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PREFACE

Perica Grbic
Eng. Director – Directorate of Forests

The need to protect and improve the management and monitoring of forest resources across Europe has
become increasingly clear in recent years. Forests and their associated resources are immensely valuable
to the economies and welfare of both developing and developed nations and there is worldwide concern
over the impacts of global climate change on forests as well as the rate at which this change is taking
place. Forests are one of the most important terrestrial ecosystems, of vital signiﬁcance for sustaining
the balance between oxygen and carbon in the atmosphere and they are under threat.
Forests provide key ecosystem services – they regulate climate, sequester carbon, protect watersheds,
and help conserve biodiversity. Many of our decisions are made without a full understanding of the value
of these ecosystem services, or of the rate at which forests are being lost in the pursuit of more immediate
economic gains. Sophisticated forest observation systems and methodologies are now available and the
need for accurate information on change within forests is increasing. Thus, our common understanding
of forest change and air pollution eﬀects on forests will improve dramatically.
Good and eﬀective communication between scientists and forestry experts within the context of
monitoring forest condition is a prerequisite for establishing the values, issues, risks, and challenges
related to global change. Proposing measures for integrated sustainable land use of the key ecosystems
on the planet is now possible and will help to limit the adverse impacts of air pollution and other anthropogenic impacts on forest condition.

Ministry of Agriculture, Forestry and
Water Management
Republic of Serbia

Perica Grbic
Director – Directorate of Forests
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Just over three-quarters (78%) of the atmosphere
comprises inert nitrogen which has very limited
availability for biological use.
All terrestrial ecosystems need reactive nitrogen
and historically this has been in short supply. Artiﬁcial nitrogenous fertilizers and fossil fuel combustion are both sources of reactive nitrogen and their
use has dramatically altered the global nitrogen cycle.

1. ATMOSPHERIC DEPOSITION
Nitrogen deposition largely originates from fossil
fuel combustion and animal husbandry. Deposition
is highest in central Europe. Only a minor decrease
in deposition has been measured on intensive monitoring plots over the past decade (see p. 6).
2. LICHENS
Lichens are very sensitive indicators of nitrogen
deposition. Deposition is high on 75% of the European forest plots and this is reﬂected in the change
in lichen species composition over time (see p. 8).
3. MOSSES
Mosses absorb most of their nutrients and water
across their surface. As a result, they are directly
aﬀected by atmospheric deposition. In a study carried out in Austria, Croatia, Italy, and Slovenia the
nitrogen content in mosses signiﬁcantly increased
with increasing nitrogen deposition (see p. 10).
4. FUNGI
Fungal species diversity and structure signiﬁcantly
decrease with increasing nitrogen deposition. On a
European transect through nine countries, 393
mycorrhizal species were determined. These fungal
types live in symbiosis with tree roots and play a
major role in nutrient uptake by trees (see p. 12).
5. SOIL SOLUTION
An analysis of trends on the Level II plots showed
exceedances of critical limits for nitrogen in the
subsoil on 50% of the plots. Leaching is mainly dependent on nitrogen deposition with other factors
playing a relatively minor role (see p. 14).
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Open ﬁeld site with meteorological equipment and deposition samplers in Berchtesgaden (Germany), complementing the Level II plot within the forest.

6. LITTERFALL
Litterfall and its decomposition are critical processes for transferring nutrients from above-ground forest biomass to soils. Tree species composition (and
thus foliar litter chemistry) aﬀects nitrogen cycling
rates at the scale of entire forest stands; for example, the scale of the nitrogen transfer in litterfall
determines the amount of nitrogen available for
tree growth (see p. 16).

9. EFFECTS ON TREES
9A FOLIAGE NUTRIENT BALANCE
Soil nitrogen generally stimulates plant growth.
However, excess nitrogen can cause other nutrients such as magnesium to become deﬁcient.
This can aﬀect forest health and enhance the
eﬀects of additional stress factors. Nutrient imbalances were detected in leaves and needles on
10% of the nitrogen-saturated plots (see p. 24).

7. SOIL SOLID PHASE
Soils play a key role in nitrogen cycling and storage
within ecosystems. They host nitrogen-ﬁxing
microorganisms, as well as those that release
nitrogen back into the air. Mineralization of organically-bound nitrogen takes place within soils and
converts nitrogen to a form available for tree
growth. Loss of nitrogen from the soil is mainly
through harvesting and leaching. One of the key
questions concerns the saturation status of
European forest soils (see p. 18).

9B CROWN CONDITION (TREE HEALTH)
Eﬀects of nitrogen deposition on leaf and needle
loss can be detected at a local level for some tree
species. These impacts are compounded by the
eﬀects of weather, insects and diseases, and soil
condition (see p. 26).

