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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 2022 Technical Report presents results from 32 of the 42 
countries participating in ICP Forests. Part A presents research 
highlights from the JanuaryɝDecember 2021 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 70 scientific publications for which ICP Forests data 
and/or the ICP Forests infrastructure were used;  

¶ a list of all 21 official requests for ICP Forests data between 
January and December 2021; 

¶ a review of the 9th ICP Forests Scientific Conference 
FORECOMON 2021.  

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 

2020; 
¶ Tree crown condition in 2021; 
¶ History and progress of the ICP Forests ringtest programme 

and the Working Group QA/QC in Laboratories. 

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 for atmospheric 
pollutants reaching remote areas, such as forest ecosystems. 
Pollutants are produced by industry, traffic, agriculture, and other 
human activities, and they are emitted into the atmosphere. They 
can be transported towards other areas, where they are deposited 
mainly through wet deposition of compounds dissolved in rain, 
snow, sleet, or similar, and dry deposition of particulate matter 
and gases, for example, through gravity or adsorption on the 
forest canopy. The amount of pollutants deposited can be 
modelled, but in-situ measurements are needed because of their 
relatively high local variability, related to the distribution of 
pollutant sources and local topography. 

Chapter 6 of this report focuses on atmospheric throughfall 
deposition of acidifying, acid-buffering, and eutrophying 
compounds in European forests in 2020. 

As in previous years, high values of nitrate deposition were 
mainly found in central Europe (Germany, Denmark, and Austria), 
while for ammonium they were also found in Belgium, northern 
Italy, Slovenia, and Switzerland. While most of central Europe 
receives a moderate amount of sulphate deposition, high values 
are mainly found close to the largest point sources. In the 
southern part of Europe, sulphate deposition is also influenced 
by volcanic activity and by the episodic deposition of Saharan 
dust.  

Calcium, potassium, and magnesium deposition can buffer the 
acidifying effect of atmospheric deposition. High values of 
calcium deposition are reported in southern Europe, mainly 
related to the deposition of Saharan dust, and in eastern Europe.  

During 2020, most of Europe experienced a prolonged lockdown 
due to the COVID-19 pandemic. Fortunately, the deposition 
monitoring operations of ICP Forests partners were only 
marginally affected. However, it seems likely that the 
environmental effect of the limitation of traffic and industrial 
activities caused a decrease in the emission of sulphur and 
nitrogen oxides, which in turn led to a significant reduction in 
nitrate and (to a lesser extent) in sulphate deposition.  

 

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 

2 http://icp-forests.net 
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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 in 2021 presents results from 
crown condition assessments on the large-scale, representative, 
transnational monitoring network (Level I) of ICP Forests carried 
out in 2021, as well as long-term trends for the main tree species 
and species groups.  

The transnational crown condition survey in 2021 was conducted 
on 106 451 trees on 5 565 plots in 27 countries. Out of those, 
101 663 trees were assessed in the field for defoliation. The 
overall mean defoliation for all species was 23.5% in 2021, there 
was no change for broadleaves and a very slight increase in 
defoliation for conifers in comparison with 2020. Broadleaved 
trees showed a higher mean defoliation than coniferous trees 
(23.3% vs. 22.4%). Among the main tree species and tree species 
groups, deciduous temperate oaks and evergreen oaks displayed 
the highest mean defoliation (27.3% and 26.7%, respectively). 
Common beech had the lowest mean defoliation (20.9%) 
followed by deciduous (sub-) Mediterranean oaks and 
Mediterranean lowland pines with 22.0% each. Mediterranean 
lowland pines had the highest percentage (76.8%) of trees with 
ʚ25% defoliation, while deciduous temperate oaks had the 
lowest (59.0%).   

In 2021, damage cause assessments were carried out on 100 732 
trees on 5 459 plots and in 26 countries. On 46 790 trees (46.4%) 
at least one symptom of damage was found, which is 0.8 
percentage points less than in 2020 (47.2%).  

Insects were the predominant cause of damage and responsible 
for 24.6% of all recorded damage symptoms. Within the group of 
insects, 41.4% of damage symptoms were caused by defoliators. 

Abiotic agents were the second major causal agent group 
responsible for 16.2% of all damage symptoms. Within this agent 
group, almost half of the symptoms (46.2%) were attributed to 
drought, while snow and ice caused 10.8%, wind 9.0%, and frost 
4.7% of the symptoms. 

 

An important - and mostly little considered - factor in long-term 
environmental monitoring is consistently good data quality in the 
laboratory. After all, only actual changes or small trends in nature 
should be detected - not fluctuations in the quality of laboratory 
data. This was taken into account at a very early stage in the ICP 
Forests Level I and Level II surveys.  

In the early 1990s, before the Europe-wide soil and foliage surveys 
on Level I started, the Expert Panels Soil and Foliar decided to carry 
out laboratory comparison tests (ringtests) prior to and in parallel 
with their surveys. In 2007, the Working Group QA/QC in 
Laboratories was established with the aim to co-ordinate the 
knowledge exchange between the different ringtests for foliage, 
soil, and water (deposition and soil solution) in which nearly 100 
laboratories participate. Chapter 8 provides an overview on the 
history and progress of the ICP Forests ringtest programme and 
the Working Group QA/QC in Laboratories. 
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I am pleased to introduce the 2022 Technical Report of the 
International Co-operative Programme on Assessment and 
Monitoring of Air Pollution Effects on Forests (ICP Forests).  
 
In 2021, Switzerland hosted the 37th Task Force Meeting of the 
ICP Forests and the 9th Scientific Conference in Birmensdorf. 
This was the second Task Force meeting in Switzerland, after 
the one 31 years ago in 1990 in Interlaken. Switzerland is still 
an active member to the Air Convention and the ICP Forests.  
 
The Swiss forest covers nearly 1/3 of the country. Preventing 
natural hazards is the most important function for 50% of the 
forests. Swiss forests are managed with the concept of close-
to-nature silviculture since decades. However, also natural 
forests receive deposition of air pollutants, leading to subtle 
changes in forests.  
 
Forest monitoring provides us with information on the status 
and trends of the forest condition. Together with data on 
deposition and on changes in the climate, we gain insights in 
dose-response relations and we can determine the 
sustainability boundaries of forests. This is essential for the 
national and international air pollution abatement policy and 
for regulatory measures aiming at reducing negative impacts 
on forest ecosystems. Whereas the sulfur emissions were 
successful reduced in the last decades, the high nitrogen 
emissions are still a matter of concern.  
 
The climate change is another challenge affecting the Swiss 
forests. Measures to strengthen forests against climate change 
are already addressed in the Swiss forest law. Now the Federal 

Council is implementing the action plan 2020-25 of the overall 
strategy for adaptation to climate change in Switzerland.  
 
Forest Monitoring data becomes more important and valuable 
with every year. The temporal development of forest conditions 
and growth reveal their interlinkages with deposition, climate 
and site conditions. After decades of monitoring, we have now 
a precious treasure of robust data.  
 
I would like to thank the ICP Forests community for their efforts 
and wish the programme all the best and success for the future. 
 
 

 
 
Dr. Paul Steffen  
Deputy Director General, Federal Office for the Environment 
FOEN 
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It is my great pleasure and honor to introduce the ICP Forests 
Technical Report ɢForest Condition in Europe. The 2022 
Assessmentɣ. 

The report includes three main parts with highlights related to 
our monitoring activity (Part A: publications, data requests, 9th 
Scientific Conference, and condensed overview about the main 
findings in relation to air pollution and forests that appeared in 
selected scientific papers in 2021-2022), recent results and 
development (Part B: atmospheric deposition, tree crown 
condition, and ring-tests among laboratories), and the traditional 
reports from countries (Part C).  

All the parts of this report help very much to understand the 
wealth of activity carried out within the ICP Forests (i) at pan-
European scale, (ii) in the long-term, and (iii) with a concept that 
connects 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 its inclusive nature and 
multimedia and multilevel concept, a program that was initially 
conceived to monitor the effects of air pollution on forests, 
proves now to be useful also to monitor the effects related to 
climate change. In this respect, it is rewarding that our 
monitoring concepts, methods, and governance are now 
considered exemplary by many. 

It is always important to consider that ICP Forests is part of the 
UN ECE Air Convention, the oldest multi-national and multi-
lateral environmental agreement in the world, and that the 
values of our data series grow every year as data series get longer 
ɝ see the amount of data requests and the increasing number 
(and quality!) of publications using our data. Here, my gratitude 
goes to the Air Convention bodies, the Lead Country, all the 

participating Countries, the Programme Co-ordinating Center, 
Groups, Panels, and Committees of the ICP Forests for their 
enduring support, passion, and commitment. 

We have plans for the future. We want to further expand our 
monitoring in terms of portfolio of attributes to be measured and 
measurement methods, and in terms of geographical scope. We 
are also planning to make our annual Technical Report more 
complete, and in future there will be an augmented contribution 
from our Expert Panels.  

For the time being, however, I wish you an informative and 
stimulating, still enjoyable, reading. 

 

 
 
Marco Ferretti 
Chairman of the ICP Forests 
Swiss Federal Research Institute WSL 
 

 
  



 

     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 5624 observation plots (as 
at 2021) 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 561 plots (as at 
2020, 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 35 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 2022 Technical Report of ICP Forests, its 
online supplementary material, and other information on the 
programme can be downloaded from the ICP Forests website5.   

¶ The lead country Germany has appointed a new 
representative after the retirement of Sigrid Strich. Juliane 
Henry from the Federal Ministry of Food and Agriculture has 
been warmly welcomed to the Programme.  

¶ Michael Tatzber from the Austrian Research Centre for 
Forests BFW in Vienna has taken over the position as Chair 
of the Forest Foliar Co-ordination Centre (FFCC) from Alfred 
Fürst. Alfred will stay with us as Chair of the WG QA/QC in 
Laboratories. 

¶ The data unit at the Programme Co-ordinating Centre (PCC) 
of ICP Forests is constantly improving the data 
management, data availability and usability, and 
information flow within the programme and to the scientific 
community and the public. The following developments of 
the data unit were recently accomplished:  
o All structural problems and Manual changes known 
before last yearɠs submission period were implemented 
successfully. 

o All data available in the database is now tested every 
night according to the latest checkroutines. The 
results, which provide an overview of any problems 
detected, are provided along with the data. 

o Finally, a unique data structure was defined for all 
surveys, which considerably facilitates the submission 
of longer time series and improves the usability of the 
monitoring data. 

¶ Serious effects of the COVID-19 pandemic on the data 
collection, evaluation, and reporting of the forest 

4 http://icp-forests.org/open_data/ 
5 http://icp-forests.net/page/icp-forests-technical-report 

https://unece.org/environment-policy/air
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monitoring under ICP Forests were reported from only a few 
countries; we thank all programme participants for their 
continuous effort and support in these difficult times. 

¶ The new ICP Forests Brief No. 51 titled Tree health is 
deteriorating in the European forests reported that the 
proportion of fully foliated trees has declined over the past 
30 years, while mean defoliation has increased, particularly 
since 2010. Insects and drought are the most frequently 
reported causes for tree damage. 

¶ 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 website2. 

¶ A report on Heavy metals in forest floors and topsoils of ICP 
Forests Level I plots: Based on the combined Forest Soil 
Condition Database - Level I (FSCDB.LI) was published in 
2021 by Tine Bommarez, Nathalie Cools, and Bruno De Vos 
from the Research Institute for Nature and Forest (INBO) and 
ICP Forests Soil Co-ordinating Centre (FSCC) in Belgium. It 
can be downloaded from the ICP Forests website3. 

¶ 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 70 in 20214, 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. 

¶ The EMEP Steering Body and Working Group on Effects 
under the UNECE Air Convention met online 1ɝ4 March 
2021 and 13ɝ16 September 20215, to discuss the progress 
in activities and further development of effects-oriented 
activities, e.g. with regard to the 2020-2021 workplan for 
the implementation of the Convention, the update of the 
WGE/EMEP scientific strategy, and the review of the 
Gothenburg protocol.  

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

¶ At the Joint Expert Panel Meeting (8ɝ12 March 2021), 233 
registered participants joined online from 29 European 
countries and discussed current issues and developments in 
nine Expert Panels and Working Groups. 

