 100.
Site class
1a
1
2
3
4

Site index H(100), m
34
30
26
22
18
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