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1. Introduction  
HoliSoils identified and tested novel soil management practices aiming to mitigate or adapt 
to climate change and sustain provision of various ecosystem services essential for human 
livelihoods and wellbeing in changing climate.  

Good practice guidance for climate-smart forestry (CSF) summarises project findings for 
forest owners and managers: main challenges with forest soils in changing climate vis-à-vis 
the CSF solutions experimented in test sites. The deliverable is a text report based on D4.4 
‘Empirical analysis on the impact of CSF management on soil properties and GHG exchange’ 
with updates from research papers and other materials concluded so far. Usable format, e.g. 
factsheets, visuals / infographics for key messages, etc., are designed in WP7. 
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2. Main challenges with forest soils in changing climate 
Forest management decisions are needed to pay attention on the impacts on soils 

Forest soil is a larger carbon storage than trees, and forest management affects soil 
greenhouse gas (GHG) emissions and soil carbon sinks. A comprehensive understanding of 
the carbon sequestration potential of soils will help design climate change mitigation 
measures.  

Carbon stock losses can be driven by deforestation, forest fires, and forest management 
practices, which all affect forest soil carbon sequestration potential in addition to direct 
effects on the tree stand. As a consequence, soil of managed forest can be a large sink or a 
source of greenhouse gases (GHG). 

Understanding on soil processes widens the possible solutions for forest owners to improve 
forest resilience in changing climate  

Although uncertainties of future risks and opportunities cannot be removed, climate resilient 
forest management practices can provide long-term returns both in the form of wood 
production and other ecosystem services that forests provide. The foundation of long-term 
thinking is laid down by the decisions of today: the choice of preparing for the future as we 
knew it in the past or investing in diversity of solutions in changing climate.   

Climate smart forest management practices depend on site-specific conditions, including 
soil type and conditions 

The effect of forest management on soil depends on management intensity, soil type 
(organic/mineral soil) and conditions (nutrients, moisture, pH), topography, vegetation 
composition, climate conditions as well as recovery time after management. 

This guidance material summarizes the results from HoliSoils test sites across Europe. 
Based on several years of data collection in the test sites, the impact of climate-smart 
forestry (CSF) on soil processes and functioning has been evaluated through measurements 
of soil greenhouse gas (GHG) emissions, soil physical and chemical properties, litter inputs, 
root biomass quantity, soil microbial populations, and soil fauna.  

The material is structured around the main challenges with forest soils in changing climate:  

●  How can forest management practices decrease emissions in boreal drained 
peatland forests? 

●  How can forest management reduce the risk of forest fires and its impact on soils in 
the Mediterranean basin? 

●  How to choose an optimal tree species composition in Central Europe already facing 
the negative consequences of changing climate? 

●  How can forest management affect soil properties and carbon stock by stand 
thinning intensity? 

●  How can forest management practices increase forest carbon sink by nitrogen 
fertilization with boreal forests? 
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Target group of this material are forest owners who make decisions on their forests. Each 
section describes the challenge, CSF solution, and key findings from the HoliSoils 
experiments. Descriptions of the test sites and additional sources of information are 
included for a reader interested in more details. 
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3.  How can forest management practices decrease 
emissions in boreal drained peatland forests? 

Challenge: Soil of nutrient-rich drained peatlands is a source of greenhouse gas (GHG) 
emissions. Harvesting by clear-cutting will turn peatland ecosystems into a large source of 
GHG emissions.  

Why is this important?  

In European boreal and temperate vegetation zones, around 15 million ha of peatlands have 
been drained for wood production. Drainage leads to a rapid drawdown of water in the soil. 
Over the subsequent decades this impact is exacerbated by increased evaporation from the 
soil and transpiration of shrubs and trees. Consequently, the oxic layer above the water level 
in the soil enables more efficient microbial decomposition, which enhances the soil CO2 

emissions. (Mäkipää et al. 2023) 

Forestry on peatlands has a considerable economic and ecological importance especially in 
Finland, where about a 20% of the productive forestry land is in drained peatlands. Nutrient-
rich drained peatlands are typically occupied by Norway spruce-dominated forests, and they 
are among the most productive site types of the boreal forests, thus, important for 
roundwood income for forest owners. In Finland, most of the fertile peatland forests have 
been drained to enhance timber production more than 50 years ago and a large share of the 
drained peatland forests is currently at mature stage for harvesting. (Lehtonen et al. 2023) 

Solution:  Climate smart forestry (CSF) alternative is continuous-cover forestry.   

Why should forest managers care – what impact can they get? 

The decision on forest management practices in drained peatland forests is important for 
the forest owner because climate-smart forestry practice could mitigate GHG emissions but, 
perhaps more importantly, could be the most profitable management regime and help 
forests to adapt to changing climate and e.g. to avoid drought stress and following 
damages. 

Forest management decision for drained peatland forests is whether to clearcut or manage 
these forests with selection harvesting. Current dominant forestry practice is rotation 
forestry with soil preparation, ditch network maintenance and planting after clear-cutting. In 
peatlands, rotation forestry necessitates ditch maintenance, and thus, creates GHG 
emissions from the soil and costs for the forest owner. Rotation forestry is currently the 
dominant harvesting method in intensively managed Fennoscandian forests.  

Climate smart forestry (CSF) alternative is continuous-cover forestry with selection 
harvesting.  This practice seeks to maintain forest stands in a permanently irregular structure 
by selection harvesting and enabling natural regeneration. In boreal drained peatland forests 
this practice can be applied without further ditching and therefore it may improve water 
quality, water quantity and biodiversity and reduce GHG emissions, while also providing 
timber income and savings from regeneration and ditch maintenance costs. Furthermore, it 
may be economically the most profitable management regime for the forest owner. 
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Results from HoliSoils experimentation in Finland showed that selection harvesting results in 
lower greenhouse gas (GHG) emissions than clearcutting in nutrient-rich drained peatland 
forest: 

● Selective harvesting maintains evapotranspiration by living trees and further ditch 
network maintenance is not needed.     

● Both clear-cutting and selection harvesting exposed the soil to higher temperatures 
than in the non-treated control site. This accelerated peat decomposition and CO₂ 
emissions, which however, were lower in selective harvesting than in clearcutting site.  

● Ditch maintenance in clearcutting created high methane (CH4) emissions due to 
higher fluctuation of water levels.  

● Harvesting, especially in clearcutting with consequent site preparation and ditch 
maintenance, disturbed peat surface. This resulted in high N2O emissions on the 
most fertile parts of the site.  

● Soil fungal and bacteria biomass decreased, community composition and spatial 
variability were significantly altered by harvesting – the potential impact of these 
changes on soil processes related to GHG emissions will be further investigated. 

Effective use of forest management practices necessitates understanding of soil and soil 
functions both in short and long term. It also offers means for risk mitigation in changing 
climate: 

● None of the harvesting methods tested prevented the loss of carbon from the soil. 
Peatland soil carbon stock was not stored, because in both cases soil water level was 
very low due to earlier ditching. 

● Drought events in 2021 led to a drastic decrease in tree growth in the non-harvest 
control site. Selection harvesting could be a suitable approach to enhance the growth 
response of remaining trees in case of more intense and recurrent drought events in 
the future.  

 

 

HoliSoils experiment on the climate smart forestry (CSF) alternative to decrease emissions 
in boreal drained peatland forests: 

3.1 Test site in Ränskälänkorpi, Finland 

Alternative management regimes were tested in nutrient-rich drained peatland forest by 
comparing clearcutting and continuous-cover forestry with selection harvesting (57% of 
basal area removed) to a non-harvested control. Harvesting in 2021 was analyzed vis-á-vis 
data on pre-harvesting period and measurements during 2020-2024. 

The clear-cutting site demonstrated an anticipated immediate and sustained elevation of the 
water table level near the peat surface. Therefore, ditch maintenance is needed to support 
plantation after clearcut, and consequently, high methane (CH4) emissions from ditches 
were generated. After selection harvesting evapotranspiration by living trees control soil 
water level and keep it low enough. Therefore, ditch network is not maintained and methane 
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emissions are avoided, since shallow moss-covered ditches do not emit methane as open 
ditches. 

Site preparation and ditch network maintenance created disturbed peat surface that tend to 
have high N2O emissions. That was observed on clear-cut site, but also selection harvesting 
disturbed soil and resulted in high N2O emissions on the most fertile parts of the site. In 
general, spatial variability in nutrient availability appears to control N2O emissions on 
harvested sites. 

Both clear-cutting and selection harvesting exposed the soil to higher temperatures than 
non-harvested stand, which accelerates peat decomposition and CO₂ emissions. None of the 
harvesting methods tested appeared to be effective in preventing the loss of carbon from the 
soil, which is crucial for the long-term carbon storage of peatlands. Efficacy of selection 
harvesting in regulating water table and associated favorable climatic impacts may be 
constrained to sites exhibiting intermediate water table levels.  

In addition, soil fungal and bacteria biomass decreased, community composition and spatial 
variability are significantly altered by harvesting – the potential impact of these changes on 
soil processes related to GHG emissions will be further investigated. 

Continuous cover forestry, however, demonstrated an impact on forest resilience. Selection 
harvesting resulted in remarkably lower net ecosystem exchange than clear-cutting during 
the early stages following harvesting treatment. A more limited removal of trees, and an 
increased tree and forest-floor vegetation productivity indicate lower decline in gross primary 
production.  

Drought events that occurred in 2021 and, to a lesser extent, in 2022, led to a drastic 
decrease in tree growth which was detectible in the non-harvest control site. Drought events 
are expected to become both more intense and recurrent in the forthcoming years. In this 
regard, the findings also demonstrated that selection harvesting could be a suitable 
approach to enhance the growth response of remaining trees. 

In view of the limited study period after harvesting treatments, preliminary results show that 
GHG emissions from clear-cutting can be avoided by applying continuous-cove forestry 
instead of rotation forestry. Further research is required to assess whether continuous-cover 
forestry represents an alternative to rotation forestry from a long-term GHG perspective.  

Sources of further information 

● https://holisoils.eu/test-sites/   
● Case Ränskälänkorpi (FI) in the D4.4 Empirical analysis on CSF impacts on soils. 

https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-
on-CSF-impacts-on-soils.pdf   

● Mäkipää et al. 2023 How does management affect soil C sequestration and 
greenhouse gas fluxes in boreal and temperate forests? – A review. 
https://doi.org/10.1016/j.foreco.2022.120637   

● Lehtonen et al. 2023 Potential of continuous cover forestry on drained peatlands to 
increase the carbon sink in Finland. Sci Rep 13, 15510  
https://doi.org/10.1038/s41598-023-42315-7   

https://holisoils.eu/test-sites/
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://doi.org/10.1016/j.foreco.2022.120637
https://doi.org/10.1038/s41598-023-42315-7
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● Helama et al. 2025. Growth response of Norway spruce trees to selection harvest in 
continuous cover forestry stands on drained boreal peatlands. Forest Ecology and 
Management 593: 122816. https://doi.org/10.1016/j.foreco.2025.122816  

● Tikkasalo et al. 2025. Eddy covariance fluxes of CO2, CH4 and N2O on a drained 
peatland forest after clear-cutting. Biogeosciences, 22, 1277–1300. 
https://doi.org/10.5194/bg-22-1277-2025  

● Lehtonen et al. 2025. Carbon allocation to roots of suppressed Norway spruce 
increases immediately after selection harvest, Forest Ecology and Management, 585, 
122645. https://doi.org/10.1016/j.foreco.2025.122645  

● Mäkipää et al. 2024. We need targeted policy interventions in the EU to save soil 
carbon. Frontiers in Environmental Science 12, 1354695. 
https://doi.org/10.3389/fenvs.2024.1354695    

● HoliSoils Policy Brief no.1 (2023) https://efi.int/sites/default/files/files/publication-
bank/2023/EFI_PB7_2023.pdf  and translated versions in 13 different languages 
Policy Briefs - HoliSoils see PolicyBrief 1 

● HoliSoils Policy Brief no.2 (2025) 
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf   

● Lehtonen, presentation (March 2025) https://holisoils.eu/wp-
content/uploads/2025/03/HoliSoils_Management-of-organic-soils-in-Europe-as-a-
measure-to-mitigate-climate-change_Aleksi-Lehtonen-LUKE-Finland.pdf    

  

https://doi.org/10.1016/j.foreco.2025.122816
https://doi.org/10.5194/bg-22-1277-2025
https://doi.org/10.1016/j.foreco.2025.122645
https://doi.org/10.3389/fenvs.2024.1354695
https://efi.int/sites/default/files/files/publication-bank/2023/EFI_PB7_2023.pdf
https://efi.int/sites/default/files/files/publication-bank/2023/EFI_PB7_2023.pdf
https://holisoils.eu/policy-briefs/
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf
https://holisoils.eu/wp-content/uploads/2025/03/HoliSoils_Management-of-organic-soils-in-Europe-as-a-measure-to-mitigate-climate-change_Aleksi-Lehtonen-LUKE-Finland.pdf
https://holisoils.eu/wp-content/uploads/2025/03/HoliSoils_Management-of-organic-soils-in-Europe-as-a-measure-to-mitigate-climate-change_Aleksi-Lehtonen-LUKE-Finland.pdf
https://holisoils.eu/wp-content/uploads/2025/03/HoliSoils_Management-of-organic-soils-in-Europe-as-a-measure-to-mitigate-climate-change_Aleksi-Lehtonen-LUKE-Finland.pdf
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4. How can forest management reduce the risk of forest 
fires and its impact on soils in the Mediterranean basin? 

Challenge: Wildfires consume around 0.5 million ha of forest every year in southern Europe. 
Forest fires affect forest soil carbon sequestration potential in addition to the direct effects 
on the tree stand.  

Why is this important?  

Forest fires occur naturally in terrestrial ecosystems and are particularly important in 
Mediterranean ecosystems. The current zero-fire policy together with climate change, 
however, causes a high accumulation of fuel and, therefore, an increase in the risk of fire and 
their intensity. All this increases the impact of eventual wildfires, threatening not only the 
people and infrastructures but also the ecosystems, compromising the services (i.e. timber 
provision, carbon sequestration, biodiversity, water regulation) they provide. 

Wildfires consume around 0.5 million ha of forest every year in the Mediterranean countries 
of the EU (Portugal, Spain, France, Italy and Greece) having a high ecological, social and 
economic impact (https://www.eea.europa.eu/en/analysis/indicators/forest-fires-in-europe, 
Mäkipää et al. 2023). Climate change will bring more frequent heat waves and droughts and 
will further increase the frequency and intensity of wildfires in the Mediterranean fire-prone 
areas, so management practices that allow these forests to cope with the new climate 
conditions should be applied. The increased risk of fire and droughts may also affect beyond 
existing fire-prone areas, which should also be managed accordingly. 

Solution: Climate smart forestry (CSF) alternative is to increase fire resistance against 
wildfires.  

Why should forest managers care – what impact can they get? 

Vegetation structure affects the vulnerability of a forest to drought events and wildfires. 
Management decisions, such as thinning intensity and type of understory treatment, 
influence competition for water resources and amount of fuel available (Vila-Vilardell et al. 
2023). The decision on forest management practices in Mediterranean forests is important 
for the forest owner because climate-smart forestry practice could mitigate GHG emissions 
but, perhaps more importantly, could help forests to adapt to changing climate. 

Forest management decision in fire-prone forests is whether to continue as accustomed 
practice or seek to increase fire resistance against wildfires. Business-as-usual forestry 
practice is to suppress forest fires but allow fuel buildup, thus, making the eventual future 
fires much more destructive for both ecosystems and human infrastructures, threatening 
also the carbon accumulation potential of forests. Climate change makes the conditions for 
the spread of fires (low moisture and high temperatures) more frequent, and the current 
management only based on suppression even less sustainable. Furthermore, fire 
suppression has a high economic cost in the Mediterranean countries. Around 1400 M € are 
spent each year in the Mediterranean countries of the EU (Spain, France, Italy and Greece) in 
fire suppression (Hernandez, 2019).  

https://www.eea.europa.eu/en/analysis/indicators/forest-fires-in-europe
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Climate smart forestry (CSF) alternative is to increase fire resistance against wildfires by 
controlled burns or mechanical fuel removal to reduce fire risk and protect soil carbon. 
mechanical fuel removal and controlled burns. While heavy thinning effectively reduces tree 
water stress and intensity of a crown fire, the duration of these benefits may be limited by a 
fast growth response of the understory.  

Controlled burns or mechanical fuel removal can reduce fire risk and the resistance to 
droughts. Leaving low-intensity wildfires to burn may also be used as a management tool 
when the conditions are appropriate, i.e., safe for people and infrastructures. However, the 
use of fire can have an impact on soils, as a substantial amount of carbon accumulated in 
the forest floor can be consumed by fire. CSF may tend to restore the effect of natural fire 
regimes, reducing the fuel load and its horizontal and vertical continuity. This reduces the 
intensity of subsequent wildfires and their spread, thus, increasing the resistance of forests 
to fire and droughts, and reducing their impact on vegetation and soils and allowing faster 
post-fire recovery. 

 

Results from HoliSoils experimentation in altogether three sites of sub-Mediterranean black 
pine forests in northeastern Spain showed that tree growth and drought resistance increased 
in thinned stands, particularly when slash burning was also applied. 

● Thinning did not cause a significant carbon loss: Five years after thinning, the carbon 
stocks in the organic horizons of the thinning sites was similar to those in non-
thinned stands. Reduction of competition for resources enhanced tree productivity. 

● Prescribed burning partially consumed the forest floor organic matter. This impact on 
the forest floor carbon was still visible 5 years after the treatment. Reduced debris by 
burning increases the resistance to eventual fires or to severe droughts due to the 
lower fuel load and lower competition for water.   

● The effects of fire on soils are mostly dependent on fire intensity: Prescribed fires are 
usually low-intensity fires, which are expected to exert a limited effect on soil 
properties and facilitate a faster recovery.  

● The soil organic matter from the burned stands exhibited higher stability, i.e., lower 
basal soil respiration, than that from the unburned stands.  

Effective use of forest management practices in Mediterranean forests necessitates 
managing the understory to further increase forest resistance (short term) and resilience 
(medium term) to drought and to mitigate the severity and propagation of potential wildfires.  

Forest management aimed at reducing horizontal and vertical fuel continuity should be 
encouraged. This can be done through mechanical thinning or prescribed burning. Although 
burning is more effective than mechanical thinning in increasing tree resilience to drought, it 
can have higher impact on soils, as it can consume a significant amount of C from the forest 
floor. Therefore, burnings should be avoided in forests with a large C pool accumulated in the 
forest floor. These treatments should particularly be done at least in defined strategic areas 
that allows the protection of larger areas against eventual wildfires.  
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These treatments can increase the tree productivity and the forest resistance and resilience 
to wildfires and droughts, as reduces the spread and intensity of eventual wildfires and 
reduces the competition for resources.  

Adaptive forest management can increase the resistance of trees to droughts, as reduce the 
competition for water, allowing also higher tree productivity in treated areas, thus reducing 
the probability of drought-induced tree dieback. 

 

 

HoliSoils experiments on the climate smart forestry (CSF) alternative to reduce the risk of 
forest fires and their impact on soils in the Mediterranean basin: 

4.1 Test sites in Llobera, Secanella, and Madrona, Spain  

The impacts on soil carbon stocks and dynamics of different management strategies to 
increase fire resistance were assessed in three sites in sub-Mediterranean Black Pine (Pinus 
nigra subsp. salzmannii) forests, at the southern foothills of eastern Pre-Pyrenees in Spain: 
Llobera, Secanella, and Madrona. The sites were investigated by applying two intensities of 
thinning at each site (light, aiming at 70–75% canopy cover; and heavy, aiming at 50–60% 
canopy cover) followed by two understory treatments for each thinning (mechanical only and 
mechanical plus prescribed burning) and comparing the results with an untreated control. 
Management practices were implemented between 2015 and 2017. Five years after the 
implementation of treatments, the soil organic carbon stocks and stability were estimated. 

Results from the test sites show that forest thinning removes a fraction of aboveground 
biomass and therefore reduces the surface organic matter inputs into the soil, at least during 
the first years after the thinning. For this reason, the organic horizons are the most sensitive 
carbon pool to forest management. As the reduction of competition for resources enhanced 
tree productivity (Vilà-Vilardell et al., 2024), lower surface carbon inputs were possibly 
partially compensated in the mid-term.  

Five years after thinning, the carbon stocks in the organic horizons was similar to those in 
non-thinned stands, indicating that mechanical thinning did not cause a significant carbon 
loss. Leaving the thinning residues spread on the forest floor can compensate the reduction 
of surface organic matter inputs into the soil in the short term.  

Fire affects soil microbial activity and functions in forest soils (Garcia-Pausas et al, 2022). 
But the effects of fire on soils are mostly dependent on fire intensity. Prescribed fires are 
usually low-intensity fires, which are expected to exert a limited effect on soil properties and 
facilitate a faster recovery than that observed in high-intensity wildfires. Burnings can also 
partially consume the forest floor organic matter. However, carbon stocks in the mineral soil 
from the burned stands were the same and exhibited higher stability, i.e., lower basal soil 
respiration, than that from the unburned stands. Despite these fire-induced changes, no 
significant effects on functional diversity of soil communities were found. 

Long-term stabilisation of soil organic matter mostly relies on its interaction with the mineral 
matrix. Physical fractionation of soil by particle size have been performed to assess the 
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mechanisms of organic carbon stabilization. Preliminary results show different behaviour 
between the three sites: impact on carbon distribution between soil physical fractions 
depends on site and depth. The distribution of nitrogen between fractions and the thermal 
stability (by differential scanning calorimetry) is currently being analysed. 

Slash burning is a practice recommended in strategic areas to reduce wildfire hazards after 
thinning and understory clearing. This practice has trade-offs. Reduced debris by burning 
increases the resistance to eventual fires or to severe droughts due to the lower fuel load 
and lower competition for water. Yet the effect of fire consumption of surface organic 
horizons is still evident five years after burning. Slash burning produces charcoal or partially 
charred materials that could be more resistant to decomposition than non-charred organic 
matter. Basal respiration measurements indicated that organic matter in the uppermost 
mineral soils from burned stands were more stable, despite not having effects on the 
microbial community-level physiological profiles. This result suggests the presence of 
recalcitrant compounds, presumably coming from the charred material produced with fire. 
On the other hand, it seems that burned stands tend to contain a lower proportion of coarse 
fractions of organic matter, contributing to its higher stability. The ongoing analysis of field 
measurements of soil respiration is expected to provide further clues on the importance of 
this on soil CO2 efflux. 

Thus, overall, the retention of harvest residues on the forest floor prevented the soil carbon 
pools 5 years after the thinning, while there is a loss of carbon from organic layers when the 
residues are burned. The increase in the stability of organic matter in the mineral soil may 
partially compensate carbon loss in the long term.  

Long-term monitoring of managed stands could help to understand whether the increased 
tree productivity and soil organic matter stability compensate the initial carbon loss of 
burned stands. 

In summary, forest management aimed at reducing fuel load allows the conservation of 
forest productivity under the new climatic conditions. And reduces the risk of crown fire. It 
should be applied, at least, on strategic areas that allows to protect extensive forest areas 
from wildfires. Burning treatment is more effective in promoting drought resilience but 
should be avoided when forest floor contains high amount of organic matter that could be 
consumed by fire. 

 

Sources of further information 

● https://holisoils.eu/test-sites/  
● Case Solsona in the D4.4 Empirical analysis on CSF impacts on soils. 

https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-
on-CSF-impacts-on-soils.pdf   

● Mäkipää et al. 2023 How does management affect soil C sequestration and 
greenhouse gas fluxes in boreal and temperate forests? – A review. 
https://doi.org/10.1016/j.foreco.2022.120637   

https://holisoils.eu/test-sites/
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://doi.org/10.1016/j.foreco.2022.120637
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● Vilà-Vilardell, L., De Cáceres, M., Piqué, M., Casals, P. 2023. Prescribed fire after 
thinning increased resistance of sub-Mediterranean pine forests to drought events 
and wildfires. Forest Ecology and Management 527, 120602. 
https://doi.org/10.1016/j.foreco.2022.120602  

● Vilà-Vilardell, L., Valor, T., Hood-Nowotny, R., Schott, K., Piqué, M., Casals, P., 2024. 
Thinning followed by slash burning enhances growth and reduces vulnerability to 
drought for Pinus nigra. Ecological Applications e3030. 
https://doi.org/10.1002/eap.3030  

● HoliSoils Policy Brief no.1 (2023) https://efi.int/sites/default/files/files/publication-
bank/2023/EFI_PB7_2023.pdf and translated versions in 13 different languages 
Policy Briefs - HoliSoils see PolicyBrief 1 

● HoliSoils Policy Brief no.2 (2025) 
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf   

● presentation (March 2025) https://holisoils.eu/wp-
content/uploads/2025/03/HoliSoils_Fire-Management-challenges-for-soil-
health_CTFC.pdf   
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https://holisoils.eu/wp-content/uploads/2025/03/HoliSoils_Fire-Management-challenges-for-soil-health_CTFC.pdf
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5. How to choose an optimal tree species composition in 
Central Europe already facing the negative consequences 
of changing climate? 

Challenge: Large-scale disturbances in spruce monocultures, and salvage-cut logging due to 
bark-beetle outbreaks can lead to significant carbon emissions from soils. 

Why this is important?  

In Europe there are 60 million ha of spruce-dominated plantations. Norway spruce has been 
widely planted outside its natural range, often replacing the original broadleaf and mixed 
forests across Europe. These forests are important for income for the forest owners. In 
recent years spruce monocultures have been experiencing large-scale bark-beetle outbreaks 
and increased climate vulnerability. Such large-scale disturbances, often followed by 
salvage-cut logging, can lead to significant carbon emissions from soils and reduce methane 
(CH4) uptake. (Bosela et al. 2025) 

Solution: Climate smart forestry (CSF) alternative is mixed forests. 

Why should forest managers care – what impact can they get?  

Forest management decision about the selection of tree species for planting new forest, for 
example after clearcut due to a bark beetle attack, or for the species favored in thinning 
operations, is a decision made for future decades. The decision is also important because 
climate smart forestry practice could mitigate GHG emissions and, perhaps more 
importantly, could help forests to adapt to changing climate. 

Forest management decision is whether to continue with accustomed practice or seek more 
climate resilient alternatives. Dominant forestry practice has been spruce-dominant 
monocultures for timber production.  

Rotation periods in spruce monocultures can be shortened to minimize the risk of bark-
beetle attack and subsequently converted to more diverse stands. 

Climate smart forestry (CSF) alternative is mixed forests with more diversity and better 
resilience to frequency of extreme climatic events, such as heatwaves and droughts. 

Vegetation zones are shifting upwards due to climate warming (1.5-2°C increase compared 
to 1961-1990 reference period in the study region) along elevation gradient and existing 
forest management models should be updated to be used in planning. Species from lower 
elevation zones (e.g., Quercus petraea) should be considered for planting in the upper zones 
and so replace spruce monocultures. Future mixed stands can be composed of: Abies alba, 
Fagus sylvatica, Acer pseudoplatanus and Acer platanoides, which are better adapted to 
drought spells than spruce. 
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Results from HoliSoils test site in Central Slovakia with a 24-year field study shows that 
Norway spruce monocultures are increasingly risky while mixed broadleaved-conifer stands 
are more resilient in extreme drought: 

● Since about the year 2000, the growth and production of a 70-years old spruce stand 
declined significantly, while it remained stable in a 150-years old mixed stand. 

● Norway spruce monoculture suffered sharper growth declines during the drought in 
2022, lost more carbon after bark-beetle attacks and released up to 2 × more CO₂ 
from soil following clear-cutting than the neighboring mixed forest composed of 
beech, silver fir, spruce, maple, and ash. 

● Mixed broadleaved–conifer stands were more diverse, and kept stable growth 
through the 2022 drought, maintained steadier soil-carbon fluxes and recovered 
methane-sink capacity faster after disturbance. 

Advantage of broadleaf-dominated mixed forests over spruce monocultures: 

● Higher production in mixed stands which are composed of species with different 
ecological niches and, consequently, less inter-tree competition. 

● Mixed forests growing in richer vertical structures reduce risk of large-scale 
disturbances and carbon loss and, thus, provide more sustainable wood supply. 

● Spruce monocultures are facing bark-beetle outbreaks and this necessitates 
decreasing rotation periods. Intensified wood production in monocultures leads to 
loss of biodiversity, whereas mixed forests have more biodiversity.   

 

 

HoliSoils experiments on the climate smart forestry (CSF) alternative to an optimal tree 
species composition in Central Europe already facing the negative consequences of 
changing climate: 

5.1 Test sites in Slovakia and Germany:  

The test site in Dobroč, Slovakia assessed tree species’ long-term growth trends (2000 – 
2022) and their responses to the drought in 2022 by comparing a 70-year-old spruce 
plantation and a neighboring 150-year unmanaged mixed forest on identical soils. Carbon 
dioxide (CO2) and methane (CH4) fluxes from the soil were measured biweekly since August 
2021.  

The monoculture was formed by 100% of Norway spruce, and the mixed stand by five 
species, European beech (Fagus sylvatica, L.) – 43%, silver fir (Abies alba, Mill.) – 25%, 
Norway spruce (Picea abies, (L.) H.Karst) – 14%, Sycamore maple (Acer pseudoplatanus, L.) – 
13%, and Common ash (Fraxinus excelsior, L.) – 5% (the percentage calculated from tree 
basal area). In 2023, the Norway spruce monoculture faced a bark-beetle outbreak, and after 
all the spruce trees died, the trees were harvested by clear-cutting. 

Results from the test site in Slovakia shows that drought reduces soil moisture, leading to 
lower root respiration and microbial activity, which in turn lowers CO₂ fluxes in forest soils. In 
spruce monocultures, drought has a stronger negative effect on carbon sequestration, 
whereas mixed forests show greater resilience, maintaining more stable CO₂ fluxes. 
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Spruce monocultures exhibited substantial reductions in biomass production during the 
periods of 2000 - 2022 and were vulnerable to drought while mixed stands of spruce, beech, 
and fir maintained stable growth. Drought reduced soil CO2 fluxes more rapidly and more 
strongly in monocultures, with heterotrophic respiration showed a similar but weaker 
response. 

Disturbances like bark beetle infestations and clear-cutting increase soil respiration and 
carbon emissions, as they expose soil to higher temperatures and decomposition of organic 
matter. 

Soil respiration significantly increased following the clear-cut caused by the bark-beetle 
invasion, leading to a doubling of carbon emissions compared to the mixed stand or the 
same period in the previous year. This increase was likely driven by higher soil temperatures, 
soil moisture, and root decomposition, which stimulated microbial activity and litter 
breakdown. 

Methane (CH₄) oxidation peaked in Norway spruce stand during summer droughts but 
declined sharply after the 2023 clearcut, returning to mixed-stand levels by 2024. 

Core findings of the analysis in the Slovakian test site are: 

● Drought sensitivity of tree species varied: Spruce closed stomata early, slashed sap 
flow and growth, while beech and fir maintained turgor and photosynthesis. 

● Carbon-loss cascaded after disturbance: Clear-cutting a beetle-killed spruce stand 
triggered a pulse of decomposition-driven CO₂ equal to an extra 4 t C ha⁻¹ in the first 
autumn alone. 

● Microbial edge of diversity: Mixed soils hosted more ectomycorrhizal fungi and 
microbial biomass, buffering carbon cycling during stress caused by drought. 

● Methane-sink resilience: CH₄ uptake in clearcut area recovered within two seasons—
but only once diverse ground vegetation re-established. 

The productivity drop of the spruce monoculture signals a reduction in carbon sequestration 
potential for spruce-dominated forests under future climate warming and drying scenarios. 
The beetle outbreak was likely exacerbated by the reduced vitality and resin exudation of 
spruce caused by water stress in the exceptionally dry year 2022. 

While Norway spruce monocultures initially provided high productivity, long-term C 
sequestration in mixed forests is more stable, mitigating climate-related C losses. This 
suggests that forest management strategies favouring mixed compositions could enhance 
long-term C storage. 

Test sites in Germany evaluated the effect of a precipitation gradient on mature Norway 
spruce stands of similar structure in Bavaria (Central Europe) and compared it to mixed 
stands of spruce with European beech. The current state in soil respiration was recorder 
during the vegetation periods 2022 and 2023 together with data on forest inventories and 
microbial composition.   

In addition to this the legacy effects of a future extreme drought scenario were investigated 
by using the plots of a former drought experiment. This so called “Kroof – Kranzberg Roof 
Experiment” excluded the precipitation on clusters of mature spruce and beech during five 
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consecutive vegetation periods (until summer 2019). With HoliSoils measurements starting 
there in autumn 2022 and ending in 2025 (year 3-6 post-drought), medium to long-term 
legacy effects of these extreme droughts were examined. By all indications, soil respiration 
was significantly lowered in the long run after such an extreme drought scenario for spruce, 
beech and their mixed-root zone, despite the trees recovering well after the drought 
according to ecophysiological data, and irrespective of the year investigated.  

While such consecutive drought periods have been so far rare, climate change predictions 
point to an increased frequency of severe hot droughts in Central Europe. Therefore, these 
results may give an outlook on what saplings now planted will encounter in their maturity. 

Sources of further information 

● https://holisoils.eu/test-sites/    
● Case Dobroč, Slovakia and Case Kranzberg precipitation gradient, Germany in the 

D4.4 Empirical analysis on CSF impacts on soils. https://holisoils.eu/wp-
content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-
soils.pdf   

● Mäkipää et al. 2023 How does management affect soil C sequestration and 
greenhouse gas fluxes in boreal and temperate forests? – A review 
https://doi.org/10.1016/j.foreco.2022.120637   

● Bosela et al. 2025 Norway spruce monoculture has lower resilience and carbon 
sequestration capacity than a more diverse broadleaved forest: A case study in 
Central Europe. Forest Ecology and Management 591, e122829. 
https://doi.org/10.1016/j.foreco.2025.122829   

● HoliSoils Policy Brief no.1 (2023) https://efi.int/sites/default/files/files/publication-
bank/2023/EFI_PB7_2023.pdf and translated versions in 13 different languages 
Policy Briefs - HoliSoils see PolicyBrief 1  

● HoliSoils Policy Brief no.2 (2025) 
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf   
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https://holisoils.eu/policy-briefs/
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf
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6.  How can forest management affect soil properties and 
carbon stock by thinning intensity? 

Challenge: European forests are expected to experience increased frequency and intensity of 
droughts. Management practices, such as thinning, can support forest resilience to deal with 
drought. Thinning intensities, however, affect also below ground processes and carbon 
storage in the soil. How to choose optimal thinning intensity and after-thinning practices?  

Why is this important?  

Thinning is implemented to increase the growth and productivity of the remaining trees, but 
also to improve their health status, reduce the potential drought risk, and in fire-prone areas, 
to reduce the fire risk by limiting the crown fuel continuity.  

The warmer and drier conditions due to climate change are likely to have profound effects on 
tree growth and mortality in forest ecosystems. Forests responses to drought depend on 
both tree community composition and structure. Therefore, forest management approaches 
should account for these two factors to reduce the forest vulnerability to both natural 
disturbances and climate change (Biryol et al., 2024). 

Solution: Climate smart forestry (CSF) alternative is moderate thinning.    

Why should forest managers care – what impact can they get? 

The decision on forest management practices is important for the forest owner because 
climate smart forestry practice could mitigate GHG emissions but, perhaps more importantly, 
could help forests to adapt to changing climate. 

Forest management decision for thinning intensities is whether to continue as accustomed 
practice or seek to respond to the changing climate. High-intensity thinning means heavy 
tree removal, which reduces competition between the remaining trees on resources (e.g. soil 
nutrients and water), but may also enhance natural regeneration and growth of understorey 
vegetation, change microclimate, increase soil and canopy temperature leading to drought 
stress. 

Climate smart forestry (CSF) alternative is moderate thinning to maintain canopy cover, 
stand productivity and support microclimate and soil functions.    

Results from HoliSoils experimentation in a temperate forest zone in the Netherlands 
showed that the canopy cover plays an important role in buffering soil microclimate and soil 
respiration against external changes, such as seasonal temperature fluctuations: 

● High felling intensities, such as clearcuts, erode the resilience of forest systems, 
make forest soils more susceptible to extreme temperature changes, and thereby 
threaten the balance of soil carbon dynamics. 

● Effects of thinning on soil carbon storage depend on intensity—moderate thinning 
preserves more carbon stocks than heavy thinning. 
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Results from HoliSoils experimentation in a Mediterranean forest in southeastern France 
showed that management of shrub vegetation, rather than that of the tree layer, influences 
soil fertility and soil fauna:  

● Development of a dense understory vegetation with the reduction of pine cover in the 
intense thinned plots led to an increase in soil nutrient availability. The higher quality 
litter input from understory vegetation increased soil organic matter and nutrient 
contents. 

● Over the long term (17 years after thinning in the test site), forest management had 
no negative impact on soil biodiversity compared with unmanaged sites. Yet, when 
forest thinning is implemented, maintaining the shrub layer helps prevent a negative 
effect on soil faunas. 

Effective use of forest management practices necessitates precautionary principle to 
maintain self-regulatory capacity of forest ecosystems. This means also managing the trade-
offs inherent in promoting the sustainability of forest ecosystems and the services they 
provide. In a context of climate change, where the frequency and intensity of summer 
droughts are increasing in the Mediterranean region, it is important to propose management 
methods that increase soil water availability and buffer rising temperatures.  

 

 

HoliSoils experiments on the climate smart forestry (CSF) alternative to affect soil properties 
and carbon stock by thinning intensity 

6.1 Test sites in the Netherlands and France 

Three test sites in Kroondomein, Zwolse Bos and National Park Hoge Veluwe in the 
Netherlands compared increasing felling intensity (control, high-thinning, shelterwood and 
clearcut). Four treatments were established in all sites in February-March 2019 and soil CO2 
fluxes, soil temperature and moisture were monitored during May 2022 – September 2024. 

Although the results did not show a clear pattern for all forest management treatments, it 
was observed that the high felling intensities of clearcuts and, to a lesser extent 
shelterwoods, significantly amplified seasonal soil temperature changes and resulted in 
increased levels of soil moisture year-round. This observation proved that the forest canopy 
has a buffer function on seasonal changes in soil temperatures and supports the notion of a 
threshold effect between felling intensity and soil moisture. Furthermore, a significant 
positive relation was found between the soil temperature and soil respiration. 

Forest management has impacts on the soil microclimate, which changes with the seasons 
and the soil respiration reacts to those changes. Forests are self-regulatory and 
interconnected systems where above-ground changes to canopy cover cannot be separated 
from below-ground conditions and processes. The canopy cover plays an important role in 
buffering soil microclimate and soil respiration against external changes, such as seasonal 
temperature fluctuations. In the face of climate change, maintaining this self-regulatory 
capacity means an increased stability and resilience against extremes, which can help keep 
balance between carbon inputs into forest soils and carbon emissions via soil respiration 



D4.7 Good practice guidance.. 

www.holisoils.eu                20  

(Mäkipää et al., 2023). High felling intensities, such as clearcuts, erode the resilience of 
forest systems, make forest soils more susceptible to extreme temperature changes, and 
thereby threaten the balance of soil carbon dynamics. 

Adaptive forest management should aim to uphold the forests’ capacity to self-regulate and 
buffer soil temperature and soil moisture, especially considering the increasing frequency of 
prolonged extreme weather conditions. 

 

The test site in St. Mitre (France) assessed the combined influence of forest thinning 
intensity and understory removal in a Mediterranean forest and concluded results for soil 
biodiversity. 

The experimental site was made up of twelve 25 × 25 m plots located in the pine forest. In 
2007, 3 thinning intensities were implemented: intense thinning removing 2/3 of the initial 
basal area, moderate thinning removing 1/3 of the basal area, and the control without 
thinning. In 2016, the plots of intense and moderate thinning treatments were divided into 
two parts: on one half of the surface the shrub layer was removed, while the other half 
remained untouched. No shrub removal was performed on the control plots, as the shrub 
layer was naturally very limited. Shrub removal was applied each year during the winter 
season to prevent shrub regrowth. In 2016, average plot characteristics including pine tree 
density and basal area (BA) were measured. Microclimatic conditions, soil physical-chemical 
properties, the soil biodiversity and associated processes such as CO2 emissions or litter 
decomposition efficiency were assessed in 2022. 

Soil organisms are highly diverse and essential for ecosystem functioning by maintenance of 
soil structure, decomposition of organic matter, regulation of soil hydrological processes, 
nutrient recycling, gas exchanges and carbon sequestration, plant growth control, soil 
detoxification and suppression of pests, parasites and diseases. 

The development of a dense understory vegetation with the reduction of pine cover in the 
intense thinned plots led to an increase in soil fertility, i.e., increased organic matter and 
nutrient contents due to higher quality litter input compared to pine litter. This could increase 
the availability of habitats and resources for soil organisms. Indeed, the presence of the litter 
from other tree species (e.g. Quercus coccifera L., Cistus albidus L.), could increase the 
structural complexity of habitats available for the soil biodiversity, and provide them a larger 
quantity and diversity of resources than a litter composed only of pine needles. Thus, plots 
with understory vegetation showed a higher abundance of bacterivore nematodes and 
macrofauna compared to plot without understory vegetation, demonstrating the critical role 
of understory vegetation for soil organisms.  

These results indicate that the management of shrub vegetation, rather than that of the tree 
layer, influences soil fauna. Indeed, the suppression of understory vegetation, compared with 
plots where it is maintained, reduces the abundance of soil macrofauna, whether the forest 
thinning is moderate or intense. However, regardless of the type of forest management 
applied, no reduction in the abundance of soil organisms was observed compared with 
control plots. This indicates that, over the long term (17 years after thinning), forest 
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management has no negative impact on soil biodiversity compared with unmanaged forests. 
Yet, when forest thinning is implemented, maintaining the shrub layer helps prevent a 
negative effect on soil fauna.  

While removal of understory vegetation serves fire risk reduction, it has influence on 
nematode communities, which contribute in essential ways to soil functioning. 

In a context of climate change, where the frequency and intensity of summer droughts are 
increasing in the Mediterranean region, it is important to propose management methods that 
increase soil water availability and buffer rising temperatures. Thus, promoting the 
conservation of understory vegetation i) improves microclimatic conditions, ii) facilitates 
forest regeneration, iii) favours communities of soil organisms, but also iv) increases 
competition with the tree layer for nutrients and water, v) increases the vulnerability of 
forests to fire and, finally, vi) reduces forest productivity. Effective forest management must 
balance these trade-offs to promote the sustainability of forest ecosystems and the services 
they provide. 

 

Sources of further information 

● https://holisoils.eu/test-sites/  
● Case Netherlands and Case St. Mitre, France in the D4.4 Empirical analysis on CSF 

impacts on soils. https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-
Empirical-analysis-on-CSF-impacts-on-soils.pdf   

● Mäkipää et al. 2023 How does management affect soil C sequestration and 
greenhouse gas fluxes in boreal and temperate forests? – A review – ScienceDirect 
https://doi.org/10.1016/j.foreco.2022.120637   

● Biryol et al. 2024. Managing both overstory and understory vegetation mitigates the 
impact of drought on soil nematode communities in a Mediterranean pine forest. 
Applied Soil Ecology 202, 105585. https://doi.org/10.1016/j.apsoil.2024.105585   

● Pérez-Izquierdoet al. 2025. Impacts of canopy disturbances by tree logging on soil 
biota increase with organism size. Global Change Biology 31: e70287. 
https://doi.org/10.1111/gcb.70287  

● HoliSoils Policy Brief no.1 (2023) https://efi.int/sites/default/files/files/publication-
bank/2023/EFI_PB7_2023.pdf and translated versions in 13 different languages 
Policy Briefs - HoliSoils see PolicyBrief 1  

● HoliSoils Policy Brief no.2 (2025) 
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf   
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7. How can forest management practices increase forest 
carbon sink by nitrogen fertilization with boreal forests? 

Challenge: In boreal forests that contribute approximately 45% of the total global forest 
carbon sink, tree growth and soil carbon sequestration are constrained by nutrient 
availability. 

Why is this important?  

Nitrogen is usually limiting tree growth in boreal forest. Application of nitrogen increases 
nitrogen availability in forest soil resulting in a relatively short and intensive pulse of 
additional tree growth. Optimization of forest productivity by nitrogen fertilization has the 
potential to enhance forest carbon sequestration and mitigate global warming. Nitrogen 
fertilisation, however, may change understorey vegetation composition, soil acidity, microbial 
communities, and soil fauna. (Richy et al. 2024) 

Solution: Climate smart forestry (CSF) alternative considers both above-ground and below-
ground impacts of nitrogen fertilization.  

Why should forest managers care – what impact can they get? 

Forest management decision for nutrient-poor boreal forests is how to optimize forest 
productivity. Fertilization results in a relatively short and intensive pulse of additional tree 
growth. Dominant forestry practice in applying nitrogen fertilization is to boost tree growth 
about a decade before final felling to ensure profitability of investment due to the short 
payback time.  

Climate smart forestry (CSF) alternative considers both above-ground and below-ground 
impacts of nitrogen fertilization, including direct and indirect impacts, such as water 
management, in the short term and long term. 

Results from a study site in Finland (Karstula) originally nitrogen-limited Scots pine site 
shows that nitrogen input holds promise for increasing carbon stocks in both tree biomass 
and boreal forest soils: 

● Long-term nitrogen fertilization increased tree biomass carbon sink. 
● Long-term nitrogen fertilization enhanced soil organic carbon sequestration by 

slowing soil heterotrophic respiration relative soil carbon stock size and altering its 
responses to soil temperature and soil water content. 

● Phosphorus limitation promoted soil carbon storage, when only nitrogen was added. 
Fertilization impacted on soil microbial communities and significant carbon 
sequestration was observed in plots fertilized with nitrogen without phosphorus. 

Nitrogen fertilization seems a promising method as a climate smart forestry practice in 
boreal region when potential nutrient loading to waterways is avoided by appropriate 
management plans. Before applying N fertilization as common strategy to mitigate climate 
change, due attention is needed on: 

● Proper dose of N (to avoid negative effects) for specific site, 
● Stability of elevated soil C after disturbance, like clearcut. 
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HoliSoils experiment on the climate smart forestry (CSF) alternative to increase forest 
carbon sink by nitrogen fertilization with boreal forests:  

7.1 Test site in Karstula, Finland  

Test site in Karstula, central Finland, is a 62-year-old Scots pine (Pinus sylvestris) stand 
which was initiated in 1959 as a factorial fertilization experiment comprising eight 25 × 25 m 
plots, each treatment replicated across three blocks (n = 24). Seven nitrogen treatments 
were administered in 1960-2020, totalling 1102 kg ha⁻¹ of nitrogen over six decades. Calcium 
was applied twice (in summer 1959 and spring 1980), and phosphorus three times (in 
summer 1959, spring 1980 and spring 2020). There were long term 1960–2020 tree biomass 
monitoring data on the site.  

Measurements in 2021-2023 examined if long-term nutrient input enhances tree productivity 
and whether this leads to carbon storage or whether stimulated microbial decomposition of 
organic matter limits soil carbon accumulation. GHG exchange between soils and 
atmosphere was analyzed by evaluating the effects of long-term nitrogen addition on soil 
heterotrophic respiration and its dependence on soil temperature and moisture. Furthermore, 
soil microbial processes and soil properties were assessed.  

Previous research has shown that nitrogen fertilization in boreal forests typically increases 
tree biomass accumulation substantially. But if a site is fertile and nitrogen availability is not 
limiting tree growth, added nitrogen may not contribute by increasing tree growth. The 
impact of fertilization to tree growth is limited in time, but typically trees can grow faster for 
2-7 years after fertilization and during that time trees accumulate more foliage biomass to 
support their increased growth. 

In Karstula test site, in addition to increase in tree biomass, nitrogen fertilization increased 
substantially carbon stock of the organic layer of the Scots pine dominated forest (Richy et 
al., 2024). Increased nutrient availability from fertilization or deposition stimulated tree 
growth, leading to higher atmospheric carbon uptake, increased wood and litter formation, 
and greater carbon inputs into the soil. 

Nitrogen fertilization alone or together with calcium and/or phosphorus increased tree 
biomass production by 50% and soil carbon sequestration by 65% compared to unfertilized 
plots.  

Nonlinear relationship observed between tree productivity and soil carbon stock across 
treatments suggests microbial regulation: When phosphorus was co-applied with nitrogen, it 
acidified the soil, increased fungal biomass, altered microbial community composition, and 
enhanced biopolymer degradation capabilities. 

Since microorganisms require more phosphorus than trees per unit of carbon for biomass 
production, microbial activity is more sensitive to phosphorus limitation. As a result, nitrogen 
addition promotes tree growth and increases carbon input into the soil, but phosphorus 
limitation on microbial decomposition ultimately leads to long-term carbon sequestration in 
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boreal forest soils. This finding underscores the importance of the entire nutrient balance for 
long-term carbon storage (Richy et al. 2024). 

Nitrogen fertilization has a significant effect on soil processes and plant and microbial 
communities and their metabolism. Mechanistically, nitrogen addition elevated soil carbon 
stock via increased litter input and higher transfer of carbon to soil microorganisms resulting 
in enhanced formation of fungal biomass and further necromass, which was stabilized in the 
soil. Future studies should consider also potential side-effects of nitrogen fertilization, as 
changes in functioning of tree metabolism effect on forest resilience and long-term effect on 
changes in microbial community structure and their activities.  

Response of the ecosystem to nitrogen addition depends also on site-specific differences, 
including various plant and microbial community structures and even microclimatic 
conditions. 

Nitrogen fertilization seems a promising method as a climate smart forestry practice in 
boreal region. While implementing a method like the test site treatments on a large spatial 
scale pose economic and ecological challenges, analogous outcomes could be expected 
following long-term nitrogen deposition.  

Effective use of forest management practices necessitates understanding of soil and soil 
functions both in the short and long term.  

When applying nitrogen fertilization, attention is needed that potential nutrient loading to 
waterways is avoided by appropriate management plans. Economic return of this practice 
depends on availability of suitable fertilizers to be applied with forests and the price of those 
fertilizers compared with the benefits achieved with forest growth. And moreover, it is 
important that the climate impact of nitrogen production is less than climate benefits of 
nitrogen fertilization. 

Sources of further information 

● https://holisoils.eu/test-sites/   
● Case Karstula (Finland) in the D4.4 Empirical analysis on CSF impacts on soils. 

https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-
on-CSF-impacts-on-soils.pdf   

● Mäkipää et al. 2023 How does management affect soil C sequestration and 
greenhouse gas fluxes in boreal and temperate forests? – A review 
https://doi.org/10.1016/j.foreco.2022.120637   

● Richy, E., Fort, T., Odriozola, I., Kohout, P., Barbi, F., Martinovic, T., Tupek, B., 
Adamczyk, B., Lehtonen, A., Mäkipää, R., Baldrian, P. 2024. Phosphorus limitation 
promotes soil carbon storage in a boreal forest exposed to long-term nitrogen 
fertilization. Global Change Biology 30, e17516. https://doi.org/10.1111/gcb.17516   

● Ťupek, B., Lehtonen, A., Manzoni, S., Bruni, E., Baldrian, P., Richy, E., Adamczyk, B., 
Guenet, B., Mäkipää, R., 2024. Reduced microbial respiration sensitivity to soil 
moisture following long-term N fertilization enhances soil C retention in a boreal 
Scots pine forest. EGUsphere 1–23. Preprint https://doi.org/10.5194/egusphere-
2024-3813   

https://holisoils.eu/test-sites/
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://holisoils.eu/wp-content/uploads/2025/03/Deliverable-4.4-Empirical-analysis-on-CSF-impacts-on-soils.pdf
https://doi.org/10.1016/j.foreco.2022.120637
https://doi.org/10.1111/gcb.17516
https://doi.org/10.5194/egusphere-2024-3813
https://doi.org/10.5194/egusphere-2024-3813
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● Palvi et al. 202. Repeated nitrogen fertilization enhances Scots pine growth and 
carbon uptake without persistent long term effects in boreal forests. Tree Physiology, 
https://doi.org/10.1093/treephys/tpaf053  

● presentation by Adamczyk, S. Nitrogen fertilization and soil C in boreal forest, June 
2025. https://holisoils.eu/wp-content/uploads/2025/06/Nitrogen-fertilization-and-
soil-C-in-boreal-forest_ESM-2025.pdf   

● HoliSoils Policy Brief no.1 (2023) https://efi.int/sites/default/files/files/publication-
bank/2023/EFI_PB7_2023.pdf  and translated versions in 13 different languages 
Policy Briefs - HoliSoils see PolicyBrief 1 

● HoliSoils Policy Brief no.2 (2025) 
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf  

https://doi.org/10.1093/treephys/tpaf053
https://holisoils.eu/wp-content/uploads/2025/06/Nitrogen-fertilization-and-soil-C-in-boreal-forest_ESM-2025.pdf
https://holisoils.eu/wp-content/uploads/2025/06/Nitrogen-fertilization-and-soil-C-in-boreal-forest_ESM-2025.pdf
https://efi.int/sites/default/files/files/publication-bank/2023/EFI_PB7_2023.pdf
https://efi.int/sites/default/files/files/publication-bank/2023/EFI_PB7_2023.pdf
https://holisoils.eu/policy-briefs/
https://jukuri.luke.fi/bitstream/handle/10024/556172/Policy_Brief_1_2025.pdf
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