¶ The 37th ICP Forests Task Force Meeting was organized by 
the Swiss Federal Research Institute WSL and held as a 
hybrid meeting, 10ɝ11 June 2020, with 58 participants from 
27 countries.  

¶ The 9th ICP Forests Scientific Conference FORECOMON on 
Forest monitoring to assess forest functioning under air 
pollution and climate change took place as a hybrid meeting 
at th Swiss Federal Research Institute WSL, 7ɝ9 June 2021, 
with 23 oral and 61 poster presentations with authors and 
co-authors from 36 countries.  

¶ The Programme Co-ordinating Group (PCG), Quality 
Assurance Committee, and Scientific Committee met in 
Berlin, 9ɝ10 November 2021, 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. 

Our sincere gratitude goes to Peter Waldner (NFC Switzerland) 
and his colleagues from the Swiss Federal Research Institute WSL 
and Sabine Augustin (Ministry Switzerland) and the Federal Office 
for the Environment (FOEN) for the organization and support of a 
smooth hybrid 37th Task Force Meeting of ICP Forests and 
FORECOMON 2021, 7ɝ11 June 2021.  

For more than 35 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 http://icp-forests.net/page/icp-forests-other-publications 
4 http://icp-forests.net/page/publications 
5 https://unece.org/environment-policy/air 
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Marco Ferretti, Lars Vesterdal, Roberto Canullo, Nathalie Cools, Bruno De Vos, Stefan Fleck, Elena Gottardini, Leena 
Hamberg, Tom Levaniċ, Aldo Marchetto, Tiina M. Nieminen, Diana Pitar,  Nenad Potoċić, Pasi Rautio, Tanja Sanders, 
Volkmar  Timmermann, Liisa Ukonmaanaho, Arne Verstraeten, Peter Waldner, Daniel šlindra 

Marco Ferretti, Lars Vesterdal 

ICP Forests reporting of activities to stakeholders (e.g. Air 
Convention bodies, Participating countries) is largely based on 
data and results produced by the Programme but should be also 
viewed in the perspective of other scientific sources.  

Here we present a brief overview prepared by all the ICP Forests 
Expert Panels (EPs) and reviewed by the Scientific Committee. 
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, 
heavy metals, air pollution/climate change interactions.  

EPs based their input on approximately five arbitrarily selected 
recent papers that did not necessarily originate from the ICP 
Forests network. As agreed at the Programme Co-ordinating 
Group Meeting in 2021, scientific publications were selected if 
(1) peer-reviewed; (2) from the reporting year or the year before, 
if not yet included; (4) covering emerging issues; and (5) relevant 
to the UNECE Air Convention. A further requirement that studies 
should include data from more than one country, was not always 
considered, as many valuable studies were carried out at national 
level. In the future, the selection procedure will be further 
refined. 

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 flux of energy and matter across the three 
compartments, some overlap will of course exist among the 
different chapters. Connection and interrelationships are 
particularly important in view of the interactions between the 
abiotic and biotic environment, and specifically air pollution, 
deposition, climate change and extreme events. 

1.1 Atmospheric deposition  
Arne Verstraeten, Peter Waldner, Daniel šlindra, Aldo Marchetto 

Recent work focused on shifts in N and sulfur (S) deposition, the 
refining of methods for deposition monitoring and critical loads 
for sensitive lichens in relation to climate change.  

Marchetto et al. (2021) conducted a study aiming to further 
improve both measurements and model-based estimates of S and 
N deposition in Europe. Measured N and S depositions from EMEP 
and ICP Forests, two largely independent networks covering most 
of Europe, were compared to depositions calculated with the 
EMEP MSC-W model. A generally good agreement (bias <25%) 
was found for S and nitrate deposition in the open field. For 
ammonium, however, differences were larger at some sites due 
to local ammonia sources, which could not be accounted for by 
the current model.  

Chang et al. (2021) evaluated long-term changes in precipitation 
acidity and the composition of acidifying compounds using data 
from three different networks across North America, Europe, and 
East Asia. They found a general tendency towards increasing pH 
in North America and Europe owing to the reduction of SO2 
emissions. With regard to N, deposition evolved from nitrate- to 
ammonium-dominated.  

Long-term trends of total (dry + wet) inorganic N deposition in 
Swedish forests were evaluated by Karlsson et al. (2021), 
showing somewhat larger decreases than expected from the 
decrease in the reported emissions in Europe. They emphasized 
the need to include estimates of dry deposition in the assessment 
of N deposition in forests.  

Geiser et al. (2021) reassessed critical loads for epiphytic 
macrolichens in US forests and studied the interaction between 
effects of N deposition, relative humidity, temperature and 
precipitation on lichen communities. Critical loads were 
estimated to be 1.5 kg ha-1 yʓ1 N deposition and 2.7 kg ha-1 yʓ1 S 
deposition, which is extremely low, confirming the high 
sensitivity to air pollution of this group of organisms. 



 

Interestingly, the study suggested that a reduction in N 
depositions could mitigate the expected negative effects of 
climate change on forest lichen communities. 

1.2 Tropospheric ozone  
Diana Pitar, Elena Gottardini 

There is a general agreement about the need to adopt a flux-
based risk assessment for the protection of European forests to 
tropospheric ozone (O3). A study on the stomatal ozone fluxes 
carried out at low-elevation forest sites in Western Germany over 
the period 1998ɝ2019 pointed out the importance to account for 
both O3- and drought-induced effects on forest physiology and 
health: During growing seasons with sufficient water supply ɝ 
and often lower O3 levels ɝ forests are at higher O3 risk than 
during hot and dry periods (Eghdami et al. 2022).  

As for the impact of O3 on vegetation, the integrated effect of 
climate and O3 fluxes on intra-annual tree ring increments of 
Picea abies, Pinus sylvestris, Betula pendula, and Betula 
pubescens was studied in the north-eastern part of Lithuania 
during the 2016ɝ2018 period. Surface O3 fluxes stimulated 
shrinking and inhibited the swelling of the tree stem, which 
resulted in a reduction of tree ring width in all tree species 
(Augustaitis 2021). Applying the ICP Forests protocol for 
assessment of leaf O3 injury, Sicard et al. (2021) found a 
significant correlation between the percentage of symptomatic 
plant species within the light exposed sampling site (LESS) and 
POD1, based on observations carried out at nine Level II Italian 
forest monitoring sites over 2017ɝ2019. The results confirm the 
suitability of this plant-response indicator for the assessment of 
phytotoxic O3 levels in forests. In addition, a critical level of 11 
mmol mʓ2 POD1 was recommended for forest protection against 
O3 injury. The appearance of visible symptoms on hybrid poplar 
leaves was preceded by microscopic necrosis that developed 
weeks before and at half the phytotoxic O3 dose (Turc et al. 2021). 
Notwithstanding the initial visible injury to foliage, the treated 
poplars had still not shown any growth or biomass reduction. 

During the 21st century, simulations suggest a decrease of O3 due 
to air pollution control; this decrease, combined with the indirect 
effects of rising atmospheric CO2 concentration, which reduces 
stomatal uptake of O3 and increases water use efficiency, should 
lead to the decline of O3-induced reductions in northern 
hemispheric gross primary production (GPP) and carbon uptake. 
However, in hot spot regions such as East Asia, the model 
simulations suggest a sustained decrease in GPP by more than 
8% throughout the 21st century (Franz and Zaehle 2021). Thus, it 
is important to continue the monitoring of O3 and the assessment 
of effects considering the possible role of other environmental 
factors. 

2.1 Forest growth  
Tanja Sanders, Tom Levaniċ 

After the drought years of 2018 and 2019, insights into tree 
responses emerged. Changes in tree growth in response to 
various environmental factors have therefore become 
increasingly important. Several studies investigated the response 
of beech (Fagus sylvatica L.) to drought and reported increased 
decline and mortality. It was found that basal area increment in 
2018 was significantly lower than the average annual increment 
in previous years (Rohner et al. 2021).  

Salomón et al. (2022) used near real-time dendrometer data to 
show that there appeared to be no impact on growth during the 
drought period, only on stem hydration; thus, the question is 
whether we can capture the current processes.  

Detailed analyses of the effects of ozone (Jakovljević et al. 2021) 
or the composition of ectomycorrhizal fungi (Anthony et al. 2022) 
further increase the complexity of factors affecting growth, 
highlighting the need for multifactor studies. 

2.2 Forest health  
Nenad Potoċić, Volkmar Timmermann, Tom Levaniċ 

Tree growth and defoliation are widely used as indicators of tree 
vitality and forest health, despite being non-specific in terms of 
causes. Approaches to investigate defoliation as an indicator of 
forest health (mean values, defoliation classes, detrended values) 
are related to different research approaches and research goals, 
or simply to the fact that many climatic and non-climatic 
(structural, abiotic/biotic, etc.) factors influence defoliation as an 
overarching, general indicator of tree health and vitality. 
Regarding tree growth as an indicator of tree/forest health, 
various measures of growth are commonly used 
(annual/periodical basal area increment, radial increment, etc.), 
which is dictated both by the diversity of available data and the 
research design and needs.  

Recent papers dealing with the association of tree defoliation and 
growth are building on the pool of knowledge accrued from the 
early 1990s onwards and are now aiming at a fresh perspective. 
For instance, Ferretti et al. (2021a) used the mean periodical 
defoliation (averaged over ten years) and the 10-year cumulated 
growth to determine possible negative effects of defoliation on 
tree growth across 91 Level II plots in France. They found that 
basal area increment (BAI) is consistently negatively and 
significantly related to mean defoliation, across functional groups 
and for most of the individual tree species considered, at a rate 
of 0.9% per unit increase of defoliation. The difference in BAI 
becomes significant at 15% (overall) and 15ɝ30% (individual 
species) defoliation levels, thus providing evidence that the 25%-
defoliation threshold adopted by international monitoring 



 

programs can be a reasonable approximation for tree health 
classification.  

Tallieu et al. (2020), on the other hand, aimed to identify 
defoliation and radial increment signals in beech (Fagus 
sylvatica L.) in relation to climate, and opted to keep only high-
frequency inter-annual signals. This led to the conclusion that 
several climatic drivers have an effect on both radial growth and 
crown condition, where previous-year climatic variables tend to 
control defoliation, while radial growth is more sensitive to 
current-year climate. In terms of sensitivity of tree health 
indicators, radial growth presented a strong common signal 
among trees, while the response of defoliation was more distinct 
at the individual tree level, resulting in defoliation capturing 
fewer pointer years than radial growth.  

Regarding the applicability of defoliation as an indicator of tree 
vitality, Ferretti et al. (2021b) found that the relationship 
between defoliation and growth changes in relation to the time 
scale considered, becoming stronger when data are aggregated 
over longer time scales. This effect is likely due to the 
mechanisms behind the defoliation-growth relationship and is 
modified according to the factors causing damage. Nevertheless, 
in the view of the significant negative relation of radial growth to 
defoliation the study supports the use of defoliation as a rapid 
indicator of forest health and vitality. 

Regardless of the research approaches used, or the results of 
these studies, the number of recent papers that discuss the 
relation of growth and defoliation, coupled with some ongoing 
research projects on similar topics, underline the importance of 
long-term monitoring of crown condition and growth as main tree 
health indicators, as well as the need for continuous supply of 
pan-European, harmonized forest monitoring data in the years to 
come. 

2.3 Forest nutrition  
Pasi Rautio, Liisa Ukonmaanaho 

The highligted studies from the last year focused on 
characterization of plant-available soil nutrients and variation in 
foliar N and phosphorus (P) contents as affected by fruit 
production and prescribed burning.  

Bel et al. (2020) found that for 81%, 87% and 90% of the soil 
samples (respectively for calcium, magnesium and potassium (K), 
the plant-available pools measured by isotopic dilution were 
greater than the conventional exchangeable pool of the same 
nutrients. 

Nussbaumer et al. (2021) reported that leaf N and P contents 
decreased with increasing fruit production in Fagus sylvatica and 
Quercus species, as did leaf carbon (C) content in Fagus sylvatica. 
Overall, their findings suggest different resource dynamics 
strategies in Fagus sylvatica and Quercus species, which might in 

turn lead to differences in their adaptive capacity to a changing 
climate. 

Espinosa et al. (2020) observed an increasing trend in N, P, and K 
concentrations in needles after prescribed burning treatment in a 
mixed stand of Pinus nigra and Pinus pinaster  at the El Pozuelo 
site, as well as in a pure stand of Pinus nigra at the Beteta site in 
the Cuenca Mountains. 

Finally, Prescott and Vesterdal (2021) reviewed recent key 
developments and the current understanding of litter 
decomposition and transformation processes as well as pathways 
for organic matter incorporation in forest soils. They highlighted 
e.g. the following issues: (i) The labile component of litter is a 
principle source of soil organic matter (SOM). (ii) The ɟmaximum 
decomposition limitɠ represents the proportion of litter material 
that has been transformed into persistent by-products rather than 
the amount that has not been decomposed. (iii) Decomposition 
and soil incorporation of organic matter can follow several 
pathways, depending on the site conditions (climate, parent 
material, soil characteristics), soil biota and vegetation.  

2.4 Forest tree phenology 
Stefan Fleck 

There is consensus that human influence has warmed the 
atmosphere, ocean and land, and each of the last four decades 
has been successively warmer than any decade that preceded it 
since 1850 (IPCC 2021). These climate changes substantially 
alter the phenology of forest trees. In the years 2020 and 2021, 
significant advances were achieved in phenological modelling of 
canopy foliage status. Nölte et al. (2020) improved the 
phenological submodels for budburst and leaf senescence of oak 
in the 3-PG model using extensive datasets from Germany and 
France. While budburst was modelled based on a regression of its 
anomaly to mean spring temperature, the anomaly of leaf 
senescence was modelled as a regression to mean temperature 
of October.  

Gárate-Escamilla et al. (2020) developed a new leaf senescence 
model for beech based on mean temperature in September, 
October, and November in the population area of the beech 
provenance and of the same temperature variable at the actual 
location of the beech stand. In their linear mixed model, they 
found that early dates of budburst are correlated with early dates 
of leaf senescence when populations originate from warmer 
regions in Europe, while the combination of early budburst with 
late leaf senescence is typical for colder origins e.g. in the 
northern countries in Europe.  

The climatic adaptation of trees also plays a role in budburst 
models: Liang and Wang (2021) showed that a basic degree day 
budburst model, applied to data of 14 tree species in the USA 
National Phenology Network, is improved when climatic 
adaptation is considered in an empirical way in the model. The 
multivariate linear model of Marchand et al. (2020) models the 
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inter-individual variability of budburst of oak, beech, and silver 
birch based on previous yearɠs onset of leaf senescence and tree 
size and could explain 66% of the budburst variability. A model 
comparison for budburst models of birch, larch, spruce, ash and 
hazel was made by Asse et al. (2020) based on eight years of data 
from the French Alps, with the conclusion that process-based 
models are more robust under climate change conditions than 
purely correlative models.  

The influence of photoperiod on budburst of beech, oak, ash, 
alder, birch, and horse chestnut was modelled by Meng et al. 
(2021) based on 36 years of observations from the Pan European 
Phenological Network in the Northern Alps. They propose two 
alternative model formulations to consider photoperiod. Journé 
et al. (2021) modelled fruit production of beech and oak and 
discovered an effect of current year canopy duration on top of the 
well-known effect of previous summer temperature. 

2.4 Forest biodiversity and ground vegetation 
Leena Hamberg, Roberto Canullo 

Richard et al. (2021) investigated the temporal dynamics of 
understory vegetation responses to climate change. They found a 
time lag in the response of temperate forest understory 
vegetation to warming climate: the velocity at which atmospheric 
air temperatures are rising is twice as fast as the velocity at which 
understory plant communities are responding. The lag in the 
response of herbaceous plant communities to climate warming 
increased linearly over time. Greater lags were observed in plots 
with warmer baseline temperature conditions, and in denser and 
older forests. No clear differences were found between 
coniferous and deciduous forests nor between inside and outside 
of the fenced forested sample plot area (effect of herbivores). 
However, forest disturbances and anthropogenic disturbances 
had a negative effect on the lag. 

In a study by Kermavnar et al. (2021), local stand characteristics 
and soil properties were the main controlling factors for both 
species and trait diversity in herb-layer communities across 
Slovenia whereas climatic parameters had a minor role. 

Kaarlejärvi et al. (2021) investigated temporal turnover of the 
boreal forest understory in Finland in response to anthropogenic 
disturbance, especially forest management, along a soil fertility 
gradient. They found that changes in vascular plant communities 
in boreal forests were driven jointly by time since disturbance and 
fertility. The greatest change was observed in the most fertile 
forest stands during the first decade after a major disturbance, 
such as clear-cutting, but fertility was not a driver of community 
change in the oldest forests. 

Frey et al. (2021) investigated the vertical distribution of the soil 
microbiome to a depth of 2 m in Swiss drought-exposed forests. 
With increasing soil depth fungal biomass and microbial diversity 
in soils decreased. However, bacterial abundance increased with 
soil depth. Bacterial and fungal communities varied significantly 

across the soil layers, especially among bacteria. Changes in 
microbial communities were associated with decreasing organic 
carbon, nitrogen, and clay content when soil depth increased. 
Both bacteria and fungi were also affected by tree species and 
substrate. In deep soil layers, poorly known bacterial, archaeal 
and fungal taxa were found.  

Bruno De Vos, Nathalie Cools, Tiina Nieminen 

3.1 Soil solid phase  
Long-term ecosystem research continues to support that the N 
cycle interacts in a complex way with climate change and with all 
ecosystem compartments, among others soil, plants and micro-
organisms. Anthony et al. (2022) showed that fast tree growth 
could be associated with ectomycorrhizal fungi that are more 
affiliated to inorganic and less to organic nitrogen acquisition. 
When including climate change scenarios in future projections of 
carbon and nitrogen cycles, Schlutow et al. (2021) expects for 
German forest soils that the litter decomposition rates will 
increase. However, Kwon et al. (2021) suggested that the 
projected increases in N deposition may have the capacity to 
dampen the climate-driven increases in litter decomposition, 
depending on the biome and decomposition stage of substrate. 
In Andalusia, forest health studies revealed the relevance of 
spatio-temporal changes in environmental factors including soil 
properties such as organic matter content, soil moisture and 
nutrient availability (Sánchez-Cuesta et al. 2021). 

3.2 Soil solution 
The decreasing trend in deposition since the 1990s seems to 
cause several changes in the nutrient balances in the forests. Soil 
solution chemistry continues to show decreasing S-SO4 
concentrations but on the other hand an increasing trend in 
dissolved organic carbon (Bardule et al. 2021, Sawicka et. 2021). 
In Germany, Brumme et al. (2021) showed in seven beech stands 
that most of the deposited nitrogen is retained in the trees, 
especially in the stands on less acidic soils, and that 28% is 
retained in the soil with high N/P and C/P ratios. P limitation in 
European forest soils is observed in more and more studies (Du 
et al. 2021; He et al. 2021), especially in combination with 
seasonal drought (Asensio et al. 2021). 

Marco Ferretti, Lars Vesterdal 

There was important evidence that emerges from the overview, 
and that shows in which scientific advancements ICP Forests data 
can play an important role.  

(i) Air pollution continues to affect forest ecosystems. Still 
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 



 

affected by air pollution, namely by N deposition, ground-level 
ozone, 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. The need for 
continuous monitoring remains in order to document and 
mitigate these effects on forest ecosystems.  

(ii) Air pollution changes, and its effects on forests are 
diversified. Increased pH in precipitation in North America and 
Europe, a shift from nitrate to ammonium dominated 
N deposition, and possible future reduction of tropospheric ozone 
were reported. On the other side, the N deposition level remains 
high in several European regions and has been found to affect 
tree growth, lead to imbalances in tree nutrition, promote soil 
acidification, and affect the composition of understory 
communities of plants, mosses, and lichens. Ozone has been 
reported as a potential threat to biodiversity, tree growth and 
health, although effects are not always unidirectional. 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. It should be reinforced with e.g. a remote sensing 
component. 

(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. An 
example is the study of ectomycorrhizal community composition 
at ICP Forests Level II plots, which revealed an association 
between high rates of tree growth and ectomycorrhizal 
communities adapted to inorganic rather than organic 
N acquisition, a characteristic of forests with high N deposition. 
The role of the soil microbiome and its diversity for vitality and 
growth of forest trees under increasing stress from air pollution 
and climate change is a promising topic for integration in long-
term forest monitoring and research, as shown also by other 
studies. 

(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. Alongside, windstorms hit several regions across Europe, 
causing devastating windthrow damage. Both disturbance factors 
(drought and windstorms) caused 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. 
An example mentioned by several authors is the observed 

interaction between N deposition, ozone and drought that can 
result in very diversified effects. While a considerable body of 
knowledge exists in terms of experimental studies under 
controlled conditions, evidence from observational studies of 
European forest ecosystems is still limited. Among others, this is 
an area of clear concern for the Air Convention, and where 
progress in scientific understanding and assessment remains 
necessary. 
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Between January and December 2021, data that had either 
originated from the ICP Forests database or from ICP Forests plots 
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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. 
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Weldon J, Grandin U (2021): Weak recovery of epiphytic lichen 
communities in Sweden over 20 years of rapid air pollution 
decline. The Lichenologist 53(2): 203ɝ213. 
https://doi.org/10.1017/S0024282921000037 

Yang Y, Wang A, Cherubini P, et al (2021) Physiological and 
growth responses to defoliation of older needles in Abies 
alba trees grown under two light regimes. For Ecol Manag 
484:118947. https://doi.org/10.1016/j.foreco.2021.118947 

Zanchi G, Lucander K, Kronnäs V, et al (2021) Modelling the 
effects of forest management intensification on base cation 
concentrations in soil water and on tree growth in spruce 
forests in Sweden. Eur J For Res 140:1417ɝ1429. 
https://doi.org/10.1007/s10342-021-01408-6 

Ziche D, Riek W, Russ A, et al (2021) Water budgets of managed 
forests in Northeast Germany under climate changeɞResults 
from a model study on forest monitoring sites. Appl Sci 
11:2403. https://doi.org/10.3390/app11052403 

Zielonka A, Drewnik M, Musielok Ĳ, et al (2021) Biotic and abiotic 
determinants of soil organic matter stock and fine root 
biomass in mountain area temperate forestsɞExamples from 
cambisols under European beech, Norway spruce, and silver 
fir (Carpathians, Central Europe). Forests 12:823. 
https://doi.org/10.3390/f12070823 

Zolles A, Schueler S, Gartner K, Scheifinger G (2021) Continuous 
Parameterization of Leaf Area Index and Phenological 
Phases Within Deciduous Forests Based on Temperature 
Measurements. Front For Glob Change 4. 
https://doi.org/10.3389/ffgc.2021.768085 

Zweifel R, Etzold S, Basler D, et al (2021) TreeNet ɝ The 
biological drought and growth indicator network. Front For 
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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 21 requests for ICP Forests data between January and December 2021. All past and present 
ICP Forests data uses are listed on the ICP Forests website2.  

ID3 Name of Applicant Institution Project Title External/ 
Internal4 

220 Jan Peter George, 
Nenad Potocic,  
Tanja Sanders 

University of Tartu Monitoring ash dieback with ICP Forests Level I survey 
data 

Internal 

221 Susanne Jochner-
Oette 

Katholische Universität Eichstätt-
Ingolstadt 

Evaluation of masting behaviour of birch External 

222 Joseph Levillain INRAE Evaluation of pedotransfer functions for estimating 
available water content of soil in a forest context 

External 

223 Benjamin Stocker Swiss Federal Institute of Technology 
ETH Zurich 

Next-generation modelling of the biosphere ɝ 
Including new data streams and optimality approaches 

External 

224 Enmanuel 
Rodriguez Paulino,  
Martin Schlerf 

University of Trier, Luxembourg 
Institute of Science and Technology 

Using multi-sensor remote sensing data and deep 
learning methods to disentangle causes of forest 
vitality loss 

External 

227 James Weldon Swedish University of Agricultural 
Sciences 

Understorey vegetation community stability and drivers 
of change 

External 

228 Arthur Gessler Swiss Federal Institute for Forest, 
Snow and Landscape Research (WSL) 

Illustration of multi-seasonal meteorological pathways 
to reduced forest productivity in Europe in 2000-2020 

External 

231 Axel Göttlein Technische Universität München Derivation of nutritional threshold values for the 
element sulphur for the tree species fir 

External 

232 Ryan McClory University of Reading Assessment of weather typologies and remote sensing 
data to explain and predict acorn production in 
Quercus robur and Quercus petreae 

External 

233 Federico Magnani University of Bologna Improved estimation of forest C sequestration from 
PRISMA retrieval of canopy N and photosynthetic 
potential 

External 

234 Hendrik Martin 
Würz 

Fraunhofer Institute for Computer 
Graphics Research 

AI for climate-adapted forest restructuring External 

235 Colin Averill ETH Zürich ICP Forests microbiome linkages to soil carbon cycling Internal 

                                                                    
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 Name of Applicant Institution Project Title External/ 
Internal4 

236 Joachim Fallmann Karlsruhe Institute of Technology Cloud-based Decision Support System: EDE4.0 - 
Enhanced Dynamic Felling Planning 4.0 

External 

237 Raisa Mäkipää Natural Resources Institute Finland 
(Luke) 

Holistic management practices, modelling and 
monitoring for European forest Soils (HoliSoils) 

External 

238 Radoslaw Jagiello Poznaĵ University of Life Sciences Interaction between Viscum album ssp. austriacum and 
Pinus sylvestris on different spatial and temporal 
scales 

External 

240 Anita Zolles Austrian Federal Research and 
Training Center for Forests, Natural, 
Hazards and Landscape 

Alien plants in managed forests across European forest 
types and management intensities under climate 
change 

External 

241 Mitja Skudnik,  
Tanja Sanders 

Slovenian Forestry Institute The development of the Machine Learning Forest 
Growth Simulator (MLFS) 

Internal 

242 Manuel Ehling, 
Rainer Duttmann 

Christian-Albrechts-Universität Kiel Temporal-spatial analysis on damages to forests in 
Germany 

External 

243 Andrey Lessa Derci 
Augustynczik 

International Institute for Applied 
System Analysis 

European Union Biodiversity and Climate Strategies 
Assessment (EU BIOCLIMA) 

External 

244 Aleksandar 
Dujakovic,  
Francesco Vuolo 

University of Natural Resources and 
Life Sciences (BOKU) 

Quantifying forest net primary production at high 
spatial resolution 

External 

245 Eric Andreas Thurm, 
Stephan Raspe 

Landesforst Mecklenburg-
Vorpommern 

Evidence-based cultivation recommendations under 
climate change 

Internal 

 

  



 

 

 Marcus Schaub, Lars Vesterdal, Bruno De Vos, Marco Ferretti, Stefan Fleck, Päivi Merilä, Anne-Katrin Prescher,  
 Kai Schwärzel, Liisa Ukonmaanaho

The 9th ICP Forests Scientific Conference on Forest Monitoring to 
assess Forest Functioning under Air Pollution and Climate 
Change  took place as a hybrid meeting on 7ɝ9 June 2021 at the 
Swiss Federal Research Institute WSL in Birmensdorf nearby 
Zurich, Switzerland, followed by a post-conference excursion 
from 11ɝ12 June 2021 into the Swiss Alps.  

The goal of FORECOMON 2021, was to highlight the extensive 
ICP Forests data series on forest growth, phenology and leaf area 
index, biodiversity and ground vegetation, foliage and litterfall, 
ambient air quality, deposition, meteorology, soil and crown 
condition. We combined novel modeling and assessment 
approaches and integrated long-term trends to assess air 
pollution and climate effects on European forests and related 
ecosystem services. Novel results and conclusions from local to 
European scale studies were presented and discussed. Despite all 
challenges imposed by COVID-19, we enjoyed an inspiring 
conference with new insights from 23 oral and 61 poster 
presentations with authors and co-authors from 36 countries.  

A special issue in Frontiers in Forests and Global Change 
comprises 6 publications presenting the results on resource 
dynamics in mast years for European beech and oak (Nussbaumer 
et al. 2021), drought effects on Fagus sylvatica based on 37 years 
of forest monitoring in Switzerland (Braun et al. 2021), 
continuous parameterization of leaf area index and phenological 
phases (Zolles et al. 2021), the relationship between stem radial 
growth and tree defoliation in conifers from northern Italy 
(Ferretti et al. 2021), TreeNetɝthe biological drought and growth 
indicator network (Zweifel et al. 2021), and on variation in leaf 
morphological traits of European beech and Norway spruce over 
two decades in Switzerland (Zhu et al. 2022).  

For more infos on FORECOMON 2021, see 
https://forecomon2021.thuenen.de/  

The following list includes all oral and poster presentations at 
the 9th ICP Forests Scientific Conference. All conference abstracts 
are available from the ICP Forests website1. 

                                                                    
1 http://www.icp-forests.net/page/icp-forests-other-publications 

 
Participants of the excursion to the Swiss Alps 

Session 1: The Classics ɝ Long-term trends in forest ecosystem 
processes as affected by air pollution, drought, or other 
extreme weather events 

Presentations 

Magnani F [Keynote]: Accounting for time: long-term effects of 
N addition on forest biogeochemistry and C sequestration 

De Witt H, Austnes K: Trends in water chemistry in Europe and 
North America 

Dirnböck T, Kobler J, Geiger S, et al: Chronic nitrogen deposition 
effects under climate change in an Austrian karst catchment  

Etzold S, Ferretti M, Gessler A, et al: Nitrogen deposition is the 
most important environmental driver of continental-scale 
forest growth in Europe  

Sase H, Takahashi M, Ohizumi T: Acidification and recovery of 
forest ecosystems in central Japan during the past few 
decades  

Vanguelova E: What is the current carbon storage and future 
carbon sequestration potential of forest soils in the UK?  

https://forecomon2021.thuenen.de/
http://www.icp-forests.net/page/icp-forests-other-publications


 

Posters 

Andreetta A, Cecchini G, Marchetto A, et al: Trends and fluxes of 
soil solution chemistry focusing on nitrate leaching responses 
to air pollution in Italian forest soils 

Aparin BF, Kasatkina GA, Sukhacheva EY, et al: Long-term 
monitoring of forest ecosystems of the taiga zone of European 
Russia 

Braun S, de Witte LC, Hopf SE, et al: The effect of ozone and 
nitrogen deposition on the vitality of Fagus sylvatica and Picea 
abies in Switzerland 

Ekemen G, Kaya S, Öztürk S: Evaluation of air temperature and 
precipitation values in Turkey 

Ferretti M, Ghosh S, Gottardini E: Tree health and annual and 
periodical radial growth in coniferous trees in northern Italy 

Fetzer J, Frossard E, Kaiser K, et al: Phosphorus leaching in 
beech forest soils as affected by fertilization and seasons 

Fleck S, Ahrends B, Wagner M, et al: The potential of through-
fall measurements for the derivation of canopy attributes 

Hunova I: Ground-level ozone and nitrogen deposition in the 
Czech Republic: assessment of long-time trends and spatial 
changes 

Jochheim H, Wirth S, Paulus S, et al: Impact of drought on soil 
CO2 efflux and vertical partitioning of soil CO2 production at a 
beech and a pine forest site in north-east Germany 

Kaya S, Ekemen G, Öztürk S: Assessment of air pollutants at 
Level II forest monitoring sites in Turkey 

Krüger I, Schmitz A, Sanders T: Identifying effects of climate 
conditions on foliar nutrition 

Michopoulos P, Bourletsikas A, Kaoukis K: Fluxes and stocks of 
nitrogen in the litterfall and soil in evergreen broadleaves and 
fir forests 

Nussbaumer A, Gessler A, Etzold S, et al: European beech and 
oak show different resource dynamics in mast years 

Öztürk S, Kaya S, Ekemen G: Deposition properties in 18 Level II 
forest monitoring sites in Turkey 

Pascu I-S, Dobra AC, Leca S, et al: Forest monitoring from the 
cloud -Soil water content case study 

Pohjanmies T, Genikova N, Hotanen J-P, et al: Site types re-
visited: comparison of traditional Russian and Finnish 
classification systems for European boreal forests 

Salehi M, Thimonier A, Braun S, et al: Leaf morphological traits 
and leaf nutrient concentrations in European beech stands 
across a water availability gradient in ICP Forests Level II plots 

Tatzber M, Fürst A: Monitoring of mercury in tree foliage in 
Austria 

Waldner P, Braun S, Raspe S, et al: Assessing the risk of ele-
vated nitrate leaching from Swiss forests 

Zhu J, Thimonier A, Meusburger K, et al: Long-term changes in 
leaf morphological traits of European beech and Norway spruce 
along multiple gradients in Switzerland 

Session 2: The Exchange ɝ Methodologies and models applied 
within ICP Forests and beyond 

Presentations 

Buchmann N, Gharun M [Keynote]: Responses of Swiss forests to 
long- and short-term environmental changes  

Anthony M, Crowther T, van der Linde S, et al: Ectomycorrhizal 
fungal communities and functional genes drive forest 
productivity across the ICP Forest Network  

Badea O, Pitar D, Leca S, et al: Linking in situ measurements with 
remote sensing in Level I and II ICP Forests network in 
Romania: Prototyping a national forest monitoring system 

Gessler A, Bächli L, Treydte K, et al: Where does the water come 
from? Variations in soil water uptake depth in a beech forest 
during the 2018 drought 

Guidi C, Brunner I, Hartmann M, et al: Long-term irrigation in a 
drought-stressed pine forest accelerates carbon cycling and 
leads to vertical redistribution of soil organic carbon pools 

Lang F, Krueger J, Bauhus J, et al: The dimensions of the 
phosphorus status of European beech forest ecosystems   

Puhlmann H, Habel R: The water budget of forests ɝ the big 
unknown outside of our intensive monitoring plots?   

Rohner B, Lanz A, Kumar S, et al: Canopy and growth response 
of beech trees after the 2018 drought in Switzerland   

Zolles A, Schüler S, Gartner K, et al: Continuous approximation 
of leaf area index and phenological phases within deciduous 
forests based on temperature measurements 

Posters 

Brang P, Frei E, Streit, K et al: A new experimental plantation 
network to test the future climatic suitability of 18 tree 
species in Switzerland 

Cherubini P, Battipaglia G, Innes JL: Assessing tree vitality to 
evaluate forest health: can tree-ring stable isotopes be used 
as indicators? 

Da Ros L, Rodeghiero M, Ventura M, et al: Canopy nitrogen 
fertilization of two Italian temperate mountain forests: an 
isotopic approach to quantify the fate of atmospheric 
nitrogen depositions 

Fonti P, Martínez-Sancho E, Peters R: 14-years of tree-growth 
monitoring along a 1400 m elevation transect in the 
Lötschental 



 

Helfenstein IS, Schneider FD, Morsdorf F, et al: Assessing bio-
diversity from space: Functional diversity across spatial scales 
and optical sensors 

Iosifescu Enescu I, Haeni M, Plattner G-K, et al: Architectural re-
quirements for forest monitoring data integration in EnviDat 

Jocher G, Fischer M, Sigut L, et al: Monitoring forest carbon 
exchange in complex terrain 

Massey A, Ferretti M, Lanz A: Design-based improvements in 
change estimation for the Swiss National Forest Inventory 
through integration with external monitoring networks and 
data sources 

Monteleone MC: Artificial electromagnetic fields (telecoms) as 
forests' pollutants. Plans for testing monitoring procedures 
three protected forests of Italy 

Monteleone MC: A case study for the effects of telecom's 
microwaves on forest trees 

Paoletti E, Alivernini A, Anav A, et al: Forest monitoring towards 
the definition of stomatal-flux critical levels for forest 
protection against ozone: the MOTTLES approach 

Petibon F, CzyŠ EA, Ghielmetti G, et al: Combining spectral and 
molecular approaches to capture leaf pigment dynamics 

Polevshchikova I, Lezhnin S: Assessment of land use change on 
environmental security 

Portier J, Zellweger F: Bridging forest inventories to improve 
international reporting on biodiversity 

Temperli C, Blattert C, Stadelmann G, et al: Trade-offs between 
ecosystem service provision and the predisposition to 
disturbances: An NFI-based scenario analysis 

Vitali V, Klesse S, Weight R, et al: High frequency stable isotope 
signals as proxy for physiological responses to climate - Dual 
isotope approach at a European scale 

Vos MAE, Sterck FJ, Veen C, et al: Ion Exchange Resin method 
for quantifying bulk (throughfall) deposition 

Wachendorf C, Graefe U, Broll G, et al: A concept for a 
consolidated humus form description in forest soil 
investigations in Europe 

Wójcik R, Kĕdziora W: Large-scale mistletoe inventory in 
Central Poland 

Session 3: The Mechanisms ɝ Air pollution effects on forest 
ecosystem functioning under extreme and/or prolonged 
unfavorable climate and weather conditions 

Presentations 

Hagedorn F, Guidi C, Zimmermann S, et al [Keynote]: Forest soil 
carbon cycle under drought-linking experiments, monitoring 
and natural gradients across Switzerland 

Faralli M, Cristofolini F, Cristofori A, et al: Environmental factors, 
leaf traits and ozone visible symptoms are interrelated in 
Viburnum lantana  

Meesenburg H, Fleck S, Ahrends B, et al: Mechanisms explaining 
N stock and acidity dynamics in German forests between 1990 
and 2007 and possible climate change feedbacks 

Martinez Pastur G, Rosas YM, Toro Manríquez M, et al: 
Patagonian forests vulnerability to climate change: 
Consequences for management and conservation 

Ognjenović M, Seletković I, Potoċić N, et al: Beech nutrition 
depends on defoliation, soil and climate across Croatia  

Verstraeten A, Gottardini E, Bruffaerts N, et al: Impact of pollen 
on throughfall biochemistry in European temperate and 
boreal forests  

Weikl F, Danzberger J, Pretzsch H, et al: Ectomycorrhizal 
functionality after 5 years of summer drought in a mature 
forest  

Wohlgemuth L, Hoch G, Alewell C, et al: Foliar uptake of gaseous 
elemental mercury by European forests  

Posters 

Adame P, Alberdi I, Cañellas I, et al: Predicting the spread of 
Gonipterus scutellatus forest pest under climate change in 
Spain using Universal Kriging model 

Babur E, Dindaroělu T: How soil carbon and nitrogen changes in 
the topsoil formed under different tree species? 

Ballikaya P, Brunner I, Cocozza C, et al: Can trees take up 
airborne nanoparticles through their leaves? 

Batkhuyag E-U, Lehmann M, Cherubini P, et al:                          
Air pollution and climate change effects on tree growth at 
Ulaanbaatar city, Mongolia 

Brunner I: Plasticity of tree fine root traits under drought and 
irrigation 

Burkhardt J, Zinsmeister D, Grantz D, et al: The contribution of 
ambient aerosols to ɟwax degradationɠ and decreasing 
drought tolerance 

Ċeōljar G, Ďorďević, Ilija, Rakonjac L:  Impact of extreme climate 
factors on forests drought in Republic of Serbia 

Chi C-JE, Zinsmeister D, Chang S-C et al: Direct impact of 
atmospheric aerosols on the ecophysiology of Cinnamomum 
camphora 

Danzberger J, Weikl F, Buegger F, et al: Carbon allocation in 
Picea abies (L. Karst) roots during recovery from a five-year 
long drought 

Günthardt-Goerg M, Vollenweider P, Schulin R: Above- and be-
lowground metal accumulation and growth responses in 
young afforestations on model brown field sites 



 

Hunziker S, Begert M, Gessler A: Why are Scots pines dying in 
the Swiss Rhône valley? 

Koch I, Kahmen A, Burkhardt J: Is foliar water uptake fostered by 
aerosol deposition? 

Kowalska NB, Ōigut L, Stojanović M, et al: Analysis of floodplain 
forest sensitivity to drought 

Marqués L, Weng E, Harald H, et al: Are forests thickening due 
to rising COɮ? Insights from Swiss forests and mechanistic 
modelling 

Murazzi ME, Cherubini P, Brunner I, et al: Can forest trees take 
up nanoplastic from their roots and transport them in their 
aboveground tissues? 

Oberhuber W, Gruber A, Wieser G: Missing adequate growth 
response of coniferous tree species to climate warming at the 
Alpine forest line 

Ouyang S, Schönbeck L, Saurer M, et al: Root carbon-nutrient 
balance determines downy oak survival and recovery from 
drought 

Soyol-Erdene T-O, Ganbat G, Baldorj B: Urban air quality in 
Mongolia: concentrations, sources and future needs of 
studies 

Sturm J, Damm A: Impact of the European drought 2018 on tree 
health and mortality in Swiss forest ecosystems 

Uslu OS, Babur E, Demir Z, et al: The effects of land use types on 
the soil organic carbon content 

Vollenweider P, Schleppi P, Vittoz P: 10-year monitoring of 
ecosystem responses to understory removal in a dry oak-pine 
forest of Central Valais, Switzerland 

On the same topic, the FORMON 2021 Summer School took place 
on 22ɝ28 August 2021 in Davos, Switzerland, and complemented 
the 9th ICP Forests Scientific Conference. The 2021 Summer School 
was supported by ICP Forests, the SwissForestLab, and the 
European Network for forest research and higher education 
NFZ.forest.net. FORMON aimed to provide an in-depth 
understanding of the concepts, approaches, and available data 
infrastructure of forest long-term monitoring. Novel modelling and 
assessment approaches were discussed considering the 
expectations to future forests from a scientific, forest management, 
and socio-economic perspective. Students and young scientists 
were provided an insight into the data treasure of ICP Forests and 
took advantage of in-depth lectures by renowned scientists on 
selected topics concerning long-term forest ecosystem research. 24 
students from 10 countries attended the lectures held by 19 
experts from 9 institutions and 4 countries.  

Impressions from FORMON 2021 can be watched at 
https://youtu.be/Wpx3Pt8UKt8  

A special issue on research in Forest Soil Monitoring was 
supported by the Scientific Committee and launched through the 
journal Applied Sciences. It focusses on methodological 
questions in soil monitoring, e.g. of soil gas exchange (Adisaputro 
et al. 2021, Appl. Sci. 11(4); Maier et al. 2021, Appl. Sci. 10(23)), 
of labile soil carbon and nitrogen (Zou & Osborne 2021, Appl. Sci. 
11(5)), of soil carbon stocks (Russ et al. 2021, Appl. Sci. 11(2)), 
and of soil water content with FDR sensors (De Vos et al. 2021, 
Appl. Sci. 11(24)). It also presents new results of long-term forest 
monitoring from water budget calculations (Ziche et al. 2021, 
Appl. Sci. 11(5)), base cation budget calculations (Vanguelova et 
al. 2022, Appl. Sci. 12(5)), modelled liming effects on the acid-
base budget (Greve et al. 2021, Appl. Sci. 11(3)), inventories of 
inorganic and organic pollutants (Riek et al. 2021, Appl. Sci. 
11(3)), and repeated assessment of microarthropod assemblages 
along pH-gradients (Guo & Siepel 2020, Appl. Sci. 10(22)).

https://youtu.be/Wpx3Pt8UKt8


 

 

 

   



 

 Aldo Marchetto, Arne Verstraeten, Peter Waldner, Daniel šlindra, Andreas Schmitz

The atmosphere contains a large number of substances of natural 
and anthropogenic origin. Most of them are ultimately deposited 
to the ground, either by colliding with surface structures like 
forest canopies or by wet deposition (rain, snow, etc.). 

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

Emitted gaseous sulphur dioxide (SO2) is scavenged from the 
atmosphere by rain droplets in contact with water and almost 
completely transformed into SO4

2-. Sulphur deposition occurs in 
the form of sulphate (SO4

2-), but also as gaseous sulphur dioxide 
(SO2), e.g. taken up through stomata, and as sulphuric acid 
(H2SO4). Natural emissions of SO4

2- derive from marine aerosols 
and volcanic activity, and from forest fires. Anthropogenic 
emissions are caused by combustion, including fossil fuels, 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 nitrous oxides (N2O) and atmospheric 
nitrogen (N2) during denitrification and the decomposition of the 
nitrogen gas molecule in the air by lightning. However, human 
activities cause the emission of large amounts of nitrogen oxides 
(NOx), from traffic and industrial activities, and of ammonia (NH3) 
deriving from agriculture and farming. They are found in 
atmospheric deposition in the form of nitrate (NO3

-), ammonium 
(NH4+) and are also deposited as gaseous compounds like nitric 
acid (HNO3), nitrogen dioxide (NO2) and ammonia (NH3). 

Nitrogen compounds have two effects on ecosystems: First, they 
are important plant nutrients but cause problems of ecosystem 
eutrophication at high deposition rates, with strong effects on 
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). Secondly, they contribute to acidification in 
addition to sulphur (Bobbink and Hettelingh 2011). 

Emission and deposition of oxidized and reduced nitrogen have 
decreased in the last decade (Waldner et al. 2014; EEA 2016, 
Rogora et al. 2022). 

Starting in March 2020, most European countries enforced 
lockdown measures aimed at reducing the spread of the COVID-
19 pandemic, leading to a large reduction of mobility, a drop in 
transport and a reduction in productions and industrial activities, 
with the important exception of agriculture. 

In some countries or regions, restrictions were still present at the 
end of 2020, mainly related to the partial closing of schools, 
implementation of smart working and restrictions to mobility 
between countries or between regions. This contributed to a 
lower-than-average level of road traffic and related emissions. 
Rogora et al. (2022) showed that the reduction in the emissions 
of sulphur and nitrogen oxides was mirrored by a significant drop 
in the wet deposition of sulphate and nitrate in some sites 
located in the southern slope of the central Alps. The central Alps 
are an area with usually high deposition of pollutants (Rogora et 
al. 2016) because of the high amount of rain and snowfall, and 
the proximity to the Po Valley, one of the most densely populated 
and urbanized areas in Europe. As mobility restrictions were 
enforced in most European countries, we verified below, that 
reduction in SO4

2- and NO3- deposition in 2020 was also detected 
in other areas covered by the ICP Forests network. 

Atmospheric deposition is collected on the ICP Forests 
permanent Level II plots under tree canopy (throughfall samplers, 
Fig. 6.1) and in a nearby clearance (open field samplers). 
Throughfall samples are used to estimate wet deposition, i.e. the 
amount of pollutants deposited by rain and snow, but they also 
include dry deposition from particulate matter and gases 
collected by the canopy. For nitrogen, the deposition of reduced 
compounds (NH4

+ and NH3) and of oxidized compounds (NO3
-, 

HNO3, NO2, NO) is measured as NH4
+ and NO3- in the throughfall 

samplers. The total deposition to a forest, however, also includes 
nitrogen taken up by leaves directly 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 (Na+) 
and SO42- 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 NH4
+: Tree canopies 

and the associated microbial communities strongly interact with 
them, for example tree leaves can take up NH4

+ ions and release 
potassium, calcium and magnesium ions, and organic 
compounds, affecting the composition of throughfall deposition.  

Sampling, analysis and quality control procedures are 
standardized on the basis of the ICP Forests Manual (Clarke et al. 
2016).  



 

Quality control and assurance include laboratory ring-tests, 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 analyze the 2020 yearly throughfall deposition, 
collected in 277 permanent plots, collected following the ICP 
Forests Manual. Lockdowns only marginally affected deposition 
monitoring: Ten plots, mainly in Spain and Italy, could not be 
reached for more than two months. Because of the high probability 
of sample deterioration, they were not included in the discussion 
of the results. Fourteen further plots were excluded because the 
duration of sampling covered less than 90% (329 days) of the year. 
One hundred other plots were marked as ɢnot validatedɣ because 
the conductivity check was passed in less than 30% of the analyses 
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 seven more sites, data for specific variables 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 SO4

2-, Ca2+ and Mg2+, 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).  

Differences between 2019 and 2020 values of the amount of 
precipitation and of the deposition of selected ions were 
compared using a t-test for paired samples on the annual 
deposition including only values validated in both years. 

Atmospheric throughfall deposition in 2020 
The uneven distribution of emission sources and receptors and 
the complex orography in parts of Europe result in a marked 
spatial variability of atmospheric deposition. However, on a 
broader scale, regional patterns in deposition emerge. In the case 
of nitrate, high and moderate throughfall deposition was mainly 
found in central Europe, including Belgium, Germany, the Czech 
Republic, Poland, Denmark and Italy, but single plots with high 
deposition values are also reported in other countries (Fig. 6.2). 

The area of high and moderate ammonium throughfall deposition 
is larger than for NO3

-, with higher throughfall deposition values 
particularly in Germany, Belgium and northern Italy, Switzerland, 
Austria, Slovenia, Slovakia and Poland (fig. 6.3).  

It is generally considered that negative effects of nitrogen 
deposition on forests become evident when the combined 
inorganic nitrogen deposition of NO3

- and NH4
+ is higher than 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 5 and 20 kg ha-1 yr-1 for forests (Bobbink and Hettelingh, 
2011). 

In 2020, throughfall inorganic nitrogen depositions higher than 
10 kg ha-1 yr-1 were mainly measured in central Europe, including 
Germany, Belgium, Northern Italy, Switzerland, and Austria 
(Fig. 6.4). 

Figure 6.1: Snow sampler (left), rain sampler (middle), and stemflow sampler (right) to determine throughfall deposition at an ICP Forests Level II 
site in south-western Czechia (Images: Peter Waldner) 



 

The area with high and moderate throughfall deposition of 
sulphate (corrected for the marine contribution) is smaller than 
for nitrogen compounds (Fig. 6.5): High values are mainly found 
close to the largest point sources. In the southern part of Europe, 
SO4

2- deposition is also influenced by volcanic emission and by 
the episodic deposition of Saharan dust. The area of moderate 
deposition extends to most of Europe from Belgium to Romania 
and Sweden to Greece. 

Calcium and magnesium are also analyzed in the ICP Forests 
deposition monitoring network, as their deposition can buffer the 
acidifying effects of atmospheric deposition, protecting soil from 
acidification. High values of (sea-salt corrected) Ca2+ throughfall 
deposition are mostly reported in eastern and southern Europe 
(Fig. 6.6). After correction for sea-salt contribution, the 
distribution of the highest values of Mg2+ includes a large portion 
of south-eastern and central Europe (Fig. 6.7). 

Changes between 2019 and 2020 
The amount of precipitation under the tree canopy (throughfall) 
in 2020 was slightly (-2%) but significantly lower than in 2019 
(Fig. 6.8). NH4+ deposition was not significantly different between 

2019 and 2020. NO3
- and SO42- deposition were significantly and 

markedly lower in 2020 than in 2019 (30% for SO4
2- and 32% for 

NO3
-
 in the throughfall measurements).  

The weather during the spring 2020 lockdown included several 
unusual warm and sunny weeks in central Europe. Such individual 
weather phenomena may explain e.g. the lower precipitation but 
also complicate disentangling the lockdown effect. However, the 
found 30% and 32% reductions of NO3

- and SO4
2- deposition 

compare well to the the 25% to 46% reduction of NOx 
concentration in the air for the Swiss Plateau and the Po valley 
estimated with modelling emissions and air mass movement 
(Ciarelli et al. 2021).  

As discussed by Rogora et al. (2022), it seems thus likely that the 
pattern is the result of the reduction in N and S oxide emissions 
due to the lockdown, as mobility and industrial productions were 
reduced, while agriculture was not affected. This pattern will 
need to be confirmed with the 2021 deposition values (when 
available), and in regard to the variations measured for decades 
in the ICP Forests Level II network. If confirmed, it would suggest 
that decreases in atmospheric deposition are still possible and to 
be expected, if emissions can be further reduced.  



 

 
Figure 6-2: Throughfall deposition of nitrate-nitrogen (kg NO3--N ha-1 yr-1) measured in 2020 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 6-3: Throughfall deposition of ammonium-nitrogen (kg NH4+-N ha-1 yr-1) measured in 2020 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 6-4: Throughfall deposition of inorganic nitrogen (NO3--N + NH4+-N) kg N ha-1 yr-1) measured in 2020 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 6-5: Throughfall deposition of sea-salt corrected sulphate-sulphur (kg SO42--S ha-1 yr-1) measured in 2020 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 6-6: Throughfall deposition of sea-salt corrected calcium (kg Ca2+ ha-1 yr-1) measured in 2020 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 6-7: Throughfall deposition of sea-salt corrected magnesium (kg Mg2+ ha-1 yr-1) measured in 2020 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 6-8: Comparison between throughfall amount of precipitation (mm) and deposition of selected ions (kg ha-1 yr-1) measured in 2019 and 
2020 in the ICP Forests Level II plots. Only sites validated in both years. 
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In 2021, mean defoliation remained at approximately the same 
level as in 2020 with no change for broadleaves and only a very 
slight increase for conifers. Deciduous temperate oaks had the 
highest increase in mean defoliation (+1.4%), while common 
beech had the largest decrease (-1.7%).  

Based on the data of the past 20 years, trends show a 
considerable increase in defoliation of Austrian pine and 
evergreen oaks (7.1% and 6.7%, respectively). On the other hand, 
the increase in defoliation for deciduous temperate oaks (2.6%) 
and common beech (3.4%) has been relatively low and the trend 
for Scots pine and Norway spruce shows a moderate increase in 
defoliation of 4.3 and 3.8%, respectively. No trend was detected 
for deciduous (sub-) Mediterranean oaks. 

There was again a decrease in the number of observed damage 
symptoms compared to last year. As in previous years, the number 
of recorded damage symptoms per assessed tree was 
substantially higher for broadleaves than for conifers. Insects, 
abiotic causes, and fungi were the most common damage agent 
groups for all species, comprising altogether more than half of all 
damage records. Tree mortality increased again slightly in 2021, 
mainly due to abiotic factors. 

Tree crown defoliation and occurrence of biotic and abiotic 
damage are important indicators of forest health. As such, they 
are considered within the Criterion 2, ɢForest health and vitalityɣ, 
one of six criteria adopted by Forest Europe (formerly the 
Ministerial Conference on the Protection of Forests in Europe ɝ 
MCPFE) to provide information for sustainable forest 
management in Europe. 

Defoliation surveys are conducted in combination with detailed 
assessments of biotic and abiotic damage causes. Unlike 
assessments of tree damage, which can in some instances trace 
the 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, 

and the interpretation of the state of European forests and its 
trends in time and space is made easier. 

This chapter presents results from the crown condition 
assessments on the large-scale, representative, transnational 
monitoring network (Level I) of ICP Forests carried out in 2021, 
as well as long-term trends for the main species and species 
groups. 

The assessment of tree condition in the transnational Level I 
network is conducted according to European-wide, harmonized 
methods described in the ICP Forests Manual by Eichhorn et al. 
(2020, see also Eichhorn and Roskams 2013). 

Defoliation  
Defoliation is the key parameter of tree condition within forest 
monitoring describing a loss of needles or leaves in the 
assessable crown compared to a local reference tree in the field 
or an absolute, fully foliated reference tree from a photo guide. 
Defoliation is estimated in 5% steps, ranging from 0% (no 
defoliation) to 100% (dead tree). Defoliation values are grouped 
into five classes (Table 7-1). In the maps presenting the mean 
plot defoliation and in Table 7-4, class 2 is subdivided into 
class 2-1 (> 25ɝ40%) and class 2-2 (> 40ɝ60% defoliation). 

Table 7-1: Defoliation classes 

Defoliation  
class 

Needle/leaf  
loss 

Degree of defoliation 

0 up to 10% None 
1 > 10ɝ25% Slight (warning stage) 
2 > 25ɝ60% Moderate 
3 > 60ɝ< 100% Severe 
4 100% Dead (standing dead trees only) 

 
Table 7-2 shows countries and the number of plots assessed for 
crown condition parameters from 2012 to 2021, and the total 
number of sample trees submitted in 2021. The number of trees 
used for analyses differs from the number of submitted trees due 
to the application of various data selection procedures. Both the 
number of plots and the number of trees vary in the course of 
time, for example due to mortality or changes in the sampling 
design. 

 



 

Table 7-2: Number of plots assessed for crown condition parameters from 2012 to 2021 in countries with at least one Level I crown condition survey 
since 2012, and total number of sample trees submitted in 2021 

 
Country 2012 2013 2014 2015 2016 2017 2018 2019 

 
2020 

Plots 
2021 

Trees  
2021 

Andorra 3 11 11 12                 

Belarus   373   377                 

Belgium 8 8 8 8 53 53 52 52 51 51  528  

Bulgaria 159 159 159 159 159 160 160 160 160 159  5 570  

Croatia 100 105 103 95 99 99 99 97 98 95  2 280  

Cyprus 15 15 15 15     15 15 15 15  361  

Czechia 135   138 136 136 135 132 132 127 121  4 550  

Denmark 18 20 20 20 19 19 19 19 19 18  439  

Estonia 97 96 96 97 98 98 98 98 95 95  2 242  

Finland 785                       

France 553 550 545 542 533 527 521 515 512 509  10 230  

Germany 415 417 422 424 421 416 410 421 416 409  9 759  

Greece     57 47 23 36 40 45 38 33  771  

Hungary 74 68 68 67 67 66 68 68 68 69  1 530  

Ireland 20             28 30 33  700  

Italy 245 247 244 234 246 247 249 237 240 256  4 700  

Latvia 203 115 116 116 115 115 115 115 115 115  1 746  

Lithuania 77 79 81 81 82 82 81 81 81 81  1 941  

Luxembourg   4 4 4 4 3 3 4 4 4  96  

Moldova, Rep. of           9 9           

Montenegro 49 49     49 49 49 49 49 49  1 174  

Norway 496 618 687 554 629 630 623 687 604 629  5 205  

Poland 369 364 365 361 353 352 348 346 343 343  6 831  

Romania 241 236 241 242 243 246 246 247 226 234  5 616  

Serbia 121 121 128 127 127 126 126 127 126 126  2 836  

Slovakia 108 108 107 106 103 103 101 100 99 97  4 356  

Slovenia 44 44 44 44 44 44 44 44 44 44  1 067  

Spain 620 620 620   620 620 620 620 620 620  14 880  

Sweden 609 740 842 839 701 618 760 849 841 733  2 574  

Switzerland 47 47 47 47 47 47 47 47 47 47  1 000  

Türkiye 578 583 531 591 586 598 601 597 599 580  13 469  

TOTAL   6 189   5 797   5 699   5 345   5 557   5 498   5 636   5 800   5 667   5 565   106 451  



 

Damage cause assessments  
The damage cause assessment of trees consists of three major 
parts. For a detailed description, please refer to Eichhorn et al. 
(2020) and Timmermann et al. (2016). 

¶ Symptom description 
Three main categories indicate which parts of a tree are 
affected: (a) leaves/needles; (b) branches, shoots, buds, and 
fruits; and (c) stem and collar. A further specification of the 
affected part along with a symptom description is given. 

¶ Determination of the damage cause (causal agents / factors) 
The main groups of causal agents are insects, fungi, abiotic 
factors, game and grazing, direct action of man, fire, and 
atmospheric pollutants. In each group, a more detailed 
description is possible through a hierarchical coding system. 

¶ Quantification of symptoms (damage extent) 
 The extent is the estimated damage to a tree, specifying the 

percentage of affected leaves/needles, branches or stem 
circumference due to the action of the causal agent or 
factor. 

Additional parameters  
Several other tree, stand, and site parameters are assessed, 
providing additional information for analysis of the crown 
condition data. For the full information, please refer to Eichhorn 
et al. (2020). Analysis of these parameters is not within the scope 
of this report. 

Tree species 
For the analyses in this report, the results for the four most 
abundant species are shown separately in figures and tables. 
Fagus sylvatica is analyzed together with F. sylvatica ssp. 
moesiaca. Some species belonging to the Pinus and Quercus 
genus were combined into species groups as follows: 

¶ Mediterranean lowland pines (Pinus brutia, P. halepensis, P. 
pinaster, P. pinea )  

¶ Deciduous temperate oaks (Quercus petraea and Q. robur )  
¶ Deciduous (sub-) Mediterranean oaks (Quercus cerris, 

Q. frainetto, Q. pubescens, Q. pyrenaica )  
¶ Evergreen oaks (Quercus coccifera, Q. ilex, Q. rotundifolia, 

Q. suber ). 

Of all trees submitted from the Level I network in 2021, Pinus 
sylvestris  was the most abundant tree species (17.0% of all 
trees), followed by Fagus sylvatica (11.8%), Picea abies (11.5%), 
Pinus nigra (5.0%), Quercus petraea  (4.3%), Quercus robur 
(4.2%), Quercus ilex (3.7%), Quercus cerris (3.1%), Pinus brutia 
(2.8%), Betula pubescens (2.4%), Pinus halepensis (2.4%), 
Quercus pubescens (2.1%), Abies alba (2.1%), Betula pendula 
(2.1%), Pinus pinaster (1.8%) and Carpinus betulus (1.8%). Most 
Level I plots with crown condition assessments contained one 
                                                                    
1 http://icp-forests.net/page/icp-forests-technical-report 

(48.7%) or two to three (38.6%) tree species per plot. On 10.4% 
of plots, four to five tree species were assessed, and only 2.3% of 
plots featured more than five tree species. In 2021, 51.4% of the 
assessed trees were broadleaves and 48.6% conifers. The species 
percentages differ slightly for damage assessments, as selection 
of trees for assessments in participating countries varies. 

Statistical analyses  
For calculations, selection procedures were applied in order to 
include only correctly coded trees in the sample (Tables 7-4 and 
7-5). For the calculation of the mean plot defoliation of all 
species, only plots with a minimum number of three trees were 
analyzed. For analyses at species level, three trees per species 
had to be present per plot. These criteria are consistent with 
earlier evaluations (e.g. Wellbrock et al. 2014, Becher et al. 2014) 
and explain the discrepancy in the distribution of trees in 
defoliation classes between Table 7-4 and Table S1-1 in the 
online supplementary material1. 

Trends in defoliation were calculated according to Sen (1968) 
and their significance tested by the non-parametric Mann-
Kendall test (tau). These methods are appropriate for 
monotonous, single-direction trends without the need to assume 
any particular distribution of the data. Due to their focus on 
median values and corresponding robustness against outliers 
(Sen 1968, Drápela and Drápelová 2011, Curtis and Simpson 
2014), the results are less affected by single trees or plots with 
unusually high or low defoliation. The regional Senɠs slopes for 
Europe were calculated according to Helsel and Frans (2006). For 
both the calculation of Mann-Kendallɠs tau and the plot-related 
as well as the regional Senɠs slopes, the rkt package in the R 
statistical software environment (Marchetto 2015) was used. 

Figures 7-2a-j show (1) the annual mean defoliation per plot, (2) 
the change of mean defoliation across plots over the years, and 
(3) the trend of defoliation based on the regional Senɠs slope 
calculations for the period 2002ɝ2021. For the Mann-Kendall 
test, a significance level of p ʚ 0.05 was applied. All Senɠs slope 
calculations and yearly over-all mean defoliation values were 
based on consistent plot selections with a minimum of three trees 
per species and per plot. Maps of defoliation trends for the period 
2011ɝ2021 can be found in the online supplementary material1. 
For all trend calculations plots were included if assessments were 
available for at least 80% of the years of interest. All queries and 
statistical analyses were conducted in the R/RStudio software 
environment (R Core Team 2016).  

Quality assurance and control (QA/QC) 
Since ICP Forests is a pan-European monitoring programme, 
stemming from various national initiatives that had already been 
in place when the programme started operating, the methods of 
monitoring employed in ICP Forests partly reflect the initial 

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


 

differences of these systems. In line with that, initially no 
consistent, 'top-down' quality assurance (QA) approach was 
adopted and the emphasis was placed more on the quality control 
(QC) issues. A lot of effort has been invested into the 
development of the monitoring methodology in terms of 
harmonization and intercalibration of methods, and, where this 
was not possible, into the intercomparison of results obtained by 
different methods.  

Quality assurance and control measures for crown condition 
assessments are organized at multiple levels: At national level, 
regular calibration trainings of the survey teams and control 

assessments in the field are conducted. Data submission to the 
ICP Forests collaborative database is regulated by protocols and 
check procedures. International cross-comparison courses (field 
and photo ICCs) ensure the possibility to compare data across 
participating countries (Eickenscheidt 2015, Dănescu 2019, 
Meining et al. 2019). In the Photo ICC organized in 2021, 
participants from 21 countries made 37 047 assessments of 
photographed trees in total (Table 7-3). Some countriesɠ teams 
assessed photos from more than one region. Depending on the 
region, the following tree species were assessed: Pinus sylvestris, 
Picea abies, Fagus sylvatica, Quercus petraea & Q. robur, Q. ilex, 
Pinus pinaster.

Table 7-3: European regions, countries, and number of teams and assessed photos in the Photo ICC 2021 

Region Country Teams 
Photos (assessable crown: 

widest span) 
Photos (assessable crown: 

national method) 
Northern Europe   43 1 140 2 579 
 Denmark 3 180 180 
 Estonia 3 180 180 
 Ireland 1 60 60 
 Latvia 6 360 360 
 Lithuania 2 120 119 
 Norway 24 0 1 440 
 Sweden 4 240 240 
Central Europe   135 14 069 14 069 
 Belgium 3 330 330 
 Croatia 24 1 440 1 440 
 Czech Republic 3 360 360 
 Denmark 3 329 329 
 France 5 600 600 
 Germany 64 7 680 7 680 
 Hungary 4 480 480 
 Ireland 1 120 120 
 Italy 8 330 330 
 Romania 10 1 200 1 200 
 Slovenia 2 240 240 
 Switzerland 7 840 840 
 Türkiye 1 120 120 
Mediterranean Europe   36 2 730 2 460 
 Croatia 9 540 540 
 Cyprus 1 90 90 
 Greece 1 90 90 
 Italy 7 390 120 
 Spain 17 1 530 1 530 
 Türkiye 1 90 90 
Total  214 17 939 19 108 

 

 

 

  



 

National surveys  
In addition to the transnational surveys, national surveys are 
conducted in many countries, relying on denser national grids and 
aiming at the documentation of forest condition and its 
development in the respective country. Since 1986, various 
densities of national grids (1x1 km to 32x32 km) have been used 
due to differences in the size of forest area, structure of forests, 
and forest policies. The results of defoliation assessments on 
national grids are presented in the online supplementary 
material1. Comparisons between the national surveys of different 
countries should be made with great care because of differences 
in species composition, site conditions, and methods applied. 

Defoliation 
The transnational crown condition survey in 2021 was conducted 
on 106 451 trees on 5 565 plots in 27 countries (Table 7-2). Out 
of those, 101 663 trees were assessed in the field for defoliation 
(Table 7-4).  

The overall mean defoliation for all species was 23.5% in 2021; 
there was no change for broadleaves and a very slight increase in 
defoliation for conifers in comparison with 2020 (Table 7-4). 
Broadleaved trees showed a higher mean defoliation than 
coniferous trees (23.3% vs. 22.4%). Correspondingly, conifers had 
a higher frequency of trees in the defoliation classes ɟnoneɠ and 

ɟslightɠ (72.9% combined) than broadleaves (70%) and a lower 
frequency of trees with more than 60% defoliation (2.5% vs. 4.2%). 

Among the main tree species and tree species groups, deciduous 
temperate oaks and evergreen oaks displayed the highest mean 
defoliation (27.3% and 26.7%, respectively). Common beech had 
the lowest mean defoliation (20.9%) followed by deciduous (sub-) 
Mediterranean oaks and Mediterranean lowland pines with 
22.0% each. Mediterranean lowland pines had the highest 
percentage (76.8%) of trees with ʚ25% defoliation, while 
deciduous temperate oaks had the lowest (59.0%). The strongest 
increase in defoliation occurred in deciduous temperate oaks 
(+1.4%) and the strongest decrease in common beech (-1.7%).  

Mean defoliation of all species at plot level in 2021 is shown in 
Figure 7-1. More than two thirds (68%) of all plots had a mean 
defoliation up to 25%, and only 1.2% of the plots showed severe 
defoliation (more than 60%). While plots with defoliation up to 
10% were located mainly in Norway, Serbia, Romania, and 
Türkiye, plots with slight mean defoliation (11-25%) were found 
across Europe. Clusters of plots with moderate to severe mean 
defoliation were found from the Pyrenees through southeast 
(Mediterranean) France to west Italy, but also from central and 
northern France through Germany and into Czechia, Slovakia and 
Hungary, as well as in western Bulgaria and coastal Croatia.  

The following sections describe the species-specific mean plot 
defoliation in 2021 and the over-all trend and yearly mean plot 
defoliation from 2002 to 2021. For maps on defoliation of individual 
tree species in 2021, and trends in mean plot defoliation from 2011 
to 2021, please refer to the online supplementary material1. 

Table 7-4: Percentage of trees assessed in 2021 according to defoliation classes 0-4 (class 2 subdivided), mean defoliation for the main species or 
species groups (change from 2020 in parentheses), and the number of trees in each group. Class 4 contains standing dead trees only. Dead trees were 
not included when calculating mean defoliation. 

  Percentage of trees per defoliation class  Mean No. of 

Main species or species groups 
Class 0   

 (0-10%) 
Class 1 

(>10-25%) 
Class 2-1 

(>25-40%) 
Class 2-2 

(>40-60%) 
Class 3 

(>60-99%) 
Class 4 
(100%) 

defoliation trees  

Scots pine (Pinus sylvestris) 21.2 52.6 16.1 6.8 2.5 0.7 22.9 (-0.2)  17 792  
Norway spruce (Picea abies) 29.4 36.3 22.2 7.9 2.9 1.3 22.9 (+0.4)  11 777  
Austrian pine (Pinus nigra) 28.8 46.8 13.2 6.3 3.9 0.9 22.2 (+0.2)  5 324  
Mediterranean lowland pines  16.2 60.6 16.1 5.1 1.3 0.7 22.0 (+0.4)  7 786  
Other conifers 32.1 43.2 15.9 5.9 2.4 0.6 20.8 (+/-0)  7 840  
Common beech (Fagus sylvatica) 35.6 38.4 16.6 5.8 3.5 0.2 20.9 (-1.7)  12 365  
Deciduous temperate oaks 18.5 40.5 25.2 10.0 5.2 0.5 27.3 (+1.4)  8 965  
Dec. (sub-) Mediterranean oaks 28.9 42.8 18.0 7.3 2.8 0.2 22.0 (+1.1)  7 885  
Evergreen oaks 10.2 54.8 21.3 8.5 4.5 0.6 26.7 (-0.3)  4 628  
Other broadleaves  29.0 44.6 14.1 6.0 4.7 1.6 22.7 (+0.1)  17 301  
TOTAL                
Conifers 24.9 48.0 17.2 6.6 2.5 0.9 22.4 (+0.1)  50 519  
Broadleaves 27.0 43.0 17.9 7.1 4.2 0.8 23.3 (+/-0)  51 144  
All species  26.0 45.5 17.6 6.8 3.4 0.8 23.5 (+0.2) 101 663 
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Figure 7-1: Mean plot defoliation of all species in 2021, shown as defoliation classes. The legend (top left) shows defoliation classes ranging from 
none (blue), slight (green), moderate (orange and red), to severe (black) defoliation. The percentages refer to the needle/leaf loss in the crown compared 
to a reference tree. The pie chart (top right) shows the percentage of plots per defoliation class. Dead trees are not included. 

  



 

 

Figures 7-2 a-e: Over-all trend (orange line) and annual mean 
defoliation across plots (black line) at Level I plots from 2002ɝ
2021; points represent annual plot mean values: 

(a) Scots pine (regional Senɠs slope = 0.2159, p < 0.001)  
(b) Norway spruce (regional Senɠs slope = 0.1881, p < 0.001)  
(c) Austrian pine (regional Senɠs slope = 0.3534, p < 0.05)  
(d) Mediterranean lowland pines (regional Senɠs slope = 0.2313,  
p < 0.01)  
(e) Other conifers (regional Senɠs slope = 0.1376, p < 0.001) 



 

  

Figures 7-2 f-j: Over-all trend (orange line) and annual mean 
defoliation across plots (black line) at Level I plots from 2002ɝ
2021; points represent annual plot mean values:  

(f) Common beech (regional Senɠs slope = 0.1683, p < 0.01)  
(g) Deciduous temperate oaks (regional Senɠs slope = 0.1319,  
p < 0.05)  
(h) Deciduous (sub-) Mediterranean oaks (regional Senɠs slope =  
0.0044, n.s.)  
(i) Evergreen oaks (regional Senɠs slope = 0.3330, p < 0.001)  
(j) Other broadleaves (regional Senɠs slope = 0.3071, p < 0.001) 

n.s. = not significant  
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Scots pine  
Scots pine (Pinus sylvestris) is the most frequent tree species in 
the ICP Forests Level I network (Table 7-4). It has a wide 
ecological niche due to its ability to grow on dry and nutrient poor 
soils and has frequently been used for reforestation. Scots pine is 
found over large parts of Europe from northern Scandinavia to 
the Mediterranean region and from Spain to Türkiye (and is also 
distributed considerably beyond the UNECE region).  

In 2021, Scots pine trees showed mean defoliation of up to 10% 
on 13.7% of plots and slight (>10ɝ25%) mean defoliation on 
62.5% of the plots (please refer to the online supplementary 
material1, Figure S1-1). Defoliation of Scots pine trees on 23.4% 
of the plots was moderate (>25ɝ60% defoliation, class 2) and 
only on 0.4% of the plots severe (>60% defoliation, class 3). Plots 
with the lowest mean defoliation were primarily found in 
southern Norway, Estonia, Spain, and Türkiye, whereas plots with 
comparably high defoliation were located in Czechia, western 
Slovakia, central Germany, south-eastern France, and western 
Bulgaria. 

There has been a significant trend of mean plot defoliation of 
Scots pine over the course of the last 20 years with an increase 
of 4.3% (Figure 7-2a). The mean defoliation across plots showed 
some fluctuation towards the end of the chosen reporting period, 
with mean defoliation values steadily above the trend line since 
2015, and the highest value in 2019. 

Norway spruce 
Norway spruce (Picea abies) is the second most frequently 
assessed conifer species within the ICP Forests monitoring 
programme. The area of its distribution within the participating 
countries ranges from Scandinavia to northern Italy and from 
north-eastern Spain to Romania. Favoring cold and humid 
climate, Norway spruce at the southern edge of its distribution 
area is found only at higher elevations. Norway spruce is very 
common in forest plantations effectively enlarging its natural 
distribution range. 

In 2021, spruce trees on roughly one fifth (20.4%) of all Norway 
spruce plots had defoliation up to 10%, and further 42.8% had 
only slight defoliation (please refer to the online supplementary 
material1, Figure S1-2). On 35.4% of the plots, spruce defoliation 
was moderate (>25ɝ60% defoliation) and severe defoliation was 
recorded on 1.5% of the plots. Plots with low mean defoliation 
were found mostly in Scandinavia and the Balkan region. Plots 
with high mean defoliation values were mostly located in central 
Europe. 

The 20-year trend in mean plot defoliation of Norway spruce 
shows an increase of 3.8% (Figure 7-2b). The annual mean values 
have been on a steady rise and above the trendline since 2019. 

Austrian (Black) pine 
Austrian pine (Pinus nigra) is one of the most important native 
conifers in southern Europe, growing predominantly in mountain 
areas from Spain in the west to Türkiye in the east, with scattered 
occurrences as far north as central France and northern Hungary. 
This species can grow in both dry and humid habitats with 
considerable tolerance for temperature fluctuations. Two 
subspecies are recognized, along with a number of varieties, 
adapted to different environmental conditions. 

Austrian pine had a mean defoliation of up to 10% on 12.0% of 
the plots containing this species, and between 11 and 25% on 
64.0% of plots (please refer to the online supplementary 
material1, Figure S1-3). Defoliation was moderate on 22.9% of the 
plots (>25-60% defoliation) and severe on 1.1% of the plots. Plots 
with less than 10% mean defoliation were mostly located in 
Türkiye, while plots with higher defoliation were scattered 
throughout the region. 

The 20-year trend in mean plot defoliation of Austrian pine shows 
a large increase of 7.1% (Figure 7-2c). From 2010 to 2014 the 
annual mean plot defoliation was lower than the trend, but it has 
been above the trend line since then, reaching its absolute 
maximum in 2018. 

Mediterranean lowland pines 
Four pine species are included in the group of Mediterranean 
lowland pines: Aleppo pine (Pinus halepensis), maritime pine 
(P. pinaster), stone pine (P. pinea), and Turkish pine (P. brutia). 
Most plots dominated by Mediterranean lowland pines are 
located in Spain, France, and Türkiye, but they are also important 
species in other Mediterranean countries. Aleppo and maritime 
pine are more abundant in the western parts, and Turkish pine in 
the eastern parts of this area. 

Mediterranean lowland pine plots had mean defoliation of up to 
10% on 3.3% of plots and 68.5% of plots had defoliation between 
11 and 25% (please refer to the online supplementary material1, 
Figure S1-4). Defoliation was moderate on 27.9% of the plots, 
and severe on 0.3%. Most of plots with defoliation up to 25% 
were located in Türkiye and Spain. Plots with moderate to severe 
mean defoliation values (>40% defoliation) were mostly located 
in the proximity to the coastline of the western Mediterranean 
Sea. 

For Mediterranean lowland pines, the trend shows an increase in 
defoliation of 4.6% over the past 20 years (Figure 7-2d), with 
annual values mostly staying close to the trendline. 
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Common beech 
Common beech (Fagus sylvatica) is the second most frequently 
assessed species on Level I plots in 2021 and by far the most 
frequently assessed deciduous tree species within the ICP Forests 
monitoring programme. It is found on Level I plots from southern 
Scandinavia in the North to southernmost Italy, and from the 
Atlantic coast of northern Spain in the West to the Bulgarian 
Black Sea coast in the East. 

In 2021, common beech had up to 10% mean defoliation on 
20.5% of the beech plots (please refer to the online 
supplementary material1, Figure S1-5). On 46.5% of plots, beech 
trees were slightly defoliated (>10ɝ25% defoliation), moderate 
mean defoliation was recorded on 29.2%, and severe defoliation 
on 3.8% of plots. Most plots with lower mean defoliation were 
located in eastern Europe, while plots with severe defoliation 
were predominantly located in France and Germany. 

The 20-year trend in mean plot defoliation of common beech 
shows an increase of 3.4% (Figure 7-2e). Annual mean values 
generally stay close to the trendline, but there were three larger 
deviations from this trend, in 2004, 2016 and 2020 (the highest 
ever mean plot defoliation of 23.9% was recorded in 2020). In 
2004, the annual mean plot defoliation was higher than the trend 
as a result of the drought in the preceding year which affected 
large parts of Europe (Ciais et al. 2005, Seidling 2007, Seletković 
et al. 2009).  

Deciduous temperate oaks 
Deciduous temperate oaks include pedunculate and sessile oak 
(Quercus robur and Q. petraea) and their hybrids. They cover a 
large geographical area in the UNECE region: from southern 
Scandinavia to southern Italy and from the northern coast of 
Spain to the eastern parts of Türkiye. 

In 2021, mean defoliation of temperate oaks was up to 10% on 
7.2% of the plots, and from >10 to 25% on 42.7%, therefore more 
than half of the plots had no or slight mean defoliation. Moderate 
mean defoliation (>25ɝ60%) was recorded on 47.5% of plots and 
severe defoliation (more than 60% defoliation) on 2.6% of the 
plots (please refer to the online supplementary material1, Figure 
S1-6). Plots with severe defoliation were located mostly in 
France, while plots with mean defoliation up to 25% were mainly 
found in the east of the continent. 

There has been a statistically significant increase in mean plot 
defoliation for deciduous temperate oaks of 2.6% in the past 20 
years. Generally, the changes in the defoliation status are not very 
fast for deciduous temperate oaks. A good example is the 
increase of oak defoliation in the drought year 2003, followed by 
a delayed recovery (Figure 7-2f). The largest deviation of the 
mean defoliation from the trend line happened in 2019, possibly 
due to the effects of drought events both in 2018 and 2019 (JRC 
2019), and the rise of defoliation continued in 2021. 

Deciduous (sub-) Mediterranean oaks 
The group of deciduous (sub-) Mediterranean oaks includes 
Turkey oak (Quercus cerris), Hungarian or Italian oak 
(Q. frainetto), downy oak (Q. pubescens), and Pyrenean oak 
(Q. pyrenaica). The range of distribution of these oaks is confined 
to southern Europe, as indicated by their common names.  

Mediterranean oaks had mean defoliation up to 10% on 14.3% of 
the plots, and on 51.0% of the plots between 10 and 25%, 
yielding a total of 65.3% of plots with mean defoliation up to 25% 
for these oaks in 2021. Almost a third (33.1%) of plots showed 
moderate, and 1.6% severe mean defoliation for Mediterranean 
oaks (please refer to the online supplementary material1, Figure 
S1-7). Plots with lower mean defoliation were located 
predominantly in Serbia, Bulgaria and Türkiye, while plots with 
higher mean defoliation were found mostly in southeastern 
France. 

There has been no significant trend in mean plot defoliation for 
deciduous (sub-) Mediterranean oaks for the past 20 years 
(Figure 7-2g). Mean plot defoliation values generally stay very 
close to the trendline.  

Evergreen oaks 
The group of evergreen oaks consists of kermes oak (Quercus 
coccifera), holm oak (Q. ilex), Q. rotundifolia and cork oak 
(Q. suber). The occurrence of this species group as a typical 
element of the sclerophyllous woodlands is confined to the 
Mediterranean basin.  

Very few (0.8%) of the evergreen oak plots had mean defoliation 
up to 10%, and there were 54.3% of the plots in the range >10 to 
25% mean defoliation (please refer to the online supplementary 
material1, Figure S1-8). Moderate defoliation was recorded on 
43.7%, and severe defoliation on 1.2% of plots. The majority of 
plots with defoliation over 40% were located along the shoreline 
of the northwest Mediterranean. 

Based on the trend analysis, evergreen oaks had an increase in 
defoliation of 6.7% over the last 20 years (Figure 7-2h). The 
defoliation development pattern for evergreen oaks is 
characterized by larger deviations from the trendline lasting for 
several years. 
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Damage causes 
In 2021, damage cause assessments were carried out on 100 732 
trees on 5 459 plots and in 26 countries. On 46 790 trees (46.4%) 
at least one symptom of damage was found, which is 0.8 
percentage points less than in 2020 (47.2%). In total, 67 509 
observations of damage were recorded (multiple damage 
symptoms per tree were possible). Both fresh and old damage 
was reported.  

The average number of recorded damage symptoms per assessed 
tree (ratio, Table 7-5) was higher for the broadleaved tree species 
and species groups than for the conifers. It was highest for 
deciduous temperate oaks and evergreen oaks with 1 symptom 
per tree, and lowest for Norway spruce with 0.39 symptoms per 
tree. Compared to 2020, both the number of recorded damage 
symptoms and the ratios have been decreasing for all coniferous 
species and species groups, as well as for common beech and the 
groups of other broadleaves, while both have been increasing for 
the oak groups. 

Table 7-5: Number of damage symptoms and assessed trees, and their 
ratio for the main tree species and species groups in 2021. Multiple 
damage symptoms per tree and dead trees are included. 

Main species or species groups N damage 
symptoms 

N trees Ratio 

Scots pine (Pinus sylvestris) 9 553 17 422 0.55 
Norway spruce (Picea abies) 4 309 11 043 0.39 
Austrian pine (Pinus nigra) 2 893 5 328 0.54 
Mediterranean lowland pines  4 298 7 794 0.55 
Other conifers 4 030 7 668 0.53 
Common beech (Fagus sylvatica) 8 314 10 965 0.76 
Deciduous temperate oaks 8 616 8 506 1.01 
Dec. (sub-) Mediterranean oaks 6 793 7 888 0.86 
Evergreen oaks 4 612 4 633 1.00 
Other broadleaves  14 091 19 485 0.72 
Total    
Conifers 25 083  49 255 0.51 
Broadleaves  42 426  51 477 0.82 
All species  67 509 100 732 0.67 

 

 
Figure 7-3: Percentage of recorded damage symptoms in 2021 (n=66 434), affecting different parts of a tree. Multiple affected parts per tree were 
possible. Dead trees are not included. 


















































































