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Summary

This report presents an overview of the relationships between boreal forests, forestry
and climate change. It looks exclusively at climatic aspects, which does not mean that
other aspects, such as socioeconomics or biodiversity, are seen as less important. The sole
reason for this limitation is the wish for clarity.

A central assumption is that +2°C is a critical threshold for global warming, and that
severe reductions in greenhouse gas emissions are needed over the next few decades
to avoid exceeding this threshold. Analysis of the importance of boreal forests and the
effects of various courses of action should therefore not be limited to a long-term per-
spective (100 years or more).

The amount of carbon stored in boreal forests is greater than that of any other land
ecosystem, and almost twice that stored in tropical forests. This huge accumulation of
carbon makes the boreal forest a key factor in future climate.

About half of the world’s boreal forests are old-growth forests, mostly or entirely unaf-
fected by forestry. They represent a very large share of the total carbon stored. These
forests could continue to act as carbon sinks for centuries. However, continued global
warming could transform old-growth boreal forests into a source of carbon source as
the result of an increase in natural disturbances, such as fires and insect infestation. We
can already see clear trends in this direction. If warming exceeds a critical level (3—5°C
is suggested) heat stress and water scarcity could lead to widespread forest death in the
boreal region. A large proportion of the stored carbon will then be released into the at-
mosphere, further driving global warming in an irreversible and self-sustaining process.

Turning old-growth boreal forest into managed forest has a negative impact on climate
in the short and medium term, as some of the vast amount of stored carbon is released
into the atmosphere during harvesting.

It takes a long time — 100 years or more — for new forests to bind the corresponding
amount of carbon, which means that the felling of old-growth forest further accelerates
global warming when seen in this short-term perspective.

In managed boreal forests, we have greater opportunities to influence the movement of
greenhouse gases through forest practices and use of the harvested biomass. Once again
it is important to take into account the need for rapid restrictions on emissions when we
weigh up alternatives course of action. A solution that may appear optimum over a span
of 100 or 200 years may be counterproductive when seen in the light of what we need to
achieve in the next few decades.

More intensive forestry, which enables higher production and higher yields through wi-
despread fertilisation, for example, poses risks to the climatic. Aside from the risks, it is
not clear that these alternatives are positive, particularly in the short term. For example,
if we were to start the widespread uprooting of stumps in Swedish forests to increase the
yield of forest fuel it would create a carbon deficit — in other words be negative from the
climate viewpoint — for at least the next 30 years.

Interesting opportunities are offered by forest management strategies that have other
goals than maximising production and timber yield. Extending rotation periods in Scan-
dinavian forestry has, for instance, been shown to have positive climatic effects, parti-
cularly in spruce forests, even after taking into account substitution effects (see below).
This is mainly due to an increase in the sawn timber share of yield. Eliminating clear-
cutting would also have immediate positive effects in relation to the impact of forestry
on climate, since clear-cutting creates carbon sources.



One climatic disadvantage of extending rotation periods and eliminating clear-cutting
in forestry is that it reduces the availability of forest residue and thus opportunities for
replacing fossil fuels.

It is precisely this opportunity to replace or substitute fossil fuels with biomass from
forests that is crucial for the total climate impact of managed forests.

Wood products can replace fossil fuels, both directly through combustion and indirec-
tly, by replacing materials with high embodied energy, such as steel and concrete. Over
time, the estimated substitution effects can be high, since the eliminated emissions are
cumulative with each forest generation. In the short term (a few decades), it is however
questionable whether the climatic benefits of substitution justify investing in increased
forest logging or production.

In substitution studies it is often assumed that increased timber yield is used to substi-
tute for materials or fuel, or a combination of both. This differs markedly from the actual
situation in Sweden, where less than one fifth of the timber yield is used for long-lived
structural timber, and where about half is used for papermaking. The manufacture and
use of paper is on the whole negative from a climate perspective (although the effects
are likely to differ between various paper products). Reducing consumption of paper and
using more of the harvested wood for timber and fuel would thus benefit the climate.

It is also important to keep in mind that substitution effects are to some extent theoreti-
cal. They are based on the assumption that if a certain amount of wood is made available
to the market, it will reduce the use of other materials accordingly. In practice, some of
the wood may instead be used to increase consumption. None of the substitution studies
referred to in this report take into account these market effects.



1. Global warming

'The Earth is getting warmer. Levels of carbon dioxide and other greenhouse gases in the
atmosphere have risen, mainly due to emissions from burning fossil fuels. The average
temperature has risen by 0.8°C since the late 1800s (IPCC 20074, Frieler et al. 2009). The
extent and rate of warming in the future will depend on how successful we are in limit-
ing greenhouse gas emissions. The UN Panel on Climate Change, IPCC, has described
a variety of scenarios in which the global average temperature at the end of this century
ranges from 1.1 to 6.4°C higher than today, depending on how emissions of greenhouse
gases develop. To limit warning to no more than 2°C under these scenario studies, the
level of atmospheric carbon dioxide must not exceed 400 ppm (parts per million). The

atmosphere already contains about 380 ppm of carbon dioxide (IPCC 2007a).

In its fourth assessment in 2007, the IPCC estimated that global warming should be
limited to a maximum of 2°C to limit the risk of consequences that society would find
very difficult to manage. Subsequent research has confirmed this assessment, or even
indicated that the limit may be lower (Fee 2011). Above this critical threshold, further
small rises in temperature could trigger significant and irreversible changes that could
then drive further warming in a self-sustaining process. A group of leading scientists have
identified around ten of these “tipping elements”, which in their view could be triggered
before the end of this century. Melting of Arctic sea ice, thawing of permafrost areas and
extensive forest death in the Amazon and boreal forests are three examples. In the cases
described, the changes would take place within a few decades or at most a century. The
thawing of permafrost and forest death would both affect climate change by releasing
large amounts of greenhouse gases into the atmosphere (Lenton et al. 2008). Subsequent
research has provided support for these assessments. The conclusion that global warming
above 2°C could lead to sudden, irreversible changes in the global system, with runaway
warming as a result, has received further support (Schellnhuber 2009a).

In order to keep warming below two degrees, according to the assessment of the IPCC,
greenhouse gas emissions must start to fall by 2015 and be reduced by 50-85 per cent by
2050 (compared to 1990 levels) (IPCC 2007b). More recent assessments have conclu-
ded that the industrialised nations must effectively eliminate carbon dioxide emissions
from fossil fuels by the year 2030, if there is to be any chance of meeting the two-degree
target (Schellnhuber et al. 2009b).

Based on the commitments that governments around the world have made so far, howe-
ver, emissions will continue to rise for the next few decades (IPCC 2007b). If this trend
is not broken the world will face warming by more than 4°C by the end of this century. A
rapid and dramatic reversal of the trend in greenhouse gas emissions is therefore vitally
important.

Climate changes in the boreal region

Almost all climate models show that warming in the Arctic region (north of around 60°
latitude) will be much greater than the global average. This is also supported by real-
world developments to date (Rummukainen & Killén 2009).

'The average temperature in the Arctic region has risen twice as fast as the global tempe-
rature over the last few centuries IPCC, 2007a).

If the global average temperature rises by 2.8°C by the year 2100, large parts of the Arc-
tic land mass will experience warming by 4-5°C (IPCC 2007b). With current emission



trends and a global temperature rise of 4°C, the temperature could increase by 6°C in
northern Scandinavia. Parts of Arctic Canada and Asia could see temperature rises of

10-12 degrees (UK Met Office, 2009).

With global warming of slightly more than two degrees it is calculated that the average
temperature in Sweden would increase by 2-4°C, mostly in the north and more in winter
than in summer. Winters will be milder and summers will be hotter. Spring will come
earlier and autumn later. Precipitation is forecast to increase by an average of 10-20 per
cent, mostly during the winter months. The number of extreme wet weather events (large
amounts of precipitation in a short time) will increase. Water shortages could neverthe-
less still be a problem in southeastern Sweden, since evaporation increases as tempera-
tures rise. The extent and duration of winter snow cover will decrease. Climate models
do not provide clear information about the changes in wind patterns. On the whole, it
is likely to be slightly windier. There may be fewer storms, but wind strength is likely to
be higher (Rummukainen 2010). Some climate models predict that the average winter
wind speed in Scandinavia will increase by 7-13 per cent by 2100, and that maximum
wind speed will increase by the same amount (Eriksson 2007).



2. The boreal forest

Boreal forests cover about 14 per cent of the Earth’s green surface and therefore make up
the world’s largest interlinked land ecosystem. They form a green belt of varying width
in the northern hemisphere, roughly between latitudes of 45 and 70 degrees. The boreal
forest belt covers 1.4 billion hectares, equivalent to 38 per cent of the world’s forest area
(Soja et al. 2007). More than half lie in Russia, and around six per cent in Scandinavia
(Olsson, R, 2010). In the north, the boreal forest borders on treeless tundra. In the south,
the boundary is more diffuse and often comprises a zone of mixed forests that merges
into temperate deciduous forest.

Boreal forests are dominated by conifers, with some deciduous species such as birch
and aspen. The harsh climate is a major factor in their ecology. Parts of the boreal fo-
rests, mainly in Siberia, grow in constant permafrost, and periodic permafrost also oc-
curs south of this zone. Winter snow cover has great ecological importance because it
protects the soil from the cold of winter and thus provides opportunities for many plant
and animal species to survive the cold season (Tivy 1993).

Large-scale disturbances play a vital role in the dynamics of natural boreal forest ecosys-
tems. Regular forest fires, insect infestations and storm-felled trees create ecological gaps
that enable new generations to gain a foothold (Juday 2005). Natural forest fires caused
by lightning occur at 50-200 year intervals, and each fire may affect tens of thousands of
hectares of forest (Tivy 1993).

In managed forest, logging and other forestry operations are by far the main disturbance
that affects ecosystem dynamics. Changes in forestry practices can affect both the vulne-
rability of the forest to climate change and its effects on climate (Juday 2005).

About half the world’s boreal forests are currently unaffected to any significant degree
by forestry or other human activities. There are large areas of old-growth forest in the
northern part of the boreal zone, which is very sparsely populated and largely inacces-
sible (Bryant et al. 1997). More than half of the large old-growth forest areas that remain
in the world are boreal forests in Canada and Russia (Juday et al. 2005). In Scandinavia,
almost all forest has been affected by human activity, and mostly by the last half-century
of industrial forestry. In Sweden, older forest and old-growth type forests in the biolo-
gical sense are mainly limited to nature reserves and other protected areas. Estimates of
the area of such forests outside reserves are uncertain. Overall, the proportion of old-
growth type forests in Sweden is probably less than 10 per cent, much of it in small areas
affected by the dynamics of surrounding managed forest (Cedergren 2008, SCB 2009).

In analysing the relationships between climate, climate change and boreal forests, it is
essential to distinguish between old-growth forests, where natural dynamics hold sway,
and managed forests, where human activity has the biggest influence. This difference is
very significant for the effects of climate on forests and the feedback effects between
forests and climate.

Global warming is already having considerable impact on the Earth’s terrestrial ecosys-
tems, and these effects will grow and increase in number as warming continues. Even
with a global average temperature rise of 1.5-2.5°C, there is a risk of large-scale trans-
formation of forests into treeless habitats.

Boreal forests are likely to be particularly hard hit by climate change, partly because
warming in northern latitudes is expected to be far greater than the global average, and
partly because temperature is a critical factor in boreal forests (IPCC, 2007a).
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- Old growth forest

Managed forest

Figure 1. The boreal fo-
rest belt, schematically
divided into untouched
old-growth forest / vir-
gin forest and managed
forest. (After Bryant et al.
1999.)

Like most other ecosystems, boreal forests are likely to react non-linearly to changing
environmental conditions. This means that the changes will not occur gradually or pro-
portionally with rising temperature, but are more likely to occur suddenly when certain

thresholds are exceeded (IPCC 2007d).



3. The climate and forest
— links and processes

The greenhouse gas balance of an ecosystem — in this case the forest —is the net exchange
of three greenhouse gases between the ecosystem and the atmosphere: carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O). In terms of volume and climate ef-
fect, carbon dioxide is by far the most important of these gases. Methane and nitrous
oxide are much more effective greenhouse gases, which means that even relatively small
amounts have a significant impact on the climate.

Carbon dioxide and methane contain carbon, and the movement of these gases is there-
fore part of the global carbon cycle.

The carbon cycle

The carbon cycle is the chemical engine that provides most of life on Earth with buil-
ding materials and energy. The carbon cycle is also very important for the chemical
composition of the atmosphere and hence the climate system.

Carbon paths

Green plants absorb carbon dioxide from the atmosphere and bind it by means of pho-
tosynthesis into carbohydrates, using energy from the sun. Some of the carbohydrates
that plants build up are used to supply them with energy, and they release carbon dioxide
into the atmosphere during this process. The process is known as autotrophic respiration,
which in simple terms means that the plants breathe.

'The balance (net primary production, NPP) is the amount of carbon that plants can use
to build up biomass in their stems, roots, leaves, etc.

Plants and parts of plants are eaten by herbivores, or eventually die and are broken down
by microorganisms. Herbivores and microorganisms use carbohydrates as a source of
energy. In this way carbon is transported through the food chain and most of it returns
to the atmosphere as carbon dioxide when animals breathe, or when they eventually die
and decompose. This process is called heterotrophic respiration. Disturbances such as
fires, insect infestation or logging increase heterotrophic respiration. They generally also
produce a warmer climate.

Measurements and units

Stored carbon and the movement of carbon are 1 m? of wood contains about 0.2 tonnes of carbon.
usually quoted in this report in Mt (megatonnes) or

. The CO, equivalent unit is a measure of the com-
Gt (gigatonnes). 2

bined greenhouse effect of emissions of several

1 Mt = 1 million (10°) tonnes greenhouse gases. For example, methane is 23

1 Gt =1 billion (10°) tonnes times more effective as a greenhouse gas than

1 Gt is therefore 1,000 Mt. carbon dioxide, which means that 1 kg of methane
In most cases, the movement of carbon dioxide has the same climate impact as 23 kg of carbon
(CO,) is expressed as carbon (C). 1 kg of carbon is dioxide. The emission of 1 kg of carbon and 1 kg

equivalent to 3.7 kg of CO,. Conversely, 1 kg of CO, of methane is therefore 1 + 23 = 24 kg CO, equiva-
contains 0.27 kg of carbon. lents.
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Some of the carbon that plants absorb from the atmosphere accumulates in the soil as
dead organic matter. This movement is small and diminishes as a forest grows older, but
over time can still lead to the accumulation of large deposits of carbon.

Fires play a key role in the carbon cycle, in the same way that the respiration of living
organisms breaks down plant biomass, returning carbon to the atmosphere. Tropical
savannahs and boreal forests are ecosystems that are adapted to periodic natural fires.
Fires in these ecosystems supply 2—-5 Gt (gigatonnes) of carbon to the atmosphere each
year (Scholes 2004).

In addition to the above processes, a number of smaller carbon paths make up the car-
bon cycle. Three of these should be noted here: VOCs, methane and dissolved organic

carbon.

VOC (Volatile Organic Compounds) is an umbrella term for volatile organic com-
pounds, such monoterpenes. Plants emit a large number of such compounds into the
atmosphere, usually in small amounts (Scholes 2004). Emissions of VOCs from boreal
forests can be roughly expected to rise with increasing photosynthesis, since the forma-
tion of these substances is closely linked to photosynthesis (Biack & Hari 2009). VOCs
condense in the atmosphere as aerosol particles that affect atmospheric absorption of
radiation. They also act as nucleation points for cloud formation, which affect the life-
time of clouds and their response to radiation. According to the IPCC, these aerosols are
currently the greatest element of uncertainty in estimates of climate impacts (Kulmala

et al. 2009).

Methane is released when organic matter decomposes in oxygen-free or oxygen-poor
environments (such as wetlands, landfills or in the gut of herbivores) (Scholes 2004).
Methane is 23 times more effective than carbon dioxide as a greenhouse gas. This me-
ans that one molecule of methane produces the same warming effect as 23 molecules
of carbon dioxide (Morén & Olsson 2007). Chemical conditions in the soil determine
whether methane is produced or broken down (Nordin et al. 2009). In forested land it
is mainly peatlands that emit methane, and the drainage of such land for forestry can
greatly influence methane production. (Bergkvist 2007). (See also section 6 on the drai-
nage of peatlands.)