8. GROUNDWATER QUALITY
Rain water containing dissolved nitrogen is pulled
downwards through the soil by gravity, this is
known as leaching. Leaching may aﬀect the quality
of drinking water pumped up from groundwater. In
forests on sandy soils in the Netherlands nitrogenleaching has decreased by 55% over the past 20
years, showing the success of emission reduction
policies (see p. 22).

9C STEM GROWTH
Nitrogen acts as fertilizer for trees. At sites with low
nitrogen soil levels, atmospheric nitrogen inputs increase growth. But on nitrogen-saturated plots,
even high atmospheric nitrogen inputs have no impact on tree growth (see p. 30).
10. CONCLUSIONS
Assessing the input of nitrogen to forests and the
direct and indirect responses of forest trees are
core activities of the large-scale and intensive
monitoring of forest ecosystems in Europe. ICP
Forests provides policy makers with key information for forest management, especially under the
projected future climatic changes (see p. 33).
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1. ATMOSPHERIC DEPOSITION

LARGE REGIONAL VARIATION IN
NITROGEN DEPOSITION

SLIGHT DECREASE IN NITROGEN
DEPOSITION ACROSS EUROPE

Nitrogen deposition was measured on 219 ICP Forests Intensive ICP Forests Intensive Monitoring
(Level II) plots in 24 countries across Europe in
2011.

Trends in nitrogen deposition across Europe are
based on data from 83 plots with continuous measurements between 2002 and 2011 (Fig. 1-1).

High deposition levels were recorded in the forests
of central Europe, from Denmark to the Swiss Plain.
For ammonia the regions of high deposition also
extend further westward, to northern France, the
central UK and Ireland. In the Mediterranean area,
relatively high values were only recorded at sites
in Spain and southern France.

The mean combined throughfall deposition of
nitrate (NO3) and ammonia (NH4) decreased from
~13 to ~9 kg N ha-1 a-1 between 2002 and 2011
and the mean combined bulk deposition from ~10
to ~7 kg N ha-1 a-1 (Fig. 1-2). This is a decline of
around 30% and corresponds to a mean decrease
of about 3% per year. However, the situation on individual plots may diﬀer from the mean trend.

HIGH REGIONAL NITROGEN LOADS
STILL LIKELY IN THE FUTURE
Model results (not depicted) suggest that by 2020
critical deposition loads for nutrient nitrogen will
still be exceeded on up to 50% of the land surface
of the EU depending on the scenario used.
Critical nitrogen deposition loads in Europe are
generally widely exceeded.

Collection of stem ﬂow is important on trees with a smooth bark like European beech (Fagus sylvatica) (Freising, Germany).
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To minimise errors due to contamination, several deposition samplers are run in parallel at the open ﬁeld site in Gronik, Slovakia.

Throughfall nitrogen (NO3-N + NH4-N) 2002-2011

Figure 1-1: Temporal trends of nitrogen throughfall deposition
(nitrate and ammonia) at 83 Level II plots in 10 countries across
Europe with continuous measurements between 2002 and
2011.

Figure 1-2: Trends in throughfall and bulk nitrogen deposition in
European forests over the past decade. Bulk deposition measurements are carried out on an open ﬁeld close to the forest
stand, whereas throughfall deposition is measured below the forest canopy. Throughfall deposition is generally higher than bulk
deposition as tree canopies ﬁlter deposition from the air and are
therefore enriched. Also, total deposition of nitrogen to forests
is generally even higher than throughfall of ammonia and nitrate, because (i) nitrogen is partly taken up in the canopy by
the leaves or needles and (ii) because nitrogen transformed to
organic nitrogen is not included here.
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2. LICHENS

IDEAL BIOMONITORS FOR AIR POLLUTANTS
Lichens depend on the atmosphere for nutrition.
They take up water, nutrients and gases over their
entire surface and so respond directly to changes
in atmospheric pollution. This is particularly the
case for lichens growing on other plants such as
trees (epiphytic lichens).

NITROGEN IMPACTS GREATEST ON
MACROLICHENS
Epiphytic lichen species were determined on 83
Level II plots. In total, 292 species were found on
the 1155 trees assessed. Results show that in addition to climatic factors such as rainfall, regional
variation in temperature, and site factors such as
soil acidity (pH), stand age, and forest structure,
lichen diversity was clearly inﬂuenced by nitrogen
and sulphur deposition (Fig. 2-1).
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While total species richness mainly reﬂects the
typical climatic and site factors, recent sulphur
deposition appears to have some impact on the
quantitative composition of lichen cover on tree
bark. What is particularly striking though is the
strong inﬂuence of total nitrogen deposition on the
abundance of macrolichens and this probably
reﬂects the high surface area to volume ratio of
these species.
The correspondence between nitrogen deposition
and the percentage of macrolichens recorded,
allows the derivation of a critical load (CLO) value
of 2.4 kg ha-1 a-1 (Fig. 2-2).

