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Forest management strategies for CO, mitigation

Abstract

The concentration of greenhouse gases in the atmosphere has increased since pre-
industrial time and a further increase is expected to lead to profound global climate
change. Forests can play an important role in counteracting green house gas
emissions as they are ubiquitous and are one of the currently available mechanisms
for mitigating the increase of atmospheric CO,.

This thesis focuses on how carbon sequestration considerations can be
incorporated in forest management analysis and planning.

In Paper I the carbon status of forest biomass and soil in forest stands in southern
Sweden were scrutinized under various thinning regimes and fertilization
programmes. Biofuel production was also considered. Thinning and biofuel harvest
decreased on-site carbon sequestration. Off=site forest carbon storage in products
and fossil fuel substitution were, however, not considered.

In Paper II an optimizing model that could handle a large forest area and the
monetary value for carbon sequestration was presented. The objective was to
maximize the net present value of harvested timber, biofuel production and carbon
sequestration. The model was applied to the county of Visterbotten (3.2 million
hectares) in northern Sweden using Swedish National Forest Inventory data.
Applying a monetary value to carbon sequestration increased carbon storage and
decreased harvest levels.

In Paper III the model developed in the previous paper was used to model
short- and long-term potential carbon sequestration together with timber and
biofuel production. In-depth analyses of the same data set as in Paper II, i.e., the
county of Visterbotten, were performed. Carbon prices ranged from zero up to the
same level as the Swedish carbon dioxide tax (2310 SEK per tonne C). Harvest
levels ceased at about 1000 SEK per tonne C. The decrease in harvest was more
pronounced in the western low productive areas of the county.

The focus in Paper IV was to investigate the impacts of climate change
uncertainty in solutions to forest management problems for typical Swedish stands.
Only the effect of raised temperature was considered. The economic value
increased almost 5 % when the maximum temperature trend (+6.0°C) was applied,
compared to the value under the minimum trend (+2.5°C). However, the
economic importance of optimizing management plans according to the correct
temperature scenario appeared to be limited.
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1 Introduction

1.1 Forests in the carbon cycle

The emissions of greenhouse gases (GHG) due to human activities have
increased considerably since preindustrial times (IPCC, 2007b). The most
important greenhouse gas is carbon dioxide (CO,), which accounts for 77 %
of the emissions. GHG emissions are expected to lead to profound global
climate changes. To avoid serious damage to both ecosystems and the
human population temperatures should not be allowed to increase more
than 2 — 2.5°C (Seppild et al., 2009) compared to preindustrial times. The
current CO,-concentration is 380 ppm, compared to 270 ppm in
preindustrial times, and an increase in GHG-concentrations to 400-450 ppm
corresponds to a 2°C temperature increase (IPCC, 2007d). However, many
studies suggest that forest ecosystems will suffer serious damage if the
temperature increases more than 2-2.5°C (IPCC, 2007¢). This could lead to
large CO, losses if ecosystems collapse (Denman et al., 2007). There is
therefore an urgent need to counteract these emissions. The only long-term
solution is to reduce the emissions, but meanwhile mitigation of emissions
and adaption to a warmer climate are essential. An example of a mitigating
factor — and the focus of this thesis — is the fact that carbon fixed by
photosynthesis is taken from the atmosphere and sequestered for some time
(of varying duration) in forests and forest products. This is the only active
and currently practical measure to remove CO, from the atmosphere.
Forests cover 30 % of the world’s land area and have enormous potential to
sequester carbon and mitigate the increase of atmospheric CO,, provided
that they are maintained and managed in an appropriate manner. There are
essentially two principally different ways whereby forests can mitigate
atmospheric CO,: by substitution of fossil fuel and non-biomass materials,
and by sequestering CO, in the forest ecosystem. On a global scale three



main activities govern the effect of forests as sequestering agents:
deforestation (the transfer of managed forest land to other non-tree covered
managed land use classes), reforestation (planting and thus transforming
former forest land back to forest land') and afforestation (planting of non-
forest land and thereby changing land use to forest). The net effect of those
activities has resulted in reductions in the global forest carbon stock of about
4000 MtC per year between 1990 and 2005. Even though there was a
decrease in the amount of global terrestrial ecosystems (vegetation, soil and
detritus) they acted as a carbon sink in the years 2000 — 2005, sequestering
an estimated 0.9 Gt C per year, while the total atmospheric increase of
GHG was estimated to be 4.1 Gt C per year. The emissions from fossil fuel
combustion and cement production amounted to circa 7.2 GtC per year
(Denman et al., 2007). The sizes of the sources and sinks associated with
land use changes are very diverse, and the land use carbon source has the
largest uncertainty in the global budget (Denman et al., 2007). Deforestation
in tropical areas is the largest source of carbon fluxes caused by land use
changes, and it exceeds forest regrowth (afforestration and reforestration),
thus the observed net uptake of CO, must take place somewhere else. It has
been suggested that the still remote and untouched tropical forest might
have sequestered large amounts of carbon. Highly productive forest under
management in high and mid-latitude regions can also sequester
considerable amounts of carbon since they are relatively young and fast
growing.

1.2 Kyoto/Copenhagen

Under the United Nations Framework Convention on Climate Change
(UNFCCCQC) the Kyoto Protocol was adopted in 1997 (UNFCCC, 1997)
and entered into force in 2005. The Kyoto Protocol is legally binding
(unlike the UNFCCC, which merely encourages industrialized countries to
stabilise GHG emissions) and states that the industrialized countries should
decrease their GHG emissions in the first commitment period (2008-2012)
by 5.2 %, in total, relative to 1990 levels. In total 37 countries and the EU
have ratified the protocol. The EU countries must reduce their emissions by
8 % in 2012 compared to 1990 levels. Within the EU-commitment Sweden
was allowed to increase national emissions by 4 % but took its own decision
to set a national goal to reduce emissions by 4 %. In a subsequent step the
countries within the EU have agreed to decrease their emissions by 20 % by
2020 compared to 1990 levels, and by 30 % if other industrialized countries

' According to the IPCC, post-harvest regeneration is not included in reforestation
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make comparable commitments in a new global agreement. As a means to
reduce emissions the EU introduced an emission trade system (EU ETYS),
under which the price of one tonne of CO, has varied between circa 8.2
and 16.6 EUR in the last year (Nordpool, 2009). Under the Kyoto Protocol
it is possible to include sinks in forests when calculating national carbon
budgets. The sinks that should be included are carefully stipulated in article
3.3 (afforestration, reforestation and deforestration) and in article 3.4 (forest
management). Article 3.3 is mandatory while article 3.4 is voluntary. The
maximum total sink in forests that can be included is 15 % of the total sink,
and for countries with large forest sinks like Sweden and Finland, the
maximum limit is set to 3 % of total emissions. In the Swedish case this
amounts to 2.13 Mton CO,-eq (circa 10 % of a potential sink originating
from forest management to fulfil the commitment under the Kyoto
Protocol). Sweden’s ambition is to not have to use forest management.