Both methane and VOCs are converted more or less rapidly into carbon dioxide in the
atmosphere. During this process they affect atmospheric chemistry in a way that can
sometimes lead to the formation of another powerful greenhouse gas, low-level (tro-
pospheric) ozone (Scholes 2004).

Dissolved organic carbon (DOC) from the partially decomposed material in the top
layer of soil is carried by water filtering down through the soil bed. Some of this dissol-

Carbon stores, sources and sinks

A carbon store is a quantity of carbon stored in a
given system, for example in the growing forest
in Sweden or in a forest ecosystem. The size of a
carbon store changes with time as a result of the
movement of carbon to or from the pool.

A carbon sink is a system that absorbs more car-
bon from the atmosphere than it emits (reserves
increase).

Carbon sequestration means that carbon is remo-
ved from the atmosphere and stored in a sink.

A carbon source is a system that emits more car-
bon into the atmosphere than it absorbs (reserves
decrease).

The carbon balance or greenhouse gas balance is
the net sum of all movements of carbon or green-
house gases in the system being examined. If the
sum of all carbon paths from the atmosphere to
the forest ecosystem is equal to the sum of all
paths in the opposite direction the carbon balance
is then zero. The carbon balance varies over time.
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ved organic carbon is transported by groundwater into lakes and streams, but in boreal
forest ecosystems much of it is trapped in the soil, where it helps to build up relatively

stable reserves of carbon. In Swedish forest land, a large proportion of stored carbon is

held in mineral soil, carried there as DOC in groundwater (Morén & Olsson 2007).

Carbon stores

The quantity of carbon stored globally in living plant biomass is around 500 Gt, which
is relatively little when compared with the carbon stored in the oceans and in fossil
deposits (oil and coal). The carbon stored in plants is important, however, because it
can increase or decrease quite rapidly if there are changes in the climate or the way we
manage forests or agricultural land.

The total amount of carbon stored in soil in terrestrial ecosystems around the world is
estimated at 1,500-2,000 Gt, in other words three times more than is present in growing
biomass and 50 times more than is in the atmosphere. A very large proportion of this
carbon, at least 40 per cent, is found in boreal forests (Scholes 2004).

Carbon paths and carbon storage in boreal forests

Globally
According to the UN climate panel, IPCC, 550 Gt of carbon is stored in boreal forests

(in soils and vegetation), which represents 30 per cent of all the carbon in the world’s ter-

Figure 2. The carbon
cycle in terrestrial ecosys-
tems. The share of carbon
stored by boreal forests in
soil and plants is shown
by the green shaded area
in each box.

The diagram shows car-
bon paths under natural
conditions, so the effects
of human activity are not
represented.

Stored carbon is given in
gigatonnes (Gt) and car-
bon paths in Gt per year.

(1 Gt =1 billion tonnes).

The natural carbon paths
in the diagram can be
compared with carbon
dioxide emissions from
industrial processes and
the burning of fossil fu-
els, which are calculated
to total around 8 Gt of
carbon per year (Scholes
2004). (After Steffen et al.
2004).
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Table 1. Carbon stored in
soil and plant biomass in
the world’s forests (Gt).
(Woods Hole Research
Center.)

Biome Arez;)mlll Soil bir::'::ss Total

Boreal forest 1509 625 78 703
Tropical forest 1756 216 159 375
Temperate forest 1040 100 21 121

restrial ecosystems. Boreal forests sequester one Gt of carbon each year IPCC 2007a).
The figures in Table 1 are based on other sources and differ slightly from those mentio-
ned, but still provide a fair comparison of carbon storage and carbon sequestration in the
world’s major forest regions.

Whichever estimates are used, the amount of carbon stored in the boreal forest ecosys-
tem is greater than in any other terrestrial ecosystem, and almost twice as much as that
stored in tropical forests (Kasischke 2000). Even when we consider unit area, boreal
forests contain twice as much carbon as tropical forests (IPCC 2002). The reason for
this difference is basically the climate. In most forests in warmer regions most of the
carbon is held in living plants. Dead organic matter decomposes rapidly and carbon does
not build up in the soil. In boreal forests, on the other hand, partly decomposed organic
matter accumulates in the soil over time, because the low temperatures slow down de-
composition. Boreal forests that are left to grow undisturbed, slowly build up stores of
carbon in the soil over hundreds and thousands of years.

The amount of carbon stored per unit area is higher in natural boreal forests than in
managed forests from which timber is regularly removed by felling. In an old-growth
forest in Sweden (i.e. forest that has never been clear-cut and has mostly been left to
grow undisturbed for at least a couple of hundred years), there can be 3-4 times as much
growing stock as there is in the average managed forest, which means that the amount
of carbon stored in the growing forest is likewise greater. There is also more carbon
stored in the soil in old, unmanaged forest, as the store continues to be built up, albeit
slowly, as long as the forest is allowed to grow undisturbed. On the other hand, young
and middle-aged forests sequester more carbon than old forests, per unit area, since they

grow faster (Olsson 2010).

'The enormous amounts of carbon stored in soil and vegetation give the boreal forests
a key role in the future climate, especially as they are expected to be very sensitive and
react quickly to rising temperatures, with dramatic consequences for the carbon cycle
and atmospheric levels of greenhouse gases. Such changes are already apparent, as we
shall see in the following sections.

Sweden

"The amount of carbon stored in Swedish forests is estimated at 1 Gt in growing biomass,
1.9 Gt in the forest soil (Olsson, M 2010) and a further estimated 0.6 Gt in drained
peatland with productive forest (Bergkvist & Olsson 2008). The amount of carbon sto-
red in both biomass and soil, per unit area, is much higher in southern Sweden than
in the north, but with considerable differences between different soil types (Morén &
Olsson 2007).

According to official Swedish reports to the Climate Convention (UNFCCC), the land
use sector represented a carbon sink of about 0.04 Gt CO, equivalents in 2009 (Swedish
EPA 2011), which equates to around 0.01 Gt of carbon. Forests and forestry account for
almost all this carbon sink. This figure can be compared with Sweden’s total emissions of
greenhouse gases, which were around 0.06 Gt CO, equivalents (EPA 2011). It should
be kept in mind that reporting to the UNFCCC is not governed solely by scientific
principles, but is also influenced by the UNFCCC framework (see section 9).



Forest carbon sequestration has almost halved over the past decade. The reason is that
logging has increased faster than forests have grown (Bergqvist & Olsson 2008). Mo-
delling calculations show that, using the same forestry methods as today, the carbon
sink provided by growing forest will remain largely unchanged over the next 20 years.
Carbon sequestration in soil will not change significantly either. The calculations assume
that climate change will favour forest growth. If this effect is excluded the carbon sink is

reduced. (Lundblad et al. 2009).

Climate effects on carbon paths

The storage and release of carbon in boreal forests is primarily governed by four factors:
* growth of trees and vegetation,

* decomposition of dead organic matter,

* the frequency and extent of fires and other disturbances,

* changes in the extent of permafrost (Juday et al. 2005).

Permafrost is not addressed in this report.

Growth

Increased growth means that plants absorb more carbon dioxide from the atmosphere.
Temperature rises may enhance forest growth, mainly by extending the growing season.
In boreal regions the early arrival of spring has a particularly marked effect, because
there is also plenty of light at this time of year, in contrast to autumn (Hari & Kulmala
2008). As the climate changes, availability of water may be a factor that limits growth,
at least regionally, and this may counteract or offset the positive growth eftects of higher
temperature (Hari & Nikinmaa 2009). In large parts of the boreal region the availability
of nitrogen is a growth-limiting factor.

Higher levels of carbon dioxide in the atmosphere can directly affect tree growth, since
plants use carbon dioxide in photosynthesis. It is known that availability of carbon di-
oxide can be a limiting factor for growth, especially when there is plenty of light. Ho-
wever it cannot be assumed that carbon dioxide levels at current and expected levels will
lead to increased photosynthesis. Nor is it certain that increased photosynthesis would
lead to more tree growth, since internal mechanisms in trees and forests can offset the
fertilisation effect of carbon dioxide (Hari & Kulmala 2008).

Decomposition

Like tree growth, microbiological processes in the soil are highly temperature-depen-
dent. Organic matter decomposes faster as temperature rises. This not only means that
more carbon is released, but also that the availability of nitrogen (and other nutrients) in
the soil increases, which could accelerate forest growth (Hari & Kulmala 2008).

The movement of methane (CH,) can also be affected by the release of more nitrogen in
the soil, and by higher temperatures and changing rainfall patterns, but understanding
of this area is very limited (Pihlatie 2009).

Disturbances

Disturbances are a very important factor in the carbon budget of terrestrial ecosystems.
They usually entail large losses of carbon into the atmosphere as a result of trees and
other vegetation dying and decomposing after the disturbance. Forest fires, which are
the main form of disturbance in old-growth boreal forest ecosystems, also enhance de-
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composition in the soil. Large-scale insect infestations and the storm-felling of trees
have similar effects on the carbon balance (Juday 2005). It has been questioned whether
measurements of forest ecosystem growth or the direct exchange of carbon dioxide with
the atmosphere are relevant in the climate context, since they do not take into account
the importance of disturbances. It has been shown that disturbances play a major role
in the large year-to-year variations in the boreal forest carbon balance (Magnani et al.

2007).

Feedback effects on climate

Changes in boreal forest growth and biomass, and in soil processes, therefore affect
the carbon cycle and hence atmospheric levels of carbon dioxide and other greenhouse
gases.

Climate-driven changes in forest ecosystems thus have feedback effects on the climate.
'This feedback can be positive, i.e. driving global warming, or negative, i.e. slowing war-
ming (Juday 2005). There is still disagreement within the scientific community on the
question of whether the net feedback effect between the climate and forest carbon ba-
lance is positive or negative — in other words whether a warmer climate will increase
or decrease carbon sequestration by forests (Lagergren et al. 2006). In many cases the
disagreements seem to depend on the timescale, and whether the effects of large-scale
disturbances are considered or not.

If the analysis is limited to how warmer climate and higher carbon dioxide levels in
the atmosphere affect forest growth, the net feedback tends to be negative, i.e. forests
sequester more carbon. This assumes that the forest will be left undisturbed to react to
changes in the climate and atmospheric chemistry, and that the trend is representative
of the forest landscape as a whole. The picture changes if allowance is made for the fact
that fires and other disturbances are expected to increase. The release of carbon due to
more frequent disturbances is considered by many studies to be greater than carbon
sequestration due to enhanced forest growth (see seczion 5).

Other links between boreal forests and climate

Boreal forests can also affect climate through mechanisms that are not directly linked to
the carbon cycle. Two such mechanisms are briefly discussed here.

Albedo

In meteorology, albedo is the ratio between incident solar energy and the portion of
solar radiation that is reflected back into space by cloud cover and the Earth’s surface.
The solar radiation that is not reflected is absorbed by soil or vegetation, for example,
and transformed into long-wave thermal radiation. It therefore contributes to global
warming. If the albedo decreases, it therefore means that more of the incident solar
radiation is converted into heat, which increases global warming. Conversely, an increase
in albedo has a cooling effect.

The Earth’s albedo is thus very important for the planet’s thermal balance. Changes in
the prevalence of different vegetation types or the duration and extent of snow cover can
be expected to affect the albedo, but the relationship is complex and the effects difficult
to predict.

None of the world’s other major biomes has such a large impact on albedo as boreal
torest. Its dark, irregular surface absorbs much of the incident radiation, while the flat,



snow-covered tundra has a high albedo. The reduced coverage of boreal forests and in-
creased frequency of forest fires could both be expected to slow warming by changing

albedo (Juday 2005).

Enhanced forest growth means more coniferous biomass, which may reduce the albedo
of the forest landscape. At the same time this will increase transpiration, the amount of
water vapour evaporating from trees into the atmosphere, and lead to increased cloud
formation (Riisinen & Smolander 2009). As mentioned earlier, cloud formation can

also be affected by VOC emissions.

These effects may be of great importance as a balancing factor in the global climate
system. In a cold climate, the low albedo of boreal forest could have a warming effect.
In a warmer climate, it may result in so much water vapour formation that the increased
cloud formation has a cooling effect (Spracklen et al. 2008).

Nitrous oxide

Nitrates in forest soil can be released into the atmosphere as nitrogen gas, nitric oxide,
or nitrous oxide (N,O) in proportions determined by the chemical conditions in the soil
(Nordin et al. 2009). As a greenhouse gas, nitrous oxide is 296 times more effective than

carbon dioxide (Morén & Olsson 2007).

The formation of nitrous oxide is especially favoured in soils where the water table is

high and variable (Morén & Olsson 2007).

Emissions of nitrous oxide from the boreal forest ecosystem total around 0.5 Mt of
nitrogen per year, which in terms of climate impact is equivalent to just over 0.1 Gt of
carbon (calculation based on Pihlatie et al. 2009). Emissions of nitrous oxide from Swe-
dish forest land have been estimated at 4,700 tonnes, which in terms of climate impact
is equivalent to nearly 0.0004 Gt of carbon. Drained peatland accounts for virtually all
these emissions (Bergkvist 2007).

A warmer climate could lead to higher emissions of nitrous oxide. Experiments with
nitrogen fertilisation have shown that forest ecosystems respond differently to nitrogen
additions. Emissions of nitrous oxide seem to depend largely on whether forest growth
is limited by the availability of nitrogen or not at the time the increase occurs. In nitro-
gen-limited systems, the additional nitrogen is quickly absorbed by plants, and nitrous
oxide emissions increase only temporarily shortly after the addition. On the other hand,
systems that already have high nitrous oxide emissions react strongly to nitrogen ad-
ditions, and emissions increase further. If we assume that a system responds in the same
way to nitrogen additions that arise from increased decomposition of organic matter
due to rising temperature, it is possible to roughly estimate the nitrous oxide emissions
from boreal forests. A Finnish modelling study has estimated that nitrous oxide emis-
sions across the entire boreal forest region could reach 1.5 Mt of nitrogen per year with
moderate global warming, which is approximately three times the current emission level
(Pihlatie et al. 2009). The increase would, in terms of climate impact, be equivalent to
the emission of around 0.12 Gt of carbon, which is roughly 10-20 per cent of the total
carbon sequestered in boreal forests.

Draining of forested peatlands and fertilisation of forest are measures that may also af-
fect emissions of nitrous oxide (see section 6).

The forest as a climate policy tool

Essentially there are three different ways to use forests to manage and influence the
global carbon cycle and hence the concentration of carbon dioxide in the atmosphere

(Lindner & Karjalainen 2007):
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* Protection. Protecting forests is one way to prevent the carbon already stored there
from being released and to preserve their natural ability to sequester carbon. This include
measures to combat deforestation, increasing the area of forest protected in natural re-
serves and other protected areas, and measures to reduce the extent of fires and other

disturbances that reduce carbon storage.

How reliable are the figures?

The figures given for carbon storage and carbon
paths in this section show a wide spread. They give
an indication of the current state of knowledge.
Despite extensive in-depth research there is still
considerable uncertaintyover the amount of car-
bon present in the Earth’s forest ecosystems and
the extent of annual carbon sequestration.

The difference between the highest and lowest
values given in the literature for boreal forest car-
bon sequestration is about 0.5 Gt. Estimates of

the carbon balance for European forests vary by a
similar amount - from a source of 0.1 Gt per year to
a sink of 0.46 Gt per year (Lindner et al. 2004). The
difference is equivalent to almost half the carbon
emissions of EU countries from fossil fuels (Luys-
saert et al. 2010).

The fact that estimates of carbon balance give dif-
ferent results is duepartly to the method and the
choice of carbon stores and paths that are consi-
dered. A comprehensive study of carbon balance
in European forests based on inventory data, me-
asurements of carbon dioxide paths andmodelling
calculations shows a very wide range depending
on the method or modelling assumptions that are
used. Estimates of net primary production vary
between 439 and 574 grams of carbon per square
metre per year, i.e. by over 30 per cent (Luyssaert et
al. 2010).

In Sweden and many other countries, the carbon
stored as biomass above ground, i.e. in growing
forests, is calculated from data on timber stocks
etc,, in forest inventories (in Sweden, the National
Inventory of Forests). Data on the biomass in forest
soil is not as good, and estimates are therefore
more uncertain. The Kyoto Protocol also requires
that other carbon stores are taken into account,
such as organic carbon in the soil, and these are
rarely measured to the required accuracy. The
problem with estimating changes in the organic
carbon content of soil is that changes over time
are small in relation to the size of the carbon pool,
while carbon content varies considerably between
different soils. This makes it difficult to scale indivi-
dual measurements up to the national level (Lager-
gren et al. 2006).

Technology exists for directly measuring carbon
exchange between forests and the atmosphere
(eddy covariance). However, this technology is ex-
pensive and measurements can therefore only be
made in a few places. In Sweden, there were eight
towers for carrying out such measurements in
2006, which is far from adequate for making direct
estimates of the total forest carbon balance. To do
this, it would require measurements in forests of
different species composition, age class, soil condi-
tions, climate, etc. (Lagergren et al. 2006).

Uncertainty in Swedish reports on carbon uptake
by forest biomass for the UNFCCC have so far
been around 20 per cent of the size of the carbon
sink. Uncertainties in Swedish estimates of chan-
ges in the carbon stored in forest litter and soil

are estimated at 70 and 35 per cent respectively
(Lundblad et al. 2009). The figures for Sweden are
still comparatively reliable, since there is detailed
inventory data for both growing forests and fo-
rest soil in our country. Sweden is one of the few
countries that have data for objectively estimating
the accuracy of uptake or emissions of carbon from
living biomass. Most countries rely on subjective
assessments (Lundblad et al. 2009).

Forecasts of how the carbon balance in boreal fo-
rests will change are even more problematic. These
must be based on the assumption that there will
not be any fundamental changes in the behaviour
of forests, despite the fact that key environmental
factors will change beyond the evolutionary limits
to which vegetation has had to adapt so far. Insect
and fungal infestations are examples of ecosystem
phenomena that are very significant and will even-
tually cause damage to ecosystems and reduce
carbon sequestration.

This means that our estimates of future carbon
sequestration are often likely to be over-optimistic
(Hari et al. 2009).

From the perspective of climate policy, this large
scientific uncertainty will naturally be a problem
when countries try to account for carbon sinks in
forest ecosystems or forest products in their emis-
sion reductions.



* Forest management for carbon sequestration. The way we choose to manage the forest
and use forest products has a big influence on overall climate impact. Measures that
favour forest growth, such as fertilisation and the creation of new forest on previously
unforested land are two examples. Other options are to increase the carbon stored in
forests and forest products, for example by extending rotation periods or prolonging the
lifetime of products.

* Substitution. Substitution means that forest products are used to reduce the use of
fossil fuels or to replace materials that produce emissions of greenhouse gases during
manufacturing. This can be done by using wood as fuel, and by using wood as a substitute
for more energy-demanding materials, such as steel or concrete in buildings.

These three methods have differing potential to help reduce levels of atmospheric carbon
dioxide in the short and long term.

Protection is the most effective method in the short term in areas where old forests with
large amounts of stored carbon are threatened by logging or other forms of exploitation
(such as the extraction of oil and natural gas).

Boreal forests are naturally vulnerable to disturbances — fires, storm-felling of trees and
infestation by pests — which return carbon to the atmosphere. In the long-term, natural
boreal forest reaches a state where the amount of carbon lost through disturbances and
decomposition is equal, or nearly equal, to the amount of carbon gained by sequestra-
tion in living biomass. The amount of carbon stored in the soil can continue to grow for
thousands of years, however.

When forest is managed to benefit the climate it generally means that the rate of carbon
sequestration or the total carbon stored in the ecosystem will increase compared to the
alternative of taking no measures. It often takes time, however, for measures to take effect,
and in the short term the effect on the carbon balance can be neutral or even negative,
for example, because more carbon is released from the soil for some time after harvesting
than is sequestered in new growth forest. No matter which management model is used,
sooner or later forest production reaches a ceiling that limits carbon sequestration.

The same applies to the sequestration of carbon in forest products. Sooner or later the
forest products decompose or are burned. Unless production of wood products rises con-
tinuously (which is obviously not possible in the long run), at some stage an equilibrium
is reached between losses and gains in stored carbon.

'The benefits of substitution are due to the fact that forest fuel provides much lower
emissions of greenhouse gases than fossil fuels. Similarly, wood produces less emissions
than other building materials. Each ton of oil, steel or concrete that is replaced by wood
is assumed to reduce emissions of carbon dioxide into the atmosphere, compared with
the situation if substitution did not take place. This means that substitution, in contrast
to protection and forest management, makes a large, long-term contribution to limiting
carbon dioxide levels in the atmosphere — assuming that there are fossil fuels to replace.
Substitution can take place at several stages. Logging residues can be used as fuel. Wood
can replace steel or concrete in buildings, and it can be burnt when the buildings reach

the end of their life.

At the stand level, these three methods are mutually exclusive to some extent. If you
want to build and maintain the largest possible carbon store in growing forests you
cannot harvest raw material for substitution at the same time. Management can, on the
other hand, be combined with substitution. Increasing forest production provides larger
amounts of biomass that can be used for substitution. The timber produced by each fo-
rest generation adds to the substitution effect of earlier generations.

From a wider geographical perspective — regional or national — these methods may of
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course be combined. There is no need to manage all forests in the same way. From a cli-
mate perspective, there is, as we shall see, good reason to treat older uncultivated forests
differently from production forests.

As mentioned, these approaches have different effects depending on the time scale. Me-
asures that have considerable positive impact on greenhouse gas emissions in the long
run, may have little or even a negative effect in the short term. In the present situation,
when a rapid reduction in emissions is necessary to avoid dramatic climate effects and
runaway warming, this is an extremely important point. An approach that appears ideal
over a time frame of 100 or 200 years may be counter-productive in light of what we
need to achieve in the next few decades.



4. About system boundaries

When discussing the link between forests and climate, one factor that is of central im-
portance is how we define the system that is being analysed, in space and time. Different
boundaries can lead to very different conclusions about how a particular action or stra-
tegy affects the movement of greenhouse gases, and hence the climate.

Estimates and projections of how a warmer climate will affect forest growth are often
based on considering a forest stand. We limit ourselves to looking at how an individual
growing forest stand reacts to changes in temperature and/or carbon dioxide in the
atmosphere. If we also include forest soil and its related processes in the system it can
change the outcome, however, since decomposition in the soil and hence carbon paths
are also affected by climate. Extending the perspective to cover a larger area or ecosystem
brings forest fires and other natural disturbances into the picture, as well as less produc-
tive areas of woodland, sometimes including treeless peatlands. The interaction between
forests and the climate in uncultivated forests is best understood from this ecosystem
perspective.

In managed forest ecosystems, there is an additional factor that has a large effect on the
carbon balance, namely man’s removal of biomass by harvesting. When discussing the
climate impacts of timber harvesting we must make clear whether the analysis is con-
fined to the harvested timber, or also includes the effects of logging (and other forestry
activities undertaken to produce the harvested biomass). It is known, for example, that
clear-cutting results in significant releases of carbon from forest land (Lindroth et al.

2009).

The effect of harvesting on the movement of greenhouse gases depends to a large ex-
tent on how the harvested wood is used. Under the rules that have so far governed the
reporting of sinks under the Kyoto Protocol, it is assumed that the carbon in harvested
timber immediately returns to the atmosphere. This assumption is also widely used in
other analyses. In practice, however, some of the timber is used to build houses, for ex-
ample. It remains as stored carbon for decades, before it finally decomposes or is burned.
To make allowance for this effect, the purpose of the harvested timber must also be in-
cluded in the system that is analysed. Carbon dioxide emissions from forest machinery,
hauling of timber and forestry processes must then also be incorporated.

The analysed system can be extended even further, by taking into account the effects
of substitution. Biomass from forests can be used as fuel to replace coal and oil. The
resulting reduction in carbon dioxide emissions can be included in the calculation. Si-
milarly, we can make allowance for the fact that wood replaces other building materials,
such as concrete, which give rise to much higher carbon dioxide emissions during their
manufacture. Cuts in emissions due to reduced production of concrete can therefore be
included in the calculation. As we shall see later, these substitution effects play a very
significant role in the overall climate impact of forestry.

The time frame plays a similarly important role to the spatial boundaries of the system.
Almost all projections of climate change and the consequences of different scenarios
or measures take 2100 as the far horizon, i.e. about one forest generation in managed
forests. If we are to limit global warming to no more than two degrees, the critical time
period is much shorter than this. As mentioned, greenhouse gas emissions must begin to

fall by 2015 and be reduced by 50-85 per cent by 2050.

Few analyses of the climatic effects of different approaches to using forests and forest
products consider this short-term perspective. A hundred years is a short time for a
forest. It is common for analyses of climate impacts to look at time spans of several
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rotation periods, often 200-300 years, without considering how social developments
and changing climate may affect forests, forest production, the development of building
materials or the global energy supply over such a period of time (e.g. Eriksson et al. 2007,
Bergqvist & Olsen 2008, Olsson, M. 2010, Sathre et al. 2010).

What may be a wise way of using our forests for the sake of the climate in the longer
term — a hundred years or more — is not necessarily the best option over the period that
is crucial for our future climate, in other words the next 30 years. We will return to this
in following sections.

System boundaries in this report

This report considers various different system boundaries. The aim is to state clearly
which boundaries are applied and how they affect the analysis and conclusions.

Section 5, which deals with unmanaged boreal forests, analyses the ecosystem including
forest land. As long as no biomass is removed from the forest through logging, the eco-
system can effectively be seen as a closed system.

The greenhouse gases emitted by the system end up in the atmosphere, and those absor-
bed by the ecosystem are removed from the atmosphere. The net exchange between the
ecosystem and the atmosphere determines the climate effect.

Section 6, which looks at managed forests, discusses how various forest management
strategies and actions affect the uptake and release of greenhouse gases in the forest.




AND USE

C STORAGE SUBSTITUTION

Once again the starting point is an ecosystem perspective. In managed forests, however,
the extracted timber and what is done with the harvested biomass have a much greater
impact on the climate than what takes place within the forest ecosystem. This applies
particularly to substitution effects, as discussed in section 8. Carbon storage in harvested
wood products is dealt with in Section 7.

In the case of time frame, this report also looks at the short-term perspective. The reason
is that our ability to limit warming to a maximum of two degrees will, as mentioned, be
decided over the next few decades. If we fail, there is greater risk that climate change
will accelerate as a result of positive reinforcement mechanisms, such as thawing per-
mafrost and extensive forest death, with consequent emissions of greenhouse gases into
the atmosphere. In such a situation the conditions for boreal forests and forestry in
the region could change dramatically. At the same time the opportunities for halting
runaway warming through forestry and wise use of forest materials will shrink or even
disappear since the changes in carbon paths that can be achieved by these means will no
longer be sufficient to compensate for the massive injection of greenhouse gases into the
atmosphere due to positive reinforcement mechanisms.

Figure 3. Links between
forests, forestry and fo-
rest products from the
climate perspective. In
undisturbed forests, from
which timber is never
removed, the climatic
effect is determined by
the net flow of green-
house gases between
the forest ecosystem and
atmosphere. In practice
the forest ecosystem

and atmosphere can be
seen as a closed system.
When biomass (wood) is
removed from the system
it not only affects the
carbon balance in the
ecosystem, the forest
products also have an
effect throughout their
lifetime. Greenhouse gas
emissions are produced
during transport, produc-
tion and use.

The harvested forest pro-
ducts also contain stored
carbon. Accounting for
the effects of substitution
means further extending
the system, by including
greenhouse gas emis-
sions that are eliminated
when forest products
(fuel and timber) replace
fossil fuels and materials
produced with the aid of
fossil fuels.
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5. Natural forest ecosystems

The fundamental difference between natural and managed forests in relation to the cli-
mate is that no harvesting of biomass (through felling) takes place in forests where na-
tural dynamics prevail. No biomass leaves the system. Trees and other plants decompose
when they die, and the carbon stored in their biomass either returns to the atmosphere
as carbon dioxide, or is locked up in the soil for varying periods of time. The proportion
of carbon that is stored in the soil and the rate of decomposition are of great importance
from a climatic point of view. Fires, insect infestations and storm-felled trees are natural
disturbances in boreal forests and may affect carbon paths dramatically.

This section discusses boreal forests mainly from the global perspective, since most of the
natural boreal forest ecosystems lie in North America and Russia.

Forest growth

Effects of climate warming

It seems reasonable that a warmer climate would favour the growth of boreal forests,
as the temperature and length of the growing season are limiting factors in the ecosys-
tem. Studies of the way in which boreal forests have responded to warming so far show
conflicting results, however. In recent decades, growth has increased in some cases and
decreased in others, depending on the region, habitat and species. In some cases, con-
siderable reductions in growth have been observed. One explanation may be the stress
caused by drought, which is in turn a consequence of climate warming (Juday et al.
2005). Growth studies based on annual rings in trees throughout the boreal region have
shown that a negative growth response to temperature increases during the 1900s is wi-
despread. It can be seen across almost the entire boreal region and among a wide range of
the conifer species investigated. Reduced growth is more common in the warmer areas
of the each species’ habitat, suggesting that temperature stress may be a contributing
factor. In many places, the response of trees to rising temperature changed around 1950.
The relationship was weakened or shifted in some cases from positive to negative (Lloyd
& Bunn 2007). As temperatures rise, the negative effects on tree and forest growth could
become more common as species and ecosystems are unable to adapt to ever more ex-

treme environmental conditions (IPCC 2007d).

In parts of the boreal forest region, forest growth is aftected by nitrogen deposition from
anthropogenic sources. It is difficult to distinguish these effects from growth changes
due to the climate (see below).

In the case of boreal forests in Canada, it has been shown that the potential increase in
growth that results from a warmer climate may be enhanced or attenuated depending on
the way precipitation patterns change (Kang et al. 2006).

Effects of carbon dioxide fertilisation

Increased levels of atmospheric carbon dioxide could favour tree growth, since green
plants use carbon dioxide for photosynthesis. However, it is not certain that carbon diox-
ide concentrations at expected levels will lead to increased photosynthesis (Barnes 2003).
Plants have not had time to evolve and adapt to such high levels of carbon dioxide and it
is therefore not possible to predict how different species will react (Hari et al. 2009).

A number of trials in laboratories and in the field show that photosynthesis increases
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sharply if the level of carbon dioxide in the surrounding atmosphere rises. Plants seem to
adapt to the higher levels, however, and within a few months, or at most years, the rate of
photosynthesis returns to the original level. Field experiments in which entire trees have
been grown in elevated carbon dioxide levels for several years have shown that the long-
term increase in photosynthesis depends on nutrient availability in the soil (Eriksson, H
2007). Nitrogen availability could similarly be a limiting factor in temperature-induced
growth. This makes forecasts of expected growth due to carbon dioxide fertilisation un-

certain (Hari & Kulmala 2009).

Nitrogen deposition affects carbon sequestration in forests

Under natural conditions, growth in boreal forests is generally limited by the availability
of nitrogen in the soil. Positive effects on forest growth due to climate warming have
mainly been observed in areas where water and nutrients are not limiting factors, such
as in Europe and eastern North America. These parts of the boreal region lie close to
densely populated and industrialised areas and are therefore affected by nitrogen deposi-
tion from anthropogenic sources. In some of these areas, nitrogen deposition is ten times
higher than the natural background level. Anthropogenic nitrogen deposition has been
estimated to affect about 30 per cent of the boreal forest region (Hari & Kulmala 2008).
In European forests, growth has generally increased since the late 1900s as a result of
nitrogen deposition (Lindner & Karjalainen 2007). In Sweden, nitrogen deposition may
account for up to 70-80 per cent of the difference in carbon storage between forests in
southern and northern Sweden (IMorén & Olsson 2007).

Deposition of nitrogen from air pollution therefore plays a very significant role in the
growth of forests and how they react to a warmer climate. Modelling studies have shown
that deposition of anthropogenic nitrogen can cause increased carbon sequestration to-
talling 0.44 to 0.74 Gt per year in the world’s terrestrial ecosystems, mainly in boreal
and temperate forests (Magnani et al 2007). As mentioned above, however, only a small
part of the boreal forest region is affected by nitrogen deposition from anthropogenic
sources.

Emissions of nitrogen oxides in the EU fell by 39 per cent between 1990 and 2008
(EEA 2010). According to most emission scenarios, nitrogen deposition over Europe
will continue to decline over the next few decades (Luyssaert et al 2010). This means that
the effects of nitrogen deposition on forest growth will also decrease.

Changes in ecosystems and vegetation types

Many modelling studies show that the climate zones in the northern hemisphere may
shift around 500 km north with global warming of 2°C by 2100 (Kirilenko & Sedjo
2007). It might be imagined that the boreal forests would respond to such a change by
migrating north with the climate zones. There are a number of studies based on vege-
tation models that outline such scenarios. The models rely, however, on the assumption
that each tree species will grow wherever the climate is suitable, which in practice is
highly unlikely, at least in a time frame as short as a hundred years (Aitken et al. 2008).

The reason is that the migration of the habitat of forest trees by an average of five ki-
lometres per year, far exceeds the natural dispersal rate of these species, which averages
200-300 metres per year (IPCC, 2007 ¢). Isolated individuals may naturally spread faster
than this and establish outposts that serve as starting points for continued dispersal, but
this does not mean that the forest ecosystem can migrate northwards to keep up with
climate change. The changes that can currently be seen, for instance in Alaska and at the
tree line in the Scandinavian mountain chain, instead indicate a century-long time lag

(IPCC 2007 d, Kullman & Oberg 2009, Lloyd 2005).

A more likely scenario is that high temperature peaks during the summer together with



scarcity of water will lead to increased stress, lowered resistance to pests and diseases,
and hence tree deaths. In combination with changes in disturbance regimes — larger and
more frequent forest fires and insect infestations — this may lead to widespread forest
decline that turns boreal forests into semi-open, savannah-like landscapes or open grass-
lands. This in turn would mean that very large amounts of carbon dioxide are released by
forests and forest land into the atmosphere. Extensive

boreal forest death has been identified as one of the critical tipping points that could
accelerate global warming in a vicious cycle if the temperature rises above a certain th-
reshold level. A threshold level of 3-5 degrees rise in global mean temperature has been
suggested for this scenario, but this figure is very uncertain (Lenton et al .2008).

Natural disturbances

The frequencies of fires and insect infestations have both increased in boreal forests in
recent decades, and further warming is expected to reinforce this trend (Balshi et al.,
Kurz et al. 2008a, Kurz et al 2008b). More extreme weather events brought on by the
future climate may also increase storm damage in forests (Lindroth et al. 2008).

Fires

Fires have a major role in the carbon cycle in the boreal zone, by not only releasing car-
bon during the fire, but afterwards as well. The combination of direct and indirect carbon
paths due to forest fires in the boreal zone makes up more than 20 per cent of global
emissions from burning biomass (Juday et al 2005). Changes in fire patterns have been
shown to be a dominant factor in the carbon balance in Canadian boreal landscape over

a fifty-year period (1948-2005) (Bond-Lamberty et al. 2007).

Sites of forest fires may remain a carbon source for around 30 years after a fire. Studies
in boreal forests in Alaska have shown that about 20 per cent of the carbon in the upper
layer of the soil is lost to the atmosphere through decomposition during the first 20-30
years after a fire, due to elevated soil temperature (Juday 2005).

In North America’s boreal region, the total forest area affected by fire increased by a
factor of 2.5 between the 1960s and 1990s. In western North America the area affected
by fire doubled in the last 20 years of the twentieth century (Juday 2005). According
to Russian data, the area of forest fires was 29 per cent higher in the 1990s than in the
1980s. Russian official forest fire statistics are problematic, however, and estimates ba-
sed on satellite data consistently yield much higher figures. Both statistics and satellite
data nevertheless show that the area of forest fires has increased since 1998 (Soja et al.

2007).

Emissions of carbon from forest fires in North America are estimated to have doubled
from the 1960s to the 1990s, from around 0.03 Gt per year to more than 0.06 Gt. In
Eurasia, emissions are estimated to have increased from 0.1-0.2 Gt per year in 1996/97

to nearly 0.5 Gt in 2002 (Kang et al. 2006).

Results from modelling studies suggest that the frequency and extent of forest fires will
continue to increase with global warming (Juday 2005, Olsson, R 2010). It has been es-
timated that the number of days of high fire risk in Russia’s boreal zone will increase by
12-30 per cent if the global mean temperature rises by 2.4°C (Malevsky-Malevich et al.
2008). If warming reaches +4°C the area affected by forest fires in North America could
grow by 74-118 per cent by the year 2100 (Flannigan et al. 2009).

One modelling study has shown that an increase of 50 per cent in the area affected by
fire may increase the amount of carbon released into the atmosphere by 0.33 to 0.8 Gt
per year for the next 50-100 years, depending on fire frequency and on assumptions re-
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garding the distribution of carbon stored in soil between organic soils and mineral soils

(Kasischke et al 1995).

Modelling studies of warming by 2.4 to 3.4°C show that atmospheric carbon emissions
from forest fires may increase by a factor of 2.5-4 compared with the1990s. This risks
driving warming even further, which in turn creates conditions for more extensive forest

fires (Soja et al. 2007).

At the same time, more frequent fires will increase the albedo of the boreal zone, which
will have a cooling effect (Goetz et al. 2007). At least one study suggests that negative
teedback due to the albedo eftect would be greater than the positive effect of carbon los-
ses over an entire forest fire cycle of 80 years (Bonan 2008).

Insect infestations

Extensive insect infestations that damage or kill large areas or forest are a natural distur-
bance in boreal forests, like forest fires. In terms of the area affected, insect infestations
represent a bigger disturbance than fires. In eastern Ontario, Canada, the spruce bud-
worm (Choristoneura) infested an area of forest 20 times larger than that affected by
forest fires between 1941 and 1996 (Volney & Fleming 2007). In British Columbia, the
largest outbreak ever of lodgepole pine bark beetle (Dendroctonus ponderosae) has been
in progress for several years (Kurz et al. 2008a). Infestation by the Siberian silk moth
(Dendrolimus superans sibiricus) in the Krasnoyarsk region of Siberia in the 1990s led
to the loss of 50 million cubic metres of timber, equivalent to seven years’ harvest for the
region (Olsson, 2010). Even larger infestations have occurred in the last 100 years (Soja

et al. 2007).

Insect infestations are expected to become more frequent and more extensive as a result
of climate change, partly due to direct effects on insect populations and through disrup-
tion of forest ecosystem interactions (Stireman et al. 2005).

Extensive and more frequent insect infestations aftect the carbon balance of boreal forest
in the same way as forest fires, and these effects can be considerable. Dead and damaged
trees that occupy large areas of forest reduce the uptake of carbon dioxide by the forest,
while emissions increase when the dead wood subsequently decomposes. Spruce bud-
worm infestations in British Columbia have transformed 37 million hectares of forest
from a small carbon sink into a significant carbon source. At the peak of the outbreak its
affect on the carbon balance was equal to 75 per cent of all forest fires in Canada (Kurz

et al. 2008a).

While major fires mainly occur in natural forest ecosystems, major insect infestations
also affect managed forests.

Stormfelled trees

The number of extreme weather events, including storms, is expected to increase in the
boreal region as a result of global warming (IPCC 2007a). This means it is very likely
that there will be more storm-felled trees and storm-related damage to forests, which
will affect the forest carbon balance.

Data concerning the effects of storm-felling comes mainly from managed forests. (See
also section 6.)

Old-growth boreal forests as carbon sinks

It was widely believed that old-growth forests are carbon neutral, that is, they cease to
act as carbon sinks. However, a review of existing data shows that this is not the case, and
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that temperate and boreal old-growth forests usually continue to sequester carbon even
when they are several hundred years old. Even 800-year-old forests can act as carbon
sinks (Luyssaert et al. 2008). It has recently been reported that forests that have existed
for thousands of years on islands in the north of Sweden continue to act as carbon sinks
by storing carbon in the soil. Over 90 per cent of the carbon stored in these forests is soil

carbon (Johnson & Wardle 2010).

Half of the world’s remaining old-growth forests are found in temperate and boreal
zones, and most of these forests are in turn in the northern part of the boreal zone. They
are estimated to sequester 0.8 to 1.8 Gt of carbon per year, which is roughly 10 per cent
of the carbon sequestered by global ecosystems.

Because old-growth forests continue to sequester carbon for centuries, they contain very
large amounts. Much of this stored carbon will be released into the atmosphere if forests
are felled or disturbed in other ways (Luyssaert et al. 2008).

Although boreal old-growth forests are partly protected by their inaccessibility, con-
tinuing fragmentation, deforestation and exploitation (including mining, peat cutting
and dam construction) will ultimately undermine their role as carbon sinks and carbon
stores. Only a small percentage of boreal forests (less than 10 per cent) have some form
of formal protection. As a result of fragmentation and increased human presence, forest
fires caused by humans will become more common, especially in Siberia. In Russia, some
7.5 million hectares of forest were burned in 2002, and 14.5 million hectares in 2003.
Most of these fires were started by man (Bradshaw et al. 2009).

Should we manage or protect old-growth forests?

Boreal primeval forests contain much more stored carbon than managed forests, mostly
in the soil but also in the growing forest (Lindner & Karjalainen 2007). Old forests
sequester carbon more slowly than younger forests (which grow faster), but they are not
— as often claimed — carbon neutral. Even centuries-old forests may be carbon sinks, as
mentioned above. How they are likely to affect the climate depends on the speed and
extent of the anticipated changes in natural disturbances, which in turn are determined
by climate change.

It may be worth noting that of all the carbon stored in timber stocks over the next 20
years it is estimated that 70 to 90 per cent will be in forest reserves and conservation
areas, in other words generally older forest which for conservation reasons is protected

from logging (Sundstrand et al. 2009).

Figure 4. How stored
carbon changes with time
in an Alaskan black spruce
forest. Carbon stored in
biomass reaches a peak
when the forest is around
200 years old, while the
total carbon stored conti-
nues to rise even after 500
years, thanks to carbon
uptake by the soil. The
graph is based on estima-
tes and shows idealised
trends. (After Kasischke et
al 1995).
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Figure 5. Changes in an-
nual carbon paths (top)
and carbon stored (midd-
le) in a boreal forest lands-
cape in Canada during the
transition from old-growth
forest to managed forest.
In years 0-50 the forest is
unmanaged and is subject
to natural disturbances
(with a disturbance fre-
quency of 80 years). In
years 50-100 the natural
disturbances are gradually
replaced by logging, to
the same extent but with
a longer rotation period
(120 years). The results are
based on modelling simu-
lations. The analysis does
not include the greenhou-
se gas emissions that arise
from processing, transport
and use of the harvested
timber. The study takes
into account the carbon
stored in harvested forest
products, but not substi-
tution effects. (After Kurz et
al. 1997).
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One of the risks of storing carbon by preserving boreal forests is that changes in distur-
bance patterns (fires, insect infestations and storm-felling) could lead to some of this
stored carbon being released. This risk will grow with time and increased climate war-
ming. However, replacing natural disturbances with forestry, in which logging is the
dominant disturbance, is not an answer to this problem.

If the old forest is felled, carbon sequestration will be temporarily halted, but more
importantly, some of the stored carbon will be released into the atmosphere. Since the
carbon stored in the soil and as biomass is greater than in a managed forest, more carbon
dioxide will also be released into the atmosphere during logging and it will take a long
time for the next generation of trees to sequester the same amount of carbon.

A Canadian modelling study indicates how the carbon balance is affected by the transi-
tion from old-growth forest to managed forest. The study looked at six 100,000-hectare
forests, one of which was boreal forest in eastern Canada. The effects of natural distur-
bances on the carbon balance were assessed first. Over a hundred-year period, natural
disturbances were gradually replaced with logging, and the systems were then monitored
for another 250 years. The results show that the transition from natural forest ecosys-
tem to managed forest resulted in net losses of carbon to the atmosphere even in the



very long term. In the boreal forest ecosystem that was included in the study the loss at
the ecosystem level was around 12 per cent 350 years after logging began. During the
century-long transition phase the carbon losses were much higher (see figure 5) (Kurz

et al. 1997).

It should be stressed that this is the result of one modelling exercise, and that there are
differences between forestry in Canada and Scandinavia that could have an impact on
carbon paths. The outcome could also be affected by various changes in forest mana-
gement. The results are nonetheless interesting, not least in the medium term (50-100
years), because the effects are so pronounced.
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6. Managed forest ecosystems

In managed forest ecosystems the harvesting of wood is normally the main disturbance.
'The carbon balance of the forest is also affected in different ways by management activi-
ties such as ground preparation, species selection and fertilisation. Natural disturbances
are also affected by forest management. In particular, the frequency of fires is much lower
than natural in most boreal forests that are managed. The risk of windthrow and infesta-
tion by pests may decrease or increase as a result of forestry activities.

One fundamental difference between natural and managed forest ecosystems is that
in the latter case biomass is removed from the system by logging. From the climate
perspective the issue of greatest significance is what happens to the harvested timber. If
wood is used as building material, for example, it can take many decades or even centu-
ries before it finally decomposes or is burned, releasing the stored carbon. Forest biomass
may also, as mentioned earlier, be used to reduce consumption of fossil fuels, either by
directly replacing coal, oil or fossil gas, or by using wood to replace other materials that
are made using fossil fuels (such as concrete or steel).

'The emphasis in this section is on forests and forestry in Sweden, but with some refe-
rences to other countries.

Climate effects on forest growth

In most of Sweden, forest growth is normally limited by temperature, and we can the-
refore expect that a warmer climate will increase growth. In a study that looked at the
effects of raising the forest soil temperature in mature spruce forest in Visterbotten by
5°C above the natural level, stem volume growth almost doubled over six years. Estima-
tes indicate that production from Swedish forests could rise by 5-14 per cent by the year
2040 due to climate warming. Production is expected to increase even more beyond this

date (see table 2) (Bergh et al in Eriksson 2007).

Increased forest growth means that biomass increases, so more carbon is stored in the
growing forest. This assumes, however, that logging does not increase in the same area
and that there is no fall in production as a result of increased losses due to fires, pests
and felling of trees by wind. The model that was used for the growth forecasts does not
take into account the effects of changes in disturbance regimes (Eriksson 2007), due to a
scarcity of data that would make it possible to weigh in such effects. It should therefore
be kept in mind that the results of the model do not give a complete and realistic picture
of the trend that can be expected.

We should also keep in mind that increasing stem volume growth in forest trees is not
the same as increasing biomass growth, and thus not the same as increasing energy
content or carbon storage. Faster growth often means that the density of the wood
decreases. Doubling the growth may mean that the density decreases by 20 per cent.
(Lundgren, C, undated).

Natural disturbances in managed forests

As we have seen, natural disturbances are a factor of vital importance to the ecology and
carbon balance of old-growth boreal forests. In managed forests, they can be more or
less controlled and restricted, but it nevertheless seems likely that climate changes will
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Table 2. Relative produc-
tion increase in Swedish
forests (per cent) for 2.5
and 4.5°C global warming
(IPCC scenarios B2 and
A2).In the warmer A2
scenario, the increase

in spruce production is
expected to level off or
even fall towards the end
of the century. The cli-
mate will become too hot
to suit spruce. (Bergh et al
in Eriksson 2007.)

Rise in production (%)

Period

Scenario B2 Scenario A2
2011- 2040 5 14
2041 - 2070 14 25
2071-2100 24 31

affect disturbance regimes, again in a way that will have significant consequences on the
carbon balance.

There are already examples of individual weather events producing such effects. The
exceptional temperatures and drought across Europe in summer 2003 are estimated
to have reduced carbon storage in vegetation by about 30 per cent, which meant that
it was transformed into a carbon source of around 0.5 Gt per year. This is equivalent to
four years of carbon sequestration in these ecosystems under normal weather conditions

(Ciais et al. 2003).

Fires

The frequency of forest fires in Sweden has declined dramatically. Nowadays, the fre-
quency of fires in an individual forest stand is less than one fire every 1,000 years, com-
pared with one fire every 50-200 years in the early 1900s. The reason why fires are less
frequent is a combination of more effective firefighting and forest management that
reduces the risk of fires, partly due to a big reduction in the amount of dry deadwood in
forests. During the 1950s and 1960s, forest fires did increase temporarily, but thanks to
improved firefighting, they have subsequently declined in frequency and seriousness.

'The risk of forest fires is likely to increase throughout Sweden as a result of more hot
summers and low rainfall. The fire risk is likely to increase most in Gétaland, where the
summers are generally becoming drier (Lagergren et al. 2006).

Stormfelled trees

Wind was the form of disturbance that caused most damage to European forestry in the
twentieth century. The extent of damage varies greatly from year to year, but the general
trend over the last century was for storm damage to increase. In southern Sweden at
least, where storm damage was greatest, this cannot be explained by storms becoming
more frequent. One contributing factor may however be that the proportion of standing
trees has increased and clear-cutting practices have created distinct forest margins that
are more vulnerable to storms. A milder, wetter climate also reduces the stability of fo-
rests. There was also an increase in the proportion of spruce, a species that is relatively
sensitive to high winds, across the province up until the 1990s. Climate change can be
expected to increase the likelihood of tree loss, both directly through changes in climate,
and indirectly through changes in species distribution. The vulnerability of future forests
to wind can be influenced by the selection of species and by management practices (Er-

iksson 2007).

Hurricane Gudrun, which swept over southern Sweden in January 2005, felled 66 mil-
lion cubic metres of stemwood over an area of about 2,720 square kilometres. Carbon
losses from the hurricane-aftected area in the first year after the storm were many times
greater than from clear-cutting, per unit area. Total carbon emissions into the atmosphe-
re as a result of Gudrun were estimated at 2.3-3.4 Mt in the first year after the storm.
In addition there was also the effect of loss of carbon sequestration from the hurricane-
affected forest, estimated at 0.4 Mt per year (Lindroth et al. 2008). The overall effect, in
round numbers, was a halving of the carbon sink in Swedish forests. Hurricane Lothar,
which hit Europe in 1999, is estimated to have reduced carbon uptake in European



forests by 16 Mt. This shows that the effects of storm damage due to increased storm
frequency must be considered when assessing and calculating the forest’s role in future
carbon balances (Lindroth et al. 2008).

Milder and wetter winters in the future will mean less stability. The vulnerability of fu-
ture forests to wind will be influenced by forest management, tree species selection and
spatial planning. Thinning may affect the height and shape of trees, the number of stems
per unit area and decomposition rate. Modelling studies show that without changes in
management practices, expected climate changes will increase the vulnerability of Swe-
dish forests to wind (Blennow 2007).

Insects and fungal attack

A number of pests in Swedish forests can be expected to benefit from a warmer cli-
mate. These include the fungus that already causes Swedish forestry the largest losses,
namely pine root rot (Heterobasidion annosum). Clear-cutting and year-round harvesting
are providing conditions for an increase in root rot in coming decades. A warmer climate
is very likely to drive this trend further. The form of root rot that attacks pine can be
expected to spread northwards (Eriksson 2007).

Other pathogenic fungi that may be favoured by a warmer climate are Greminiella, pine
twisting rust (Melampsora pinitorqua) and pine needle cast (Lophodermium pinastri). In
the case of Greminiella it appears that heavy precipitation in a single year could trigger
a large-scale epidemic. Climate change may also lead to new fungal pests becoming

established in Sweden (Eriksson 2007).

Both the eight-toothed spruce bark beetle (Ips typographus) and the pine weevil (Hylobius
abietis), two insects that cause the most damage to Swedish forestry, are likely to benefit
from climate change. From a climate perspective, the bark beetle is the most harmful of
insect pests, since it attacks old trees, which contain a large amount of stored carbon. The
spruce bark beetle is favoured by three interacting biological mechanisms:

* increased frequency of storms means more windthrown trees, which are ideal breeding
grounds for the spruce bark beetle.

* spruce are stressed by heat and drought, while the bark beetle is favoured by warmer
conditions.

» warmer climate extends the season for the bark beetle.

In 2006 and 2007 the bark beetle managed to produce two generations each summer
in Sweden. This is a development that had long been a concern and was expected to
become a reality by the end of this century, but is already happening (Schlyter 2008).
Under favourable conditions for the bark-beetle this could lead to the population mul-
tiplying many times and result in much more serious infestations than at present (Eriks-

son 2008).

Pest infestations mean a decrease in forest growth and hence carbon sequestration, even
if the forest survives. If the forest dies, it becomes a carbon source as the dead wood
decomposes. In combination with other disturbances, two major insect outbreaks are
expected to change managed Canadian forests from carbon sinks to carbon sources, with
an estimated loss of between 0.030 and 0.245 Gt of carbon over the period 2008-2012.
This shows that the strategies that are intended to control the carbon balance of fo-
rests through management practices may be negated by increases in natural disturbances

(Kurz et al. 2008).

35



Figure 6. Net exchange
of greenhouse gases
between ecosystems and
the atmosphere in forests
after clear-cutting. Clear-
cutting begins in year 0.
The forest is a source of
greenhouse gas emis-
sions for more than 10
years after clear-cutting.
It takes a full 10 years
more for the new trees to
offset losses from clear-
cutting. Graph based on
data from forests in Swe-
den, Finland, Great Britain
and France.

Forestry practices from a climate perspective

Felling and site preparation

During felling, large amounts of tree biomass and the carbon it contains are removed
from the forest. But the largest share of the carbon stored in a forest lies in the soil,
which clear-cutting exposes to light, heat and oxygen, especially during soil scarification.
Decomposition in the soil increases, leading to increased emissions of carbon dioxide
from forest soil. This makes felling sites a carbon source for up to 15 or 20 years, even
if new forest is planted as soon as possible after harvesting. It takes another couple of
decades for carbon sequestration by the growing forest to offset these emissions. It can
take 30—40 years after planting for the carbon balance to be restored to its original level
before harvesting (Lindroth et al 2009, Grelle 2010).

Forests where clear-cutting is practised therefore lose a large proportion of soil carbon
at each harvest. The carbon store is built up again as the forest grows, but this build-up is
slow and the carbon stored in the soil never reaches the level of forests where clear-cut-
ting is not practised (Grelle 2010). This indicates that the net uptake of carbon dioxide
in Swedish forests could be significantly increased by eliminating this phase and instead
managing the forest without clear-cutting.

Continuous harvesting methods, which do not involve clear-cutting, but the regular
removal of a certain proportion of trees from the forest, has a different impact on the
carbon balance of the forest than clear-cutting. It eliminates the clear-cutting phase,
with its large carbon losses, and instead maintains a continuous carbon sink. Carbon di-
oxide uptake in the growing forest is hardly affected at all by small removals of biomass,
because the trees that are left benefit from reduced competition. This means that forestry
without clear-cutting is better from the climate perspective, despite the fact that growth
and harvests are slightly lower than with clear-cutting. The amount of carbon stored
in forests that are not clear-cut is generally slightly higher than in the forests where
clear-cutting is practised (Grelle 2010). Continuous harvesting methods make it more
difficult and more expensive to remove logging residue, which means that there is less
potential for substitution of fossil fuels.

In terms of impact on the forest carbon balance, thinning may be equated to harvest-
ing without clear-cutting. Carbon uptake is hardly affected at all by a normal thinning
(Lindroth 2009).
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Figure 7. Effects on car-
bon stored in forest (top)
and on annual carbon
flows for four forest mana-
gement alternatives, two
with extended rotation
periods and two with
extended rotation periods
combined with reduced
thinning (denser stands).
The results are shown in
relation to a baseline for
forest managed according
to current Finnish forestry
guidelines.

Wood extraction is broken
down into saw wood,
pulpwood and biofuels,
and it is assumed that 70

per cent of the available
biomass in the form of
logging residue is collec-
ted during final harvest-
ing. The study takes into
account the substitution
effects that occur when
forest products replace
fossil fuels or materials.

In spruce forests (left),
climate impact will be

favourable for all manage-
ment regimes: there is an

increase in both carbon
stored in the forest and
in substitution effects. In
pine forests, the effects
on annual emissions are

negative for management

regimes that only extend
the rotation period. It is
worth noting that saw
wood accounts for all the
positive effect on emis-
sions, while pulpwood
and biofuels have a net
negative effect, with one
exception. (After Pingould
etal . 2010.)
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Significance of rotation period

If storing the maximum amount of carbon in soil and trees is a priority it may be bene-
ficial to postpone felling.

Modelling studies have shown that extending the rotation period by 20 per cent would
increase carbon storage in biomass by 13 per cent and in the soil by 10 per cent, over a
hundred-year period (Bergkvist & Olsson 2008). The effects may be even greater in the
short term. Reducing felling by 10 per cent in Swedish forests could increase carbon
storage by 60 per cent by 2030. No other changes in forest management have such large
effects on the carbon balance over such a short period (Lundblad et al. 2009).

Extending rotation periods also leads to reductions in the amount of timber extracted
and the logging residue available for use as biofuels. Even taking into account the fact
that biofuels replace fossil fuels, and thus reduce emissions of carbon dioxide, extending
rotation periods gives a greater reduction in emissions than shortening them, seen over

a hundred-year period (Bergkvist & Olsson 2008).

This is confirmed by a study that also takes into account the effects of material sub-
stitution (see figure 7). It shows that forest management models that combine a longer
rotation period with reduced thinning can increase the carbon stored in the forest while
at the same time reducing emissions through substitution. The positive effect is due to
increased production of saw wood. Increased extraction of pulpwood and biomass on the
other hand has a generally negative impact on the carbon balance. The study thus also
indicates that a forestry strategy that aims to extract the maximum volume of wood is
not the best from the climate perspective (Pingould et al. 2010).

It should be kept in mind that strategies to increase the carbon stored in growing forests
are limited in time. The carbon store cannot continue to grow indefinitely. The risk that
the carbon stored in forests will be released by disturbances also grows with time (Berg-

kvist & Olsson 2008).

Tree species selection

'The choice of tree species is important for the forest’s ability to adapt to changing cli-
mate, as well as its carbon balance.

Stands of spruce and birch build up larger stores of carbon in the soil than pine. The
reason may be that the litter from these trees contains more nitrogen than pine litter. In
northern Sweden, the carbon content of the soil is 65 per cent higher in spruce and birch
forest than in pine forest, and in southern Sweden the difference is 33 per cent. Increased
intermixing of spruce and/or birch in pine stands in parts of the country, for instance in
east Gotaland, northern Dalarna and Gistrikland, may be one way of increasing carbon
sequestration in Swedish forests in the future (Bergkvist & Olsson 2008).

We can expect the future climate in southern Sweden to be both warmer and drier in
summer. This means that pine will become a more attractive choice in many areas. Pine
is not as vulnerable to high winds as spruce, but on the other hand it is not as good as
spruce and birch at sequestering carbon (Bergkvist & Olsson 2008).

Intensive cultivation of forests

'The main methods for intensively cultivating forests are increased fertilisation, involving
frequent fertilisation during the forest rotation period (known as demand-driven fertili-
sation) and greater use of foreign species such as lodgepole pine, larch and Sitka spruce.
The use of carefully cultivated saplings (hybrids of spruce and hybrid) in combination
with fertilisation is also part of the intensive forestry arsenal (Larsson et al. 2009). The
spreading of up to 1,500 kilograms of nitrogen per hectare over a full rotation period



may be required (Nordin et al. 2009). (In modern forestry around 150 kg of nitrogen per
hectare is generally applied on one occasion around ten years before felling.)

In trials in which 600 to 1,800 kg of nitrogen per hectare was spread over a period of
14-30 years, the carbon stored in trees increased on average by 25 kg per kg of nitrogen.
Soil carbon reserves also increased by 11 kg per kg of nitrogen added. Where phospho-
rus and potassium were also added, the corresponding figures were 38 kg for trees and 11
kg for soil (Bergkvist & Olsson 2008). Because the production of fertilisers also creates
greenhouse gas emissions equivalent to 0.4 to 1.2 kg of carbon per kg of nitrogen, the
climate effect is therefore very positive.

An example in Visterbotten shows that a spruce forest that was fertilised repeatedly
until it was felled had a 26 per cent higher average carbon content than a corresponding
forest that was not fertilised. The fertilised forest yielded 80 per cent more raw material
than the unfertilised, enabling it to replace a great deal more fossil fuels or materials

(Lundmark 2010).

One study of the potential for intensively cultivating forests in Sweden estimates that
about 15 per cent of Swedish forest land could be intensively managed, mainly for inten-
sively fertilised lodgepole pine or high-yield spruce hybrids. (Larsson et al. 2009). This
would increase carbon sequestration by 3.8 Mt per year from 2030 to 2040 compared
with the baseline alternative without intensive cultivation (Lundblad et al. 2009).

As yet, however, no experience has been gained in intensive cultivation of forest on a
large scale or over a longer period in Sweden. The uncertainties and risks are significant.
We know that the composition of the stand and the ground vegetation change con-
siderably after long-term fertilisation. There are as yet no measurements of net flows
showing increased uptake of carbon dioxide in forests that have been fertilised for many

years (Grelle 2010).

Intensive forestry leads to more homogeneous populations and less diverse forests, which
could mean increased risk of attack by pests and lowered resistance to climate change. At
present there is no scientific evidence to permit assessment of the risk of forest damage
in intensively cultivated forests (Witzell 2009).

Fertilisation can increase the risk of attack by certain pests, such as pine stem rust (Cron-
artium flaccidum) and snow blight (Phacidium infestans). Fertilisation of decaying fo-
rest may also increase root rot, which in turn may increase the risk of trees being felled in
storms. The chemical defences of trees could be impaired, leading to greater damage by
grazing elk (Witzell 2009). All these effects reduce growth and thus carbon sequestra-

tion.

If nitrogen is added to the forest in the form of fertiliser it is eventually likely to lead to
an increase in emissions of nitrous oxide from forest soil, since there is a strong correla-
tion between the amount of nitrogen in the soil and nitrous oxide emissions. At present,
80-90 per cent of nitrous oxide emissions in Sweden come from agricultural land, which
is fertilised with nitrogen to boost production. Forest fertilisation entails adding nitro-
gen to the forest ecosystem in the same way. Increased nitrogen supply will increase the
relative proportion of nitrogen to carbon in organic matter in forest soil, increasing the
likelihood of nitrification and thus the emission of nitrous oxide (Bergkvist & Olsson
2008).

In forests, the proportion of added nitrogen that is emitted in the form of nitrous oxide
has been measured at 0.5-1 per cent. With the levels of fertilisation that are planned
for intensive forestry and the growth effects seen in trials, these emissions will be more
than offset by increased carbon sequestration in the forest. At most, it is estimated that
around 20 per cent of the sequestered carbon will be needed to offset nitrous oxide emis-
sions equivalent to three per cent of the added nitrogen (Nordin et al. 2009). The precise
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levels of nitrous oxide emissions from different soils during large-scale intensive forestry
are unknown. Little is also known about what happens to soil nitrogen when intensively
fertilised forest is harvested. Because nitrous oxide is a very effective greenhouse gas,
small changes in the levels can have large effects on the overall greenhouse gas balance.

Greenhouse gas levels can also be affected indirectly by the effects of fertilisation on
lakes and streams in the forest landscape. These effects are currently difficult to quantify

(Nordin 2009).

Several studies have reported that nitrogen fertilisation decreases the ability of forest soil
to break down methane, but there are also studies that show the opposite effect. Calcula-
tions based on Finnish conditions indicate that current atmospheric nitrogen deposition
is inadequate to limit methane oxidation. It is probable that a slow increase in nitrogen
in forest soil will not affect methane oxidation to any great extent, and the influence of
methane in the atmosphere will be relatively insignificant (Pihlatie 2009).

Extensive intensive cultivation of forests would change the timber grade distribution.
'The proportion of saw timber will decrease, while the proportion of pulpwood and fuel
wood will increase. In regard to the use of intensively cultivated timber the previously
mentioned study on intensive forestry suggests that the raw material would be suitable
for the pulp industry and could perfectly well be used as saw wood, although the propor-
tion of poorer grades is likely to increase slightly (Larsson et al. 2009). The main motive
for intensive forestry is thus to increase the yield of raw materials.

Drainage and forestry on peatlands

There are 5 million hectares of wetland forests, in other words peat-covered land that is
used for forestry production, in Sweden. This is around 20 per cent of forested land and
half of all peatland in Sweden (Bergkvist & Olsson 2008). Since 1850, more than 1.5
million hectares of peatland have been drained to create forest (Bergkvist 2007).

When peatland is drained it increases the oxygen supply and allows peat to decompose.
This results in emissions of carbon dioxide and sometimes nitrous oxide into the at-
mosphere. On the other hand, it reduces emissions of methane, since methane is produ-
ced in oxygen-free (anaerobic) conditions. The purpose of drainage is to improve forest
growth, and if this is successful it increases the uptake of carbon dioxide by the forest.
'The estimated net effect of fresh drainage on the climate is generally neutral or negative,
even when the potential energy benefits of the increased forest production are included

(Eriksson 2008).

Drained land makes up about seven per cent of Sweden’s forested land, but accounts for
15 per cent of the total greenhouse gas emissions from forest land. Emissions of carbon
dioxide from drained forest land are estimated to be around 10 Mt per year. Finland,
which has three times more drained peatland (about 5 million ha) reports emissions of
around 5 Mt, which gives some idea of the uncertainty of estimates (Lundblad et al.

2009).

If allowance is made for the sequestration of carbon by forest that grows on drained
peatland it could represent a source of greenhouse gases on the order of 1-2 Mt of CO2
equivalents per year (Bergkvist 2007).

Between 300,000 and 450,000 hectares of farmland on drained peatland and old lake-
beds has been taken out of use since the early 1930s. Much of this area is probably used
for forestry today. As much as 30-45 per cent of drained forest land in Sweden may be
former farmland of this type. A Finnish study has shown that this type of soil is a major
source of emissions of nitrous oxide. Annual rates of up to 30 kilograms per hectare
were measured. This means that drained forest land may emit more nitrous oxide than

previously thought (Bergqvist 2007).



When trees in peatland forests are felled and no longer extract water, the groundwater
level rises. The water level has a big influence on which greenhouse gases are released and
in what amounts. Generally, methane emissions rise with rising groundwater level, while
carbon dioxide emissions fall with rising groundwater. Because methane is 23 times
more effective as a greenhouse gas, an increase in the groundwater level can still mean
greater climate impact. Nitrous oxide emissions are also affected by the groundwater
level. Greenhouse gas emissions are at a minimum when the groundwater level is neither

high nor very low (Bergkvist & Olsson 2008).

If harvested wetland forest is to be reforested, overgrown ditches must be cleared, which
also leads to a rise in greenhouse gas emissions. Another alternative is to allow the dit-
ches to become clogged, which has complex effects on both the carbon balance of the
forest and on wood production (Bergkvist & Olsson 2008). The LUSTRA research pro-
gramme recommended that drained forest land where ditches have become overgrown
should be managed in a way that will maintain forest production. Groundwater should
be kept at a level that enables the forest to continue growing. However, results indicate
that further reductions will increase emissions from the soil more than can be offset by
increased forest growth, and that this would therefore have a negative climatic effect

(Bergkvist 2007).

Harvesting forest fuel

The use of forest fuel in Sweden has almost tripled over the last decade. Most of this fuel
is logging residue (slash — branches and tree tops). Logging residue is currently gathered
from around one-third of the area that is clear-cut each year (Eriksson 2011).

The extraction of forest fuel means that biomass is removed from the forest and burned.
Decomposition, and hence the release of carbon dioxide into the atmosphere, occurs
faster than if the material had been left to decompose in the forest. If the material had
been left in the forest a small proportion of its carbon content would eventually have
been stored in soil.

Harvesting of logging residue also means that nutrients are removed from the forest soil,
especially if harvesting takes place before the needles have fallen. If it leads to reduced
growth in the next forest generation, the consequence is that less carbon is stored in bio-
mass. The gathering of branches and twigs is reported to cause growth losses of between
6 and 32 per cent in subsequent forest production (Jacobson et al. 2000, Sterba 2003 in
Nabuurs et al. 2008). When logging residue is gathered during thinning there are indi-
cations that growth is reduced by 11-26 per cent (de Jong 2010).

Stump removal

Nearly 20 per cent of the biomass of a tree is in the stump, which makes tree stumps a
large potential forest fuel resource. Interest in stump removal has risen sharply in recent
years, but this method is still used on a relatively limited scale.

What is forest fuel?

Any fuel derived from biological material is called ~ Wood fuel that comes directly from the forest is
biofuel. Wood fuel is biofuel derived from trees or  sometimes called primary forest fuel.

I S e, Slash (branches and tree tops) is logging residue

Forest fuel is wood fuel that has had no other pre- left after the harvesting of stemwood.
vious use: logging residue, wood that has not been

used for industrial purposes (from clearing opera-

tions, for example) and by-products from industry.



Figure 8. Present and
future carbon storage in
European forests from
1950 to 2050.The graph is
based on measured data
until 2010. The solid line is
a simple trend projection;
the dashed line is a model
calculation based on mo-
derate timber extraction,
but without any allowance
for increased carbon diox-
ide levels, warmer climate

or nitrogen deposition. The

thick dashed line indicates
the potential maximum
carbon storage in Euro-
pean forests, calculated
using old forest data. The
figure shows that there

is significant potential to
increase carbon storage

in European forests. (After
Ciais et al. 2008.)
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The effects of stump removal on carbon balance and the environment have not been wi-
dely studied (Grelle 2010). Research is ongoing, but few results have yet been reported.
The severe disturbance of the soil during stump removal could increase decomposition
and hence lead to increased carbon release. On the other hand, soil disturbance could
favour the establishment of new forest and thus promote carbon sequestration in the
long term.

One study has shown that carbon dioxide emissions were the same during the first year
after stump removal as after land preparation. In the second year there was a tendency
for increased emissions from land cleared of stumps, but the reason for this was unclear.
One noticeable difference was that the proportion of land that was affected by wheel
tracks or in some other way was much greater on land cleared of stumps. Heavy rutting
reduces emissions of carbon dioxide, but can also make soil waterlogged, which increases
the risk of methane emissions (Mjofors & Stromgren 2010).

According to another study, the carbon stored in the soil, tree biomass and the entire
ecosystem was still lower 27 years after stump harvesting, when compared to similar
areas where stumps and logging residue were left behind. The difference in stored carbon
was roughly equivalent to the carbon content of the stumps that were harvested, which
means that no climate benefit was achieved by using the stumps as biofuel in this case.
These results suggest that stump harvesting also reduces the carbon content of soil and
tree biomass in the longer term, although this was a limited trial with results that were
difficult to interpret in some respects. Further studies are needed to draw reliable conclu-
sions on the climatic effects of stump extraction (Mjéfors & Strémgren 2010).

The effects of increased stump removal on carbon flows have been estimated at 25 TWh
by the year 2030. This represents about 30 per cent of the stumps created each year in
Sweden. Stump clearance on this scale is estimated to reduce carbon sequestration in
biomass by 1.8 Mt in 2030. The impact on carbon sequestered in the soil was not inclu-

ded in the calculation (LLundblad 2009).

Manage or allow to grow?

There is significant potential for our managed forests to store carbon if they are left to
grow well beyond the normal felling age (Olsson, M 2010). On the other hand, har-
vested wood can be used to replace fossil fuels and thereby reduce emissions of green-
house gases.

Modelling studies have compared the carbon balances of two alternatives in Swedish fo-
rests. In the first alternative, the forest is left to grow without interference for 200 years.
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Figure 9. Effects on green-
house gas balance of

four forest management
strategies in Swiss forestry
from 2000 to 2100. Values
above zero mean that the
forest is a carbon source.
Forestry today entails
maintaining current prac-
tices and the intensity of
forest management.

Maximum carbon storage
means managing forests
in a way that greatly redu-
ces timber extraction and
focuses on building up the
maximum carbon storage
in forests.

Materials production
means more intensive
forestry, focusing on the
maximum substitution of

materials.

Fuel production means
more intensive forestry,
focusing on the maximum
substitution of fossil fuels.
The modelling study does
not include the substitu-
tion effects of pulp and
paper.

According to the chart
the forests that are left to

In the second, the forest is cleared after ten years, thinned at 30 and 60 years, and finally
harvested when it is 100 years old. This is followed by a new rotation period comprising
the same treatment. After 200 years the unmanaged forest contains 13 kg of carbon per
square metre, while the managed forest contains 11 kg. In addition, the carbon removed
from the managed forest during thinning and final felling yields a total of 11.9 kg. The
managed forest has therefore sequestered a total of 22.9 kg of carbon over the 200-year
period. According to the modelling study, the forest soil in the unmanaged forest con-
tains 0.2 kg more carbon per square metre after 200 years, which is marginal in relation
to the carbon sequestered in tree biomass (Olsson, M 2010).

To compare the climatic impact of the two alternatives we must take into account what
happens to the harvested biomass. From a strict ecosystem perspective — i.e. assuming
that the carbon that leaves the system immediately returns to the atmosphere — it is
better from the climate viewpoint to leave the forest untouched. However, if we assume
that the harvested timber is used to replace fossil fuels and/or building materials with
high embodied energy, such as steel and concrete, the picture changes. We will return
to this later on.

'The example described is based on two recently established forest stands that are treated
in different ways in the future. In the current situation, the choice is rather between
leaving an old forest to grow, or harvesting it and replanting. As previously shown, the
net effect on the carbon balance over 50-100 years is positive (net emissions of carbon
into the atmosphere) when old-growth forest is felled and replaced with managed forest.
(See section 5.)
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grow become a carbon
source within 50 years.
This relies on the assump-
tion that decomposition of
the additional dead orga-
nic matter in unmanaged
forests gives rise to more
greenhouse gas emissions
than are sequestered by
the growing forests.* This
applies to temperate fo-
rests, where dead material
decomposes faster than in
boreal forests, and where
there is less carbon stored
in the soil. The picture is
likely to be different for
boreal forests — forest that
is left to grow freely would
remain a carbon sink for a
longer period than shown.
(After Werner et al. 2010)

*) Dr. Frank Werner, personal
communication
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Focusing exclusively on increasing stored carbon by allowing the forest to grow is a cli-
mate strategy that has restricted scope, since the amount of carbon that can be stored in
a forest is limited. It can, however, be effective in the short term (Lundmark 2010). Eu-
ropean forests have the potential to continue building up stores of carbon over many de-
cades to come, provided that the share of growth taken up by felling does not increase.

'This means that forests play an important role as a carbon sink in a climate policy that
focuses on winning time (Ciais et al. 2008).

A study of various strategies for the management and use of forests in Switzerland over
a hundred-year timeframe shows that the best option for the climate is to maintain high
growth, and continuously harvest at the maximum sustainable level (see Figure 9). Tim-
ber should be used primarily as a construction material for as long a period as possible,
and then be burned as a substitute for fossil fuels. Forest residue that cannot be used for
other purposes should be used as fuel. The alternative of focusing on managing forests to
produce more fuel is not an optimum solution (Werner et al. 2010).

The strategy that enables the maximum carbon sequestration in the short term is to
greatly reduce logging. Although the wood yield is reduced by 45 per cent (compared to
business-as-usual) and therefore has similar substitution effects, this would be the most
effective strategy from a climate perspective that spans several decades (Werner et al.

2010).

The study refers, as mentioned, to forest in Switzerland, i.e. in the temperate zone, and
the results cannot therefore be applied directly to boreal forest management. Among
other things, there are differences in the decomposition rates of organic matter and the
amounts of carbon stored in the soil. The study is still interesting in principle, however,
as it gives a picture of the overall effects of different forest management options in com-
bination with substitution effects.



7. Storage of carbon
in forest products

When the greenhouse gas balance of forest ecosystems is analysed, all harvested timber
is often counted as adding to emissions. It is assumed that the carbon in tree biomass
returns to the atmosphere immediately. In reality, some of the carbon is stored in wood
products, which means that emissions are delayed. The length of this delay varies signifi-
cantly. In the case of paper, it may be a few years, while for wood used in buildings it can
be many decades or even centuries (Lundblad et al. 2009).

The greenhouse gas emissions reported by countries under the Kyoto Protocol have so
far not included the carbon content of the harvested forest products, but the possibility
of doing so is now being negotiated. This raises questions about how exports and imports
of forest products should be reported, which calculation methods should be used and
what assumptions should be made regarding the life of different forest products. The
latter factor is particularly important.

Life expectancy is usually given as half-life, in other words how long it takes for half of
the carbon in a certain amount of forest product (timber, fuel or paper) to return to the
atmosphere. In the Nordic countries the half-lives of timber products have been esti-
mated at around 15-20 years. The normal half-life of paper is 1-2 years. Half-life is a
major source of uncertainty in calculations. As shown in figure 10, different assumptions
for half-life (10-50 years) yield values for carbon sequestration in harvested wood in
Sweden that range between 0.5 and 6 million tonnes of CO2 per year (Lundblad et al.
2009).

In Sweden, the last inventory of the amount of wood used in buildings was conducted in
1996, when the carbon stored in the housing stock was estimated at 34 Mt (Lundblad
et al. 2009). Any increase in this stored carbon is, however, likely to be marginal or non-
existent. The rate of demolition is about the same as the rate of construction (Eriksson

2008).

The timber that has been harvested from Swedish forests in recent years is equivalent
to just over 16 million tonnes of carbon per year. The equivalent of a further 1.5 million
tonnes is imported. More than 80 per cent of this is used as fuel, paper pulp or waste,
which is generally burned within a few years. In other words there is no significant
storage of carbon in forest products. The remaining 20 per cent is used for the produc-
tion of sawn timber and wood-based panels. Further wastage occurs during processing
before the timber is incorporated in the end product, some of which — formwork and
packaging — has a short life. This means that only a small fraction — significantly less than
20 per cent — of the total timber harvest eventually ends up in products with a long life,
such as houses or furniture, and can then be considered to act as a carbon sink (Lundblad

et al. 2009).

Even if the total stock of wood used in buildings were to increase by 10 per cent, the
carbon stored would represent little more than one per cent of Sweden’s total emissions

(Eriksson 2008).

Mt CO,

0 20 40
Half-life, years

Figure 10. Importance

of half-life for carbon
storage in forest products.
The graph shows the
carbon stored (average
1990-2007) in Swedish-
produced timber and
wood-based panels based
on different half-life as-
sumptions. (After Lundblad
etal.2009.)
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8. Substitution

Tree biomass can be used as a fuel to replace fossil energy. Wood can be used to replace
materials (e.g. plastics, concrete and steel) that give rise to greenhouse gas emissions
during production, both directly and because production requires energy that is genera-
ted from fossil fuels. The substitution of fuel and materials is a critical factor in the total
impact of forests and forestry on greenhouse gas flows, particularly in the long term,
because the benefits of lower carbon dioxide emissions accumulate with time.

To calculate the substitution effects of biomass we must take into account all the green-
house gas flows that are associated with a product, such as greenhouse gas emissions
during the transport of wood and manufacture of products. The effects also depend on
which alternative products are chosen for comparison, e.g., coal or natural gas in the case
of fuels, and concrete or steel in the case of materials (Olsson, M 2010). A substitution
factor indicates how much fossil carbon is replaced by a certain amount of carbon in
harvested wood. If one kilogram of carbon in wood replaces one kilogram of carbon in
fossil fuels the substitution factor is 1. The substitution factor for all the biomass remo-
ved from the forest is generally estimated to be less than 1, meaning that in the short
term, substitution does not compensate for carbon losses from the forest due to timber
harvesting (Pingould et al. 2010).

Existing studies of the substitution effects that arise from various forest management
and harvesting strategies generally assume that increased wood yield is used to replace
fossil fuels or building materials, or a combination of the two. This does not match the
real-life situation in forestry today, where much of the harvested timber ends up as pulp-
wood that is used for making paper. As we will see, paper production is a major factor in
the overall substitution effect of the forest sector.

Substitution of fuels

The replacement of fossil fuels with forest fuel for energy generation releases carbon di-
oxide into the atmosphere, but the carbon dioxide that is released would have been emit-
ted anyway when the tree dies and decomposes. If the forest is replanted after harvesting,
the growing biomass eventually absorbs the same amount of carbon as was produced
during combustion (Bergkvist & Olsson 2008). This does not however mean that forest
fuel is carbon neutral. The climatic benefit of using forest fuels depends on the balance
between, on one hand, emissions from the fossil fuels that are replaced by forest fuel, and
on the other hand:

* the rate of decomposition of fuel if it is left in the forest.

* greenhouse gas emissions due to disturbance of the soil when harvesting fuel.

Substitution factor fossil fuel

Coal Natural gas
Sawnwood 2.05 1.52
(for construction of housing, Sverige)
Sawnwood 1.31 0.91
(for construction of housing, Finland)
Forest fuel 0.89 0.50

Table 3. Substitution
factors for saw timber
and forest fuel. The
table gives marginal
substitution factors, i.e.
for further additions of
material from the forest.
The substitution factor
indicates how much
carbon in fossil fuel can
be replaced by wood
with a specific carbon
content. So a substitu-
tion factor of 1 means
that wood containing 1
kg of carbon can replace
the same amount of
carbon in fossil fuel. A
substitution factor of less
than 1 means that the
carbon losses from forest
due to logging are not
compensated for in the
short term by the substi-
tution effect. (Pingould et
al. 2010).
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Figure 11. Climate effects
of substituting for fossil
fuels with branches and
stumps. The effect is posi-
tive where the curves drop
below the line for each fos-
sil fuel. Stumps thus provi-
de climate benefits after 14
years in relation to oil and
22 years in relation to natu-
ral gas. After 100 years the
climate benefit of stumps
still does not exceed 40

per cent. When other as-
sumptions are made about
the decomposition period
or the soil carbon loss for
stumps, the curve is shifted
upwards, which means that
it takes longer to achieve
climate benefits. (After
Repo et al 2010.)
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* effects of harvesting fuel on forest growth.
* emissions from machinery during harvesting and transport.

Other factors that can contribute significantly to overall emissions of greenhouse gases
in the production of forest fuels are land management practices (especially on drained

peatland) and fertilisation (Bergkvist & Olsson 2008).

Forest fuel harvesting in Sweden currently amounts to 8-10 TWh per year. An increase
to 15 TWh by 2030 is expected to reduce carbon storage in forests by 4-6 per cent. This
decrease is offset many times over by the substitution eftect, however. If the branches and
tops were harvested from all logging operations in Swedish forests for 150 years it would
reduce stored carbon by 0.34 million tonnes per year. At the same time it would yield
11 million tonnes of carbon as fuel (Agren & Hyvonen-Olsson 2006). Even assuming
a low substitution factor of 0.5 the climatic benefit would be considerable (Bergkvist &
Olsson 2008).

One problem with initiatives to harvest forest fuels in the short term is that they take
some time to show a net positive effect. The main reason is that if the felling residue were
left in the forest it would take several years for it to decompose, while breakdown is im-
mediate with combustion. Logging residue (slash) is expected to yield climate benefits
within 4-20 years if we assume it is used as a substitute for natural gas. The “payback”
time is shorter if it is used as a substitute for oil or coal, (Repo et al. 2010).

The greater the diameter of the material concerned, the longer the delay in effect and
hence the lesser the climate benefit. This is particularly true of tree stumps. It takes at
least 20-30 years before harvesting stumps as fuel has a positive climatic effect (assu-
ming they replace natural gas) (Repo et al. 2010). If the effects of soil disturbance and
reduced growth in the next generation of forest are taken into account, it takes even
longer to benefit the climate.

'There is a wide spread of data on the climate benefits of forest fuel over the lifetime of a
stand. In the case of logging residue (slash) the long-term climate benefit is reported as
70-90 per cent. This means that one kilogram of carbon in forest fuel offsets emissions
from fossil fuels equivalent to 0.7 to 0.9 kg of carbon (Repo et al. 2010). For stumps, the
long-term climate benefit is reported as being between 40 (Repo et al. 2010) and 80-90
per cent (Lindholm 2010).



The spread of these figures is due to different life-cycle analyses making different as-
sumptions about the rate of decomposition and emissions from processing, transport
and combustion. None of them takes into account the possible effects on forest growth
and greenhouse gas emissions due to soil disturbance. This is an area where we still lack
knowledge, but as mentioned earlier, experimental data indicate significant growth re-
ductions after gathering slash (de Jong 2010).

'The time delay before forest fuels can benefit the climate may seem insignificant. But ata
time when there is pressure to greatly increase the use of forest fuels and there are strong
arguments to cut greenhouse gas emissions as rapidly as possible, this is a very important
aspect. If it is not taken into account we are likely to overestimate the climate benefits of
increased biofuel use to a considerable extent.

Substitution of materials

Materials substitution means using wood as a substitute for other materials that are
produced from fossil fuels. This has a positive effect on the climate by eliminating the
emissions of greenhouse gases that would have occurred during production of the ma-
terials that are replaced. In most substitution studies the materials that are replaced are
steel or concrete.

In the Swedish case the main focus of analysis is the climate benefits of substituting
concrete framing with timber framing in buildings. Over a longer period it turns out that
substituting materials in this way has bigger climatic benefits than fuel substitution.

If harvested wood is used wherever possible as a structural material for building, a yield
of 1 tonne of carbon from the forest is equivalent to a reduction in emissions of 1.04
tonnes of carbon. This assumes that large trees are used for structural timber, and that
smaller trees, logging residue and wood from demolished buildings are used for fuel.
'The reference fuel is taken as bituminous coal. If instead the comparison is made with
natural gas, the reduction in emissions is 0.76 tonnes of carbon (Olsson, M 2010). In
this case, unmanaged forest reduces emissions by an average of 77 grams of carbon per
m?2 per year (in biomass and soil) over two rotation periods. Managed forest reduces
emissions by an average of 95-130 g (depending on whether natural gas or coal is used
as the reference fuel). Almost the entire difference between the two alternatives, 18-53 g
of carbon per m2 per year, is due to the substitution effect (Olsson, M 2010). The com-
parison assumes that the felled trees are replaced with new trees that can absorb carbon
dioxide from the burned biomass.

A similar Swedish modelling study compares the net effects on greenhouse gas emis-
sions of a number of alternative forest management scenarios and uses for harvested
forest products. The greatest reduction in greenhouse gas emissions was achieved with
intensive fertilisation, harvesting of logging residue and stumps, and the use of the har-
vested timber for construction. The factor that had the greatest effect on the outcome
was how the harvested timber was used, i.e. whether it was used for construction or as

fuel (Eriksson et al. 2007).

When interpreting the results of these two studies it must be kept in mind that they
analyse the outcome over very long periods: 200 and 300 years respectively. As can be
seen in figure 12, the substitution effects only become significant over periods of several
forest rotation cycles.

Furthermore, the assumptions made about the type of buildings in which the timber is
used are central to the results of the substitution studies. Substitution factors for wood
as a construction material were estimated at 0.78 to 1.11 kg of carbon per m2 of living
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Global forestry and climate

The global forest industry uses about 420 million
cubic metres of logs each year. Some of the carbon
content of the harvested timber is bound up in
paper products or timber for varying periods of
time. The IPCC has given a half-life (the time it takes
for half of the carbon to return to the atmosphere)
of two years for paper and 30 years for wood
products. Using these values, global use of paper
and wood products represents a carbon sink of 20
and 243 Mt CO, equivalents per year respectively
(based on production in 2007). Added to this is the
carbon stored in some forest products that are not
burned after use, but end up in landfills. A study
by the United Nations Forestry and Agriculture
Agency, FAO, (Miner et al. 2010) compares this
stored carbon with the greenhouse gas emissions
that arise during the manufacture, use and final
disposal of forest products. The conclusion is that
emissions are significantly higher than carbon

Table 4. Effect of global
forest industry’s impact

sequestration, and that the global flow of forest
products represents a carbon source of almost 500
Mt of CO, equivalents per year. This corresponds
to 0.15 Gt of carbon. If we take into account the
substitution effects of wood as a replacement for
building materials with more embodied energy,
however, the forest industry and forest products
become a small carbon sink (see table).

One conclusion that can be drawn from the FAO
study is that production and consumption of paper
would remain a source of greenhouse gases even if
all paper products were used to replace fossil fuels
after use. The carbon source would be at least 0.09
Gt per year (see table). In other words there are
good reasons to distinguish between paper and
wood products when discussing forest sector im-
pacts on the flows of greenhouse gases.

on greenhouse gas flows,
millions of tonnes of CO,
equivalents per year. +
indicates source, - indica-
tes sink.

1) Converted to carbon
dioxide equivalents.

2) Considered impossible
to quantify due to large
national differences.

Table 5. Effect of global
paper use on greenhouse
gas flows, millions of ton-
nes of CO,equivalents per
year.

1) Split 50/50 between pa-
per and wood products.

2) This includes full poten-
tial for substitution of fossil
fuels, including share allo-
cated to sawn timber.

Forestry

Direct emissons from manufacturing
Emissions from purchased electricity
Inputs including fossil energy
Transport

Carbon stored in paper products used
Carbon stored in wood products used
Combustion of forest products

Methane from landfill forest products "

Caerbon stored in landfill forest products

Electricity produced by forest industry?)

Substitution of fossil fuels

Substitution of building materials

Forestry"

Direct emissions from manufacturing
Emissions from purchased elecricity
Inputs including fossil energy
Transport"

Carbon stored in paper products used

Substitution of fossilf fuels?

Stored carbon TOTAL
+36.9
+297
+193
+92.4
+51.2 +670.5
-20
-243
=3 +404.5
+234.6 +639.1
-160.6 +478.5
m
-258 +452.7
-483 -30.3
Stored carbon TOTAL
+18
+231
+106
+57.4
+25.5 +437.9
220
-135 +282.9



space per year in Finland and from 0.38 to 0.51 carbon per m? of living space per year in
Sweden. This gives an idea of the uncertainty in the calculations (Pingould et al. 2010).

The study illustrated in figure 12 assumes that a large proportion of the timber extracted
is used for wood products. It is assumed that all roundwood larger than 12 cm in diame-
ter is used as structural timber for buildings, and that the life of this timber is on average
100 years (Eriksson et al. 2007). Both these assumptions are a long way from reality. As
mentioned earlier, less than 20 per cent of all the timber extracted is used as long-lived
construction timber, and the half-lives of harvested wood products are often reported
as 15-20 years. The type of buildings and the rate of new construction naturally also set
limits on how much construction material can be replaced with wood.

Furthermore, the studies referred to assume that the raw material that is not used as
construction timber is used as fuel. So no allowance is made for the production of pulp
and paper. This again differs markedly from the real situation in Swedish forestry, where
about half of all harvested roundwood is used as pulpwood (Swedish Forest Agency
2010).

'The results are very different if we assume a realistic picture of how wood from the forest
is used. A life cycle assessment of different management options for Swedish forests on
this basis shows that pulp and paper production as a whole has negative climate impact.
The effect is so significant that if it is included in the calculations, substitution of fuels
becomes a more positive factor in the total climate impact of forestry than substitution

of materials (Hofer et al. 2008). (See figure 13.)
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Figure 12. Stored carbon
in tree biomass and soil,
and the cumulative ef-
fects of materials substi-
tution for two scenarios.
The upper graph, with
the least positive climate
effect, is based on pre-
sent-day forestry, with no
harvesting of stumps or
logging residue, and takes
natural gas as the referen-
ce fuel. The lower graph,
with the highest positive
impact on climate, is ba-
sed on intensive forestry
with stump harvesting,
extensive materials sub-
stitution, and takes coal as
the reference fuel. (After
Eriksson et al. 2007.)

The highest scenario as-
sumes that all roundwood
over 12 cm in diameter is
used as construction tim-
ber. This is an assumption
that is a long way from
reality today.
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Figure 13. Effects on
carbon flows and sto-

red carbon in Swedish
forestry from a lifecycle
perspective. The upper
graph shows annual
changes, while the lower
graph shows cumulative
changes under a scenario
where forestry and the
forest industry develop in
line with current trends
until 2035. Conditions are
then “locked” to show the
long-term consequences
up to 2160.

Note the negative effects
of pulp and paper.

The study takes into ac-
count the effects of fuel
substitution by burning
used paper, but not ma-
terials substitution by
paper, i.e. using paper to
replace other materials
such as packaging.

The sharp peaks in the
curves in the upper graph
are the impact of Hurrica-
ne Gudrun in 2005. (After
Hofer et al. 2008.)
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'The study compares a baseline scenario, in which forestry and the forest industry conti-
nue to develop in line with current trends until the year 2035, with a scenario in which
the harvesting of fuel from the forest increases sharply, and an intensive scenario, in
which forest production is increased by means such as fertilisation, species selection and
more intensive forest management. Production of roundwood in this scenario is almost
40 per cent higher than in the baseline scenario. Fuel extraction is the same as in the
fuel scenario.

It is assumed that the changes made in the various scenarios are completed by 2035. The
models then forecast development up to the year 2160 to provide a picture of how the
carbon balance is affected in the long run.

In the long term, the baseline scenario results in a carbon sink of 16 Mt of carbon per
year, the biofuel scenario 18 Mt of carbon per year, and the intensive scenario 28 Mt of
carbon per year. In all three scenarios, fuel substitution is the biggest single factor.

Materials substitution comes in second place, since it also incorporates flows of pulp-
wood, pulp and paper. Taken together these are such a significant source of carbon that
they partially offset the effect of materials substitution by timber products. Based on the



assumptions of increased production that are made here, their greenhouse gas emissions

would be doubled by the year 2035.

The study does not take into account the materials substitution effects of paper, which is
obviously a limitation. Paper could conceivably replace plastics or glass in packaging, for
example, and thus have positive effects on the climate. This should not, however, alter the
overall conclusion of the study — that a shift in consumption of forest products towards
a higher proportion of timber products and forest fuels, and less paper, would have po-
sitive effects on climate. It would reduce emissions during production, and enhance the
substitution effect. It would also increase carbon sequestration in forests due to longer
rotation periods and a larger timber stock (Hofer et al. 2008).
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9. Forests and
the Climate Convention

Emissions of greenhouse gases from different types of soil and land use are covered by
the United Nations Framework Convention on Climate Change (UNFCCC) and the
Kyoto Protocol. The collective term for this field is LULUCF — Land Use, Land Use
Change and Forestry. Put very simply it enables countries to “offset” carbon sinks in the
land use sector against emissions from burning fossil fuels to help meet their agreed
emission limits. A country that has, for instance, agreed to cut greenhouse gas emissions
by 10 per cent can achieve its target by reducing the amount of fossil fuels it burns by five
per cent and increasing carbon sequestration in land use by the same amount, by refores-
ting previously deforested land, for example. Reducing carbon sequestration in the forest
by felling more than is grown will similarly count against the country as emissions. One
of the key ideas behind incorporating land use in the climate convention was to create
incentives for conserving and managing forests, especially tropical rainforests.

Under article 3.3 of the Kyoto Protocol, parties are required to report greenhouse gas
emissions and sinks that arise from planting, deforestation and reforestation. Article 3.4
of the protocol also provides the opportunity to include other land use activities in their
accounts, including forestry. Sweden is one of the countries that have chosen to use this
facility. It means that Sweden not only reports changes in emissions due to increases
or decreases in forest area (changes which in Sweden’s case are negligible), but also the
growing forest carbon sink and changes in it.

The underlying logic is simple: the more carbon sequestration countries can report in the
land use sector, the less need they have to reduce emissions from burning fossil fuels. This
has created a negotiating situation in which many countries have an interest in maximi-
sing LULUCEF credits. They try to drive through accounting rules that favour deductions
for carbon sinks rather than the reporting of emissions. The regulatory framework for
LULUCEF can be seen as a battery of tests to reduce the uncertainty in the system and
steer it in a direction that does minimal damage, but can still be accepted by the parties
that are pushing for generous carbon credits. So far, the outcome of this process has been
a set of complex and rather fragmented rules.

It is important to appreciate that the accounting rules have been negotiated in this way.
Even though accounting should be based on scientific grounds, the rules also reflect cli-
mate policy. They are the result of a negotiating game that focuses on creating political
incentives for various measures, and on closing loopholes. This means that emissions
data from countries’ official reports under the climate convention cannot easily be com-
pared with scientific data for carbon sources and sinks in nature. As mentioned before,
the scientific basis for calculating carbon storage and carbon flows is very inadequate in
many countries (see box on page 18).

Marrakech principles

At the Seventh Conference of the Parties (COP 7) to the UNFCCC, in Marrakech in
2001, agreement was reached on eight principles for the accounting of LULUCF acti-
vities, in order to prevent the undermining of the Kyoto Protocol as an environmental
policy tool (see box). The parties agreed that these principles should also apply to the
next commitment period (after 2012), but it remains to be seen how closely they are
actually followed.

This section is based on
Macey, K et. al. 2010.
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Negotiations over LULUCEF rules have continued since 2008 and have become increa-
singly complicated as parties try to close various loopholes and as demands are made to
include an growing number of land use activities. The last Conference of the Parties —
COP 16 in Cancun in December 2010 — failed to reach agreement in this area.

Negotiations for the second commitment period are continuing, and there are strong
signs that a bias towards sinks rather than actual emissions will persist. It appears that
many states not only want to increase the scope for accreditation of sinks, but also want
to avoid reporting certain emissions. They have continued to propose various solutions
to benefit their own interests, and some states have linked their targets for 2020 to these
negotiating manoeuvres. One example is New Zealand, whose target for a 20-per-cent
cut in emissions is expressly linked to certain demands concerning the LULUCF rules.
'The range of emission cuts that Russia has given is based on the requirement that LU-
LUCEF is allowed to count towards the achievement of objectives.

Proposed amendments and additions

In April 2011, a string of proposals for amendments and additions to the LULUCF

rules are on the negotiating table, including:

* the addition of new land use activities, such as forest degradation and the conversion
of wetlands,

* effects of forest management on greenhouse gas flows
« effects of natural disturbances (such as forest fires)
* crediting of carbon storage in forest products.

'The conversion of forest into open land is currently included in LULUCF accounting,
while the rules do not take into account the degradation of forests — in other words
reduction in biomass without total deforestation. If degradation were included, as pro-
posed by the Polynesian state of Tuvalu, it would correct an imbalance in the system,
especially for those countries that choose to include the eftects of forest management in
their reports.

Management of wetlands has been proposed as a new LULUCF activity. The drainage

Marrakech principles governing LULUCF

That the treatment of these activities be based on
sound science;

That consistent methodologies be used over time
for the estimation and reporting of these activities;

That the aim stated in Article 3, paragraph 1 of the
Kyoto Protocol not be changed by accounting for
land use, land-use change and forestry activities;

That the mere presence of carbon stocks be exclu-
ded from accounting;

That the implementation of land use, land-use
change and forestry activities contributes to the
conservation of biodiversity and sustainable use of
natural resources;

That accounting for land use, land-use change and

forestry does not imply a transfer of commitments
to a future commitment period;

That reversal of any removal due to land use, land-
use change and forestry activities be accounted for
at the appropriate point in time;

That accounting excludes the effects of:

- elevated carbon dioxide concentrations above
their pre-industrial level,

- indirect nitrogen deposition,

- the dynamic effects of age structure resulting
from activities and practices before the reference
year.



of wetlands is a significant source of greenhouse gas emissions, but it is doubtful whether
the emissions can be quantified accurately and reported in a way that can be verified.

Under the Kyoto Protocol, parties are able to credit the effects of forest management, up
to a ceiling agreed in the Marrakech accord. Some countries have proposed new possibi-
lities in this area for the next commitment period, in an effort to encourage more states
to include forest management in their accounts. Some of the proposals would increase
the scope for forestry-based credits dramatically — and thus reduce the required emission
reductions by the same amount.

As mentioned earlier in this report, emissions of carbon dioxide from disturbances such
as forest fires and pest infestation are considerable. They could potentially be even greater
in the future, not least in boreal forests. Some countries are now looking for opportuni-
ties to discount these emissions from their LULUCF accounting. In negotiations, such
disturbances are referred to as “force majeure”, despite the fact that they are dynamic
effects that are entirely natural in most of the world’s forests.

A number of parties have proposed that carbon storage in forest products (harvested
wood products — HWP) should be included in LULUCEF accounting from the next
commitment period, something that other parties are opposed to. Advocates argue that
some of the carbon in harvested timber is not released into the atmosphere immediately,
but is stored in long-lived wood products (such as timber houses) or in landfills. Critics
claim that there are no effective, consistent and reliable methods for calculating this
stored carbon. If it were possible to credit carbon stocks in harvested wood products
without also having to report total emissions from forest land use, the critics claim that
this would also create incentives for increased logging and hence unsustainable forestry.

Commitments and reference levels

Countries’ commitments are expressed as changes in emissions relative to a baseline
year. The baseline year for the first commitment period of the Kyoto Protocol is 1990,
and objectives are to be achieved by 2008-2012. The choice of LULUCEF objectives and
baseline year for the next commitment period is an important and complex issue that
is also subject to negotiation. One requirement in the case of deforestation is that com-
mitments must reflect actual reductions in emissions from deforestation and not create
incentives to increase the rate of logging before the commitment period begins. All
forest ecosystems in a country must be included, and both private and state-owned land
must be accounted for. It is likely to prove difficult to obtain a reliable picture of the star-
ting position, since the background information is poor and environmental monitoring
is inadequate in many countries. One possibility is to set limits under which countries
can obtain credits for reducing deforestation gently, allowing good safety margins. This
would require countries to make active efforts to reduce their emissions before they can
receive credits in this area.

There are effectively two different ways to define the reference levels. One is based on
starting from historical data on deforestation rates, and the other on projections for the
future. Reliable reference levels based on historical data have the advantage of ensuring
that reported emission reductions have actually taken place. Reference levels based on
projections mean that countries would be able to gain credits for loss of deforestation, in
other words the deforestation that would have taken place under a theoretical “business-
as-usual” scenario.
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9. Discussion and conclusions

'The purpose of this report is to present an overview of the relationships between forests,
forestry and the climate. Forests and forestry in the boreal region are discussed solely
from a climate perspective. A measure or strategy that reduces greenhouse gas emissions
is described as positive, regardless of the consequences it may have in other respects. This
does not mean that the climate is considered more important than other aspects, but is
simply motivated by a desire for clarity. It is only when we have a picture of the climatic
effects of different courses of action that we can weigh them against the consequences
in other areas, such as economics, social value, impact on forest biodiversity or other
environmental considerations. These aspects are not discussed here.

A central assumption in the analysis is the estimate that 2°C is a critical threshold for
global warming, and that drastic limitations on greenhouse gas emissions are needed
over the next few decades to avoid exceeding this limit. This means that analysis of the
climate significance of boreal forests must not be limited to the long term. Develop-
ments over the next 30-40 years are of critical importance.

About 30 per cent of all the carbon in the world’s terrestrial ecosystems is found in
boreal forests. The carbon stock is greater than in any other terrestrial ecosystem, and
almost twice as large as that of tropical forests. Nearly 90 per cent of this carbon lies in
the forest soil. These enormous carbon reserves make boreal forests a key factor in the
future climate, particularly as they are expected to be especially sensitive and respond
quickly to rising temperatures.

Boreal old-growth forests

About half of the world’s boreal forests are old-growth forests, entirely or almost entirely
unaffected by forestry. They exist mainly in Alaska, Canada and Siberia. These forests
can continue to act as carbon sinks even when they are many centuries old, and over
time they build up very large deposits of carbon in the soil. This is where the bulk of
carbon is stored in boreal forests. Even from a global perspective, the amount of carbon
stored in soil in the northern part of the boreal forest belt is enormous, and it is of ut-
most importance for the future climate that this stored carbon is not released into the
atmosphere.

As the climate becomes warmer, the frequency of natural disturbances — fires and in-
festations by insects and other pests — will increase. Such trends are already apparent,
and they lead to a decrease in carbon sequestration and carbon stocks in the forests. If
warming exceeds a critical level, the resulting heat stress combined with water shortages
could cause widespread forest loss in the boreal zone. A large proportion of the carbon
stored in boreal forests would then be released into the atmosphere, further driving war-
ming in an irreversible and self-sustaining process. It has been suggested that the critical
limit for this mechanism is a 3-5 degree rise in average global temperature.

Against this background one might ask whether the best option for the climate is to
leave old-growth boreal forests untouched, or if it is better to log them and use the har-
vested raw materials to replace fossil fuels and building materials with high embodied
energy while planting new forest? From an international perspective and in the short
term the issue is largely irrelevant. Even if it were desirable, it is not possible to convert
the vast old-growth forests of Siberia and northern Canada into managed forest in the
course of a few decades.
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Most of these areas will continue to be subject to natural dynamics. How they will affect
the climate will depend on the speed and extent of the anticipated changes in natural
disturbance regimes, which, in turn depend on climate change.

Furthermore, the climatic effects of converting old-growth boreal forests into managed
forests are negative in the short and medium term. During logging, some of the stored
carbon is lost to the atmosphere. Because the carbon stored in both soil and biomass is
greater here than in managed forests, carbon dioxide emissions will also be higher. It
takes a long time, probably 100 years or more, for a new generation of trees to sequester
the equivalent quantity of carbon, which means that the logging of old-growth forest
further increases global warming in the short term.

Managed boreal forests

In managed boreal forests, humans have greater opportunities to influence greenhouse
gas emissions, through forestry and through the use of the biomass that is harvested.
When the impact of various courses of action are analysed it becomes clear that the
time frame is very significant. Measures that have a very positive effect on greenhouse
gas emissions in the long term may have little or negative effect in the short term. What
appears to be an ideal solution over 100 or 200 years may be counterproductive in light
of what we need to achieve in the next few decades.

One strategy that has been proposed is investment in intensive forestry, which increases
the sequestration of carbon in growing forests and, more significantly, increases the
availability of timber as a raw material. Studies have shown that there is considerable
potential in Sweden for intensive forestry with the aid of fertilisation and the use of fast-
growing species of trees. From a climate perspective, the thinking behind such a strategy
is that the more wood that can be harvested, the more forest fuels can be used in the
energy sector, and the more materials with high embodied energy (steel and concrete)
can be replaced with wood. In both cases, positive climate effects would be achieved by
eliminating emissions of greenhouse gases from burning fossil fuels.

There are, however, several serious objections to such a course of action. The risks are sig-
nificant. Infestations by certain pests could increase, which would mean higher carbon
dioxide emissions. There would also be greater risk of a rise in emissions of nitrous oxide,
a powerful greenhouse gas, from forest soil. We have very limited knowledge of what
would happen to the large amounts of nitrogen bound in the forest soil during the har-
vesting of intensively fertilised forests. This also applies to the effects of the fertilisation
that takes place today under current management practices.

Production of forest fuel could be increased considerably if stumps were harvested after
telling, since almost 20 per cent of tree biomass is in the stump. Because the carbon in
stumps is released into the atmosphere much faster if they are burned instead of decom-
posing in situ in the forest, it would take time for stump removal to have a positive effect
on climate. One study indicates around 15 years if we assume that the fossil fuel that is
replaced is oil. It takes even longer if the effects of soil disturbance and reduced growth
in the next forest generation are also taken into account. Another study has shown that
carbon losses from the ecosystem were the same as the carbon content of the harvested
stumps a full 27 years after stump extraction, which means that the climate effect was
clearly negative. Stump clearance is not practised to any significant extent in Swedish
forestry today. If it takes 30 years or more before stump harvesting yields any climate
benefits it would therefore be counterproductive from the climate perspective to start
using this method, as it would increase greenhouse gas emissions over the next few
critical decades.



Forest management strategies that focus on aims other than maximising production and
wood yield have not been given much attention in the debate on forests and climate.
However, there are some interesting possibilities that should be studied further.

To begin with we can say that there is significant potential for managed forests, in Swe-
den and Europe as a whole, to continue storing carbon for many decades if they are left
to grow and if logging does not increase in line with this growth. In terms of climate
policy, forest carbon sinks can thus play an important role in gaining time. At the same
time, it should be emphasised that there are risks in storing large quantities of carbon in
standing forests. With time, there is a growing risk that this carbon will be released by
fires, pest infestations or storms.

The protection of forests for conservation purposes means that carbon stocks in these
forests can continue to grow, but the preservation of biodiversity and protection of fo-
rests as carbon sinks do not necessarily go hand in hand. Increasing the amount of dead
wood in the forest landscape increases the risk of fires, for example, and hence the release
of carbon. Forests that have the highest conservation value are not necessarily the most
effective carbon sinks.

If we want to store the maximum amount of carbon in soil and trees, postponing harves-
ting can be a useful course of action. At the same time this also decreases wood yield and
hence our opportunities for fuel and materials substitution. It has been shown, however,
that the effect of extending rotation periods by 20—40 years in Scandinavian forestry has
positive effects on climate, particularly in pine forests, even taking into account substi-
tution effects (see figure 7). This is mainly due to an increase in the proportion of saw
timber in the wood that is harvested.

Forestry without clear-cutting would have immediate and lasting positive effects in
terms of the impact of forestry on the climate. Forest that is clear-cut remains a carbon
source for up to 15 years after logging, and it takes the newly planted forest a few deca-
des to compensate for these emissions. The carbon balance is not restored until around
30-40 years after clear cutting. If forest is harvested on a continuous basis, without
clear-cutting, but instead regularly harvesting small amounts of wood from the forest,
there will be no major carbon losses from the soil and the forest will remain a continuous
carbon sink. Further analysis is needed to determine the impact of any decrease in wood
production that arises from eliminating clear-cutting on substitution effects and thus
overall greenhouse gas balance.

The other side of the coin is that both extended rotation periods and continuous felling
practices reduce the availability of logging residue (though only temporarily in the first
case) and therefore the potential to replace fossil fuels with forest fuels.

Substitution of fuel and materials

Substitution effects are a major factor in the overall climate impact of managed forests
and forestry. Forest products can replace fossil fuels, either directly as fuel, or indirectly
by replacing materials that require a lot of energy to produce, and thus reduce green-
house gas emissions.

It is important to keep in mind that substitution effects are in a sense theoretical. They
rely on the assumption that if a certain amount of wood is available to the market it re-
duces the use of other materials accordingly. In actual fact it would be quite reasonable to
assume, for instance, that greater market availability of forest fuels will affect fuel pricing,
leading to lower energy prices and hence higher energy consumption than otherwise.
Put another way, a certain proportion of the forest fuel will be used to increase energy
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consumption rather than substituting for fossil fuels. None of the substitution studies
referred to in this report takes into account these potential market effects or analyses the
impact of an increased supply of forest fuels on a system with growing energy use.

Even if we ignore any market mechanisms, it generally takes time for measures that
increase forest production to produce any significant substitution effects. As illustrated
earlier (see figure 12), even a scenario that sets materials substitution at an unrealistically
high level has relatively little impact in the short term, and the difference under a scena-
rio of very limited substitution is small.

With time, substitution effects become larger, since they are cumulative. The eliminated
emissions add up with each forest generation. There are a number of reasons to ask how
meaningful it is to calculate substitution effects over a period of 200 or 300 years. The
far horizon for climate policy is barely a hundred years, and it is unreasonable to expect
anyone to make factually based assumptions about which fuels or materials will be re-
placed with timber in 300 years’ time.

Another important question is how the harvested wood is actually used. In substitution
studies it is generally assumed that the additional wood yield is used as a substitute for
fuel or materials, or a combination of the two. This is not the case in real life. Conside-
rably less than 20 per cent of the total wood yield is used for long-lived construction
timber. The manufacture of paper and paper products appears on the whole to have a
negative climate impact, even if it is assumed that the products are burned and replace
fossil fuels after use (see figure 13), since it takes a lot of energy to make them. This me-
ans that increasing wood yield reduces greenhouse gas emissions only if the bulk of it is
used to replace fuel and/or materials, not to replace paper.

One conclusion that can be drawn is that reducing paper consumption while keeping
harvesting at the same level would have a positive effect on the climate, by shifting
production in the forest and forestry towards a higher proportion of sawn timber and
fuel. This would reduce the emissions associated with production, while increasing sub-
stitution effects. It would also increase carbon sequestration in forests by extending ro-
tation periods and increasing timber stocks. There is one reservation though: the way in
which we achieve a reduction in paper consumption is likely to be a significant factor,
since different paper products probably have different impacts on the climate. Replacing
plastic packaging with paper packaging is likely to have more positive impact than using
newsprint as a fuel substitute, for example. However, no studies have been found that

shed light on this aspect.
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