Figure 2-1: Environmental factors explaining (R2) diﬀerent
aspects of epiphytic lichen species diversity.

Lichens are highly sensitive to atmospheric pollutants and can therefore be used as indicators of air quality. Lichens and aerial algae on cork oak (Quercus
suber) near Rome, Italy (left) and Hypogymnia physodes associated with crustose and leprose lichens on oak in Berlin, Germany (right).

Figure 2-2: Percentage of lichen species adapted to nutrient-poor conditions as a function of nitrogen deposition on the
Level II monitoring plots.
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3. MOSSES

MOSSES AS MONITOR ORGANISMS
Most mosses are ectohydric; they absorb water and
nutrients across their surface directly from rain,
fog, mist, and dew. Their rooting system is poorly
developed and they lack an outer protective layer
on aboveground plant sections (cuticle).

Monitoring atmospheric nitrogen levels using
mosses is easier and cheaper than conventional
analyses of precipitation or air and so a much
higher sampling density can be achieved.

In this, mosses diﬀer from most ﬂowering plants
which absorb water and nutrients over roots in the
soil. The idea of using mosses for monitoring air
pollution ﬁrst appeared in the late 1960s.

Using a combination of the two, makes it possible
to obtain detailed local air pollution data (conventional monitoring) as well as more detailed spatial
patterns of pollutants (biomonitoring).

MOSSES ACCUMULATE NITROGEN
Many studies have used mosses to assess the ongoing increase in nitrogen pollution. The relationship between the nitrogen content of the moss
Hypnum cupressiforme (Fig. 3-1) and the nitrogen
content of wet deposition (NH4-N + NO3-N) was
examined on 14 ICP Forests Level II plots in Slovenia (8), Austria (3), Italy (2), and Croatia (1).
The results revealed a weak but signiﬁcant correlation between nitrogen content in moss and nitrogen content in deposition. This indicates the
usefulness of this type of monitoring (Fig. 3-2).

Figure 3-1: Moss (Hypnum cupressiforme Hedw.).
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MOSSES READILY AVAILABLE
ALMOST EVERYWHERE

Extensive moss cover in the Nefcerka valley in the High Tatras, Slovakia.

Common hair moss (Polytrichum commune) in the Leningrad region,
Russia.

Moss N [mg g-1]

Figure 3-2: Non-linear relationship between the nitrogen content
of moss and the annual total wet open-ﬁeld (bulk) nitrogen
deposition (NH4--N + NO3--N) at Level II plots in southern Europe.

Bulk nitrogen (NH4-N + NO3-N) deposition [kg ha-1 a-1]
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4. FUNGI
Cep (Boletus edulis) in a spruce (Picea abies) dominated stand in Polána, Slovakia.

FUNGI AT THE INTERFACE BETWEEN SOIL
AND TREES
Ectomycorrhizal (ECM) fungi cover nearly all the
ﬁne roots of trees in boreal and temperate forests,
thus eﬀectively functioning as the interface between trees and soil. These fungi provide trees with
most of their water and soil nutrients in exchange
for sugar. An ectomycorrhiza is the symbiotic produced structure formed between a ﬁne root of a
tree and a fungus (Fig. 4-1).
So far, mycorrhizal assessments have been carried
out in 12 Scots pine (Pinus sylvestris) plots in England and Germany and 22 oak plots (Quercus robur
and/or Q. petraea) across nine countries from Spain
to Romania (Fig. 4-2). Over 3000 soil cores have
been examined and over 10 000 mycorrhizas analyzed using DNA-based techniques that identiﬁed
112 fungi in pine and 393 in oak forests. An ongoing project will include over 100 plots of spruce,
pine and beech.

Piloderma show a consistently negative response
to increasing nitrogen inputs and are not detected
in plots receiving over 20 kg N ha-1 a-1.
Although soil pH variation is mainly driven by soil
characteristics, it tends to decrease with increasing
levels of nitrogen deposition. Fungal richness and
evenness both decline when soil pH decreases,
leading to dominance by acidophilic fungi. For instance, the generalist fungi Scleroderma citrinum
and Russula parazurea appear and increase in oak
plots as nitrogen deposition increases and pH
decreases.
Root density is an important factor related to ECM
community composition. Plots with higher nitrogen
deposition have lower root density and less even
communities – probably because trees need fewer
ﬁne roots when abundant inorganic nitrogen is
available and this leads to increased fungal competition for roots.