One major problem with these goals is that they are not sufficient.
Realistically, to limit the maximal temperature to 2°C, the industrialized
countries must lower their emissions by 25 to 40 % in 2020 and 80 to 95 %
in 2050 compared to 1990 levels (IPCC, 2007a). Another obstacle is that
the GHG emissions have increased by 24 % globally since 1990 (IPCC,
2007a). However, the emissions from EU countries (old member states,
EU15) have deceased by 2.2 % in that time (EEA, 2008).

What will happen after the timeframe of the Kyoto Protocol is still under
negotiation at the time of writing and the outcome is not yet clear. In
December 2009 COP® 15 will meet in Copenhagen and hopefully the
Kyoto Protocol will be followed up with a new agreement. The role of
forests as a carbon sink will certainly be included in one way or another, but
some central issues need to be considered, including: i) if forest-based
sequestration is included in an emission trading system we risk losing focus
on reducing emissions and CO, prices in cap-and-trade systems might fall,
if) the permanence of the sink (e.g. risks for damage by wind, insect pests
etc), i) optimal ways to monitor the sink, and iv) “leaks” arising when an
action taken to increase the sink in one region of the world leads to carbon
losses in another region.

1.3 Different pools in a carbon budget

The forest carbon cycle is driven by the trees’ uptake of atmospheric CO,
and subsequent production of sugar through photosynthesis. The only other
inputs (in the simplest possible model) needed in the photosynthesis process

* Conference of the parties, the main decision body under UNFCCC, which meets annually.
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are solar energy and water. The trees grow, respire and thus release some
CO, back to the atmosphere. CO, is also emitted when litter from the trees
decomposes on the ground. Some of the partly decomposed material (also
called Dissolved Organic Carbon, DOC) is transported with water into the
soil profile where it stays as a rather stable carbon pool. Some of the DOC is
also transported with runoft water into lakes and streams. At final felling a
major part of the biomass is taken out of the forest. The harvested stem
wood is converted into forest products from pulpwood and sawn timber.
Forest products have two major climate benefits. Firstly, carbon is stored
outside the forest. The longer the lifetime of a forest product the longer the
carbon is kept out of the atmosphere. Secondly, forest products can replace
more energy-demanding materials like cement, steel and plastics made from
fossil oil. After the lifetime of the products, wood can be recycled, burned
for energy or placed in landfills. Carbon stored in landfills can be a potential
important sink (Micales & Skog, 1997; Pingoud et al., 1996) but the
uncertainty regarding deacay rates, disposal systems and climate are large,
making the size of the carbon sink in landfills hard to estimate (Lim ef al.,
1999).

Logging residues (tops and branches) can be extracted and used as
biofuel, thereby replacing fossil fuel. If the logging residues are left in the
forest they decompose eventually and emit CO,. In a long time perspective
the same amount of CO, is released in both cases. However, for technical
and other reasons some of the carbon in logging residues ends up in the soil
carbon pool, where it can stay for a long time. Needles and stumps are
normally left, but stump extraction has been tested in Sweden and is
practised in Finland.

An alternative to timber and biofuel production is to leave forests
unmanaged as carbon sinks/stores. However, there are two problems with
leaving the forest to develop freely. Firstly, forests’ growth rates decline with
age and they will eventually reach a climax stage in which they will not
sequester more carbon (at least in theory). Secondly, there is the risk of
severe damage by fire, wind, or pests destroying the forest and releasing
large amounts of CO, into the atmosphere. This has, for example been a
major problem in Canada, where insects have turned the forest into a
carbon source (Kurz et al., 2008). The first problem might not be serious
since carbon-dense forest might have other values and thus may be
preserved anyway, leading to a win-win situation. Further, some forest
types, (mainly in the tropics but also some, for instance, in the Pacific North
West region of the USA (Van Tuyl et al., 2005)) contain so much carbon in
tree biomass that a final felling followed by regeneration will not
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compensate for the large loss of carbon at harvest. In some cases it has also
been shown that old forests can sequester carbon (Jonsson & Wardle, 2009;
Luyssaert et al., 2008; Smithwick ef al., 2002). When harvesting old forests
there is always an associated risk of losing large amounts of carbon from the
soil. The damage risk factors are more complex, since they affect both
managed and unmanaged forests, albeit to varying degrees.

1.4 The role of forests in Swedish GHG emissions and uptake

In 2008 the total reported emissions of GHG from Sweden amounted to
65.4 Mton CO,-eq (excluding the LULUCF sector) and most of the
emissions originated from combustion of fossil fuel (Swedish Environmental
Protection Agency, 2009). In Sweden the below and above ground forest
biomass make up a huge carbon pool (1125 million tonnes of carbon in
2008), and flows to and from this pool are important components of the
Swedish carbon budget. In 2008 the LULUCEF sector was a net sink, with
an uptake of 20.2 Mton CO,-eq, to which LUC (Land Use Change) made a
negligible contribution. Forest biomass contributed as a net sink of
20.3 Mton CO,-eq. The soil carbon pool is, in contrast, a net source since
organic soils (especially those affected by drainage) emit methane, nitrogen
dioxide and CO, (7.6 Mton CO,-eq) while mineral soils comprise a smaller
sink (-5.5 Mton CO,-eq). Managed forests are currently a large net sink of
GHG, but given today’s harvest levels (95 million m’per year) it is not clear
if the managed forest will continue to be a sink in the next three decades.
The change is in the range of -4 to 7 million tonnes CO, per year
(Skogsstyrelsen, 2008). In a longer perspective, the managed forest will
probably be a carbon sink as a consequence of increased growth following
climate changes. The sequestration in protected forest will continue, at rates
in the range of 7-15 million tonnes CO, per year for several decades
(Ingemarson & Nordin, 2008).

1.5 Forest management and forest carbon sequestration in
Scandinavia

Forest management regimes in Scandinavian countries are traditionally
based on production in even-aged stands, with planting, pre-commercial
thinning, a number of thinnings and final felling. Sometimes fertilization is
also applied. Besides supporting the forest industry with raw material, the
forest supplies other social and ecological services, like recreation
opportunities, high maintained biodiversity, and biofuel production. The
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importance of forests in the mitigation of GHG highlights the need to also
consider carbon sequestration among these services. Modelling studies at
stand level have shown that prolonging the rotation period can increase
carbon sequestration (Kaipainen ef al. 2004; Liski et al. 2001). Carbon
sequestration can also be enhanced by changing the thinning regime, but
findings in this respect are somewhat ambiguous. Several simulation studies
have suggested that reducing the intensity of the thinning regime leads to
higher stocking levels in forests, and may increase carbon sequestration
(Briceno-Elizondo ef al., 2006; Kellomiki & Leinonen, 2005; Pohjola ef al.,
2004). However, other studies have suggested that changing the thinning
regime has only a minor effect on the carbon stock (Kaipainen et al., 2004).
Changing the thinning regime and rotation length in most cases affects both
the available amount of timber for harvest and the economic outcome of
forestry (Alam et al., 2008; Garcia-Gonzalo et al., 2007; Eriksson, 1994).
Fertilization is usually a cost-effective way to increase forest production, and
as forest production is increased, carbon sequestration in both above and
below ground biomass also increases (Olsson et al., 2005; Johnson & Curtis,
2001). Some studies also suggest that supplying nitrogen will retard soil
processes, and thus increase the soil carbon stock (Hyvonen et al., 2007).

