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Table 1.2. Forest-based-sector climate-mitigation impacts and actions to strengthen these. 
 

Mitigation channel Possible actions to increase mitigation by 2050 
(action could be modified if the target was long term, 

e.g. beyond 2050) 
Forest biophysical impacts 

Forest  carbon  sequestration  in  trees  and  soils 
(forest sink) 

Stopping deforestation, increasing afforestation and 
forest conservation. Turning global forest loss to forest 
gain, and reforestation always after final felling. 
Increasing tree growth, and reduce harvests. 

Forest albedo Changing coniferous forests to broadleaves or mixed 
forests 

Forest aerosols Afforestation and conserving forests 

Forest disturbances Adapting forests to changing climate and increasing 
resilience (e.g. changing tree species and provinces). 
Decreasing disturbance risks via forest management 
measures (e.g. increasing mixed forests and decreasing 
monocultures) 

Substitution and storage impacts 

Substituting   forest biomass for fossil   raw 
materials, energy and products 

Forest management and wood production for forest- 
based products. Policies to enhance demand for forest- 
based products, such as wood construction 

Storing carbon in forest products Forest management and wood production for forest- 
based products 

Emissions from forest products value-chain 

Production and logistics Reducing and eliminating the use of fossil fuels in 
transport, heating and electricity generation in 
forest-based industries 

Socioeconomic and political impacts 
(feedback impacts) 

Synergies or trade-offs between the mitigation 
channel and other societal objectives (e.g. leakage 
impacts, political support for mitigation measures, 
biodiversity impacts, income and employment 
impacts) 

Seek to maximise synergies and minimise trade-offs 
between mitigation measures and other societal goals 

 
Combination of several different channels 

No single policy/action can enhance all the different 
mitigation channels > need a mixture of different 
policy and management actions 
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(Garbelotto and Gonthier 2013). However, increasing temperatures are further increasing its spore formation 
and the growth rate of its mycelia. Milder winters increase the length of the period the fungus is able to spread 
and infect new stands (La Porta et al. 2008). Together, these intensify the amount of decay in infected trees and 
the spread of fungus in diseased stands. 

The epiphytic, parasitic vascular plant, pine mistletoe (Viscum album ssp. austriacum), is also increasing in 
abundance at its current northern limit, such as in Germany and Poland, and is spreading upwards into the 
montane forests of Europe (Szmidla 2019). This is probably the result of increasing winter temperatures in areas 
where pine mistletoe has previously been limited by the low freeze tolerance of its seeds. Abundant mistletoe 
populations reduce tree growth substantially and, in dry areas, they also increase water stress and tree mortality 
(Kollas et al. 2018). 

Higher temperatures are likely to promote distributional shifts in many native forest pest-insect species and 
invasive alien species towards more northerly latitudes and higher elevations (Battisti and Larsson 2015). 
Frequent cold winters in Northern Europe have so far limited outbreaks of many insect defoliators that overwinter 
as eggs. However, an increase in winter temperatures will favour their reproduction and, concurrently, may 
increase the risk from these in the future. Nun moth (Lymantria monacha), one of the most serious defoliators 
of coniferous forests in Central Europe (Bejer 1988), is a good example. Previously cold winters have controlled 
nun moth populations in Northern Europe because its eggs freeze in temperatures below -30°C (Fält-Nardmann 
et al. 2018). The species has been historically absent or very rare in Finland, but since the 1990s, its populations 
have increased hugely, and it is now very abundant in the southern part of the country (Melin et al. 2020). 

In Southern Europe, heat-tolerant and cold-sensitive species, such as the pine processionary moth 
(Thaumetopoea pityocampa) and the oak processionary moth (Thaumetopoea processionea) have expanded 
their geographical ranges beyond the Mediterranean region (Battisti et al. 2005; Godefroid et al. 2020). 
Processionary moths damage not only trees, but their larvae have defensive hairs (urticating setae that the larvae 
release when disturbed) that can cause allergic reactions in humans (Vega et al. 2011). Therefore, the 
processionary moth is considered to be a threat to human health when present in urban forests and parks (Rossi 
et al. 2016). 

The warming climate is increasing problems relating to the regeneration of coniferous forests in Europe by, 
for exam- ple, the large pine weevil (Hylobius abietis) (Nordlander et al. 2017). This is because warmer summers 
and a shortening of the frozen-soil period is decreasing the development time of immature weevils, increasing 
their feeding time and pro- longing the feeding period. Browsing by high local populations of moose (Alces alces) 
is also a serious problem in young Scots pine and birch seedling stands in Northern Europe. The expected 
reduction in snow depth and duration may increase the severity of browsing damage (e.g. Herfindal et al. 2015). 

 
3.3 Climate change, adaptation and risk management 

 

Forests should provide multiple ecosystem services for society. However, climate change is inducing many 
abiotic and biotic damage risks in forests and forestry at different spatial and temporal scales, all of which affect 
the provisioning of ecosystem services. Warmer and drier summer conditions particularly increase the risk of 
damage by drought, forest fires and pest insects, while warmer and wetter winters increase the risk of damage 
by windstorms and strong winds, heavy snow loading and pathogens (Seidl et al. 2017). Such disturbances are 
likely to increase the most in coniferous forests and in the boreal zone. They may partially counteract the positive 
effects of climate change on forest productivity, causing severe economic losses in forests (Hanewinkel et al. 
2013; Reyer et al. 2017).  

The simultaneous occurrence of multiple hazardous events can make the adverse impacts manifold 
(Hanewinkel et al. 2013; Venäläinen et al. 2020; Hlásny et al. 2021). Wind and snow damage in particular, but 
also the occurrence of drought, may increase the availability of breeding material for bark beetles, thus 
enhancing bark beetle outbreaks. The drought may further influence the forest fire risk through increased tree 
mortality (e.g. Jenkins et al. 2014). Wind and snow damage may also increase Heterobasidion attacks through 
tree injuries from harvesting, which will then exacerbate the risk of wind damage due to poorer anchorage and 
less stem resistance in decaying-wood trees. 

How vulnerable forests are to climate change and the associated increase in various abiotic and biotic 
disturbances depends on the exposure (e.g. the severity of the climate change, the climate variability and its 
extremes), sensitivity and adaptive capacity of forests. Fortunately, adaptive forest management can offer ways 
to increase the resilience of forests to climate change and its related disturbances. The severity of climate change 
will affect the necessary adaptation and risk management actions for different regions and time spans. In 
adaptation and risk management, the occurrence of multiple hazardous events should be considered 
simultaneously in order to ensure the sustainable provisioning of different eco- system services for society. 
Fortunately, the same management measures may simultaneously enhance the resilience of forests against 
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Chapter 6 
Carbon sequestration and storage in European forests 

 
 
 
Antti Kilpeläinen and Heli Peltola1 

 

 
 
Abstract 

 
European forests have been acting as a significant carbon sink for the last few decades. However, there are 
significant distinctions among the forest carbon sinks in different parts of Europe due to differences in the area 
and structure of the forests, and the harvesting intensity of these. In many European countries, the forest area has 
increased through natural forest expansion and the afforestation of low-productivity agricultural lands. Changing 
environmental conditions and improved forest management practices have also increased the carbon sequestration 
and storage in forests in different regions. The future development of carbon sequestration and storage in European 
forests will be affected both by the intensity of forest management and harvesting (related to future wood demand) 
and the severity of climate change and the associated increase in natural forest disturbances. Climate change may 
also affect the carbon dynamics of forests in different ways, depending on geographical region. Therefore, many 
uncertainties exist in the future development of carbon sequestration and storage in European forests, and their 
contribution to climate-change mitigation. The demand for multiple ecosystem services, and differences in 
national and international strategies and policies (e.g. the European Green Deal, climate and biodiversity policies), 
may also affect the future development of carbon sinks in European forests. 

 
 
6.1. Current carbon storage and sink 

 
Forests can contribute significantly to the global carbon cycle and climate change mitigation by sequestering 
carbon from the atmosphere and storing it in forests (forest biomass and soil) and in wood-based products (with 
long life-cycles), and also through the use of forest biomass to substitute for fossil-fuel-intensive materials, 
products and fossil energy (Nabuurs et al. 2017; Leskinen et al. 2018). This is also the case in Europe, where the 
majority of forests are managed. Forest management has largely influenced the present tree species composition 
(Spiecker 2003) and wood production potential (Rytter et al. 2016; Verkerk et al. 2019) of forests, and will 
continue to do so for the coming decades (e.g. Koehl et al. 2010; Lindner et al. 2014). 

In Europe, the forest area and carbon storage have both increased since the 1950s for several reasons. The forest 
area has increased by about 30% between 1950 and 2000, and by 9% since 1990 up to the present (Forest Europe 
2020). This has occurred through natural forest expansion and the afforestation of low-productivity agricultural 
lands (e.g. Gold et al. 2006; Forest Europe 2015; Vilén et al. 2016). The ratio of annual harvested timber to the 
total annual increment of forests is below 80% across Europe, remaining relatively stable for most countries for 
the last few decades (European Environmental Agency [EEA] 2017). Additionally, improved forest management 
practices and changing environmental conditions (e.g. nitrogen deposition, climate warming and the elevation of 
atmospheric CO2 concentrations) have increased the carbon sequestration and storage in European forests (e.g. 
Pretzsch et al. 2014; Etzold et al. 2020). However, the growing (carbon) stock of European forests has clearly 
increased more rapidly over the last few decades than the forest area (e.g. 17.5 million ha between 
1990 and 2015), as the average volume per hectare has been increasing. 

However, there are significant distinctions among the forest carbon sinks in different parts of Europe due to 
large differences in the forest area and structure (age and tree species composition). These are related to 
differences in the prevailing climatic and site conditions, the intensity of past and current forest management 
activities, and the level of socioeconomic development (EEA 2016). In Northern Europe, where the share of forest 
area is higher than in other parts of Europe, the forest landscapes are dominated by mainly coniferous, (very often) 
single-species and even-aged forests. In Central and Southern Europe, broadleaved deciduous and mixed 
evergreen forests are more common (Forest Europe 2020). Overall, the forests are more productive and have 
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Table 6.2. Possible measures to increase carbon sequestration and storage in forests over a stand rotation. + 
increase, - decrease, +/- direction of effect uncertain. 

 
Measures at stand level 
 

Carbon sequestration 
 

Carbon storage 
 

Use of improved, more productive and climate-adapted forest 
regeneration material 

+ + 

Proper region-/site-specific cultivation of different tree species + + 
Use of mixed-species stands +/- - 
Maintenance of higher stocking in thinning + + 
Use of fertilisation + +/- 
Use of longer rotation - + 
Use of shorter rotation in storm-, drought-, fire-, insect- or 
fungus-prone forests 

+/- - 

Decreased drainage (low-productivity peatlands) +/- +/- 
No management +/- + 

 
 
Fig. 6.1 provides an example of the development of the net ecosystem CO2 exchange (NEE) of a boreal, even- 
aged Norway spruce stand on a medium-fertility upland site over an 80-year rotation period, based on gap-type 
forest-ecosystem model SIMA (Kellomäki et al. 2008) simulations (Kilpeläinen et al. 2011). Seedling stands 
(2000 seedlings ha-1) act as a carbon source over the first 20 years after a clearcut because the carbon sequestration 
is lower in young seedling stands than the carbon emissions from decaying humus and litter in the soil. As carbon 
sequestration increases, a stand becomes a carbon sink. The mean annual carbon uptake over 80 years is 11.4 t 
CO2 ha-2 yr-1, with the carbon emissions being 7.3 tCO2 ha-2 yr-1. The thinnings at ages 40 and 60 years produce 
peaks in the carbon emissions due to harvesting and the decay of logging residuals. 

 
 

 
 
Fig. 6.1 Development of annual carbon flows of NEE (carbon sequestration + soil decomposition) (A) and soil 
decomposition of new and old humus (B) in a boreal Norway spruce stand after a clearcut over an 80-year rotation 
period with two thinnings at ages 40 and 60 years in southern Finland. Redrawn from Kilpeläinen et al. (2011). 
Positive values denote carbon flowing to the atmosphere, negative values denote carbon flowing to the ecosystem. 

 
In Fig. 6.2, a simulated example of the development of NEE (Fig. 6.2A) and carbon stocks (Fig. 6.2B) in a forest 
ecosystem is demonstrated under business-as-usual (baseline) thinning, 20% higher and lower tree stocking 
compared to the baseline, and an unmanaged (unthinned) boreal Norway spruce stand (Alam et al. 2017) over two 
rotation periods (i.e. 160 years). Over the whole 160-year period, the stands sequestered more carbon than they 
released (Fig. 6.2A). The NEE was the highest under higher stocking and the lowest under lower stocking. The 
increased carbon sequestration led to a 17% larger mean carbon stock (in the trees and soil) than in the baseline 
thinning, while decreased stocking led to a 21% lower carbon stock than in the baseline thinning. The mean carbon 
stock over the simulation period was the largest under the unmanaged regime (445 and 197 t CO2 ha-1 in the trees 
and soil, respectively), while the mean carbon stock in the trees in the baseline thinning was 191 t CO2 ha-1, and 
in the soil, 111 t CO2 ha-1 (Fig. 6.2B). 
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timely manner and transported out of the forest (also undamaged harvested timber) in order to avoid unnecessarily 
increasing the amount of breeding material for bark beetles. This also holds for bark-beetle-infested and Heterobasidion- 
infected trees. 

Because climate change will induce multiple damage risks in Finnish forests and forestry, the probability of devastating 
cascading events is also projected to increase (Venäläinen et al. 2020). However, their severity may vary significantly at 
different spatial and temporal scales. Therefore, frequent adjustments to forest management practices in response to 
changing growing conditions will be required, in order to adapt to climate change and maintain forest resilience. This is 
also important from the climate change mitigation point of view because large-scale natural disturbances may act as 
significant carbon sources (Kauppi et al. 2018). Therefore, the multiple risks to forests need to be considered 
simultaneously in the planning and implementation of forest management. The flexible use of diverse management 
strategies, instead of one single management strategy (e.g. even-, uneven- and any-aged management) may help to ensure 
forest resilience and simultaneously provide multiple ecosystem services for society (Díaz-Yáñez et al. 2020). 

 
11.3.2 Climate change mitigation 

 

A forest-rich country like Finland can contribute to climate change mitigation especially by increasing carbon 
sequestration from the atmosphere, and by storing it in forests (trees and soil), but also by producing wood-based products 
that can act as long-term carbon storage and/or can substitute for more GHG-emission-intensive materials and energy 
(Hurmekoski et al. 2020). Whether the carbon sink of Finnish forests (and the forest sector) will remain at the current 
level or increase/decrease in the future will strongly depend on the intensity of forest management and harvesting related 
to wood demand in the coming decades (see Heinonen et al. 2017, 2018). The carbon sink will also be affected by the 
severity of climate change and natural disturbances (Venäläinen et al. 2020). 

In order to increase the climate benefits of harvested wood, it should be increasingly used for products and fuels that 
will release fewer GHG emissions to the atmosphere than the fossil-based products and fuels it is substituted for 
(Hurmekoski et al. 2020). However, the substitution effects must be, on average, even doubled for additional wood harvest 
if, for example, 80 Mm3 yr-1 is harvested annually instead of 60 Mm3 yr-1 (in the coming 100 years) (Seppälä et al. 2019). 
This would be needed in order to compensate the lower carbon stocks of Finnish forests with increased harvest levels 
(Seppälä et al. 2019). On the other hand, lower harvesting levels in Finland would most likely increase harvesting in other 
countries. In the longer term, all sustainable uses of renewable wood that compensate for the use of fossil resources might 
be seen as remaining beneficial because we should be giving up using fossil resources as soon as possible, from the 
viewpoint of mitigating climate warming in the long term. 

Forest growth will also decline, along with aging, which, together with a large volume of growing stock, could promote 
multiple natural disturbances and, consequently, carbon release into the atmosphere over the long term. Old-growth 
forests also sequestrate less carbon than younger forests, but they may offer significant carbon storage (Gundersen et al. 
2021; Kellomäki et al. 2021). Forests also contribute to several other climate impacts, in addition to GHG emissions (e.g. 
albedo, biogenic aerosols, evaporation and surface roughness), which may be affected, directly or indirectly, through 
changes in forest cover and structure, and by the intensity of forest management and harvesting (Kalliokoski et al. 2020; 
Kellomäki et al. 2021). The opposing effects of changes in albedo and carbon stocks may also largely cancel each other 
in managed forests with little remaining net climate effect (Kellomäki et al. 2021). In short term, no management option 
may provide larger net climate benefits than even-aged or uneven-aged management, but increasing use of this option 
may require proper incentives such as compensation for lost harvest incomes for forest owners. 

 
11.4 Climate-smart forestry strategies and policy measures 

 

Despite the important role of the Finnish forest sector in the national GHG balance, maximizing the carbon storage of 
forests may not be the best option in the long run, although it may provide the best climate-cooling benefits in the short 
term. This is because an increase in large-scale natural disturbances (e.g. storms, forest fires and bark beetle outbreaks) 
may turn forests, at least partially, into carbon sources that release large amounts of carbon into the atmosphere. Instead, 
in CSF, it is preferential to both increase the carbon stocks and sinks in forests, and increasingly use harvested wood for 
products and fuels, which will release fewer GHG emissions into the atmosphere, rather than the fossil-based products 
and fuels they are substituting for. At the same time, maintaining biodiversity and sustainably provisioning multiple 
ecosystem services should be considered (Heinonen et al. 2017; Díaz-Yáñez et al. 2020). 

Overall, living forest biomass and mineral soils (decaying organic matter and soil organic matter) remove carbon from 
the atmosphere (net carbon sink), and organic soils (peatlands) emit carbon (net carbon source) (Fig. 11.3). The harvesting 
level affects forest carbon storage and sinks more than forest management practices and ongoing climate change 
(Heinonen et al. 2017, 2018; Seppälä et al. 2019). 

However, forest carbon sinks and storage could be increased in even-aged forestry by increasing the use of improved 
forest regeneration material and forest fertilization, and by maintaining sufficient growing stock in thinnings (Lehtonen 
et al. 2021). Also, nutrient leaching and GHG emissions may be decreased on peatlands by maintaining a high enough 
soil water table level. This could be done by using uneven-aged forestry (especially selective cuttings) on suitable sites, 
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