EACH FUNGAL SPECIES HAS ITS OWN NICHE
FUNGI RESPOND TO NITROGEN DEPOSITION
At the continental scale, nitrogen pollution and acidiﬁcation drive ECM communities through their impacts on tree roots, fungi and soil conditions. The
critical nitrogen load for ECM communities in European oak forests is estimated at 9.5–13 kg N ha-1
a-1; above 17 N ha-1 a-1 communities suﬀer a more
drastic change. Nitrogen deposition decreases
species richness of ECM communities, and shifts
dominance towards nitrophilic fungi resulting in a
decrease or even loss of nitrogen-sensitive fungi.
For instance, species of Tricholoma, Cortinarius and
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Diﬀerent ECM fungi play diﬀerent functional roles
in forests, for example accessing diﬀerent nitrogen
pools and conferring drought tolerance or resistance to pathogens. Fungi with diﬀerent exploration types (such as specialised for long-, mediumor short-distance transport) respond strongly to
eutrophication and acidiﬁcation in European oak
forests. The eﬀects of changes in the presence and
proportions of diﬀerent ECM functional groups
across Europe merit investigation because they are
likely to aﬀect tree growth and determine the resilience of forests to environmental change.

Figure 4-1: Roots of oak trees forming mycorrhizas with diﬀerent fungi. Left: the puﬀball Scleroderma citrinum, middle: the
mushroom Laccaria amethystina; right: the truﬄe Elaphomyces muricatus.

Figure 4-2: Plots sampled for the mycorrhizal assessments. Grey dots: Level II sites; blue dots: oak plots; red dots: Scots pine plots.
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5. SOIL SOLUTION

SOIL SOLUTION:
EXCHANGE MEDIUM IN SOILS

DISSOLVED NITROGEN:
MANY CAUSES – ONE EFFECT

Over the past ten years, many studies have identiﬁed the factors inﬂuencing nitrate leaching from
European forest ecosystems. The ‘Indicators of Forest Ecosystem Functioning’ (IFEF) database is a
compilation of nitrogen input/output ﬂux studies including 248 sites mainly distributed throughout
northern, eastern and central Europe and the
database for ICP Forests Intensive Monitoring
(Level II) plots containing validated original data
submitted by the participating countries.

Temporal trends of nitrogen in soil solution have
been analysed in several countries participating in
the ICP Forests programme. Decreasing trends in
nitrate ﬂuxes reﬂecting declining nitrogen deposition were observed at individual sites (Tab. 5-1).

There are 254 Level II plots with continuous chemical analysis of the soil solution. The studies at the
European scale have shown that nitrate leaching
depends on nitrogen deposition.
Many studies have also highlighted the role of soil
conditions (such as temperature, moisture, acidity)
in controlling nitrogen concentrations in the soil solution. For most of these relationships, diﬀerences
were observed between coniferous and deciduous
forests. The critical limit of 1 mg N l-1 leading to nitrate leaching was exceeded in the mineral subsoil
in 50% of the 173 selected Level II plots, in particular those in the Netherlands and Belgium.

In many studies, changes in concentration or leaching were mainly attributed to disruption of the
nitrogen cycle caused by cuttings, storm felling
(Fig. 5-1), tree decline, or pest attacks (Fig. 5-2).
Stand age and soil water regime also caused annual variation in nitrate leaching from the root
zone.
A large number of studies indicated that most of
the nitrogen received from atmospheric deposition
was retained in the soil, particularly in northern
Europe, where forest ecosystems are still nitrogenlimited.

Multiple inﬂuences can therefore be determined
leading to diﬀerent overall trends.

Sampling of soil solution on a Belgian Level II plot.
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Soil proﬁle with moss cover in the southern Taiga, Russia.

Figure 5-1: Change in nitrate-nitrogen concentration in soil
solution after storm felling of trees (data from the SWETHRO
network).

Figure 5-2: Change in nitrate-nitrogen ﬂuxes from soils after
periodic insect attack.

Table 5-1: Explanatory factors for changes in nitrate concentrations or ﬂuxes in solutions collected from the subsoil of
Level II plots across Europe (10 years of monitoring at least);
orange: reported frequently, blue: reported occasionally.

Pluri-annual changes in
mineral nitrate in
subsoil solutions

Explanatory factors

Increase

Cuttings, storm fellings,
tree decline, pest attacks

Decrease

Declining nitrogen
deposition

No trend

Immobilisation in the soil
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6. LITTERFALL

PERFECT RECYCLING
In forested ecosystems, litterfall is the largest
source of organic material and nutrients in the soil
humus layer. It represents a major pathway
through which soils, depleted through nutrient uptake and leaching, are replenished. In addition, litterfall represents one of the primary links between
producer and decomposer organisms. Thus the
amount and quality of litterfall provide considerable information about the dynamics of nutrient cycling within forest ecosystems.
The amount of annual litterfall can vary considerably, and is related to the weather conditions that
diﬀer from year to year. Nutrient concentrations in
litter are aﬀected by several factors, such as tree
species, soil properties, climatic factors, and tree
growth rates. Furthermore, concentrations vary
between the diﬀerent components of litterfall and
are usually highest in ﬂowers, followed by leaves,
then bud scales, and lowest in branch litter.

