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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 
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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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the programɠs website2. 
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Zanchi G, Lucander K, Kronnäs V, et al (2021) Modelling the 
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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





































































































































