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Marco Ferretti, Lars Vesterdal, Marcus Schaub, Kai Schwärzel 

Forests are increasingly threatened by climate change-related  
factors, and the knowledge and understanding of forest dynamics 
is necessary to identify management solutions for forest 
resilience while maintaining biodiversity and provision of 
ecosystem services. Continued monitoring is essential to 
document progress to reduce air pollution impacts on forests, an 
important factor affecting the health and sustainability of forest  
ecosystems around the world, especially under the concurrent 
pressure exerted by annual meteorological fluctuations and long-
term climate change.  

The data generated by the monitoring networks installed under 
ICP Forests demonstrates its high relevance at scientific and 
political levels. The ecosystem-oriented approach includes the 
main biotic and abiotic stressors that may impact our forests, and 
therefore enables identification of the role of air pollution. Yet, it 
is important to contextualize ICP Forests results within the larger 
picture offered by studies originating from other research and 
monitoring initiatives. 

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

In the following, we summarize the main evidence according to 
three main ecosystem compartments: atmosphere, forest  
vegetation, and forest soil. Given the interrelationships and the 
continuous fluxes and cycles of pollutants, carbon, water and 
nutrients across the three compartments, some overlap exist s 
among the different chapters. Connection and interrelationships 
are particularly important in view of the interactions between the 
abiotic and biotic environment, and specifically for air pollution, 
deposition, climate change, and extreme events.  

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

Two studies at European scale provided new insights into forest 
ecosystem N cycling. Guerrieri et al. (2024) found evidence of 
substantial canopy nitrification through the analysis of the natural 
Δ17O isotopic tracer in bulk precipitation and throughfall collected 
in beech and Scots pine stands across an N deposition gradient 
based on ten ICP Forests Level II plots. Additional genetic analysis 
of foliar samples enabled identification of archaea and specialized 
bacteria as the main taxa governing this process. Strikingly, the 
results imply that throughfall deposition probably underestimates 
the share of reduced N (NH4

+) in total deposition and, ultimately, its 
impact on forest ecosystems. Findings are also relevant to the 
debate on widespread ecosystem N saturation versus ecosystem 
oligotrophication and can be used to improve canopy budget 
models. Verstraeten et al. (2023) compared throughfall deposition 
fluxes during the spring in homogeneous stands of beech, oak, 
spruce, and pine with airborne pollen concentrations of the 
dominant tree genus measured in nearby cities. Particularly for 
beech they found a positive relationship between the airborne 
pollen concentrations and throughfall fluxes of potassium, 
ammonium, organic nitrogen, and carbon. On the other hand, the 
results indicated that pollen or associated micro-organisms can 
reduce the amount of nitrate in throughfall. From this it can be 
concluded that the estimation of throughfall element fluxes is 
significantly affected by tree pollen. 

Two studies conducted in Greek forests focused on the cycling 
and status of boron and cobalt respectively (Michopoulos et al. 
2023a, 2023b). They are remarkable because these elements are 
not included in the standard list of parameters commonly 
assessed in the ICP Forests deposition survey, but both are 
essential plant micronutrients. Evidence was found that small 
amounts of boron and cobalt undergo long-range transport 
through the atmosphere and reach the forest canopy mainly 
through dry deposition. 
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beech (-0.5%p), while there were only minor changes for the 
other species and species groups. 

Mean defoliation of all species at plot level in 2023 is shown in 
Figure 8-1. Two thirds (65.7%) of all plots had a mean defoliation 
up to 25%, and only 1.8% 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 northern Italy, but also from central and northern 
France through Germany and into Czechia, Slovakia, and Hungary, 
as well as in western Bulgaria and central parts of Norway and 
Sweden.  

The following sections describe the species-specific mean plot 
defoliation in 2023 and the over-all trend and yearly mean plot 
defoliation from 2004 to 2023. For maps on defoliation of 
individual tree species in 2023, and trends in mean plot 
defoliation from 2014 to 2023, please refer to the online 
supplementary material1. 

Table 8-3: Percentage of trees assessed in 2023 according to defoliation classes 0-4 (class 2 subdivided), mean defoliation for the main species or 
species groups (change from 2022 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) 21.7 52.3 16.0 6.6 2.5 0.9 22.7 (-0.2)  17 470  
Norway spruce (Picea abies) 28.6 37.3 22.0 7.4 3.5 1.2 23.3 (+0.1)  11 128  
Austrian pine (Pinus nigra) 26.1 43.9 16.9 7.9 4.4 0.8 24.0 (-0.1)  5 310  
Mediterranean lowland pines  11.3 56.6 23.2 5.7 2.7 0.5 24.9 (+1.3)  8 026  
Other conifers 29.5 42.3 18.0 6.4 3.3 0.5 22.3 (+0.8)  7 969  
Common beech (Fagus sylvatica) 33.3 37.7 18.0 6.9 3.8 0.4 21.9 (-0.5)  12 677  
Deciduous temperate oaks 17.4 36.6 25.9 12.4 6.9 0.8 29.3 (+1.7)  9 283  
Dec. (sub-) Mediterranean oaks 30.1 39.5 17.2 7.9 4.5 0.9 23.0 (-0.4)  7 984  
Evergreen oaks 7.1 53.5 25.3 8.6 4.6 0.9 27.8 (-0.8)  4 642  
Other broadleaves  27.3 43.6 14.9 6.6 6.0 1.6 24.1 (-0.2)  17 423  
TOTAL         
Conifers 23.3 47.2 18.9 6.7 3.1 0.8 23.3 (+0.3)  49 903  
Broadleaves 25.6 41.2 18.9 8.1 5.3 1.0 24.6   (0.0)  52 009  
All species  24.5 44.1 18.9 7.4 4.2 0.9 24.0 (+0.1) 101 912  

  

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

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


 

 
Figure 8-1: Mean plot defoliation of all species in 2023, 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 8-2 a-e: Over-all trend (orange line) and annual 
mean defoliation across plots (black line) at Level I plots 
from 2004–2023; points represent annual plot mean values: 
(a) Scots pine (regional Sen’s slope = 0.2019, p < 0.001)  
(b) Norway spruce (regional Sen’s slope = 0.2894,  
p < 0.001)  
(c) Austrian pine (regional Sen’s slope = 0.1249, n.s.)  
(d) Mediterranean lowland pines (regional Sen’s slope = 
0.1792, p < 0.01)  
(e) Other conifers (regional Sen’s slope = 0.1407, p < 0.01) 

n.s. = not significant  
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years, the content of ammonium and sodium ions increased in bulk 
deposition on the plots in the northern part of Estonia. Generally, 
in 2023 the precipitation was unevenly distributed in Estonia.  

Long-term studies (25 years) show that the content of sulphate ions 
in the soil water has decreased on all sample plots. The content 
(concentration) of calcium, magnesium, and potassium ions has 
slightly decreased in the soil water on sample plots in the north of 
Estonia. 

Publications/reports published with regard to ICP 
Forests data and/or plots and not listed in Chapter 2 
Apuhtin V, Timmusk T, Ejrpais M (2024) Forest Monitoring, Report 

of the survey 2023, Estonian Environment Agency, Tartu 
Yearbook Forest 2022, Estonian Environment Agency 

Outlook 
The forest monitoring activities in Estonia will continue for both 
levels (Level I and Level II) in 2024. 

 

National Focal Centre 

Päivi Merilä, Natural Resources Institute Finland  

Main activities/developments 
In 2023, altogether eight Level II plots were monitored for 
atmospheric deposition, soil solution chemistry, and 
meteorology. As two of the plots are in sapling stands, monitoring 
activities on the six plots representing mature forests also 
included litterfall, foliar chemistry, and crown condition surveys. 
In addition, tree increment was monitored using girth bands by 
manual recordings. The monitoring data of the year 2021 was 
submitted to the ICP Forests data base. 

Major results/highlights 
Merilä et al. (2023) reported carbon stocks (CS) and transfers on 
15 Finnish Level II plots (seven Scots pine and eight Norway 
spruce forests) located along a 1000 km latitude (60-69 °N). Total 
site CSs ranged between 81–260 Mg ha-1. The largest ecosystem  
component CSs were tree stems, mineral soil, and humus layer, 
representing 30 ± 2%, 28 ± 2%, and 13 ± 1% of total CS, 
respectively. The northern sites had an average of 58% less C 
than the southern sites. Humus layer CS was the only 
compartment showing no latitudinal trends. Northern sites had a 
significantly larger fine and small root CS and understory CS than 
southern sites. Most CS compartments were significantly 
correlated with litterfall C transfer components. Dissolved  
organic carbon (DOC) flux in throughfall was positively correlated 

with the aboveground tree compartment CS. In conclusion, the 
study showed patterns of C distribution in major boreal forest 
ecosystems along latitudinal and fertility gradients, which may 
serve as a reference for Earth system models and in the 
evaluation of their projections. 

Salemaa et al. (2023) investigated how the proportion of 
broadleaved trees of total basal area, tree species richness, stand 
density, and shrub cover were reflected in the number of vascular 
plant species and percentage cover of herbs and bilberry 
(Vaccinium myrtillus). The response of site fertility indicators, i.e., 
C:N ratio and extractable calcium concentration in the soil 
organic layer, to broadleaved species in mixed forests was also  
studied. The study was based on the data on understory 
vegetation, soil, and stand properties in forests on mineral soil, 
inventoried on the Level I sample plot network (study sites n = 
307) in Finland in 2006. Birches (Betula sp.) were the main 
broadleaved species. Vascular species richness and herb cover 
generally increased with increasing proportions of broadleaved  
trees and tree species number both on mesic and xeric sites but 
decreased with increasing stand density on mesic sites. An 
increase in the proportion of broadleaved trees and stand density 
resulted in decreased bilberry cover in the southern boreal zone, 
probably due to stand shading, but in increased cover in the 
middle boreal zone. As an increase in the proportion of 
broadleaved trees correlated positively with calcium and 
negatively with C:N of the organic layer, the authors suggest that 
nutrient input from easily decomposable birch leaf litter 
promotes species richness and herb cover via improved nutrient 
availability in the soil. Generally, slight increase in broadleaved  
trees benefitted the understory plant richness, given that stand 
density is not too high. 

Outlook 
Level II monitoring activities continue on Level II plots in Finland. 
Finnish Level II plots are planned to become included in the 
eLTER network and three of them also belong to the ICP 
Integrated Monitoring Programme. The data from these three 
plots are also used to fulfill the information needs of the national 
emission ceiling directive (NECD).  

In late summer 2023, a pilot instrumentation for in situ 
measurements of soil solution quality was installed on the spruce 
plot in Tammela (Level II plot nr. 12). The functioning of the 
equipment remains to be tested during the next growing season. 

 

National Focal Centre 
Level I: Fabien Caroulle, Forest Health Department 
Level II: Manuel Nicolas, Office National des Forêts (ONF) 
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The non-foliar litter had high amounts of Ca and K. This is an 
important fact, especially for forests situated in acid soils because 
the depletion of base cations is a frequent event. It is 
recommended to leave the remnants of loggings in these kind of 
soils in the forest so that the stock of base cations can be 
preserved in the future,  

Total masses (TM, mg ha-1 yr-1) and fluxes (kg ha-1 yr-1) of major 
nutrients in the litterfall fractions in three forested plots in Greece in 
2022 

Foliar TM Ca Mg K S N P 

Maquis 3.2 46.2 4.54 10.4 26.2 2.45 1.64 

Oak 4.8 72.4 9.91 10.9 55.3 3.20 5.92 

Fir 3.2 64.0 4.16 9.40 33.6 3.55 1.21 

Non-foliar TM Ca Mg K S N P 

Maquis 3.7 27.0 3.96 15.7 27.7 1.91 0.48 

Oak 3.9 45.1 4.09 14.5 26.3 1.64 1.81 

Fir 2.0 23.1 2.64 7.24 26.3 2.16 0.51 

Publications/reports published with regard to ICP 
Forests data and/or plots and not listed in Chapter 2 
Bourletsikas A, Proutsos N, Argyrokastritis I (2023) Use of gridded 

data for the evaluation of ten radiation-based potential 
evapotranspiration models in a forest ecosystem in Greece. In: 
Proceedings of the 12th World Congress of EWRA on Water 
Resources and Environment, 27 June–1 July 2023, 
Thessaloniki, Greece, 277-278 

Outlook 
We are planning to enrich the scientific team dealing with forest 
ecosystems and taking part in the ICP Forests monitoring by 
including tree physiology and forest genetics. In addition, 
modelling of the water availability for vegetation may improve 
our ability to explain spatio-temporal defoliation patterns along 
with other phenological stages. Models can be constructed to 
complete the components in order to predict the hydrochemical 
budgets of nutrients and/or heavy metals to complete the 
components of the hydrological cycle. 

 

National Focal Centre 

Kinga Nagy, Gergely Pápay  
National Land Centre, Department of Forestry 

Main activities/developments 
Level I, the large-scale health condition monitoring, is co-
ordinated and carried out by the experts of the National Land 

Centre – Department of Forestry. The annual survey includes 78 
permanent sample plots with 1872 potential sample trees in 
total, on a 16 x 16 km grid. 

In 2023, 78 permanent plots with 1521 sample trees were 
included in the crown condition assessment. The survey was 
carried out between 15 July and 15 August. The percentage of 
broadleaves was 90.9%, while the percentage of conifers was 
9.1%. 

Major results/highlights 
From the total number of sample trees surveyed, 21.1% were 
without visible defoliation, which shows an increase in 
comparison with 2022 (10.9%). The percentage of the slightly 
defoliated trees was 32.4%, and the percentage of all trees within 
ICP Forests defoliation classes 2-4 (moderately damaged, 
severely damaged and dead) was 46.4%. The rate of the dead 
trees was 3.3% and 2.0% of all sample trees died in the surveyed  
year. The dead trees remain in the sample as long as they are 
standing but the newly died trees can be separated. The mean 
defoliation for all species was 32.3%. These values signal an 
improvement compared to a very dry 2022, although they do not 
reach the level of the previous years. 

Relatively big differences can be observed between the tree 
species groups in respect of the defoliation rates. In 2023, 
Quercus robur (pedunculate oak) and Quercus petraea (sessi le 
oak) were the most defoliated and damaged tree species groups 
again, with 0.6% and 0.2% of undamaged trees, respectively. For 
several years now, a long-term decline in the health condition 
could be observed in these groups. Quercus cerris (Turkey oak) 
and Pinus nigra (black pine) are also among the most severely  
damaged tree species.  

The least defoliated tree species was Carpinus betulus (common 
hornbeam) with 22% mean defoliation. This is a higher number 
than in 2022 (17.5%). 

Discoloration can rarely be observed in the Hungarian forests, 
89.1% of living sample trees did not show any discoloration.  

Although the damage caused by insects, abiotic causes, and fungi 
were dominant in general, the rates of the damaging agents 
showed differences in proportions between the tree species 
groups respectively. 

In 2023, insects were the most frequent damaging agent (34.7%). 
Most of the observed damage was caused by defoliators and 
sucking insects. In recent years, the oak lace bug (Corythucha 
arcuata) has been spreading across the Hungarian forests (as well 
as in Europe’s) and it has become a common and dangerous pest 
of Quercus species. Abiotic damage was the second most 
frequent damaging agent with 26.0%.  

Fungal damage (19.5% of all damage) was observed most 
frequently on Pinus nigra (fungi affected 50.0% of sample trees 
in this group). 
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