NITROGEN IN LITTERFALL VARIES
CONSIDERABLY
The most common tree species on ICP Forests plots
are beech (Fagus sylvatica), Norway spruce (Picea
abies), and Scots pine (Pinus sylvestris). Nitrogen
concentrations in total litterfall vary from 5.6 to
17.3 mg g-1 and from 8.1 to 12.9 mg g-1 in foliar litter, decreasing in the order beech > spruce > pine.
Long-term trends of nitrogen in foliar litter were studied at some German and Finnish ICP Forests plots.
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Although results from selected plots appear to
show a slight increase, there is no overall trend
over time (Fig. 6-1). However, there is a clear spatial trend in nitrogen concentration in litterfall
needles of Norway spruce and Scots pine, with concentrations decreasing northwards.

NITROGEN TURNOVER RATES WITH
LITTERFALL ARE LOWER THAN FOR CALCIUM
A study at ICP Forests plots in Finland showed that
about 2% of the above-ground tree biomass was
returned annually to the forest ﬂoor as litterfall
(= turnover rate); with this 2% of tree biomass accounting for about 6% of the soil nitrogen pool in
spruce and pine stands. More needles ended up on
the forest ﬂoor as senescent needles (foliar litter)
on the spruce plots (1793 kg ha-1) than on the pine
plots (1251 kg ha-1), although the proportion of senescent needles in relation to living needle mass
of the trees was higher in the pine stands (38%)
than the spruce stands (15%).
For example, an average of 15 kg ha-1 a-1 of needle
nitrogen was recycled back to the soil on the spruce
plots, but only 7 kg ha-1 a-1 on the pine plots, which
is clearly aﬀecting the nutrient status of the soil.
The nitrogen turnover rate for pine needles (14%)
was higher than for spruce (10%), indicating that
over 85% of nitrogen had been translocated back
into the trunk or living needles. In contrast, the
turnover rate in needles of the least mobile
nutrient calcium (Ca) was over 60%.

Litterfall collectors and deposition samplers in a Scots pine (Pinus sylvestris) stand at Schorfheide, Germany.

Figure 6‐1: Nitrogen concentration in foliar litter at some Finnish (1995‐2010) and German (2002‐2010) ICP Forests Level II plots.

Litterfall collectors in a Scots pine (Pinus sylvestris) stand as part of the British Level II network.
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7. SOIL SOLID PHASE

SOLID SOIL AND THE NITROGEN CYCLE
The forest soil nitrogen cycle is connected to the
global nitrogen cycle via several pathways, including biological N2 ﬁxation and denitriﬁcation
(release of N2, NO and N2O to the atmosphere), as
well as NO3- leaching, and the deposition of nitrogen compounds (NHx and NOy). Inputs of nitrogen
to forest soils originate from the decomposition of
plant matter, nitrogen-ﬁxation by microbes, atmospheric deposition, and from fertilizers.
Losses of nitrogen from soils occur mainly through
tree harvesting, direct emissions from soil, and leaching. Within the soil, nitrogen cycles between
plant roots, decomposing organic matter, and soil
microorganisms (Fig. 7-1).

FOREST ECOSYSTEM SERVICES: REGULATION
OF GLOBAL CLIMATE AND SOIL QUALITY
Most studies conclude that forests will become increasingly nitrogen-saturated in the future. Higher
NO3- leaching rates across Europe are expected on
the basis that the overall rate of nitrogen deposition is not likely to decrease signiﬁcantly.
On the one hand, nitrogen-leaching is likely to increase at nitrogen-saturated sites due to higher mineralization rates in response to climate change.
Although the combined eﬀects of warming and increased atmospheric levels of carbon dioxide (CO2)
may, however, increase nitrogen demand in the
more nitrogen-limited systems. On the other hand,
once forests are nitrogen-saturated, they become
more responsive to changes in nitrogen deposition;
there is only a very short lag between reductions
in nitrogen deposition and a proportional decrease
in nitrogen-leaching.
Forests play an important role in the regulation of
global climate by sequestering carbon, both in the
soil and in biomass. Increased atmospheric CO2
concentrations stimulate forest growth and the storage of above-ground carbon, provided that other
nutrients such as nitrogen are not growth limiting.
So the CO2 fertilizer eﬀect on tree growth is unlikely to occur in nitrogen-limited systems.

Soil proﬁle in the southern Taiga in Russia.
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Soil proﬁles sampled during the British BioSoil campaign featuring a brown earth (left) and a gley soil (right).

Figure 7-1: Nitrogen cycling between plants, organic matter and microbes in forest soils (after Rennenberg et al. 2009); black
dashed lines: plant processes; solid lines: microbial processes; red dashed and solid lines: competitive processes between plants
and microbes; blue lines: hydrological transport pathways; SOM: soil organic matter.
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MAJOR ROLES OF SOLID SOIL IN THE FOREST
NITROGEN CYCLE

NITROGEN SATURATION IN EUROPEAN
FOREST SOILS

• Within temperate forest ecosystems, soils
represent the largest nitrogen pools (8.0 ±
6.7 t N ha-1, see Fig. 7-2). On average, 85% of
the total ecosystem nitrogen capital is stored in
the soil. Within the soil, nitrogen is bound to
organic matter and rarely accumulates to any
signifcant extent on mineral soil exchange complexes (for example, NH4+ ﬁxation at soil
exchange sites).

Input–output budgets for European forests show
that above a threshold of about 10 kg ha−1 a−1 of
nitrogen in throughfall, many sites appear nitrogensaturated and have nitrate-leaching rates of over
5 kg ha−1 a−1. Emissions of NO and N2O from European forest soils may indicate nitrogen-saturation.
In terms of regulating soil quality, continued nitrogen deposition and NO3- leaching will continue to
result in soil acidiﬁcation.

• Excess nitrogen is lost from soils in the form of
nitrate into groundwater and streams or is
emitted as a gas.
• The C:N ratio of the soil is of great importance
in the balance between nitrogen mineralisation
and nitrogen immobilisation. Soil microbes use
carbon as an energy source. High C:N ratios
favour immobilisation and incorporation of
nitrogen into the microbial biomass. Low C:N
ratios may result in a rapid conversion of
microbial nitrogen into nitrate.
• While soil texture directly aﬀects the size of the
C and N pools, it is mediating the C and N
dynamics through its inﬂuence on the soil
climate (soil moisture and temperature).
• The pH of the soil plays a role in the release of
NO and NO2, the latter especially when C:N
ratios are low. The reduction in soil pH resulting
from nitriﬁcation and/or directly from deposition
may aﬀect the nitrogen cycle in many ways.
Rendzina sampled during the British BioSoil campaign.
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Forest soil nitrogen stocks to 1 m depth
t N ha-1

Figure 7-2: Forest soil nitrogen stock to 1m depth.
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8. GROUNDWATER QUALITY

SOIL: A BOTTOMLESS PIT

DECLINING NITROGEN IN SOIL WATER

When it rains, the spaces between soil particles ﬁll
with water. Gravity pulls the water down through
the soil. Nitrates dissolve in the water and are carried downward. This movement is called leaching.
It aﬀects among other things the quality of drinking
water which is pumped up from groundwater. In forests on sandy soils in the Netherlands, the nitrogen concentration in groundwater at 1 m depth
(i.e. leaching water) has decreased by 55% in the
past 20 years (Fig. 8-1). Concentrations of sulphur
and aluminium in the upper groundwater have also
decreased.

The primary input of nitrogen is via precipitation
onto the forest stand. As a result of emission reduction policies, nitrogen concentrations in rain water
have decreased by 40% over the past 20 years in
the eastern part of the Netherlands.
However, the positive eﬀect of the reduction in
nitrogen emissions on groundwater in nature areas
may be stronger in the Netherlands than in other
EU countries, because the study areas are close to
areas with intensive agricultural land use and so it
might be that measures reducing emissions from
agriculture might also be impacting the neighbouring nature areas.

Groundwater gauge located in the Biosphere reserve Schorfheide-Chorin,
Germany.
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Measurement of lake levels as part of a complete monitoring of the hydrological system in Schorfheide-Chorin, Germany.

Figure 8-1: Serial measurements of groundwater concentrations of sulphur (S), nitrogen (N) and aluminium (Al). The overall development is indicated by percentiles (25%, 50%, and 75%) and the mean values.
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9A

EFFECTS ON TREES: FOLIAGE NUTRIENT BALANCE

HIGH NITROGEN INPUT INCREASING
NUTRIENT INBALANCES
Nitrogen is a primary nutrient that plants obtain
mainly with their roots from the soil. Nitrogen
inputs to the soil generally act as a fertilizer and
stimulate plant growth. Excess nitrogen availability, however, can result in nutrient imbalances
such that other elements like magnesium become
deﬁcient. Chemical analyses of tree needles and
leaves provide information on tree nutrition. They
are carried out every other year on around 500 ICP
Forests Level II plots.

Male ﬂowering of maritime pine (Pinus pinaster) near Rome, Italy.
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Results indicate balanced tree nutrition on the majority of the Level II plots. However, where the
forests are nitrogen-saturated, nutrient deﬁciency
becomes more frequent. Low magnesium availability was detected on 10% of those plots for which
nitrogen concentrations in the soil solution indicated saturation.
As a result, nutrient imbalances are not widespread
in the monitored forests and occur speciﬁcally in
central European forests. With continuing high nitrogen deposition loads and increasing nitrogen saturation, the importance of such deﬁciencies will
increase, particularly in forests that are naturally
poor in nutrients.

European beech (Fagus sylvatica) in covert wood, Great Britain.

Oriental beech (Fagus orientalis) stand in Turkey.

Magnesium deﬁciency in Norway spruce (Picea abies) in south-west Germany (Stefan Meining, Büro für Umweltbeobachtung).

25

9B

EFFECTS ON TREES: CROWN CONDITION (TREE HEALTH)

FOLIAGE AS AN INDICATOR OF TREE HEALTH
Foliage density of trees (often referred to as defoliation) has been assessed as a proxy for forest
health in Europe since the 1980s. Although the
2012 results (115,737 trees on 6217 plots) show
long-term overall stability in defoliation values
(Fig. 9b-1), there are some species-speciﬁc shortterm ﬂuctuations, such as for oak species in 2012.
Factors responsible for the short-term ﬂuctuations
must be diﬀerentiated from those responsible for
the long-term trends and both must be understood
in order to identify the range of factors driving the
complex temporal and spatial patterns (Fig. 9b-2)
observed in crown condition.
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Figure 9b-1: Mean defoliation (%) of the most common tree
species in Europe from 1993 to 2012.

Cork oak (Quercus suber) and maritime pine (Pinus pinaster) near Rome, Italy.

Figure 9b-2: Defoliation classes (crown condition) of all species on the ICP Forests Level I plots in 2012.
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NITROGEN – JUST ONE PIECE OF THE PUZZLE
Nitrogen deposition is an important driver of processes within forest ecosystems and much work
has been done to identify its impact on tree performance, especially growth. Three recent studies
were carried out at the European level to investigate the possible role of nitrogen deposition on forest health as indicated by tree defoliation.

NITROGEN AND PHOSPHORUS –
TWO ESSENTIAL PARTNERS
The ﬁrst study considered Level I plots (n=876) and
defoliation data (year 2009), with N:P foliar
ratios (years 1987-1999) as a proxy for nitrogen
availability. Data were summarized to a single average value per species and plot. Sites demonstrating severe nitrogen-limitation were excluded
following a segmented regression. The dependency
of defoliation from N:P ratios was tested by means
of a Bayesian approach.
A positive relationship between N:P ratios and
crown defoliation (n=876; p=0.013) was found for
N:P ratios above a certain limit (breakpoint) and a
negative relationship below that limit. This can be
interpreted as saying that at a generally higher
level of nitrogen, defoliation is enhanced by high
nitrogen (or low phosphorus) content in leaves.
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COMPLEX APPROACHES WITH
DISTINCT OUTCOMES
A further study exploring crown defoliation used
modeled climate data, damage symptons, deposition, and critical load data for nutrient nitrogen.
The study considered Level I plots (n=2,405) for
the years 2001, 2006 and 2011. After removing
noise due to geographical variation, the random
forest analysis revealed that nitrogen deposition
(either NH4-N or NO3-N) was an important predictor
of defoliation for species such as Scots pine (Pinus
sylvestris), Norway spruce (Picea abies), and beech
(Fagus sylvatica), while meteorological variables
were more important for other species (e.g. Quercus petraea, Q. robur).

NITROGEN CONTRIBUTING SIGNIFICANTLY
The third study included defoliation status, siteand stand parameters, meteorology, biotic and abiotic damage symptoms, soil, foliar chemistry and
nitrogen deposition.
Data were collected on 131 ICP Forests Level II
plots for four main species: beech (Fagus sylvatica), Scots pine (Pinus sylvestris), Norway spruce
(Picea abies) and pendunculate oak (Quercus
robur) over the period 2006 to 2009. A Partial Least
Square (PLS) regression was used for evaluation.

Preliminary results show that the reference defoliation model (based on site, stand and precipitation)
was always improved by the addition of damage
symptoms (all species), total nitrogen in throughfall
and foliar ration of nitrogen and phosphorus (European beech), and foliar and soil nutrition (European
beech, Norway spruce) (Fig. 9b-3).
The combined addition of damage symptoms and
nitrogen ﬂux resulted in the best model performance in beech and Scots pine.

Figure 9b-3: Relative importance in terms of explained variance of the factors responsible for defoliation in Norway spruce (Picea
abies - dark green) and beech (Fagus sylvatica - light green).
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9C

EFFECTS ON TREES: STEM GROWTH

INFLUENCE OF CLIMATE AND DEPOSITION
ON STEM INCREMENT

NITROGEN ENHANCING GROWTH AT POORER
SITES, BUT NO EFFECT AT RICHER SITES

Within the ECLAIRE project an integrated analysis
of about 15 years (1994 to 2010) of growth and
deposition data was undertaken to establish widely
applicable quantitative relationships between nitrogen, sulphur and ozone exposure (POD) and ecosystem carbon balance, that allows for diﬀerences
in climatic condition.

In general, absolute forest increment was nonlinearly related to nitrogen deposition (Fig. 9c-1). A
fertilising eﬀect is found at low levels of nitrogen
deposition. At higher levels of nitrogen deposition,
saturation with no further acceleration of the general growth level can be seen.

In a ﬁrst step, growth data of 349 even-aged ICP
Forests Level II plots across Europe dominated by
beech, oak, spruce, and pine trees were jointly
analysed with meteorological and deposition data
derived from the Climatic Research Unit dataset
and EMEP database, respectively. The expected
increment value before major anthropogenic
inﬂuences was assessed for all plots based on site
productivity curves, stand age, and stand density
index.
In addition, an evaluation with relative growth expressed as percentage ratio of actual growth
against expected growth was applied.

Annual growth pattern of a mature Scots pine (Pinus sylvestris) in
north-east Germany.
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The broad scattering of plots around the smoothing
line indicates the inﬂuence of other variables such
as soil characteristic, local climatic condition as
well as uncertainties in the modelling approach of
nitrogen deposition. Calculations with relative
growth revealed similar results.

Actual increment [m3 ha-1 a-1]

Mature Scots pine (Pinus sylvestris) on a Level II plot with permanent numbers at Schorfheide, Germany.

N deposition [kg ha-1 a-1]
Figure 9c-1: Scatter plot of actual forest increment at ICP Forests Level II sites against mean nitrogen deposition. Dots indicate the
dominant tree species of the sites. The red spline describes the relationship, while the considerable scatter of the dots calls for
additional parameters to be included.

31

View over the river Tikhaya Sosna in the Woronesch Oblast, Russia.

10. CONCLUSIONS

Activities under the UNECE Convention on Long-range Transboundary Air Pollution (LRTAP)
focus on developing and implementing clean air policies across Europe and North America. There has
been great success in reducing sulphur emissions over the past decades, but the concentration of nitrogen
compounds in the atmosphere and the nitrogen loads deposited onto forest ecosystems are still high.

Measuring inputs of nitrogen compounds to the environment, with particular respect to forests,
is one of the core activities of ICP Forests. The monitoring is undertaken in accordance with the agreed
methodology documented in the ICP Forests Manual. The measurements provide site-speciﬁc
deposition estimates for all relevant atmospheric inputs. The monitoring data are of considerable value
to modellers. As well as providing policy makers with key information on topical environmental issues,
the work of ICP Forests also fulﬁls the reporting requirements under the LRTAP Convention.

Organisms within forest ecosystems show wide-ranging responses to nitrogen. Some of these
organisms, such as mosses and lichens, may appear initially as having little relevance in economic terms.
However, as bioindicators these organisms have considerable value. The response of key organisms like
mycorrhizal fungi towards nitrogen inputs is particularly important. Mycorrhizal fungi represent the interface between forest tree species – most of which are of considerable economic value – and the soil. Changes shown by these intermediary organisms may have considerable inﬂuence on the ecosystem services
human society depends on. Findings documented here are thus of high relevance not only for conservation reasons (for example, in the case of conserving rare lichen or moss species), but in a much broader
societal context.

Assessing the direct and indirect responses of forest trees is another core activity of ICP Forests.
Trees are long-lived organisms and possess the ability to both accept and adapt to changing environmental conditions. So understanding their often indistinct responses and symptoms is not straightforward.
A further complication is that trees interact with both the soil and the atmosphere. Thus, there are many
questions to be answered in order to fully understand responses – from the individual tree to the entire
forest ecosystem. Rarely linear and generally involving multiple drivers, this challenge is increasingly
being taken up by scientists and their ﬁndings are of great importance, if not always simple to interpret.
It is here that the interest in nitrogen has arisen: a macronutrient below certain concentrations, yet toxic
at high levels.

The fate of nitrogen as it moves from the atmosphere through the soil and down to the
groundwater has become much better known over the past couple of decades. