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ICP Forests reporting activity to stakeholders (e.g. Air 
Convention bodies, Participating countries) has been largely 
centered around data and results produced by the Programme 
but also from other related scientific sources.  

Here we present a brief overview as 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/key findings over the past year in the forest-relevant, 
priority themes for the Working Group on Effects (WGE) strategic 
planning: N deposition, ozone, heavy metals, air 
pollution/climate change interactions.  

EPs based their input on max. five arbitrarily selected recent 
papers, i.e. those, EPs considered the most relevant in their own 
field. In the future, this activity will be further developed, with a 
more formal selection process for literature. 

In the following, we summarize the main evidence according to 
two perspectives: the drivers-oriented perspective (i.e. 
atmospheric deposition and ozone as key drivers) and the 
response-oriented perspective (i.e. forest trees’ growth, health, 
nutrition, phenology; acidification and eutrophication of forest 
soil). The response-oriented perspective is particularly 
important for the interactions between air pollution, deposition, 
climate change and extreme events. 

Atmospheric deposition  
Arne Verstraeten, Peter Waldner, Daniel Žlindra 

Several studies yielded further insights into the effects of 
nitrogen (N) deposition and ground level ozone on forest 
ecosystem functioning. Braun et al. (2020) found clear 
indications that decreasing phosphorus and potassium 
concentrations in leaves of European beech are partly explained 
by excess N deposition. The study also revealed a negative 
relationship between foliar phosphorus concentrations and 
tropospheric ozone flux (POD1) in the preceding year.  

Etzold et al. (2020) showed that N deposition is a factor at least 
as important as climate to modulate forest growth at European 
scale, with a tipping point for growth at around 30 kg N ha−1 
yr−1; higher inputs lead to reduced growth.  

Salemaa et al. (2020) observed that throughfall deposition of 
dissolved organic nitrogen is a good predictor of the tissue total 
N content of three moss species in boreal forests. The 
accumulation of free ammonium in tissues collected at southern 
plots suggested that mosses are near the N saturation state 
already at a deposition rate of 3‒5 kg N ha−1 yr−1.  

Roth et al. (2020) found that negative effects of N deposition on 
ground vegetation are often concealed by effects of tree layer 
composition, land-use legacies and soil pH as main 
determinants of the soil C/N ratio which was most closely 
related to the eutrophication state of the vegetation.  

Guidelines for the protection of forest soils through liming were 
published by Andreae et al. (2020) based on the results of 
experiments conducted in forest stands in Saxony that were 
severely damaged by high sulphur depositions in the 1980s. 

Ozone  
Diana Pitar, Elena Gottardini 

Temporal trends of ground-level ozone concentrations and 
temporal trends are variable and site-dependent. For instance, 
at Czech sites a steady increase from 2014 to the present has 
been reported (Hůnová et al. 2020), while in West Germany 
ozone concentrations did not show any significant trends during 
the 22-year study period 1998-2019. There, periods with 
elevated ozone were observed in parallel with elevated plant 
water stress. We, therefore, hypothesize that future (drier) 
climate conditions may protect plants from adverse ozone 
effects (Eghdami et al. 2020, Xu et al. 2020). 

Furthermore, phytotoxic ozone levels are expected to directly or 
indirectly affect biodiversity, plant-insect interactions and soil 
microbial communities (Agathokleous et al. 2020). For ozone 
effects on tree growth, non-significant effects were found for 
pure, even-aged and managed European forests (Etzold et al. 
2020), but Cailleret et al. (2020) propose to combine ozone-
controlled experiments and long-term monitoring data with 
physiological and forest succession process-based models to 



 

disentangle between the forcing factors and to better 
understand ozone impacts at each ecosystem level.  

The severity of ozone-induced visible foliar injury may be a 
result from the combination of multiple factors such as soil 
water content, air temperature, relative humidity, solar 
radiation, and ozone concentrations, through their influence on 
stomatal conductance and ozone uptake, respectively. Hence, 
Critical Levels based on flux-response functions to protect 
forests against adverse ozone effects have been proposed 
(Sicard et al. 2020). 

Forest growth  
Tom Levanič, Tanja Sanders 

While atmospheric deposition of sulphur (S) and nitrogen (N) is 
slowly decreasing, levels of N in soils are still high, so that N 
remains one of the most important factors for forest growth at 
the European scale (Etzold et al. 2020). This also leads to legacy 
effects, where stand growth remained above expectations 
(Prietzel et al. 2020). However, as N is still readily available, 
other nutrients may become limiting, leading to new feedbacks 
of plant-available nutrients associated with decreasing recycling 
(Palmquist et al. 2020) and overall limited availability of some 
nutrients, such as phosphorus (P). This will prove increasingly 
important as nutrient availability, imbalances, and limitations 
affect climate-growth correlations in multiple ways, such that, 
for example, pines with good magnesium supply turn out to be 
less susceptible to drought (Sanders et al. 2020). However, 
prolonged drought may reduce the fertilizing effect of N on 
growth (Fenn et al. 2020), likely due to limited uptake capacity, 
thus limiting or altering the extent of fertilization, as also 
shown in Wang et al. (2020).  

Overall, forest growth strongly depends on local deposition, 
nutrient availability, and climate, which poses challenges to 
modellers and foresters. 

Forest health  
Nenad Potočić, Volkmar Timmermann 

Several aspects of climate change – especially rising summer 
temperatures, reduced precipitation, and the increasing 
frequency of severe drought events – have been found to 
impact the health of forests in Europe.  

Effects range from (1) premature leaf yellowing and/or 
defoliation and moderate growth reduction, through (2) 
significant damage to tree crowns in the form of intense 
yellowing/leaf necrosis and high defoliation accompanied by a 
strong reduction in assimilation capacity, C sequestration and 
growth, to (3) increased tree mortality.  

If considered at different geographical scales, (1) at the local 
level the effects may not be always apparent even following a 
strong drought, especially under favorable site conditions (e.g. 
Ognjenović et al. 2020); (2) at regional level, drought effects 
may be more apparent - in large parts of central Europe 
premature leaf senescence and reduced growth in deciduous 
tree species, especially beech, was recorded in 2018 (e.g. 
Rohner et al. 2021, Brun et al. 2020); and (3) pan-European 
analyses based on a large data sample are able to detect even 
more severe effects, such as an increased mortality risk with 
increasing temperatures for all major tree species in Europe, and 
with decreasing precipitation for some important conifers (e.g. 
Brandl et al. 2020). 

Forest nutrition  
Pasi Rautio, Liisa Ukonmaanaho 

Etzold et al. (2020) conducted an analysis of recent forest 
growth to investigate how European forest growth has 
responded to changes in e.g.  stand characteristics and air 
quality. They found that N deposition is as important as climate 
to affect forest growth in Europe, with a tipping point at around 
30 kg N ha−1 yr−1; higher inputs lead to reduced growth.  

Penuelas et al. (2020) used ICP Forests data to study the 
nutritional status of forests potentially being affected by 
increased CO2, N and S deposition, and climate change. They 
found that foliar concentrations of N, P, K, S and Mg decreased 
the last three decades with increasing CO2.  

Nussbaumer et al. (2020) analyzed Swiss beech data from the 
last 15–19 years to test the hypothesis that mast is controlled 
by flowering, and that after successful pollination, high amounts 
of fruits and seeds are produced. The study revealed that 
extreme summer heat and drought can act as an “environmental 
veto”, leading to early fruit abortion. They concluded that 
extreme summer heat and drought are therefore disrupting the 
heretofore assumed biennial fruiting cycle in beech. 

Forest tree phenology 
Stefan Fleck 

Climate change is challenging the most widespread empirical 
phenological models for spring phenology and requires the 
calibration of process-based models: Asse et al. (2020) 
compared mechanistic and correlative models of spring 
phenology for five tree species such as Betula pendula, Fraxinus 
excelsior, Picea abies, Corylus avellana, Larix decidua. While 
correlative models were more accurate in estimating budburst in 
most years, they were less accurate than mechanistic models for 
unusually warm years.  

Several phenological models for budburst and senescence of 
coniferous tree species were recently compared by Peaucelle et 
al. (2019), here the “Alternating Model” with only two 
parameters (Kramer 1994) performed best for pine and spruce. 



 

The effect of extreme summer heat and drought on fruiting of 
Fagus sylvatica has been investigated by Nussbaumer et al. 
(2020). Even after successful pollination in spring, fruit 
development may be suppressed as a consequence of potential 
resource limitations induced by higher mean summer 
temperature (+1.5°C) and lower precipitation sums (-45%) 
during summer. Generalized linear models revealed a positive 
impact of cold summers (2 years before), followed by a warm 
summer (1 year before) with a dry spring in the current year on 
pollen concentration, as well as a positive impact of cold wet 
summers (2 years before) followed by a warm dry summer (one 
year before) on current year’s fruit biomass.  

The impact of observed cooler pre-season temperatures on 
pollination success of oak species was recently analyzed by 
Bogdziewicz et al. (2020). The combined effect of pre-season 
temperature and photoperiod delayed and shortened the pollen 
season of oaks, which leads to an expected decrease of 
pollination success through desynchronized flowering under 
conditions of global warming. 

Forest soil acidification and eutrophication  
Bruno De Vos, Nathalie Cools, Tiina Nieminen 

Soil solid phase  
The combined Level I Forest Soil Condition Database comprises 
heavy metal data for about 1000-1500 plots from the first 
inventory (1985-1996) and 3000-3500 plots from the second 
inventory (2006-2008); predominantly data of forest floor and 
topsoil (0-20 cm) compartments. 

Heavy metal background concentrations differ among countries 
and biogeographical regions (Bommarez et al. 2021). The boreal 
zone shows the lowest concentration levels for most heavy 
metals. Overall decreases were observed in the concentrations 
of the heavy metals between both surveys for most plots, 
countries, and biogeographical regions with larger reductions in 
the forest floor compared to the mineral topsoil. 

The observed spatial distribution patterns across Europe are 
comparable to those of the moss survey of ICP Vegetation and 
the EMEP deposition data for Cd, Pb and Hg. 

Soil solution 
Twenty years of soil solution monitoring in Switzerland revealed 
an ongoing, but site-specific soil acidification (Braun et al. 2020a). 
In strongly acidified soils, acidification indicators changed only 
slowly, possibly due to high buffering capacity of aluminium. In 
contrast, in less acidified sites an increasing acidification rate over 
time was observed, reflected by the continued decrease in the 
base cations to aluminum ratio (BC/Al ratio).  

Furthermore, Braun et al. (2020a) demonstrated that the main 
driver of soil acidification is the high N deposition rate, causing 
cation losses and hampering sustainable nutrient balances for 
tree nutrition. Both N deposition and nitrate leaching have 

decreased since 2000, though the latter trend may be partly 
explained by increased drought in recent years. Nonetheless, 
those high N depositions are still affecting the majority of the 
forest sites. The interactions between N deposition and soil 
chemistry suggest an impaired uptake of K and P of beech 
stands in Switzerland at higher N loads (Braun et al. 2020b). 

Marco Ferretti 

There were several signals and suggestions for research and 
monitoring needs that emerge from the overview, and where 
ICP Forests can play an important role.  

(i) Air pollution continues to affect forest ecosystems. Still 
today, several forest ecosystem compartments (from trees to 
ground vegetation, soil and soil solution) and processes (tree 
nutrition, tree growth, species diversity, soil acidification) are 
affected by air pollution, namely by N deposition, ground-level 
ozone, and heavy metals. The need for continuous monitoring 
remains. 

(ii) Effects are diversified. For example, N deposition has been 
found to affect tree growth, lead to imbalances in tree nutrition, 
and promote soil acidification. Ozone has been reported as a 
potential threat to biodiversity, while effects on forest growth 
were less univocal. Heavy metals concentration in soil show 
similarities with deposition data and concentration in mosses. 
Also in terms of trends there is a diversified picture, with a 
generalized decrease of N deposition and heavy metals 
concentrations in the forest floor, and a more site-specific 
pattern for ground-level ozone. Once more, the multi-level, 
multi-media monitoring concept of ICP Forests proves to be 
essential, and – in case – should be reinforced with e.g. a 
remote sensing component. 

(iii) Climate change as a strong driver. 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, storms hit several sites 
across Europe, causing e.g. devastating windthrow. Both 
(drought and storms) caused subsequent bark beetle infestation. 
It is likely that extreme events related to climate change will 
increase in frequency, and this will cause additional pressure on 
European forests. Already today, drought is the most reported 
abiotic factor affecting trees on Level I plots. A scientific 
synthesis of climate records at e.g. the ICP Forests Level II sites 
over the past decades is now an urgent need.  

(iv) Air pollution – climate change interaction is key. When 
considering the enduring pressure caused by air pollution in 
different forms and the increasing frequency of climate change-
related events, there is an urgent need to better understand 
their interactions. A popular example here is the possible 
interaction between N deposition, ozone and drought. While a 
considerable body of knowledge exists in terms of experimental 



 

studies under controlled conditions, evidence from 
observational studies is still limited. Among others, this is an 
area of clear concern for the Air Convention, and where progress 
in scientific understanding and assessment is necessary. 
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Between January and December 2020, data that had either 
originated from the ICP Forests database or from ICP Forests 
plots were part of several international, peer-reviewed 
publications in various research areas, thereby expanding the 
scope of scientific findings beyond air pollution effects.  

The following overview includes all 82 English online and in 
print publications from 2020 that have been reported to the ICP 
Forests Programme Co-ordinating Centre and added to the list 
of ICP Forests publications on the program’s website1.  
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