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The International Co-operative Programme on Assessment and 
Monitoring of Air Pollution Effects on Forests (ICP Forests) is one 
of the most comprehensive programs within the Working Group 
on Effects (WGE) under the UNECE Convention on Long-range 
Transboundary Air Pollution (Air Convention). To provide a 
regular overview of the programɠs activities, the ICP Forests 
Programme Co-ordinating Centre (PCC) yearly publishes an ICP 
Forests Technical Report which summarizes research highlights 
and provides an opportunity for all participating countries to 
report on their national ICP Forests activities. The PCC also 
invites all ICP Forests Expert Panels (EP), Working Groups, and 
Committees to publish a comprehensive chapter on their most 
recent results from regular data evaluations.  

This 2023 Technical Report presents results from 31 of the 42 
countries participating in ICP Forests. Part A presents research 
highlights from the JanuaryɝDecember 2022 reporting period, 
including:  
¶ a concise overview by the EP Chairs of the most relevant key 

findings in the scientific literature in the forest-relevant, 
priority themes for the WGE strategic planning: N 
deposition, ozone, heavy metals, air pollution/climate 
change interactions; 

¶ a list of 65 scientific publications for which ICP Forests data 
and/or the ICP Forests infrastructure were used;  

¶ a list of all 29 official requests for ICP Forests data between 
January and December 2022. 

Part B focuses on regular evaluations from within the programme. 
This year the Technical Report includes the following chapters:  
¶ Atmospheric throughfall deposition in European forests in 

2021 
¶ Meteorological conditions in European forests in 2021 
¶ Tree crown condition in 2022 
¶ ICP Forests member statesɠ view on the current ICP Forests 

Strategy and future activities. 

Part C includes national reports on ICP Forests activities from the 
participating countries.  

Online supplementary material complementing Part B is 
available online1.  

For contact information of all authors and persons responsible in 
this programme, please refer to the Annex at the end of this 
document. For more information on the ICP Forests programme, 
we kindly invite you to visit the ICP Forests website2. 

 

 
1 http://icp-forests.net/page/icp-forests-technical-report 

Following is a summary of the presented results from regular 
evaluations in ICP Forests (Part B).  

Atmospheric deposition is an important pathway by which 
atmospheric pollutants reach even remote areas, such as forest 
ecosystems. Pollutants generated by industry, traffic, agriculture, 
and other human activities are emitted into the atmosphere and 
can be transported to distant areas, where they are deposited 
mainly by wet deposition of compounds dissolved in rain, snow, 
sleet or similar, and by dry deposition of gases and particles on 
forest canopies. 

The amount of pollutants deposited can be modelled, but in-situ 
measurements are needed because of the relatively high local 
variability due to the distribution of pollutant sources and 
properties of the receptor ecosystems, like forest type or local 
topography. 

Chapter 5 of this report focuses on atmospheric throughfall 
deposition of acidifying, acid-buffering, and eutrophying 
compounds in European forests in 2021. 

As in the previous years, high throughfall deposition of nitrate 
and ammonium in 2021 was mainly found in central Europe, but 
single plots with high deposition values were also reported from 
other parts of Europe. The number of plots with high ammonium 
deposition was, however, larger than for nitrate. 

Sulphate deposition has decreased very much since the start of 
the monitoring and currently the highest throughfall deposition 
is still found close to large point sources, mainly in eastern and 
southern Europe. In the southern part of Europe, sulphate 
deposition is also influenced by volcanic emission and by the 
episodic deposition of Saharan dust.  

Calcium and magnesium deposition can buffer the acidifying 
effect of atmospheric deposition. High values of calcium and 
magnesium throughfall deposition were mostly reported from a 
large area in central, eastern and southern Europe, mainly related 
to the deposition of Saharan dust.  

 

Weather and climate affect composition, structure, growth, 
health, and dynamics of forest ecosystems. Observing weather 
conditions and their seasonal variations on forest monitoring 
plots is therefore essential for identifying and interpreting trends 
in forest condition. Furthermore, weather data are needed to 
identify and understand interactions with other stressors such as 
air pollution, diseases or pests. Against this background, the ICP 
Forests Level II plots were equipped with meteorological 
measurement devices as early as the 1990s. The resulting 

2 http://icp-forests.net 
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Europe-wide network of forest meteorological stations provides 
site-specific forest meteorological data, including air 
temperature, relative humidity, precipitation, wind speed and 
direction, global radiation, soil moisture and temperature. In 
combination with data from other ICP Forests surveys (e.g. tree 
growth, crown condition, phenology, ground vegetation, soil), 
these data can be used to analyze the effect of the atmospheric 
environment and its change over time on vitality and 
development of forest ecosystems. 

Temperature and precipitation patterns play a key role in climate 
change impacts on forests. Chapter 6 on meteorological 
conditions in European forests in 2021 focuses on presenting and 
interpreting air temperature and precipitation data from 2021 in 
comparison with long-term mean values for different climatic 
regions in Europe. 

The year 2021 was warmer than the long-term average in 
southern, southeast and a few other plots in Europe and cooler in 
west-central and western Europe. In contrast to the year as a 
whole, it was significantly warmer than normal during the 
vegetation period in most of Europe (often by up to +1.5 °C). In 
2021, maximum temperatures above 36 °C during the vegetation 
period occurred at Level II plots in southern and SE-Europe, but 
also on one Level II plot in Hungary and a few in Germany. The 
majority of Level II plots in Central Europe showed maximum 
temperatures during the vegetation period between 24 °C and 
36 °C. The number of hot days and late frost events and their 
deviation from the long-term average depended on the climatic 
region. 

The distribution of total annual precipitation in 2021 shows a 
more or less normal pattern. The highest annual precipitation 
was found in the Alps and mountain stations in Greece and the 
lowest in Spain and in east-central and south-eastern Europe. 
The deviation of total precipitation in 2021 from the long-term 
average (1990ɝ2020) is less than 45% in either direction on the 
majority of plots and seldom reaches higher values. In general, 
the year 2021 was slightly drier than normal all across Europe. 

 

Tree crown defoliation and occurrence of biotic and abiotic 
damage are important indicators of forest condition. Unlike 
assessments of tree damage, which can in some instances trace 
tree damage to a single cause, defoliation is an unspecific 
parameter of tree vitality, which can be affected by a number of 
anthropogenic and natural factors. Combining the assessment of 
damage symptoms and their causes with observations of 
defoliation allows for a better insight into the condition of trees. 
Chapter 7 on tree crown condition presents results from crown 
condition assessments on the large-scale, representative, 

transnational monitoring network (Level I) of ICP Forests carried 
out in 2022, as well as long-term trends for the main tree species 
and species groups.  

The transnational crown condition survey in 2022 was conducted 
on 105 696 trees on 5 453 plots in 27 countries. Out of those, 
101 190 trees were assessed in the field for defoliation. The 
overall mean defoliation for all species was 23.8% in 2022; an 
increase in defoliation of 0.6%p for conifers and 1.4%p for 
broadleaves in comparison with 2021. Broadleaved trees showed 
a higher mean defoliation than coniferous trees (24.7% vs. 
23.0%), as in previous years. Among the main tree species and 
tree species groups, deciduous temperate oaks and evergreen 
oaks displayed the highest mean defoliation (27.7% and 28.6%, 
respectively). Common beech had the lowest mean defoliation 
(22.4%). The strongest increase in defoliation compared to 2021 
occurred in evegreen oaks (+2%p) and in Austrian pine (+1.9%p), 
while there was no increase in Scots pine and only a small 
increase in Norway spruce (0.2%p) and deciduous temperate oaks 
(+0.3%p). Defoliation increased in all species and species groups 
compared to 2021, except in Scots pine.   

In 2022, damage cause assessments were carried out on 99 920 
trees on 5 339 plots and in 26 countries. On 49 004 trees (49.0%) 
at least one symptom of damage was found, which is 2.6%p 
higher than in 2021 (46.4%).  

Insects were the predominant cause of damage and responsible 
for 23.4% of all recorded damage symptoms. Within the group of 
insects, 38.7% of damage symptoms were caused by defoliators. 

Abiotic agents were the second major causal agent group 
responsible for 20.3% of all damage symptoms. Within this agent 
group, more than half of the symptoms (55.6%) were attributed 
to drought, while snow, ice and hail caused 11.2%, wind 7.5%, 
heat/sun scald 3.5% and frost 3.4% of the symptoms. 

 

Before preparing a new ICP Forests Strategy for the period 2024 
to 2030, it was decided at the last meeting of the Programme Co-
ordinating Group, on the one hand, to gather information on the 
views of the ICP Forests member states on the current strategy 
and its value, and on the other hand, to take into account the  
ideas of partners in the drafting of a new strategy through an 
online questionnaire.  

This questionnaire consisted of 24 questions on the relevance 
and validity of the current strategy, on the priorities of the 
member countries in relation to forest environmental monitoring, 
and on the countries' views on the future of program-related 
monitoring activities. The results are summarized in Chapter 8. 
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Dear Reader, 

Our forests are under pressure. Together with continued high 
level of Nitrogen (N) deposition, climate and weather extremes 
are increasingly challenging the resistance and resilience of 
forests in the UN ECE region and beyond. For this reason, long-
term, reliable monitoring of the condition of our forest 
ecosystems is ɢmore relevant than everɣ (this report, p. 7). 

It is my great pleasure and honor to introduce the ICP Forests 
Technical Report ɢForest Condition in Europe. The 2023 
Assessmentɣ. This report provides the most recent account of 
selected results obtained by the largest long-term internationally 
co-ordinated and harmonized forest monitoring program in 
Europe ɝ the ICP Forests. Compared to the previous versions, the 
2023 Report includes a brand new part on meteorology, a survey 
on the view of Member states on the ICP Forests strategy, and the 
new strategy for the period 2024ɝ2030 as approved by the Task 
Force of the program at its 39th meeting in 2023. 

Out of the many activities carried out within the program, the 
2023 Report emphasized that deposition of inorganic 
N deposition remained at high level (10-20 kg ha-1 yr-1) over 
large parts of central Europe (see Part B, Chapter 5) and that air 
temperatures were tendentially higher and precipitation 
considerably lower than long-term average, although with 
differentiated geographical patterns (Part B, Chapter 6). For 
example, deviations from long-term average maximum 
temperatures were pronounced not only at the plots in southern 
Europe, but also at the north European sites. At the same time 
defoliation continues to increase together with the frequency of 
observed damage (+2.6% than in 2021). It is worth noting that 
abiotic agents are now reported as the second most recognized 
cause of damage to trees, and that  - among all the abiotic 
agents - drought accounts for 55.6% of the records. Actually, 
during the summer 2022, leaf browning due to heat and drought 
was obvious in central and southern Europe (see Widespread 
visible effects of 2022 drought on forest vegetation - ICP Forests 
(icp-forests.net). Unfortunately, recent observations suggest that 
such a condition has continued also in the summer 2023. 

ICP Forests is part of the UN ECE Air Convention (the first multi-
national and multi-lateral environmental agreement) and 
operates (i) at pan-European scale, (ii) in the long term, and (iii) 
with a concept that connect a large-scale survey for status and 
change detection (our Level I) to highly equipped sites for drivers-
response relationships (our Level II). Thanks to this, a program 
that was initially conceived to monitor the effects of air pollution 
proves now useful to assess the response of forests to climate 
change.  

The value of our data grows every year and already now in many 
countries the data series is longer than 30 years. For this enduring 
commitment, my gratitude goes to the Air Convention bodies, the 
Lead Country of the ICP Forests (Germany), all the participating 
Countries, the Program Co-ordinating Center, Groups, Panels, 
Committees and ɝ last but not least ɝ all the Experts who ɢmakeɣ 
the ICP Forests. 

I wish you an informative and stimulating read. 

 

 
 
Marco Ferretti 
Chairman of the ICP Forests 
Swiss Federal Research Institute WSL 
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     The UNECE Convention on Long-range Transboundary Air 
Pollution (Air Convention1) was the first international treaty to 
limit, reduce and prevent air pollution and to provide information 
on its effects on a wide range of ecosystems, human health, crops, 
and materials. Since its establishment in 1979, it has been 
extended by eight protocols, advancing the abatement of the 
emission of sulphur (S), nitrogen oxides (NOx), ground-level 
ozone (O3), volatile organic compounds (VOC), persistent organic 
pollutants (POP), heavy metals (HM), and particulate matter (PM), 
including black carbon. The International Co-operative Programme 
on Assessment and Monitoring of Air Pollution Effects on Forests 
(ICP Forests) is one of seven subsidiary groups (six ICPs and a joint 
Task Force with WHO) that report to the Working Group on Effects 
(WGE) under the Air Convention. It is led by Germany; its 
Programme Co-ordinating Centre is based at the Thünen Institute 
of Forest Ecosystems in Eberswalde, while its Chairperson is based 
at the Swiss Federal Research Institute WSL. 
ICP Forests is an extensive long-term forest monitoring network 
covering Europe and beyond. It was established in 1985 with the 
aim to collect, compile, and evaluate data on forest ecosystems 
across the UNECE region and monitor forest condition and 
performance over time.  
ICP Forests provides scientific knowledge on the effects of air 
pollution, climate change, and other stressors on forest 
ecosystems. It monitors forest condition at two intensity levels: 

¶ The Level I monitoring is based on 5628 observation plots (as 
at 2022) on a systematic transnational grid of 16 x 16 km 
throughout Europe and beyond to gain insight into the 
geographic and temporal variations in forest condition.  

¶ The Level II intensive monitoring comprises 628 plots (as at 
2021, Table 1-1) in selected forest ecosystems with the aim 
to clarify cause-effect relationships between environmental 
drivers and forest ecosystem responses.  

Quality assurance and quality control procedures are coordinated 
by committees within the programme, and the ICP Forests Manual2 
ensures a standard approach for data collection in forest 
monitoring among the 42 participating countries. ICP Forests data 
is available upon request3; an open ICP Forests dataset providing 
an overview of the data, including general plot descriptions and 
information on data availability per plot over time, can be directly 
downloaded from the ICP Forests website4. 
Transnational long-term forest monitoring under ICP Forests has 
been a pioneering initiative that has proven to be successful in 
detecting, understanding, and modelling changes in forest 

 
1 https://unece.org/environment-policy/air 
2 http://icp-forests.net/page/icp-forests-manual 
3 http://icp-forests.net/page/data-requests 

ecosystems over the past 38 years. Under recent climatic 
changes, it is even more relevant than ever. 
The yearly published ICP Forests Technical Report series 
summarizes the programɠs annual results and has become a 
valuable source of information on European forest ecosystem 
changes with time. This 2023 Technical Report of ICP Forests, its 
online supplementary material, and other information on the 
programme can be downloaded from the ICP Forests website5.   

¶ We are extremely grateful to Alfred Fürst from the Austrian 
Research Centre for Forests BFW in Vienna for his many 
years of active involvement in ICP Forests. He had been 
Chair of the Forest Foliar Co-ordination Centre (FFCC) from 
2000ɝ2021 and the WG QA/QC in Laboratories from 2017ɝ
2022, and co-chair of the EP Foliage and Litterfall from 
2001ɝ2017. Anna Kowalska from the Polish Forest 
Reserach Institute and Tamara Jakovljević from the Croatian 
Forest Research Institute have been appointed new chair 
and co-chair of the WG QA/QC in Labs. 

¶ We would also like to thank Daniel šlindra from the 
Slovenian Forestry Institute for co-chairing the EP 
Deposition for 15 years. Andreas Schmitz from the German 
State Agency for Nature, Environment and Consumer 
Protection of North Rhine-Westphalia (LANUV) was 
appointed as a new co-chair. 

¶ We also welcome Monika Vejpustková from the Czech 
Forestry and Game Management Research Institute (FGMRI) 
as an additional co-chair of the EP Growth; Leena Hamberg 
from the Natural Resources Institute Finland (LUKE) as new 
co-chair of the EP Biodiversity and Ground Vegetation; and 
Lothar Zimmermann from the Bavarian State Institute of 
Forestry (LWF) as new chair of the EP Meteo/Phenology/LAI.  

¶ A new Ad hoc Working Group on Tree Physiology was 
established within the EP Crown Condition and Damage 
Causes and it is still looking for experts in forest 
ecophysiology willing to participate6. 

¶ The data unit at the Programme Co-ordinating Centre (PCC) 
of ICP Forests is constantly improving the data 
management, data availability and usability, and 

4 http://icp-forests.org/open_data/ 
5 http://icp-forests.net/page/icp-forests-technical-report 
6 Please contact: Filippo.Bussotti@unifi.it and Martina.Pollastrini@unifi.it. 
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information flow within the programme and to the scientific 
community and the public. The following developments of 
the data unit were recently accomplished:  
ɝ Two new surveys (Soil Level I & Assessment of 

Epiphytic Lichen Diversity) were implemented in the 
database; 

ɝ Based on the unification of data structures over time 
which took place over the last few years, many data 
series could be harmonized, in cooperation with the 
corresponding Expert Panels and national partners; 

ɝ For several surveys, gap-filling, aggregation and reporting 
scripts were developed and implemented at the PCC. 

¶ The results from the Working Group on Quality Assurance 
and Quality Control on the 24th Needle/leaf Interlaboratory 
Comparison Test 2021/2022 with 47 laboratories from 25 
countries, the 11th Deposition and Soil Solution Working 
Ringtest 2021/2022 with 39 labs from 23 countries, and the 
10th Soil Ringest 2021 with 32 labs from 21 countries were 
published. These reports can be downloaded from the ICP 
Forests website1. 

¶ The number of reported international, peer-reviewed 
publications using data that had either originated from the 
ICP Forests database or from ICP Forests plots remains high 
at 65 in 20222, thereby proving the relevance and use of the 
ICP Forests data and infrastructure in various research areas 
such as atmospheric deposition (esp. of nitrogen and sulfur), 
ozone concentrations, heavy metals, climate effects, tree 
condition and damage causes, forest biodiversity and 
deadwood, nutrient cycling, tree physiology, phenology, 
forest soils, and soil carbon. 

¶ A new e-learning course on the UNECE Air Convention3 has 
been published by the UN CC:e-Learn affiliation program. It 
is a self-paced online course that aims to raise awareness 
about air pollution and its effects, ways to prevent and 
reduce harmful emissions and the Convention and its 
protocols as an international framework for co-operation on 
cleaner air. 

¶ A new report on "Review and revision of empirical critical 
loads of nitrogen for Europe" by the Coordination Centre for 
Effects (CCE) of the ICP Modelling and Mapping was 
published. Several scientists and experts from different ICPs 
were involved, including colleagues from ICP Forests. It 
features a chapter on "Effects of nitrogen deposition on 
forests and other wooded land" and provides updated 
numbers for empirical critical loads for different forests. 
Considering the new insights and literature of the last 10 
years, several empirical critical loads were downsized, thus, 

 
1 http://icp-forests.net/page/working-group-on-quality 
 http://icp-forests.net/page/icp-forests-other-publications 
2 http://icp-forests.net/page/publications 

indicating a higher sensitivity to N loads than supposed in 
the former report from 2011. 

¶ The EMEP Steering Body and Working Group on Effects 
under the UNECE Air Convention met on 21ɝ24 March 2022 
and 12ɝ16 September 20224, to discuss the progress in 
activities and further development of effects-oriented 
activities, e.g. with regard to the 2022ɝ2023 workplan for 
the implementation of the Convention, the update of the 
WGE/EMEP scientific strategy, the review of the Gothenburg 
protocol, and collaborations with other international 
organizations.  

¶ At the Joint Expert Panel Meeting (5ɝ7 April 2022) in 
Prague, Czechia, 76 registered participants from 22 
European countries joined in person or online and discussed 
current issues and developments in three Expert Panels and 
Working Groups. We are very grateful to Vít Ōrámek (NFC 
Czechia) and his colleagures from the Czech Forestry and 
Game Management Research Institute for the organization. 

¶ The 38th ICP Forests Task Force Meeting was held online, 2ɝ
11 3 June 2022, with 77 participants from 28 countries.  

¶ The 10th ICP Forests Scientific Conference FORECOMON was 
postponed to 2023.  

¶ The Programme Co-ordinating Group (PCG), Quality 
Assurance Committee, and Scientific Committee met in 
Berlin, 23ɝ24 November 2022, to discuss current issues and 
the ICP Forestsɠ further progress. 

We wish to thank the Federal Ministry of Food and Agriculture 
(BMEL) and all participating countries for the continued 
implementation and financial support of the ICP Forests. We also 
thank the United Nations Economic Commission for Europe 
(UNECE) and the Thünen Institute for the partial funding of the 
ICP Forests Programme Co-ordinating Centre, and the Swiss 
Federal Research Institute WSL for supporting the Chairman. 

For the last 38 years the success of ICP Forests depends on the 
continuous support from 42 participating countries and the 
expertise of many dedicated individuals. We would like to hereby 
express again our sincere gratitude to everyone involved in the 
ICP Forests and especially to the participating countries for their 
ongoing commitment and co-operation in forest ecosystem 
monitoring across the UNECE region.  

For a complete list of all countries that are participating in ICP 
Forests with their responsible Ministries and National Focal 
Centres (NFC), please refer to the Annex.   

3 https://unccelearn.org/course/view.php?id=150&page=overview 
4 https://unece.org/environment-policy/air 
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Marco Ferretti, Lars Vesterdal, Marcus Schaub 

The quantification of forest ecosystem behavior in a changing 
climate is necessary for impact assessment and for forest 
restoration to maintain biodiversity and provision of forest 
ecosystem services. Continued efforts to reduce air pollution 
levels will be important for the health and sustainability of forest 
ecosystems around the world, especially under the concurrent 
pressure exerted by climate fluctuations and changes.  

The data generated by the monitoring networks installed under 
ICP Forests clearly demonstrates its high relevance at scientific 
and political levels. This is largely due to the ecosystem approach 
adopted and the concept behind: without the evaluation of all 
biotic and abiotic stressors that may have an impact on our 
forests, it is not possible to identify the role of air pollution. For 
the same reasons, it is important to contextualize ICP Forests 
results within the larger picture offered by studies originating 
from other research and monitoring initiatives. 

Here, we present a brief overview prepared by the Expert Panels 
(EPs) and reviewed by the Scientific Committee of ICP Forests. 
EPs were asked to provide an overview of main evidence and key 
findings in their subject areas over the past year and as prioritized 
within the Working Group on Effects (WGE) strategic planning 
under the UNECE Air Convention: nitrogen (N) deposition, ozone 
(O3), heavy metals, and air pollution-climate change interactions.  

EPs based their input on ca. five arbitrarily selected papers based 
on the ICP Forests network and others. Scientific publications 
were selected if (1) peer-reviewed; (2) from the reporting year or 
the year before, if not yet included; (3) covering emerging issues; 
and (4) relevant to the UNECE Air Convention. A further 
requirement, i.e., that studies should include data from more than 
one country, was not always considered, as important studies 
were also carried out at national level.  

In the following, we summarize the main evidence according to 
three main ecosystem compartments: atmosphere, forest 
vegetation, and forest soil. Given the interrelationships and the 
continuous fluxes and cycles of pollutants, carbon, water and 
nutrients across the three compartments, some overlap will exist 
among the different chapters. Connection and interrelationships 
are particularly important in view of the interactions between the 

abiotic and biotic environment, and specifically for air pollution, 
deposition, climate change and extreme events.  

Atmospheric deposition  
Arne Verstraeten, Peter Waldner, Andreas Schmitz, Aldo Marchetto 

Recent work focused on modelling of total N deposition inputs to 
forests based on throughfall N deposition and long-term trends 
in N and organic carbon deposition at the global scale. 

Braun et al. (2022) developed a statistical model for calculating 
total N deposition as a function of throughfall N deposition. The 
model is based on data from studies in selected European 
countries with measured throughfall N deposition and 
simultaneous estimates of total N deposition derived from 
combinations of measurements and detailed modelling. The 
model may provide an alternative to more complex canopy 
budget models and has the advantage that no information on 
bulk or wet deposition is required, making it more widely 
applicable. The model can be used within a range of 0-20 kg ha-1 
yr-1 throughfall N deposition. 

Templer et al. (2022) studied long-term changes in atmospheric 
N inputs and stream N fluxes in forest and grassland dominated 
watersheds across Europe, North America, and East Asia. They 
found that declining trends in bulk N deposition coincided with 
decreasing nitrate concentrations in stream water.  

Spatial and temporal patterns of bulk dissolved organic carbon 
(DOC) deposition were studied by Liptzin et al. (2022) using data 
from 70 sites across the globe. For one third of the sites with 
long-term datasets (>10 years), a significant decline in DOC 
concentrations over time was observed, most likely as the result 
of decreases in anthropogenic emissions of volatile organic 
compounds (VOC) and organic particulates. Seasonal and 
latitudinal patterns of DOC in atmospheric deposition were most 
consistent with biogenic emissions. 



 

Tropospheric ozone (O3) 
Diana Pitar, Elena Gottardini 

Paoletti et al. (2022) emphasized the need to reconcile present 
critical levels and dose-response functions to estimate O3-
induced biomass losses, and recommended the use of O3-induced 
foliar visible injury (O3FVI) as a forest-health indicator for setting 
up epidemiology-based critical levels to protect forests from 
adverse O3 effects.  

A study in western Germany (Rhineland-Palatinate), studied the 
relationships between surface O3 (expressed as concentration- 
and flux-based metrics), water stress on tree growth from 1998 
to 2019, basal area increment (BAI), and fructification of 
European beech (Fagus sylvatica L.) and Norway spruce (Picea 
abies L. H. Karst.) (Eghdami et al. 2022). A random forest analysis 
showed that soil water content and daytime O3 mean 
concentrations were the best predictors of BAI at all sites. The 
highest mean score of fructification was observed during dry 
years, while low or no fructification was observed in most humid 
years. Combined effects of drought and O3 pollution influenced 
tree growth decline in European beech and Norway spruce the 
most.  

Baesso Moura et al. (2022) compared O3FVI recorded in southern 
European forest sites with O3FVI reproduced in a Free-air O3 
eXposure (FO3X) experiment, finding that major parts of 
symptom expressions were similar in the field and the FO3X. 
O3FVI decreased by the presence of various species and 
suggested the importance of continuous monitoring activities in 
the field for the further analyses. They also found that individual 
species in the field expressed FVI at much higher levels of 
exposure/flux than at the FO3X.  

In northern Italy, Faralli et al. (2022) identified site and plant 
characteristics as well as functional leaf traits associated with the 
occurrence and severity of O3FVI in Viburnum lantana (an O3-
sensitive species) and at the scale of an individual site. Viburnum 
lantana plants growing at one site of the ViburNeT monitoring 
network (Trentino, North Italy) experiencing high O3 levels were 
surveyed in relation to (1) sun exposure, (2) shading effect from 
neighboring vegetation, (3) plant height, and (4) presence and 
severity of O3FVI. They found that plants at high irradiation levels 
had significantly lower SLA (p<0.05), higher trichome density (Tr) 
(p<0.01) and greater Chlorophyll (p<0.01) when compared to 
shaded and/or west- and north-exposed plants, thus indicating a 
strong influence of site-specific characteristics on leaf trait 
plasticity. Also, O3FVI at leaf level were associated with lower SLA 
(p<0.001) and higher Tr in the abaxial leaf surface (p<0.05). Both 
leaf traits showed significant differences also within the south 
and east exposed plant category, thus suggesting the increase in 
leaf thickness and Tr as a potential adaptive strategy under 
multiple stress conditions. Their results provide evidence of a 
strong relationship between O3FVI, leaf traits and site-specific 
variables, offering new insights for interpreting data on the 
impact of O3 on vegetation.  

Going into more detail, Turc et al. (2022) demonstrated that early 
Hypersensitive Response-like (HR-like) markers can provide 
reasonably specific, sensitive and reliable quantitative structural 
estimates of O3 stress for e.g. risk assessment studies, especially 
if they are associated with degenerative and thylakoid-related 
injury in chloroplasts from mesophyll.  

Forest growth  
Tanja Sanders, Monika Vejpustková 

ICP Forests growth data was used for an innovative study on the 
role of ectomycorrhizal fungi composition. While these results 
cannot provide a clear causality or directionality, the study 
provides clear evidence that slow and fast growth of broadleaves 
and coniferous trees is linked to the ectomycorrhizal fungi 
composition (Anthony et al. 2022).  

Etzold et al. (2022) not only used climate parameters to explain 
species-specific growth but investigated the role of day length. 
Within the window provided by day length, air and soil moisture 
were the main factors to explain radial growth; while the number 
of days with growth largely determined annual growth, the 
overall length of growth period contributed less. 

Both results show that more influencing factors and especially 
non-linear intra-annual and species-specific growth dynamics 
need to be implemented in tree and forest models to reduce 
uncertainties in predictions under climate change (de Wergifosse 
et al. 2022). 

However, extreme drought events during the growth period 
remain the main cause of growth decline or the production of 
false growth rings due to a within-year halt of growth. To obtain 
high-resolution data for a better analysis of individual tree 
responses, point dendrometers were used to calculate tree water 
deficit, thereby providing evidence on the timing of stem 
shrinking (Krause and Sanders 2022). 

Deficit of precipitation is also influencing the ground water level, 
which together with mean air temperature from June to August 
was found to influence the annual radial increment of Scots pine 
in Slovakia. Besides growth, these two factors also significantly 
correlated with crown defoliation (Pajtík et al. 2022). It was 
suggested that there will be increased Scots pine die-back on 
sandy soils in regions with low precipitation. 

Forest health  
Nenad Potoċić, Volkmar Timmermann 

The greatest threat to forest ecosystems in Europe probably 
comes from changing climate, but there is a great uncertainty 
related to the magnitude and character of climate change, 
particularly at the regional level. A number of papers addressing 
tree vitality on country level was published in the last couple of 
years, offering detailed regional insights into the health status of 



 

forest trees in relation to climate change effects, while others 
explore a more large-scale, European-wide approach. With 
ongoing climate change fostering frequent occurrence of extreme 
climate events, it is not surprising that drought has become a 
global driver of forest health, and that its effects on forest health 
are at the center of recent scientific interest.  

Gazol and Camarero (2022) based their analysis on two 
independent data sources, including the ICP Forests Level I 
dataset, identifying hotspots of forest mortality and showing that 
their occurrence is partially explained by the simultaneous 
occurrence of extreme droughts and heat waves. These results 
are mirrored by George et al. (2022a) who found that European 
forests show consistent signs of drought-induced dieback, which 
can be partly explained by anomalies in soil moisture and the 
occurrence of droughts during the last 25years. 

Abiotic, environmental stressors (such as drought) not only cause 
damage to trees by disturbing physiological processes such as 
water transport and uptake of nutrients, but also make forest 
trees more susceptible to damage from biotic agents such as 
fungi or insects. In European coniferous forests, recent heat 
wave-associated droughts have regionally increased the 
mortality rates associated with bark beetle infestations. This 
trend is likely to continue under more frequent extreme events of 
drought and heat in the coming decades. Analyzing resistance of 
five host tree species to bark beetle attack and beetle-induced 
mortality based on ICP Forests Level I data, Jaime et al. (2022) 
suggested that the joint influence of drought events and bark 
beetle disturbance threatens the persistence of coniferous 
forests, highlighting the importance of studying disturbance 
interactions for the health of European forests. 

Extreme weather events are not restricted to drought, but include 
also the changes in the intensity and frequency of precipitation. 
In their analysis of ash mortality in Europe, George et al. (2022b) 
found that the survival of ash was significantly lower in locations 
with excessive water regime and which experienced more 
extreme precipitation events during the last two decades. 

Forest nutrition  
Pasi Rautio, Liisa Ukonmaanaho 

The highlighted studies from the last year focused on uptake of 
mercury (Hg) in the foliage or Hg fluxes with litterfall of different 
tree species on the one hand, and on the basic dynamics and 
modelling of litterfall fluxes of different tree species on the other 
hand. 

Wohlgemuth et al. (2022) investigated controls on foliar stomatal 
Hg(0) uptake by combining Hg measurements of 3569 foliage 
samples across Europe with data on tree species traits and 
environmental conditions. The most relevant parameter 
impacting daily foliar stomatal Hg(0) uptake was tree functional 
group (deciduous versus coniferous trees). On average, they 
measured 3.2 times higher daily foliar stomatal Hg(0) uptake 
rates in deciduous leaves than in coniferous needles. 

In Spain, Mendez-Lopez et al. (2022) assessed the pool of Hg in 
the aboveground biomass (leaves, wood, bark, branches and 
twigs), the Hg flux to soils through litterfall over two years (by 
sorting fallen leaves, twigs, reproductive structures and 
miscellaneous materials) and its accumulation in the soil profile 
in a deciduous forest dominated by Betula alba. They found that 
birch leaves are the major contributor to Hg deposition flux by 
litterfall, and that woody tissues represent the largest Hg 
reservoir in the aboveground birch biomass. In soil, the highest 
Hg concentrations were found in the organic horizons, but the 
mineral soil still seems to be the major pool of Hg, exempt from 
environmental disturbances. 

In Estonia, Uri et al. (2022) aimed to estimate average annual 
litter flux quantities and composition in Scots pine, Norway 
spruce and birch (Betula pendula and Betula pubescens) stands, 
as well as to compile regional litterfall models for estimating the 
annual litter flux. Although the annual litter flux depended on 
site quality index and stand age, no significant relationship was 
found between stand basal area and litter flux. Average annual 
canopy litterfall was similar for the studied tree species and for 
all studied tree species. The relative proportion of needles or 
leaves in the total annual litter flux declined with stand age, due 
to the increased share of twigs and other fractions in the litter of 
older stands. The developed models of litter flux allow to 
estimate the annual litter production of the canopy for the 
studied tree species on the basis of site quality index and stand 
age in Estonia.  

Impacts of drought and heat waves on forest trees 
Stefan Fleck, Stephan Raspe, Lothar Zimmermann 

The impact of droughts and heat waves in Europe on forest trees 
was analyzed and illustrated by several recent studies. While 
droughts are characterized by low water input from precipitation 
and affect tree survival by restricted water uptake from the soil, 
heat waves are characterized by high temperature and lead to 
higher evaporative demand of the atmosphere surrounding tree 
canopies. Gazol and Camarero (2022) differentiated between 
both impacts and showed that 46% of the mortality events in 
Europe corresponded with the co-occurrence of both factors in 
the survey year, i.e. with years with low precipitation as well as 
high temperatures. Also the growth of oak species is more linked 
to the combination of both factors expressed as climatic water 
balance (CWB = precipitation ɝ evaporative demand) than to 
temperature alone (Bose et al. 2021). Oak growth was especially 
susceptible to low CWB occurring in spring. The co-occurrence of 
dry phases with high evaporative demand also provided an 
explanation for sudden vitality decline and dieback of Scots pine 
in the Swiss Rhone valley (Hunziker et al. 2022), especially since 
precipitation observed between 1981 and 2018 in this area did 
not decrease.  

The effects of high temperatures and low precipitation were 
disentangled with high-resolution dendrometer measurements 
across 53 sites in Europe, showing that growth was not reduced 



 

in the 2018 heatwave, but trees experienced a depletion of water 
reserves leading to twice the temporary stem shrinkage than 
usual (Salomon et al. 2022). Especially conifers were less capable 
of rehydrating overnight than broadleaves. The co-occurrence of 
low precipitation and high temperature, characterized by the 
Standardized Precipitation-Evaporation Index SPEI, was also 
shown to play a key role in modulating the resistance of 
coniferous forests to bark beetle attacks during the 2010ɝ2018 
period (Jaime et al. 2022), thereby providing an explanation for 
the frequent observation of bark-beetle induced conifer mortality 
after dry and hot years (e.g. Cesljar et al. 2022). The influence of 
hot and dry years on conifer resistance to bark-beetle attack is, 
however, mediated by the proximity to the respective climatic 
optima of the host trees and bark beetles. 

Forest understory community composition and diversity 
Roberto Canullo, Leena Hamberg 

Several studies took advantage of long-term data from the ICP 
Forests systematic network (Level I) and intensive monitoring 
network (Level II) for studies of biodiversity.  

A multi-taxon study has been conducted in Finland (Antão et al. 
2022) to quantify the responses of various organisms to climatic 
change over decades along bioclimatic zones, in terms of relative 
shifts within each speciesɠ niche. Vascular plant abundance 
datasets have been included from the systematic forest 
monitoring network (Level I), on sites surveyed in 1985, 1995, 
and 2006 with a standard protocol for the understory monitoring. 
The authors found substantial shifts in the relative positions of 
species within their climatic niche, while turnover among 
decades was limited. Mean annual temperature, total 
precipitation, and ɝ particularly ɝ duration of snow cover, explain 
an increasing proportion of variation in plant species occurrences 
over time and with increasing latitude. Birds, mammals, 
butterflies, moths, plants, and phytoplankton responded to 
climatic change at higher latitudes. 

On the same systematic network of sample plots in Finland, 
understory vegetation was surveyed in 1985ɝ1986 together with 
ground macrolichens. Tonteri et al. (2022) studied the response 
of the abundance of ground lichens to forest management 
practices, related stand structure and co-existing plant species. 
Results showed different underlying factors for lichen decline, 
including an increase in canopy cover and shading, as well as 
disturbance caused by regeneration cutting and soil preparation. 
The reduction in lichen cover was related to an increase in 
bryophyte abundance. 

Molina-Venegas et al. (2022) investigated the phylogenetic and 
functional diversity patterns of forest understory angiosperms in 
Alpine, Continental, and Mediterranean regions of Italy, by using 
the data from Level I plots. The aim was to identify eco-
evolutionary signals in extant regional species assemblages. By 
analyzing the biogeographical elements, the authors found that 
species restricted to climatically harsh regions (winter-Alpine and 

summer-Mediterranean elements) were phylogenetically and 
functionally clustered, whereas widespread species were 
characterized by overdispersion. The intermediate Continental 
region showed randomly sorted species. In the Alpine region, a 
clear signature of functional diversity differentiation between 
closely related species appeared, suggesting the role of recent 
speciation events; phylogenetic niche conservatism appears 
more important in the Mediterranean region. The aboveground 
traits played a major role in shaping the functional syndromes, 
across all the biogeographic elements. 

Kermavnar et al. (2022) studied the plant communities on 50 
plots (Level I and Level II) in Slovenia. Floristic composition was 
linked to climate, soil pH, and light conditions, while functional 
groups showed strong relations with forest stand characteristics, 
including canopy cover (due to management). Phenological traits 
of understory were negatively related to canopy cover and 
broadleaf proportion; functional traits (Grimesɠ Strategies, 
competitive, stress-tolerant and ruderal) were affected by shade 
index (positively for C-species proportion, negatively for S-
species scores); an inverse relation was also found for stress-
tolerant and ruderal species proportion to pH and annual 
temperature, respectively. 

Bryophyte species richness and the hemerophobic bryophyte 
proportion in managed forests through Poland have been 
reported by Cacciatori et al. (2022). The study addressed 
bryophytes on all substrates (living trees, standing and lying dead 
wood, ground and rocks) at 132 Level II plots. Surveys have been 
performed at 5-year intervals (1998ɝ2019) and sites were 
characterized by elevation, dominant tree species, and stand age. 
No temporal trends were revealed, but a proportional increase in 
bryophyte species richness with elevation was observed. Strong 
differences emerged for young stands, with spruce forest hosting 
a much higher number of species. Dominant tree species 
exhibited the strongest impact on species community 
composition. 

Bryophytes were also studied in relation to nitrogen deposition 
by Weldon et al. (2020). They included 187 plots within the ICP 
Forests and ICP IM programmes at the European scale, covering 
the period 1994ɝ2016. Coniferous forests showed lower 
functional diversity and Pielou evenness than broadleaf-
dominated forests. Throughfall nitrogen deposition was 
significantly associated with increased bryophyte community 
nitrogen preference (especially in younger forests) and a decrease 
in species evenness. The authors concluded that nitrogen 
deposition is likely to adversely affect forest bryophyte 
communities, having negative impacts in terms of increased 
dominance of nitrophilic species at the expense of N-sensitive 
species and a decrease in species evenness.  



 

Bruno De Vos, Nathalie Cools, Tiina Nieminen 

Atmospheric acid deposition has decreased considerably since 
the 1980s following clean-air policies. Numerous studies have 
shown soil acidification though recent studies indicate the 
recovery from this human-induced soil acidification. In Lower-
Saxony, Germany, Ahrends et al. (2022a) could show a trend 
reversal or a stagnation of the acid-base status at a strong 
acidification level. The recovery was faster under deciduous trees 
compared to coniferous stands. In the UK (Vanguelova et al. 
2022) and in Germany (Ahrends et al. 2022b), the authors found 
diverse patterns for individual nutrient balances due to the 
combined effects of changing deposition, climate and forest 
harvesting. 

Heavy metal deposition has been picked up by several case 
studies on the ICP Forests Level II plots, e.g., in Greece 
(Michopoulos et al. 2022) and in Switzerland (Chen et al. 2022). 
The latter study found an accumulation of Hg in the thick forest 
floor of a mor humus type and in the spodic horizon. By 
comparing these findings with a research site in China they 
concluded that the vertical distribution pattern of Hg is 
influenced by humus form and soil type.  

Related to soil organic carbon storage, Lukina et al. (2022) 
concluded based on the Russian soil survey data that the most 
dynamic factor affecting the carbon cycle is the forest biota, while 
Boruvka et al. (2022) concluded for Czechia that predictors of soil 
carbon stocks are best developed at the regional scale. In Finland, 
Mäkelä et al. (2022) concluded that ectomycorrhizal fungi are an 
important driver of the lower carbon use efficiency at greater 
latitudes. On the Finnish Level II plots, Lindroos et al. (2022) 
could show a significant increase of soil carbon after a monitoring 
interval of 21 years. Jochheim et al. (2022) attributed the 
differences in seasonal pattern of soil CO2 efflux between 
coniferous and deciduous tree species to different phases of tree 
physiological activity.  

Based on the Finnish soil monitoring data, Launiainen et al. 
(2022) improved the prediction of soil hydraulic properties, which 
are essential in estimating drought risks. In Switzerland, soil data 
helped to understand the changes in the water fluxes within the 
forest ecosystem during drought stress (Meusburger et al. 2022). 

Marco Ferretti, Lars Vesterdal, Marcus Schaub 

While air pollution to forests has considerably changed since the 
1980s, it may still have significant effects on forest ecosystems, 
also in combination with increasing pressure from climate 
change. Reduced growth and increased susceptibility to drought 
damage, pests and pathogens were frequently reported. It is 
evident from this summary of main evidence and key findings in 
Expert Panel areas that ICP Forests data can play an important 

role for a wide range of scientific advancements supporting 
impact and risk assessment and mitigation potential. 

(i) Air pollution, especially N deposition and tropospheric 
ozone, continues to affect forest ecosystems. Today, several 
forest ecosystem compartments (from trees to ground vegetation, 
mosses and lichens, including their diversity, composition of soil 
and soil solution) and processes (tree nutrition, tree growth, soil 
acidification, N and P cycling) are still affected by air pollution, 
namely by N deposition, ground-level O3, and heavy metals. 
While the acidity of precipitation is decreasing due to successful 
reduction of anthropogenic S emissions, N deposition is 
becoming more ammonium-dominated, and effects of local 
ammonia-emitting sources remain a challenge to modelling and 
mapping. Advances in N throughfall modeling, better 
understanding of O3 impact on vegetation and of Hg uptake, flux 
and accumulation were reported. There is a significant need for 
continuous monitoring to assess the influence of the mitigative 
action on the reported effects.  

(ii) Air pollution changes and its effects on forests are 
diversified. N deposition levels remain high in several European 
regions and have been found to affect tree growth, lead to 
imbalances in tree nutrition and to soil acidification, and affect 
the composition of understory communities of plants, mosses, 
and lichens. O3 has been reported to affect tree growth, fruiting, 
and foliar condition, although its effect is modulated by a number 
of site and plant traits. The multi-level, multi-media monitoring 
concept of ICP Forests proves to be essential to assess and model 
the condition of forest ecosystems, and to favor comparisons 
between models and measurements.  

(iii) New insights to explain ecosystem responses. Novel 
methods and approaches provide new opportunities to unravel 
the mechanisms, processes and organism interactions by which 
ecosystems respond to air pollution and climate change. 
Examples include the studies of ectomycorrhizal community 
composition and bryophytes at ICP Forests Level II plots, and the 
interaction between climatic stressors and bark beetles on Level 
I plots. The role of the soil microbiome and its diversity for 
vitality, growth and nutrition of forest trees under increasing 
stress from air pollution and climate change is a crucial topic for 
integration in long-term forest monitoring and research. 

(iv) Climate change ɝ a key driver and modifier of air pollution 
effects. Recent drought episodes coupled with high air 
temperatures in different parts of Europe have been shown to 
affect tree vitality, growth, nutrition and phenology at different 
scales. In addition, windstorms hit several regions across Europe, 
causing devastating damage. Both disturbance factors (drought 
and windstorms) lead to subsequent bark beetle infestations. It is 
likely that extreme events related to climate change will increase 
in frequency, and this will cause additional pressure on European 
forests. When considering the enduring pressure caused by air 
pollution in different forms and the projected increasing 
frequency of climate change-related events, there is an urgent 



 

need to better understand their interactions. This remains an area 
of clear concern for the Air Convention, and where progress in 
scientific understanding and assessment is pertinent. 

The role of a pan-European, science-based monitoring in 
ensuring up-to-date information on tree vitality status and trends 
remains fundamental. The continuous steady increase of 
scientific outputs originating from the monitoring networks 
under ICP Forests is a clear demonstration of its high relevance 
for a better understanding of the response of forests to air 
pollution and environmental stressors. 
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Between January and December 2022, data that had either 
originated from the ICP Forests database or from ICP Forests plots 
were part of several international, peer-reviewed publications in 
various research areas, thereby expanding the scope of scientific 
findings beyond air pollution effects. These are compiled in the 
following list.  

In addition, many publications ɝ not reported here ɝ cite the ICP 
Forests Manual1, which reflects the high value and appreciation 
of standardized methods in forest ecosystem research. 

The following overview includes only those 65 English online and 
in print publications from 2022 that have been reported to the 
ICP Forests Programme Co-ordinating Centre by the publication 
date of this report and have been added to the list of ICP Forests 
publications on the programɠs website2. 
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ICP Forests welcomes scientists from within and outside the ICP Forests community to use ICP Forests data for research purposes. Data 
applicants must fill out a data request form and send it to the Programme Co-ordinating Centre (PCC) of ICP Forests and consent to the 
ICP Forests Data Policy. For more information, please refer to the ICP Forests website1. 

The following list provides an overview of all 29 requests for ICP Forests data between January and December 2022. All past and present 
ICP Forests data uses are listed on the ICP Forests website2.  

ID3 Institution Name of Applicant Project Title External/ 
Internal4 

246 European Environment Agency 
(EEA) 

Annemarie 
Bastrup-Birk 

Forest Information System for Europe (FISE) External 

247 University of Bristol Tommaso Jucker Global drivers of tree crown allometry External 

248 Thünen Institute of Forest 
Ecosystems 

Line Grottian, 
Tanja Sanders 

Development and validation of the modelling of storm 
damage in forests (WinMol) 

External 

250 Technical University of Munich Fanxiang Meng, 
Annette Menzel 

Drivers of seed production of tree species in Germany External 

251 University of Antwerp Vaidehi Narsingh Artificial Intelligence for Carbon fertilisation effect - 
Generating global maps for nutrients foliar concentration 

External 

253 University of Waikato Christopher Lusk, 
Xiaobin Hua 

Mycorrhizas, alternative stable states, and landscape 
partitioning in south-temperate forests 

External 

254 University of Bonn Timo Stomberg Evaluating plant health and ecosystem conditions using 
multispectral satellite imagery and machine learning 

External 

258 Polish Academy of Science Carlos Bautista Linking satellite indicators and ground data on forest 
productivity to predict brown bear damages in Europe 

External 

259 INRAE Georges Kunstler Crown allometry and Tree fecundity analysis (DECLIC and 
FORBIC ANR Projects) 

External 

260 Pyrenean Institute of Ecology J. Julio Camarero Interactive effects of mistletoe and drought on tree growth, 
defoliation and forest dieback 

External 

261 Yangzhou University Zhang Keliang Resisting climatic stress based on the evolutionary proximate 
trees 

External 

262 Norwegian Meteorological 
Institute 

Hilde Fagerli CAMS2_40 - Regional Air Quality products, Task 4041 
Deposition 

External 

263 Institute for Environmental 
Studies 

Marthe Wens European Drought Observatory for Resilience and Adaptation 
(EDORA) 

External 

 
1 http://icp-forests.net 
2 http://icp-forests.net/page/project-list 
3 ID-numbering started in 2011. 
4 Internal Evaluations can be initialized by the Chairperson of ICP Forests, the Programme Co-ordinating Centre, the Expert Panel Chairs and/or other bodies under the Air 

Convention. Different rights and obligations apply to internal vs. external data users. 

http://icp-forests.net/
http://icp-forests.net/page/project-list


 

ID3 Institution Name of Applicant Project Title External/ 
Internal4 

264 International Institute for 
Applied Systems Analysis 

Wenjia Cai Leaf area constrained by soil nutrient status with eco-
evolutionary optimality principles 

External 

265 Thünen Institute of Forest 
Ecosystems 

Kai Schwärzel Long-term monitoring of forest ecosystems: Status, changes, 
and trends 

Internal 

266 Freie Universität Berlin Christopher 
Schiller, Fabian 
Fassnacht 

Examining forest decline in Central Europe using satellite 
time series data and deep learning methods 

External 

267 Thünen Institute of Forest 
Ecosystems 

Tanja Sanders Climate resilient forests - Recognising the potential in the 
natural spectrum and using it for forestry purposes 

Internal 

269 SWETHRO Gunilla Pihl 
Karlsson 

Recovery from acidification and excess nitrogen in Swedish 
forests - Trend analysis of deposition and soil solution 
chemistry 1992-2022 

External 

270 Freie Universität Berlin Jonathan Költzow, 
Fabian Faßnacht 

Future Forest: Mapping major tree species distribution in 
Germany 

External 

271 Natural Resources Institute 
Finland (Luke) 

Simone Bianchi NORSIM - NORdic tree growth SIMulator External 

272 Swiss Federal Institute for 
Forest, Snow and Landscape 
Research (WSL) 

Eckehard 
Brockerhoff 

Relationships between mast seeding events and populations 
of tree seed-dependent birds 

External 

273 University of Zagreb Mateo Gaōparović Automatic monitoring of narrow-leaved ash forests by remote 
sensing methods and Copernicus data 

External 

274 Swiss Federal Institute for 
Forest, Snow and Landscape 
Research (WSL) 

Volodymyr 
Trotsiuk 

A framework of predicting tree growth using machine 
learning tools 

External 

277 Thünen Institute of Forest 
Ecosystems 

Shah Rukh, Tanja 
Sanders 

A pan-European assessment of the vitality and growth of 
European beech. A drought analysis of the foliation responses 
across various climatic gradients 

Internal 

278 Swiss Federal Institute for 
Forest, Snow and Landscape 
Research (WSL) 

Johanna Malle, 
Dirk Karger 

High-resolution land surface modelling across the Alps External 

279 Berlin University of Applied 
Sciences 

Pit Wagner, David 
Linner 

How can a web app in combination with an IoT system help to 
record and visualize the health status of forests in a clearer, 
more transparent and comprehensible way? 

External 

280 University of Reading Caitlin Lewis Former land use impacts on the capacity of forest soils to 
retain N-inputs 

External 

281 Leibniz Institute of Freshwater 
Ecology and Inland Fisheries 

Doris Düthmann Multi-decadal variations in catchment evapotranspiration and 
their drivers 

External 

282 Karlsruhe Institute of 
Technology, Thünen Institute 
of Forest Ecosystems 

Pia Labenski, Tanja 
Sanders 

Expansion of ecological, silvicultural and technical knowledge 
on forest fires 

Internal 

 
 



 

 

 

   



 

 Aldo Marchetto, Char Hilgers, Till Kirchner, Alexa Michel, Andreas Schmitz, Arne Verstraeten, Peter Waldner

The atmosphere contains a large number of substances of natural 
and anthropogenic origin. A large part of them can settle, be 
adsorbed to receptor surfaces, or be included in rain and snow 
and finally reach land surface as wet and dry deposition. 

In the last century, human activities led to a dramatic increase in 
the deposition of nitrogen and sulphur compounds. 

Sulphur deposition almost completely occurs in the form of 
sulphate (SO4

2-), derived from marine aerosol and from sulphuric 
acid formed in the atmosphere by the interaction of gaseous 
sulphur dioxide (SO2) with water.  

SO2 emissions derive mainly from coal combustion and also from 
vehicle fuel combustion, volcanoes, forest fires, and other 
sources, and have increased since the 1850s, causing an increase 
in sulphate deposition and deposition acidity, which can be partly 
buffered by the deposition of base cations, mainly calcium (Ca2+) 
and magnesium (Mg2+). 

Natural sources of nitrogen (N) in the atmosphere are mainly 
restricted to the emission of N2O and N2 during denitrification and 
the conversion of molecular nitrogen gas (N2) into NOx during 
lightning. However, human activities cause high emissions of 
nitrogen oxides (NOx) during combustion processes, and of 
ammonia (NH3) deriving from agriculture and farming. They are 
found in atmospheric deposition in the form of nitrate (NO3

-) and 
ammonium (NH4+).  

Nitrogen compounds have significant effects on the ecosystem: 
they are important plant nutrients that - when in excess - may 
lead to ecosystem eutrophication, and they strongly influence 
plant metabolism (e.g., Silva et al. 2015), forest ecosystem 
processes (e.g. Meunier et al. 2016), and biodiversity (e.g., 
Bobbink et al. 2010). They can also act as acidifying compounds 
(Bobbink and Hettelingh 2011). 

Emission and deposition of sulphur and to a lesser extent 
nitrogen have decreased in the last decades (Waldner et al. 2014, 
EEA 2016, Rogora et al. 2022) 

Atmospheric deposition is collected on the ICP Forests intensive 
monitoring plots under the tree canopy (throughfall samplers, 
Fig. 5-1, left) and with open-field samplers (Fig. 5-1, right) in a 
nearby clearance. Throughfall samples are used to estimate wet 

deposition, i.e. the amount of pollutants carried in by rain and 
snow, but they also include dry deposition from particulate 
matter and gases collected by the canopy. The total deposition to 
a forest, however, also includes nitrogen taken up by leaves and 
organic nitrogen compounds. It can be estimated by applying 
canopy exchange models. 

It is important to note the different behaviour of individual ions 
when they interact with the canopy: in the case of sodium, 
chloride and sulphate, the interaction is almost negligible and it 
can be assumed that throughfall deposition includes the sum of 
wet and dry deposition. This is not the case for other ions, such 
as ammonium: tree canopies and their associated microbial 
communities strongly interact with them. For example, tree 
leaves can take up ammonium ions and release potassium ions 
and organic compounds, affecting the composition of throughfall 
deposition. 

Sampling, analysis and quality control procedures are 
harmonized on the basis of the ICP Forests Manual (Clarke et al. 
2022).  

Quality control and assurance include laboratory ring-tests, the 
use of control charts, and performing conductivity and ion 
balance checks on all samples (König et al. 2010). In calculating 
the ion balance, the charge of organic compounds was considered 
proportional to the dissolved organic carbon (DOC) content 
following Mosello et al. (2005, 2008). 

In this report, we present the results of the 2021 annual 
throughfall deposition sampling from 287 permanent plots, 
collected following the ICP Forests Manual. Sixteen plots were 
excluded because the duration of sampling covered less than 
90% (329 days) of the year, and 106 other plots were marked as 
ɣnot validatedɣ because the conductivity check was passed for 
less than 30% of the analysis of the year, or the laboratory did 
not participate in the mandatory Working Ring Test, or did not 
pass the minimum requirement of the test. For further 4 sites, 
data for one specific variable (ammonium) were rejected because 
the laboratory did not pass the test for that variable. 

As the deposition of marine aerosol represents an important 
contribution to the total deposition of sulphate, calcium and 
magnesium, a sea-salt correction was applied, subtracting from 
the deposition fluxes the marine contribution, calculated as a 
fraction of the chloride deposition according to the ICP Integrated 
Monitoring Manual (FEI 2013).   

The color classes on the presented maps (low, medium, high) 
have been chosen to visualize the spatial distribution of 
deposition rates across Europe and do not necessarily correspond 
to the ecological impact of the deposition.



 

The uneven distribution of emission sources and receptors and 
the complex orography of parts of Europe results in a marked 
spatial variability of atmospheric deposition. However, on a 
broader scale, regional patterns in deposition arise. As in the 
previous years, high values of nitrate deposition in 2021 were 
mainly found in Germany, Denmark, the most southern part of 
Sweden, Poland, and Lithuania. The number of plots with high 
ammonium deposition was, however, larger than for nitrate, 
particularly in Belgium, Germany, Switzerland, Austria, northern 
Italy, Slovenia, eastern England and the most southern part of 
Sweden (Figs. 5-2, 5-3). 

It is generally assumed that negative effects of nitrogen 
deposition on forests become evident when the total deposition 
of inorganic nitrogen (i.e. the sum of nitrate and ammonium 
deposition) exceeds a specific threshold, known as the critical 
load. Critical loads can be evaluated for each site by modeling, 
but more generic critical loads (empirical critical loads) are also 
being evaluated, ranging between 3 and 17 kg N ha-1 yr-1 
depending on the type of forest and ecosystem compartment 
(Bobbink et al. 2022). In 2021, throughfall inorganic nitrogen 
deposition higher than 10 kg ha-1 yr-1 was mainly measured in 
most of central Europe, including Germany, Poland, Austria, 
Switzerland, Slovenia, Croatia, but also in Belgium, Denmark, 
northern Italy and other countries (Fig. 5-4). Throughfall 
inorganic nitrogen deposition higher than 20 kg ha-1 yr-1 was 
recorded in Belgium, Germany, southern Sweden, and Austria. 

Because total nitrogen deposition on forests is higher than 
throughfall nitrogen deposition (Braun et al. 2022), the critical 
loads for nitrogen are likely still exceeded in large parts of 
Europe. 

Sulphate deposition has very much decreased since the start of 
the monitoring and currently the highest throughfall deposition 
is still found close to large point sources. In the southern part of 
Europe, sulphate deposition is also influenced by volcanic 
emission and by the episodic deposition of Saharan dust. In 2021, 
throughfall deposition of sulphate (corrected for the marine 
contribution) higher than 3 kg S ha-1 yr-1 was found on a small 
number of sites in Croatia, Serbia, Bulgaria, Germany, Poland, 
Czechia, Slovakia, and Austria, and at a site in southern Italy 
influenced by volcanic emission (Fig. 5-5).  Throughfall sulphate 
deposition higher than 6 kg ha-1 yr-1 was recorded in Croatia, 
Serbia, Bulgaria and near the borders of Czechia with Germany 
and Poland. 

Calcium and magnesium are also analyzed in the ICP Forests 
deposition monitoring network, as their deposition can buffer the 
acidifying effect of atmospheric deposition, protecting soil from 
acidification. High values of (sea-salt corrected) calcium 
throughfall deposition were mostly found in a large area in 
central, eastern and southern Europe, mainly related to the 
deposition of Saharan dust (Fig. 5-6). High magnesium deposition 
was found primarily in southeastern Europe (Fig. 5-7). 

Figure 5-1: Throughfall samplers on a Level II plot (left) and open-field samplers on a neighboring meadow (right) in Schorfheide, Germany (Images: 
Berit Michler) 

 
Sulphate throughfall deposition has very much decreased since 
the start of the monitoring and currently high sulphate deposition 
is restricted to areas close to large point sources, mainly in 
eastern and southern Europe. High throughfall deposition of 

inorganic nitrogen is still observed throughout central Europe, 
with high ammonium depositions being found in a wider area 
than high nitrate deposition.  



 

 
Figure 5-2: Throughfall deposition of nitrate-nitrogen (kg NO3--N ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the Swedish 
Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 330 
days or irregular sampling.  
  



 

 
Figure 5-3: Throughfall deposition of ammonium-nitrogen (kg NH4+-N ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the Swedish 
Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 330 
days or irregular sampling.  

 

  



 

 
Figure 5-4: Throughfall deposition of inorganic nitrogen (kg NO3--N + NH4+-N ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the 
Swedish Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 
330 days or irregular sampling.  

  



 

 
Figure 5-5: Throughfall deposition of sea-salt corrected sulphate-sulphur (kg SO42--S ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the 
Swedish Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 330 
days or irregular sampling.  
  



 

 
Figure 5-6: Throughfall deposition of sea-salt corrected calcium (kg Ca2+ ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the Swedish 
Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 330 
days or irregular sampling. 

 

  



 

 
Figure 5-7: Throughfall deposition of sea-salt corrected magnesium (kg Mg2+ ha-1 yr-1) measured in 2021 on the ICP Forests Level II plots and the 
Swedish Throughfall Monitoring Network. Colored dots: validated data. Colored circles: not validated data. Black circles: monitoring period shorter than 
330 days or irregular sampling. 
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Lothar Zimmermann, Stephan Raspe, Char Hilgers, Kai Schwärzel, Alexa Michel 

Weather and climate affect composition, structure, growth, health, 
and dynamics of forest ecosystems (Geiger 1961; Baumgartner 
1967a, b; Lee 1978, 1980; Mitscherlich 1981; Swank and Crossley 
1988; Chang 2006). Observing weather conditions and their 
seasonal variations on forest monitoring plots is therefore essential 
for identifying and interpreting trends in forest condition. 
Furthermore, weather data are needed to identify and understand 
interactions with other stressors such as air pollution, diseases, or 
pests. Against this background, the ICP Forests Level II plots were 
equipped with meteorological measurement devices as early as the 
1990s. The resulting Europe-wide network of forest meteorological 
stations provides site-specific forest meteorological data including 
air temperature, relative humidity, precipitation, wind speed and 
direction, global radiation, and soil moisture and temperature. In 
combination with data from other ICP Forests surveys (e.g. tree 
growth, crown condition, phenology, ground vegetation, soil), 
these data can be used to analyze the effect of the atmospheric 
environment and its change over time on vitality and development 
of forest ecosystems.  

For a better understanding of the effects of the atmosphere on 
forests, data interpretation should always be aimed at improving 
the process-based understanding of soil-forest-atmosphere 
interactions. Mayer and Schmidt (1991) identified atmospheric 
stress factors as e.g. late frost or heat periods, which are potentially 
relevant for states of and processes in forests.  

The main objectives of the meteorological monitoring at the 
Level II plots are: 
¶ to describe the meteorological conditions and changes at 

the Level II plots; 

¶ to investigate the meteorological conditions and contribute 
to the explanation of and the relationship with the state of 
the ecosystem; 

¶ to identify and investigate stress indices and factors for 
trees on the plot like extreme weather conditions and 
events (e.g. frost, heat, drought, storms, floods); 

¶ to build-up long time-series that fulfil requirements of 
further analysis (statistics and modelling) of ecosystem 
responses under current and changing environmental 
conditions (e.g. water balance calculations, soil water 
availability for the stand, growth, nutrient cycling) as well 
as integrated evaluations in various aspects of the Level II 
plots (e. g. crown condition assessment, deposition, 
increment) (Raspe et al. 2020). 

Temperature and precipitation patterns play a key role in climate 
change impacts on forests (Kirilenko and Sedjo 2007). This chapter, 
therefore, focuses first on presenting and interpreting air 
temperature and precipitation data from 2021 in comparison with 
long-term average values (1990ɝ2020) for different climatic 
regions in Europe. Level II meteorological stations were allocated 
to climatic regions according to the well-known Koeppen-Geiger 
climate classification scheme with the aim to aggregate values 
from Level II plots and show changes across European climatic 
regions. The classification comprises here four main classes and 10 
sub-types (Beck et al. 2018). It is based on threshold values and 
seasonality of monthly air temperature and precipitation. 
Considering vegetation as ɢcrystallized, visible climateɣ, this 
classỉcation aims to empirically map biome distributions around 
the world: different regions in a similar climate class share common 
vegetation characteristics (Beck et al. 2018). The most frequent 
Koeppen climatic regions in Europe are (1) C-climates, which are 
temperate climates e.g. CfB atlantic temperate (beech climate) up 
to warm to hot Mediterranean climate (Csb, Csa), and (2) D-
climates, which are continental climates from humid continental 
(Dfa, Dfb: oak climate) to subarctic (Dfc: birch climate) and also to 
Mediterranean-influenced warm-summer humid continental 
climate (Dsa) (Tab. 6-1). The distribution of the Level II 
meteorological stations across Europe is shown in Figure 6.1. The 
allocation to climatic regions results in a large difference in the 
number of stations in the individual categories. Therefore, the 
informative value of individual subgroups is partially limited. 

Weather conditions in 2021 in Europe were much cooler than in 
most recent years, but still warmer than for the reference period 
(1991ɝ2020). In early spring, many parts of Europe saw a transition 
from unusually warm to unusually cold temperatures, with frost-
related impacts. Summer was the warmest on record and brought 
also several extreme events. In July, above-average soil moisture, a 
slow-moving low-pressure system, and record precipitation across 
Belgium, Germany, and eastern France resulted in extreme 
flooding. A long-lived and intense heatwave in the Mediterranean, 
combined with very dry conditions, led to high levels of heat stress 
and intense wildfires. Although summer was the warmest on 
record, with + 1.0 °C above average, spring was less than 0.5 °C 
cooler than average. For the year as a whole, the most-above-
average temperatures were found around the Black Sea, in 
southeastern Europe, and in western Russia. Temperatures in 
Scandinavia, and to a lesser extent in central Europe, were cooler 
than average. (EU-Copernicus-ECMWF 2022).



 

Table 6-1: Number of meteorological stations (n) at Level II plots in different climatic regions in 2021. For criteria, please refer to Table 3 in Beck et al. 2018. 

Code Description of climate Name n 
BSk Arid, steppe, cold Cold semi-arid climate 7 
Cfa Temperate, no dry season, hot summer Humid subtropical climate 5 
Cfb Temperate, no dry season, warm summer Temperate oceanic climate 36 
Csa Temperate, dry summer, hot summer Hot-summer Mediterranean climate 5 
Csb Temperate, dry summer, warm summer Warm-summer Mediterranean climate 4 
Dfa Cold, no dry season, hot summer Hot-summer humid continental climate 1 
Dfb Cold, no dry season, warm summer Warm-summer humid continental climate 135 
Dfc Cold, no dry season, cold summer Subarctic climate 22 
Dsb Cold, dry summer, warm summer Mediterranean-influenced warm-summer humid 

continental climate 
1 

ET Polar, tundra Tundra climate 1 
  TOTAL 217 

 

 

 
Figure 6-1: Map of Level II stations with gap-filled time series of meteorological data for 2021 and for different climatic regions  
(Table 6-1 acc. to Beck et al. 2018). 

  



 

Meteorological monitoring in the ICP Forests program includes 
measurements of standard surface meteorological variables 
according to international recommendations by the World 
Meteorological Organization (WMO 2008). In order to represent 
the specific climatic conditions of a forest, while being aware of 
potential errors due to the large spatial variability of 
meteorological data, all meteorological measurements were 
taken at an open field station within the forest area in close 
proximity to a Level II plot or from a weather station nearby.  

Technical equipment, sensors and their placement are in 
accordance with WMO standards (WMO - No. 8, No. 100, No. 168) 
and are compatible with national weather service networks. For 
details on the recorded parameters, the measurement design, 
data handling, as well as on quality assurance and quality control 
standards within the ICP Forests program, please refer to Raspe 
et al. (2013 and 2020). In this chapter, we only present air 
temperature and precipitation data in 2021 and compare it with 
their long-term average (1990ɝ2020). 