1.6 Models of analysis

To predict the effects of specific policies and management actions on carbon
sequestration, and their relation to forest composition and other goods and
services, various approaches and tools are available. We can measure the
actual forest state and its biomass, take samples of forest soils and set up eddy
flux towers to measure the gas exchange over a forest area. We can also
estimate past and present carbon stocks using national forest inventories. In
addition, to draw general conclusions regarding likely changes over time
chronosequences can be used (Wang et al., 2003; Mund et al., 2002), by
examining plots with similar properties in different successional stages.
However, the most common and most flexible method is modeling. A vast
number of models have been developed for diverse purposes, which
therefore have diverging course of actions and limits. The models can be
categorized according to the way they describe basic growth dynamics, the
unit of analysis, and the analysis method.

Growth models can be divided into two general groups: process-based
models and empirical models (Korzukhin et al., 1996). The former describe
physical processes within plants and work with short time steps (days or
hours). These models are mainly developed to investigate cause-and-effect
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problems, and thus elucidate relationships, while the other group of models
— empirical models — focus on predicting the effects of certain factors. The
empirical models are based on statistical relationships between/among
datasets without considering the inner structure of a process unit, e.g. a tree.
The time steps in empirical forest growth models are normally five to ten
years. Traditionally, process-based models have mainly been used in research
while empirical models have been used both in research and practical forest
management. Both model types are developed to simulate phenomena at a
range of spatial scales, from tree level up to landscape level. This process-
based vs. empirical division of models is not rigid, since most models include
some aspects of both types. Both model types have potential uses for
addressing carbon and climate change issues, since both can predict carbon
contents quite well. Empirical models use biomass functions or biomass
expansion factors (BEF) while process-based models already have biomass
included. However, when climate change is incorporated there is a
significant difference between these types of models. Most process-based
models use climate data as input data while empirical models only have
geographical location, and perhaps site factors, such as vegetation and
moisture, as climate-related inputs. Therefore, effects of climate change are
easily incorporated in process-based models while empirical models have
difficulties handling them. Since empirical models are widely used both in
research and practical management methods there is need for solutions to
this problem.

The analysis may focus on the stand level or the forest level. The
distinction is that in the former case only one unit that is homogenous in
some respects is analyzed, whereas the latter considers several units. The
forest could consist of stands belonging to a small forest owner, or all the
forested land in a landscape, or the entire nation or continent. The most
appropriate level depends on the questions being addressed. Effects of
specific management actions can be studied at stand level for representative
stands, but if more comprehensive issues are considered, e.g. ways to
combine carbon sequestration with harvest activities that support industrial
or other uses, larger region-scale analyses are required. To address policy
questions and issues related to national goals the analyses might need to be
done for a whole country, or even many countries (e.g. the EU). Reviews
of models, with an emphasis on forest level models, have been conducted by
Eriksson ef al. (2009) for Europe and by Johnson ef al. (2007) for North
America. Process-based models, such as FinnFor (Kellomiaki & Viisinen,
1997), 4C (Lasch et al., 2005) and BIOMASS (Bergh et al., 1998;
McMurtrie et al., 1990), are typically confined to stand level analysis.
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EFISCEN and MELA are two systems that employ empirical models for
climate change analyses at the forest level — see, for instance, Karjalainen et
al. (2003) and Karjalainen et al. (2002) for details regarding EFISCEN and
Matala et al., (2009) for details regarding use of MELA. Heureka is a new
analysis and planning tool for multi-purpose forestry (Heureka, 2009; Limas
& Eriksson, 2003) incorporating empirical models amended with climate
change response functions and a soil carbon and nitrogen model. The Hugin
system (Lundstrom & Sdéderberg, 1996) developed in the 1970’s, uses
empirical models for long-term harvest projections at regional and national
levels, and has also recently been used for carbon assessment studies
(Skogsstyrelsen, 2008; Ericsson, 2003). Other examples of empirical models
used for carbon accounting/assessment include CBM-CFS3 (Kurz et al.,
2009) from Canada and CO2-FIX from Europe (Schelhaas et al., 2004;
Masera et al., 2003).

The results from stand- and forest level studies can be used as input in
the standards for various carbon projects. A carbon project aims at mitigating
GHG emission for a specific action. Several carbon project standards exist
but in general they include routines for monitoring, evaluating,
documenting, verifying and certifying the carbon offsets (Greig & Bull,
2009). Examples of carbon projects are found within the Clean
Development Mechanism (CDM) and Joint Implementation (JI) projects
under the Kyoto Protcol (UNFCCC, 1997) or for state or national level.

Analyses can be based on optimization or elaboration of scenarios
(scenario analysis). Scenario analysis is appropriate when evaluating a few
specific scenarios, such as the effects of varying the rotation period (e.g.
Kaipainen et al., 2004; Liski ef al., 2001) or thinning (e.g. Alam et al., 2008;
Briceno-Elizondo et al., 2006) on carbon sequestration. When there are
explicit goals for the analysis, e.g. identifying the maximum value of
different outcomes and utilities from a forest, optimization gives the
opportunity to explore a much larger number of alternatives than scenario
analyses.

In Scandinavia several studies have been done at the landscape/regional
forest level (e.g. Alam et al., 2008; de Wit et al., 2006; Ericsson, 2003;
Agren & Hyvénen, 2003), but only Hoen and Solberg (1994), Raymer et al.
(2009), Matala et al., (2009) and Nuutinen et al. (2006) have used
optimization and considered economic factors in analyses of CO, mitigation.
At the stand level many studies have been done (e.g. Eriksson & Berg, 2007;
Briceno-Elizondo, 2006) but only Pohjola & Valsta (2007) have considered
economic outcomes and used optimization as a solution method. There is
therefore a need to study effects of forest management practice in

16



combination with carbon sequestration and economic aspects. Some
Scandinavian studies have included the effects of climate change on growth
of trees (e.g. Garcia-Gonzalo et al., 2007; Briceno-Elizondo et al., 2006;
Bergh et al., 2003), but no previous studies have attempted to incorporate
the uncertainty associated with climate change patterns.

1.7 Objective of the thesis

The objective of the work underlying this thesis was to incorporate
carbon sequestration considerations in forest management analysis and
planning. The results from this work will hopefully provide guidance for
decision-makers as well as other researchers. The methods applied for this
purpose were based on modelling of forest stands (Papers I and 1V) and a
region (Papers II-1II) in Sweden. Economic considerations for management
solutions were essential. Both deterministic and stochastic optimization
methods were applied. The specific objectives of Papers I-IV were:

Paper I: To study the effects of various thinning regimes and fertilization
programs on the carbon status of forest biomass and soil and biofuel
production for forest stands in southern Sweden. The stand management
problem was based on a strategy oriented towards optimising timber
production and economic returns.

Paper II: To develop a model that could handle a large regional dataset from
the Swedish National Forest Inventory and find optimal solutions when a
monetary value for carbon sequestration was added to the standard forest
incomes from timber and biofuel production.

Paper III: To model the short- and long-term potential carbon offsets and
carbon sequestration, together with timber and biofuel production, within a
region in northern Sweden. In the analysis the model developed in Paper II
was used.

Paper IV: To investigate the impact of climate change uncertainty on
solutions to forest management problems for typical Swedish stands. It is
intended to serve as a basis for discussions regarding ways to optimize the
stand management problem under growth uncertainty caused by climatic
change.
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2 Summary of papers

2.1 Carbon sequestration in Swedish forest stands under
various management regimes (Paper )

The aim of this study was to analyse effects of the number of thinnings on
the carbon sequestration, harvest levels and economic outcomes for four
typical forest stands in southern Sweden. Fertilization and biofuel extraction
scenarios were evaluated.

2.1.1 Material and Methods

Stand data were simulated for four stands in southern Sweden: two Scots
pine (Pinus sylvestris) stands and two Norway spruce (Picea abies) stands, in
each case one of high productivity and one of low productivity (Table 1).
The site indices (SI, H100 m) were 18 and 28 meters for the low and high
productivity stands, respectively. At the start of the simulation the stands
were medium-aged (between 20 and 42 years) and assumed not to have
been thinned before.

Table 1. Characteristics of the Scots pine and Norway spruce stands in southern Sweden
(latitude 58° N) simulated in Paper I. High and low refers to site index (SI).

Initial conditions:

Stand SI Age Stems Basal area  Stem volume
(H100) (years) (stemsha’) (m’ha") (m’ha’)

Norway spruce, high 28 24 2101 13 62

Scots pine, high 28 20 2600 18 80

Norway spruce, low 18 42 1500 12 61

Scots pine, low 18 38 1850 15 63
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For modelling stand development, carbon sequestration in biomass and
soil, management actions and economic outcome the Heureka analysis and
planning system (Heureka, 2009) was used. Heureka has been developed at
SLU and is designed to be used in multiple-purpose forest analysis. The tool
is built around a common core of models projecting individual tree and
stand development. In addition, the carbon and nitrogen status of the soil,
biofuel production, habitat availability and recreation potential can be
projected. The biomass contents in trees and their roots were calculated
with the functions of Petersson (1999). For young stands were the biomass
assessed by the functions of Claesson et al. (2001). The carbon in soil was
modelled with the Q-model (Agren & Bosatta, 1998) which is incorporated
in the Heureka system together with a litter model (Agren et al., 2007).

The influence of thinnings was examined by varying the number of
thinnings from zero to two. For the stated number of thinnings, the time
points for thinning and final felling were chosen to find the highest Soil
Expectation Value (SEV). In simulations with two thinnings the effects of
biofuel harvesting and fertilization were also tested in two separate scenarios,
in which neither the thinning practices (intensity and timing), nor final
felling, was changed. Biofuel harvesting was assumed to occur after both
thinning and final felling, while fertilization was applied ten years before
final felling. These five scenarios were analysed for all four stands and the
real interest rate was set to 3 %.

2.1.2 Results and Discussion

SEV increased when thinnings (one or two) were applied to the high
productivity stands of both spruce and pine (Table 2). Otherwise SEV
decreased when thinning was applied. Biofuel harvesting increased SEV
compared to the scenario with two thinnings, and the same was true for the
fertilization scenario.
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Table 2. Soil expectation values (3 % real interest rate; SEK). High and low refer to site productivity.

Stand management regime

Stand No One Two Two thinnings Two thinnings
thinning  thinning  thinnings and biofuel and fertilization

Norway 15553 16746 16950 19798 20863

spruce, high

Scots pine, 14024 17165 16959 20997 24747

high

Norway 4014 -143 -1599 -1077 -931

spruce, low

Scots pine, —-1872 -3198 —3471 —2474 —1468

low

The scenario with no thinning was the best for sequestering carbon for all
stands. In the following text the no-thinning scenario is regarded as the base
scenario and all comparisons are made relative to this scenario, if not
otherwise stated. Increasing the number of thinnings decreased the mean
annual carbon sequestration (MACS) by up to 25 % (Table 3). However, for
all stands and scenarios the MACS was always positive for any rotation
period, implying that the stands were always a carbon sink. Biofuel
harvesting decreased MACS by 3 to 9 % compared to the scenario with two
thinnings. The decrease was solely related to the soil carbon pool because
less harvest residues were left on the forest floor. Fertilization increased
MACS by 1 to 24 % for all stands.

The mean annual timber harvest (MATH) increased with the number of
thinnings for all stands. Biofuel harvesting did not affect MATH since the
management regime was unchanged. Fertilization increased MATH slightly
(by 1 to 5 %).

The best alternative for sequestering carbon seems to be to avoid
thinnings, but the best alternative for producing timber was to thin twice
times and fertilize ten years before final felling. Other studies (Eriksson ef al.,
2007; Jandl et al., 2007; Olsson et al., 2005; Franklin, 2004) suggest that
fertilization can improve carbon sequestration. The results presented in
Paper 1 support this conclusion. In the future it would be interesting to
investigate the effects of considering the total carbon sequestration in terms
of MATH, MACS and biofuel harvests, since we have not as yet considered
the substitution effects of products and biofuel.
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Table 3. Mean timber harvest (MATH; m’ ha™' year™), mean carbon sequestration (MACS; tonne C
ha'" year") and mean biofuel harvest (MABH; tonne dry weight ha'' year”) for all stands and scenarios
(real interest rate = 3 %). High and low refer to site productivity.

Stand and quantity Stand management regime
No One Two Two Two thinnings
thinning  thinning thinnings thinnings and and
biofuel fertilization
o o o5 o5
Norway MATH 7.72 810 5 829 7 829 0 8.66 4
sPruce, MACS  0.959 0.880 -8 0.825 -14 0.760 -8 0.891 8
high V1 ABH 0.97
Scots MATH  7.68 8.12 6 821 7 8.21 0 826 1
p%ne, MACS  1.253 1.253 0 1.072 -14 0977 -9 1129 5
high  MaBH 1.05
Norway MATH  3.49 355 2 379 9 379 0 398 5
spruce,  MACS  0.456 0.452 -1 0.370 -19 0358 -3 0.372 1
low MABH 0.47
Scots MATH 3.00 3.08 3 317 6 3.17 0 324 2
pine, MACS  0.326 0270 -17 0.244 -25 0.226 -7 0.302 24
low MABH 0.43

"Percentage change relative to the no-thinning scenario.
Percentage change relative to the two-thinnings scenario.

2.2 Modelling carbon sequestration and forest management in a
regional case study (Papers Il and III)

Papers I and IV address carbon (Paper I) and climate (Paper IV) issues at
stand level, however Papers II and III addressed probable effects on timber
and biofuel production in a region of adding a monetary value to carbon
sequestration. Carbon sequestration and forest management assessment
studies have been previously performed at country level (Agren & Hyvonen,
2003; Karjalainen et al., 2002; Karjalainen ef al., 1995) and at regional level
within a country (Ericsson, 2003; Hoen & Solberg, 1994). Most such studies
have been simulation studies incorporating only a few management
alternatives and no economic value of carbon sequestration, except for the
study published by Hoen & Solberg (1994), who used an optimizing model
for a region in Norway and ranked the most cost-effective ways to sequester
carbon. The studies reported in Papers II and III had two main goals. The
first was to develop a model that could handle a large dataset from the
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National Forest Inventory (NFI) and find optimal solutions when a
monetary value for carbon sequestration was added to the standard forest
incomes from harvesting. The second was to model the potential of carbon
offsets and carbon sequestration together with timber and biofuel
production within a region in northern Sweden.

2.2.1 Materials and Methods

The county of Visterbotten in northern Sweden (Figure 1) was chosen as
the study area. Visterbotten is a county dominated by boreal forest, in
which Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and birch
(Betula pendula and B. pubescens) are the most common species, representing
45 %, 36 % and 15 %, respectively, of the total wood volume (SLU, 2004).
The forest industries are concentrated towards the coast, where the forest
production potential is highest. The production potential declines towards
the mountains in the west.

Figure 1. Map of Sweden, showing the county of Visterbotten (shaded area).

Detailed forest data for the county were available through the NFI. The
whole county was covered by 3308 plots on productive land (productivity
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> 1 m’ ha' year") inventoried between 1996 and 2000. The total area of
forest land represented by these plots was 3.2 million hectares. The model
optimized NPV of wood production and carbon sequestration. Included
components were harvests of wood, harvests of forest biofuel, transportation
costs of timber, pulpwood and biofuel, the value of carbon storage and cost
of carbon emissions (Equation 1). The time horizon was 100 years, divided
into 20 five-year long periods. Actual local prices were used for timber,
pulpwood and biofuel. The real interest rate was set to 3 % and the harvest
level was allowed to vary by up to 1 % between periods. The objective
function of the stated problem was as follows:

Maximize Z = NPywood 4 Npybio fuel | pyC—storage _ pystransport (1)

_ PVC—em issions

where: NPV™ = NPV of timber and pulpwood production, including
silvicultural costs; NPV™™ = NPV from extracted harvest residues (for

C-storage __

biofuel), including transportation costs; PV = present value of carbon

transport

storage; PV
pulpwood; and PV

= present value of transportation costs for timber and
cemmen = present value of the cost of carbon emissions
from products.

For each treatment unit (plot) a management program was searched such
that the objective function was maximized subject to a set of constraints. A
stand-level management model (Wikstrom, 2001; Wikstrom & Eriksson,
2000) was used to generate management alternatives for each plot. The
stand level model included models for generation, growth, thinning
response, mortality, biomass production and harvest value. The biomass
change in every period was calculated as the sum of growth of living
biomass minus the decay of dead biomass, harvested wood and natural
mortality. The conversion factor from dry weight biomass to carbon content
was 0.49. A positive net carbon change in a 5-year period was multiplied by
a carbon price, thus giving carbon sequestration an economic value.
Harvested products were divided into the product groups timber and
pulpwood, where carbon was assumed to be released more rapidly from
pulpwood than from timber. Emissions were treated as a cost that was
discounted to the start of the planning horizon. The cost was the same as
the carbon price. Carbon in mineral soil and humus was not accounted for
since no suitable model was available. Carbon dioxide emissions from
transport and harvesting were not included either.
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2.2.2 Results and Discussion

In 2002 the Swedish rate of CO,-tax was 630 SEK per tonne of CO, This
corresponds to a carbon price of 2310 SEK per tonne C. Using this carbon
price led to no harvest at all in the region. Therefore, carbon prices from
zero up to 1200 SEK per tonne were entered in the model. The harvest
ceased at values higher than about 1200 SEK. In accordance with
expectations, carbon sequestration showed corresponding increases along
with an increasing carbon price (Figure 2). The average carbon increase for
the county was 1.48 million tonnes per year for no carbon price and 2.05
million tonnes per year for the highest carbon price. Carbon storage in
living and dead biomass increased over time (Figure 3).
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Figure 2. Average increase in stored forest carbon and mean annual harvest for a 100-year
period in the 3.2 million hectare case study area.
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Figure 3. Total carbon storage (million tonnes) in living and dead forest biomass in each five-
year period for carbon prices of zero, 600 and 1200 SEK per tonne.

The carbon storage did not reach a steady state-after 100 years with any of
the tested carbon prices, but the curve was leveling out at the end of the
planning horizon, indicating that the carbon flux into the standing forest was
decreasing. A problem when building up large carbon stores in forest
biomass is the risk of sudden catastrophic events like fire, strong winds or
insect outbreaks causing large emissions of CO,. When no carbon price was
applied (i.e. today’s situation) the harvest levels varied depending on the
location within the region, with the highest harvest levels in the eastern
parts near the coast where the productivity is highest and most of the
industries are located. The average net carbon sequestration was also highest
in the coastal area. When the carbon price increased the harvest levels
decreased relatively more in the eastern parts. However, the relative carbon
sequestration increase was similar for almost the whole county. This
indicates that it is possible to both produce timber and store carbon when
the productivity is high. The proportion of thinning of the total harvested
volume decreased as the carbon price increased, and again the decrease was
largest in the western parts. Excluding the thinnings increased the standing
volume and thereby increased the carbon storage in the forest. This effect
was also shown in Paper 1.
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Since biofuel harvests were only possible after final felling the biofuel
harvest also decreased when the carbon price increased. It seemed however
that our restrictions regarding price were too narrow since the biofuel
harvest was small. We only applied current prices and costs for biofuel
extraction, but prices might very well increase if the demand for biofuel
rises, which would lead to higher biofuel extraction levels. When the total
mitigation effect (i.e. carbon sequestered in forest biomass plus substitution
of carbon from fossil fuel) was calculated, only 4 % originated from biofuel,
the remaining part was due to sequestration in forest biomass. Although its
contribution was not large in this study, biofuel extraction is potentially very
important, since it is a permanent sink when replacing fossil carbon.

The lack of soil carbon in our model gives a limited picture of the
problem, since the soil carbon pool is more than five times larger than the
carbon pool in biomass in the boreal forest (IPCC, 2000). The soil carbon
content in productive forest land in Sweden is approximately 74 tonne C
per hectare (Lillieskold & Nilsson, 1997). Simulation studies of forest soils in
Nordic countries indicate that soil carbon sinks take up between 0.08 tonne
C per hectare per year (de Wit ef al., 2006) and 0.25 tonne C per hectare
per year (Liski et al., 2005; Ericsson, 2003; Agren & Hyvonen, 2003).
Including soil carbon in the model applied in Papers II and III would
probably strengthen the carbon sequestration value of the forest, assuming
that low harvest levels lead to increasing soil carbon storage.

2.3 The effects on stand management of growth uncertainty
caused by climate change (Paper IV)

Forest management is classically modeled as a deterministic planning
problem in which decisions are determined in advance unconditionally with
respect to future events. This approach has led to the development of
efficient optimization methods based on linear programming, which can
solve large forest management problems generally encountered in
Scandinavian countries. Several studies have, nevertheless, established that it
could be essential from an economic perspective to consider stochastic
phenomena, such as natural hazards and market uncertainties, in the
definition of long-term forest management problems (Lohmander, 2001;
Valsta, 1992).

Climate change will almost certainly have important effects on forest
ecosystems in the long term. According to the last scenarios published by

IPCC, the average temperature increase in the world might be in the range
of 1.1°C to 6.4°C by the year 2100 (IPCC, 2007). At regional level, a
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model developed by SWECLIM for Sweden predicts an increase between
2.5°C to 4.5°C by 2100 (Persson ef al., 2007), but there is also considerable
uncertainty regarding the future climate trajectory. Hence, there is a need to
apply more than merely deterministic planning approaches in forest
management to assess (and counter) effects of climate change.

The objective in this study was to find out whether incorporating climate
change uncertainty would substantially change the optimal management of
stands and (if so) the implications for solving the stand management
problem.

2.3.1 Material and methods

In the study 29 hypothetical forests stands in northern and southern Sweden
were used. The stands contained one, two or three of the following species:
Scots pine (Pinus sylvestris), Norway spruce (Picea abies) and birch (Betula
spp). The stands were established, 27 to 50 years old and had not been
thinned previously. The forest stand dynamics were influenced by the
choice of thinning actions and final felling age over a finite time horizon.
Management programs for the stands were generated by the GAYA stand
simulation system (Hoen & Eid, 1990; Eriksson, 1983) with empirical
growth functions developed by Eko, (1985). In each five-year period four
different management actions were considered for each species: 1) Do

nothing, 2) Remove all trees, 3) Light thinning, or 4) Heavy thinning. We
assumed that the climate change only affected the temperature.

The objective of the planning problem was to maximize the sum of
future discounted rewards. Since we do not know the average observed
temperature in advance we have an optimization problem under
uncertainty. Thus, we need to consider the expected value of the sum of all
discounted rewards based on the probability distribution of the temperature
increase. The optimal plan to this problem is denoted P*. However, to find
solutions to P* is generally costly and, instead, approximate optimal plans
can be found for a series of fixed temperatures over the planning horizon.

The stand management problem was solved using simulated annealing.

To predict the temperature increase in each period a stochastic climate
model was developed. It was assumed that the temperature increase in 100
years time would be in the range of 2.5°C to 6°C. The interperiodic
variation was based on Sweden’s past climate variation. Temperature
changes were assumed to affect only basal area growth (BI) for each period
(f) and species (i) and was calculated as:
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BI, =B0,(1+7, *GE,) 2)

1

where B0, is the calculated basal area growth over the five-year period, ¢, for
species i when temperature change is not accounted for, and GE, is the
growth effect per degree of temperature change. We followed Bergh ef al.
(2003) by setting GE, to 0.065 for pine and birch, and to 0.05 for spruce.

2.3.2 Results and Discussion

The problem was first solved for all stands as a deterministic optimization
problem, with three different temperature scenarios in each of which a
linear increase of the temperature per 5-year period was applied,
corresponding to a temperature increase of T (2.5°C), T (4.25°C) and
T, . (6.0°C) degrees over 100 years, respectively. This resulted in a
deterministic optimal plan P* for each scenario. The optimal plans associated
with the three temperature scenarios are referred to as P, ,P" and P_,
respectively. The sensitivity of the plans was tested by evaluating each plan
in the other two temperature scenarios. Table 4 shows the relative loss when
a plan for one of the three temperature scenarios (P, ,P", and P ) was
applied in another of the temperature scenarios. The loss in most cases was
around 1 %, but larger losses occurred in some cases when the P/ plan was
used under temperature scenario T . The reason for the larger losses seems

to be due to effects of the pricelist design.

Table 4. Relative net present value loss (%) incurred from applying a plan (P) for a temperature scenario
(T) for which it was not developed (real interest rate 3 %).

Temperature scenarios and plans

min T nax

ﬁ* R:lax Pr:in Pr:ax Pm*in ﬁ*
Average 1.0 2.1 04 1.1 1.1 0.5
Min 0.0 0.0 0.0 0.0 0.0 -0.3
Max 43 89 28 35 35 23

For the three stands that showed the largest losses we also solved them for
f’*’ i.e. considering the expected value. The expected values were similar
for both P" and P’ but the standard variation was smaller for the P plans
(Table 5). P"plans seem to be more robust than P* plans, but P* plans took
in this case about 40 times longer to develop than P* plans.
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Table 5. The expected net present value and its standard deviation for P’ and P’ plans for three
stands.

Expected net present value Standard deviation
Stand P P Rel diff P P Reldiff
23 31654 31630 1.001 1079 1029  1.049
27 41464 41959 0.988 1267 776  1.633
28 35788 36102 0.991 1444 886  1.630

The loss of value due to a non-adaptive plan appears to be limited. The
worst cases, i.e. cases in which the plan was constructed based on one
extreme temperature trend and then applied to a realisation of the opposite
extreme temperature trend incurred losses of, on average, 1 to 2 %. The
value of forming the plan based on the expected value to derive plan P"
also appears limited. The cases where it proved to yield more robust plans
were largely due to model artifacts, such as the form of the price list, than
the actual influence of climate change. The underlying basis for these
conclusions, or at least one important reason, is that the change in
temperature is relatively modest over the next few decades whereas
discounting reduces the values in the more distant future.
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3 Discussion and Conclusions

3.1 How important is it to include all components in a carbon
budget?

A forest-related carbon budget may consist of many components, the main
constituents being the carbon stored in forest biomass (living and dead),
forest soil carbon, carbon stored in products and landfills. The first two are
on-site and the latter two oft-site storage pools. Clearly, in cases where
carbon sequestration/storage must be considered in addition to traditional
forest management goals, the most relevant carbon components should be
considered in the analysis. Ideally, therefore, all components should be
included, but that is not normally possible due to a lack of data or models,
or both. However, if we do not consider all components there is a risk for
misinterpretation of results. For example in an optimization study for a
30 000 ha hypothetical forest in New Brunswick, Canada, Hennigar ef al.
(2008) found that optimizing for carbon storage in only the forest (including
soil) or in the forest and forest product pools (including landfills) resulted in
similar levels of carbon storage. However, less wood was harvested in the
first alternative (considering carbon storage in forests only) compared to the
second (considering carbon storage in forests and forest products). When
they also considered the replacement eftect of the products, the management
became more intense with shorter rotations, and timber yields were also
higher. Neither economic factors, nor the possibility to use forest biofuel,
were considered. An optimization study in a 1.342 million hectare region in
Norway also considered the replacement effect of use of forest biofuel and
incorporated economic factors (Raymer ef al., 2009). The cited authors
found that NPV and thinning decreased, and planting increased, when
maximizing carbon benefits and keeping the harvest at present levels. When
the substitution effect of forest products was also included, planting and
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thinnings increased, thus management regimes changed depending on the
included carbon compartments. In the study at stand level considering
thinning and fertilization presented in Paper I, it was found that mean
annual carbon sequestration decreased when forest biofuel was extracted. If
the soil carbon pool had been excluded the biofuel harvest alternative would
have been more attractive, but inaccurate. On the other hand, the effect of
biofuel substituting fossil fuel was not included in any of the cases
considered in Paper I either.

If all compartments are not included (as they seldom are) it is important
to be aware of the effects of different system boundaries. If only carbon
storage in forest (biomass and soil) is considered, carbon storage will
normally be maximal if harvest ceases. Sometimes carbon in soil is not
included (as in Papers II-III) but soil carbon is normally favoured by
reductions in harvest levels (Jandl et al., 2007). If products are included
through storage and/or substitution the best management alternative for
carbon storage and sequestration might be different from the best option in
scenarios in which only forest carbon is included. Determining the optimal
alternative for carbon sequestration might be very complex and depend on
other assumptions regarding forest management, like harvest levels,
economic constraints and the studied object/area. The complexity of the
problem clearly highlights the need to use forest management analysis and
planning systems. It is also essential to combine different models from
disciplines with related dimensions, like house construction and industrial
process analysis. In the studies this thesis is based upon sequestration in
products was only indirectly considered in Papers II and III through the
economic set up of the problem.

Extraction of forest biofuel was considered in Papers I-III but the
replacement eftect of biofuel was only examined in Paper III, which showed
that the contribution from forest biofuel was limited compared to the
carbon sequestration in forest biomass. However, the economic restrictions
were quite narrow (only today’s prices were applied) and the species
composition and soil productivity in the studied region was not so
favourable for biofuel extraction. The demand for biofuel will most likely
increase, which would lead to higher prices. This would make more areas
available (from an economic perspective) for biofuel harvest. If the price for
biofuel is at the same level as pulpwood, the price for pulpwood might raise
and/or the import of pulpwood would increase to keep the industry
supplied with raw material. This thesis has only considered biofuel
extraction together with other harvest activities as this is the most common
method in Sweden today. With increasing biofuel prices, harvests could also
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be possible in young dense stands (Bergstrom, 2009) and thereby not
compete with the pulpwood market. Intensified biofuel harvest will lower
the carbon sequestration in forests (see Paper I) but if the replacement effect
is considered the mitigation eftect might be positive.

Not only is the demand for biofuels expected to rise. It could also be that
demand for wood in the construction sector is increasing, in turn leading to
a higher demand for sawlogs. The consequences of an increased demand for
sawlogs was analysed with the forest sector model EFI-GTM for Europe in
the study by Eriksson ef al. (2009). The prices for sawlogs increased while
the price for pulpwood was unchanged or reduced. This decrease of
pulpwood price was explained to be a result of an increase in sawlog chips,
due to the increased volume of sawlogs being processed.

3.2 Does considering carbon sequestration and climate change
demand new forest management regimes and planning
approaches?

In general on-site forest carbon sequestration is favored by longer
rotations and thinning programs that promote higher stocking levels
(Briceno-Elizondo et al., 2006; Kaipainen et al. 2004; Liski et al, 2001).
These general findings are supported by the studies presented in Papers I-II1.
Results in Paper I indicated that the most favorable management strategy for
carbon sequestration was to avoid thinnings. However, this had negative
effects on amounts of harvested timber and, for high productivity stands,
economic outcome. Even if thinnings was combined with fertilization
(which increased sequestration) sequestration was higher without thinning.
However, fertilization was only combined with two thinnings in the
simulations. Hence, the thinning probably lowered the carbon sequestration
more than the fertilization increased it. Since fertilization gave higher
sequestration rates for most cases compared to corresponding management
without fertilization, a qualified guess is that no thinning combined with
fertilization would be even better, solely in terms of carbon sequestration.
However, if the economic output is the most important factor, thinning
once or twice (together with fertilization or biofuel extraction) are better
alternatives for high productivity stands. For low productivity spruce stands
is it still best to avoid thinnings, but for low productivity pine stands
fertilization combined with two thinnings gave the highest economic yield
(soil expectation value). When introducing thinning, the only outcome
favored for all stands was mean annual timber harvest (MATH). If all factors
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are considered, two thinnings combined with fertilization or biofuel harvest
might be an attractive middle course.

Differences in economic results for stands of differing productivity were
also found in the simulations described in Papers II and III, in which
thinnings were excluded first in the low productivity areas when the carbon
price increased. Papers II and III also showed that harvesting ceased when
the carbon price increased, thereby increasing the standing biomass.
However, the standing biomass cannot increase indefinitely, and the results
showed that the total carbon storage was increasing at a slower rate at the
end of the planning horizon, implying that the carbon flux into the forest
was decreasing.

Management actions intended to increase stocking levels also increase the
risk for carbon losses by disturbances like wind damage (Galik & Jackson,
2009). These risks were not considered in any of the studies this thesis is
based upon. The mortality functions used return higher mortality for high
stocking levels, but they have not been developed for unmanaged forests.
Further, since serious sudden disturbances are not included in the mortality
functions it is possible that carbon storage, especially for old and unmanaged
forests, was overestimated. When risks for sudden catastrophic events are
incorporated into forest management planning rotation lengths are generally
shortened (Valsta, 1992).

To stabilize atmospheric GHG concentration at around 550 ppm
CO,-eq by 2030 a carbon price for mitigation in all sectors could rise to 20-
80 USD per tonne of CO,-eq (IPCC, 2007b). In the simulations for the
county of Visterbotten, reported in Papers II-1II, the harvest levels ceased at
a carbon price at around 39 USD per tonne of CO,-eq. A total cessation of
harvesting might not be realistic, due to the importance of timber
production for the regional and national economy, but these findings show
that mitigation through sequestration in forests is a relatively cheap
alternative. Other advantages of using forests as a carbon sink are that it is a
simple and well known technology, reversible (although that is also
disadvantageous in some respects, see risks discussed above), and it can have
other co-benefits for e.g. biodiversity, eco-tourism and reindeer herding.

The stand management study (Paper IV) — in which the economic value
of timber production was the only outcome considered and the only
ecological eftect of climate change on forests considered was growth of the
trees — indicated that management practices would not be strongly affected
by climate change. The uncertainty associated with climate change did not
justify the application of more sophisticated methods that explicitly
encompass the process stochasticity, either. This is in agreement with Valsta
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(1992) who concluded, in a similar study, that the overall change in
optimum rotation due to growth risk was small. Spring ef al. (2005), in
contrast, found that losses caused by using the wrong plan for a specific
climate could be significant. However, their study included incomes from
carbon sequestration and water production in addition to monetary income
from timber production.

One problem when comparing results from different studies is that
differences in system boundaries make the results diverge in ways that can be
difficult to interpret (Harmon & Marks, 2002). Many studies have suggested
that forests should be left untouched to maximize their use as carbon sinks,
while others suggest that intense management is better for carbon
sequestration. If the forest is classified as “old-growth” (c.f., Pacific North
West, USA) they generally contain high carbon stores in biomass and soil
that will be lost after harvest, and the new established forest will not
sequester enough carbon to compensate for the losses (Harmon & Marks,
2002). However, for managed forests, if substitution effects of forest
products and/or biofuel is also considered, more intense management might
be more appropriate to maximize carbon sequestration (Liu & Han, 2009;
Hennigar et al., 2008; Eriksson et al., 2007) Assessments of the substitution
potential of increased use of wood in the construction of buildings are only
recently becoming available; one newly published estimate of the potential
for Europe (EU25) indicates that emission reductions in the range of 40 Mt
CO, per year may be possible (Eriksson et al., 2009). It is important to
emphasise the need to be careful when setting the boundaries for carbon
sequestration studies and that awareness of the boundaries is necessary when
results are interpreted.

The choice of interest rate also needs to be considered. The real interest
rate was set to 3 % in all main scenarios in this thesis. It 1s a typical rate in
forest economics while it might be considered high in the climate change
contex as there might be too risky to postpone mitigation actions and
concerns, among others, perceived responsibilities for future generations.
For example, Cline (1992) and Stern (2006) set their discount rates to 1.5 %
and 0,1 % respectively, while Nordhaus (1994) used 3 % discount rate. As
this thesis aims to reflect normal forest management combined with CO,
mitigation 3 % real interest rate was chosen anyway. In general, lower real
interest rates leads to longer rotation periods.

It should be noted that all findings this thesis is based upon were obtained
from empirical growth models. The major drawback with these models is
that effects of climate change are not easily incorporated. A simple
correction factor was introduced in Paper IV, but that does not readily allow
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factors other than temperature to be incorporated. One reason for using
empirical models is that they are developed to give responses to classical
management problems (traditional forest data as independent variables, 5-
year time steps, etc).

In the study for Visterbotten the results were found to depend on the
specific region under study. For example, the region was dominated by pine
(45 %) and located in northern Sweden where the productivity is relatively
low. In a region with more spruce and higher productivity more biofuel
could have been extracted, and higher harvest levels would have been
possible. Traditional forest management regimes would have been more
profitable and would have resulted in higher harvest levels at higher carbon
prices compared to the Visterbotten case. In Paper IV it was found that
management practices would not be strongly affected by climate change-
induced temperature increases (assuming that forest growth is the only
ecological variable affected). It was therefore concluded that the need for
more sophisticated solution methods was minor. This might not, however,
be true if broader aspects of climate change, like increased damage by wind
or fire were also considered. These factors also have negative effects on
forest growth while increased temperature will generally lead to increased
growth. Therefore, to handle these complex problems there is a need to
incorporate new adaptive solution methods into forest management
planning in the near future.

3.3 Concluding remarks and future research

One of the aims of this thesis, and the underlying studies, was to provide
guidance for policy-makers when making decisions regarding carbon
sequestration issues in relation to the managed forests in Sweden. I hope that
some of the findings will be applied in decision-making and serve as a
starting point for further research. I am however in all humility, aware that
other disciplines are conducting research on how to combine forest, climate
change, and energy concerns: the aim of this thesis was limited to the forest
management planning viewpoint.

The stand level study (Paper I) showed that most carbon was sequestered
in forest biomass and soil when no thinnings were applied. However
thinnings were a more attractive alternative from an economic perspective
for high productivity stands. In studies of the carbon sequestered in forest
biomass in the county of Visterbotten (Papers II and III) it was found that
introducing a price for carbon sequestration lowered the harvest levels, and
that thinnings were first avoided on low productivity sites when the carbon
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price increased. This finding is consistent with the results presented in Paper
I. It was also concluded that carbon sequestration in forest biomass is
relatively cheap. The last study (Paper IV, stand level) addressed the
importance of adapting forest management practices to the correct climate
(or more strictly, temperature increase) scenario. The results indicate that
the importance of finding a management plan to match the correct
temperature scenario is minor.

While preparing this thesis new problems have emerged that emphasize
the need for more research on the subject. The post Kyoto Protocol process
and implications of the EU:s 2020 goal’ will also increase the need for more
research on related issues.

The Heureka system applied in the study described in Paper I provides
opportunities to perform forest management studies with consideration of
climate change, using recently developed hybrid growth models (empirical
models modified by growth calculations using process-based models)
(Freeman et al. 2009). A set of forest goods and services are incorporated in
the system, enabling analyses incorporating timber and biofuel production,
biodiversity, recreation, and carbon sequestration in forest biomass and soil,
within an optimization framework. Analyses can be performed from stand to
national level. A next step in research is thus to include more sophisticated
models for examining the effects of product substitution and oft-site forest
carbon storage (Eriksson ef al., 2009). This thesis has only focused on even-
aged management but in the future uneven-aged management also needs to
be considered. For example could perhaps low intensive uneven-aged
management be an interesting alternative for the western low productive
areas of Visterbotten (Paper II and III).

The risks posed by increased frequencies of storms, fires or insect
outbreaks have not been addressed in this thesis. Since these events are, by
nature, stochastic and catastrophic, forest management problems cannot be
reliably solved as deterministic problems and we will probably need to apply
new solution methods, such as reinforcement learning, a simulation-based
dynamic programming method (Sutton & Barto, 1998).

’ The EU has set goals to reduce GHG emissions by 20 % by 2020 compared to 1990 levels,
increase the share of renewable energy sources to 20 % of total energy production and
reduce energy consumption by 20 % by increasing energy efficiency.
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