Air temperature sensors are installed in a passively ventilated 
solar radiation shield for accurate ambient measurements. Mast-
mounted sensors are positioned at a height of 2 m above ground 
level, on the north side of the mast. Only stations with a 
measurement height between 1.2 and 3.0 m were included in the 
analysis. Precipitation was measured with a tipping bucket or 
weighing rain gauges 1 m above the ground located in a 
relatively flat, open area. The orifice of the gauge is a horizontal 
plane, open to the sky. 

Meteorological measurements are made quasi-continuously and 
are then aggregated to daily values (means or sums) with a 
minimum requirement on the completeness of 95% for air 
temperature and 100% for precipitation. 

Data were cleaned according to ranges of plausible values as 
given in the ICP Forests Manual (Raspe et al. 2020) and checked 
for duplicates. Missing values in daily air temperature and the 
daily sum of precipitation were filled by adjusting modelled 
values from the ERA5-Land data set from the Copernicus Climate 
Change Service ɝ Climate Data Store (Copernicus Climate Change 
Service (C3S) 2017). ERA5-Land is a climate reanalysis model at 
a resolution of 9 km. It is available on an hourly basis for many 
climate variables, but because the 9 km grid is much coarser than 
ICP Forestsɠ near-plot observations, we applied some 
adjustments to the modelled ERA5-Land values.  

For air temperature, we applied a linear regression for each plot, 
finding a slope and intercept that related ICP Forestsɠ non-
missing observations on the forest plot (for all years of 
observation) to the modelled ERA5-Land values on their 9 km 
grid. This worked well for altitude differences. For 183 plots on 
which air temperature was measured in 2021, 52% of plots had 
at least one missing value that required gap filling, but overall 

only 7% of daily values were filled per plot on average. Statistics 
in Table 6-2 indicate good agreement for air temperature. 

Table 6-2: Statistics of the deviation between observed daily values 
and the adjusted ERA5 values 

Parameter Mean 
difference 

Absolute 
difference 

Median 
difference 

Air temperature 0.00 °C 0.96 °C 0.00 °C 
Precipitation 0.01 mm 2.04 mm -0.02 mm 
 

Precipitation is a notoriously difficult variable to fill for a 
particular location, because of large variation in precipitation 
amounts over relatively small distances. Where available, we 
used precipitation amounts collected in the ICP Forests 
deposition survey. These are generally collected as the sum of 
precipitation over a two-week period. To then find a daily 
precipitation amount, we distributed the sum of precipitation 
found in the deposition survey according to the daily 
precipitation amount in ERA5-Land. Where deposition data was 
unavailable, we used the ERA5-Land amount directly. For 204 
plots on which precipitation was measured in 2021, 46% of plots 
had missing values during the year that required gap filling and 
this resulted in only 7% of values filled per plot on average. 
Statistics in Table 6-2 indicate fairly good agreement for 
precipitation. 

In order to be able to classify the weather conditions in 2021, the 
measurement data from 2021 were compared with the long-term 
average of the climatological normal period 1990ɝ2020. For this 
purpose, the time series of the individual measuring stations 
were partially extended backwards to 1990 with the help of the 
ERA5-Land data set.  



 

Mean annual air temperature 
In general, mean air temperatures of ICP Forests Level II plots 
show differences between stations, with high annual 
temperatures in the Mediterranean region, moderate 
temperatures in central Europe and colder temperatures in 
northern Europe (Fig. 6-2). Extreme low values could be found in 

northern Finland and at higher situated plots in the Alps. 
Figure 6-2 also shows that the year 2021 was warmer than 
normal in southern, southeast and a few other plots across 
Europe and cooler in west-central and western Europe. 

Figure 6-2: Mean annual air temperature (°C) in 2021 (left) and deviation of annual air temperature (°C) in 2021 from the long-term average 
(1990ɝ2020) on Level II plots.  

 

 



 

Mean air temperature in the vegetation period 
For air temperature in the vegetation period (Fig. 6-3), we see a 
more continental influence on Level II plots in east-central 
Europe starting in north-east Germany and increasing eastwards. 
High temperatures occur in southern and SE-Europe, low 
temperatures in western, west-central Europe and in the Alps. In 
contrast to the year as a whole, it was significantly warmer than 
the long-term average during the vegetation period in most of 

Europe, with only some plots showing negative deviations. In 
western-central and western Europe and also at same sites in 
southern Europe (Greece) and east-central Europe (e.g. Hungary, 
Serbia), the temperature was slightly colder than the long-term 
average, although some plots in these regions also show positive 
temperature deviations (Fig. 6-3).

 
 

Figure 6-3: Mean air temperature (°C) in the vegetation period in 2021 (left) and deviation of mean air temperature (°C) in the vegetation period 
in 2021 from the long-term average (1990ɝ2020, right) on Level II plots. 

 

Annual mean air temperature in different climatic regions 
To complement the picture of annual mean air temperature at 
Level II plots during the year 2021, averages for different climatic 
regions were calculated. For the majority of Level II plots in 
continental climates (Dfa, Dfb, Dfc, Dsb) as well as in the 
temperate oceanic climate (Cfb), air temperature was near 
normal, while Mediterranean climates (Csa and Csb), the humid 
subtropical climate (Cfa) and cold semi-arid climate (Bsk) showed 
significant warmer conditions in 2021 than the long-term 
average (Fig. 6-4). However, it must be noted that the number of 
Level II plots varies greatly in the different climatic regions 
(Table 6-1). 

 

 
Figure 6-4: Deviation of annual mean air temperature in 2021 from 
the long-term average (1990ɝ2020) on Level II plots in different 
Koeppen climatic regions. For explanation of acronyms and for number 
of Level II plots in each climatic region, please refer to Table 6-1 and 
Figure 6-1).   



 

Temperature stress indicators 
The health and vitality of forests are affected more by extreme 
temperatures than by mean values. Heat and frost events are of 
special interest in this respect. 

Heat 
In 2021, maximum temperatures above 36 °C during the 
vegetation period occurred at Level II plots in southern and SE-
Europe, but also on one Level II plot in Hungary and a few in 
Germany. The majority of Level II plots in central Europe showed 
maximum temperatures during the vegetation period between 
24 °C and 36 °C (Fig. 6-5). Forests all across southern Europe 
were confronted by unusual hot days in 2021. Above long-term 

average maximum air temperatures in the vegetation period, 
partly up to +3.5 °C and more were found in southern and south-
eastern Europe due to a pronounced heat wave (Fig. 6-5). But also 
in Finland, northeast Germany, and the United Kingdom the 
maximum air temperature in 2021 was significantly higher 
compared to the long-term average. In contrast, Belgium, 
Switzerland, Czechia, some regions of France, and large parts of 
Germany were significantly cooler compared to the long-term 
average, with a very pronounced negative deviation of up to  
-3.5 °C and more on some Level II plots (Fig. 6-5). 

 

  

  
Figure 6-5: Maximum air temperature (°C) in the vegetation period in 2021 (left) and deviation of the maximum air temperature (°C) in the 
vegetation period in 2021 from the long-term average (1990ɝ2020) (right) on Level II plots.  

 

 

Another indicator of the risk of heat stress on forests is the 
number of hot days with a temperature maximum above 30 °C. 
For the majority of Level II plots in a humid continental climate 
(Dfa, Dfb), there was no increase in extreme hot days compared 
to the long-term average, only the one station with Dfa-climate 
showed a marked increase of nearly more than 20 hot days. An 
increase of around 10 hot days compared to the long-term 
average occurred in the cold semi-arid steppe climate (Bsk), the 
humid subtropical climate (Cfa), and the Mediterranean climates 
(Csa, Csb) (Fig. 6-6). Figure 6-6: Number of hot days (Tmax ʛ 30 °C) in 2021 and long-term 

yearly average (1990ɝ2020) on Level II plots in different Koeppen 
climatic regions. For explanation of acronyms and for number of stations 
in each climatic region, please refer to Table 6-1 and Figure 6-1.   



 

Late frost 
Late frost occurs when the daily minimum temperature falls below 
0 °C after the start of the vegetation period. This can cause damage 
to the young shoots or flowers of trees, especially shortly after bud 
break. The number of frost days in the growing season can be 
therefore considered as an indicator of late frost stress. 

In 2021, an exceptional deviation from normal was observed on 
Level II plots with humid subtropical climate (Cfa), temperate 
oceanic climate (Cfb), and cold semi-arid climate (Bsk); instead of 1 
to 2 frost days, up to 7 frost days were observed on these plots in 
2021 compared to the long-term average (Fig. 6-6). 

 

 
Fig. 6-7: Number of late frost days (Tmin in vegetation period < 0 °C) 
in 2021 and long-term yearly average (1990ɝ2020) on Level II plots 
in different Koeppen climatic regions. For explanation of acronyms and 
for number of stations in each climatic region, please refer to Table 6-1 
and Figure 6-1.

Annual precipitation 
The distribution of total annual precipitation in 2021 on Level II 
plots shows a more or less normal pattern. The highest annual 
precipitation was found in the Alps and mountain stations in 
Greece and the lowest in Spain as well as in east-central and 
south-eastern Europe (Fig. 6-8). 

The deviation of total precipitation in 2021 from the long-term 
average (1990ɝ2020) is less than 45% in either direction on the 

majority of plots and seldom reaches higher values. Towards the 
Mediterranean Sea, especially in Serbia, northern Italy, and Spain 
higher negative deviations were found. In general, the year 2021 
was slightly drier than normal all across Europe (Fig. 6-8). 
However, exceptions can be found, e.g., in Greece, Bulgaria, 
Spain, north-eastern Germany, and in the mountain regions on 
the German-Czech, Czech-Polish, and Slovak-Polish borders. 

  
Fig. 6-8: Annual precipitation in mm (l/m²) in 2021 (left) and deviation of the total annual precipitation in 2021 from the long-term yearly 
average (1990ɝ2020) (in %, right) on Level II plots. 
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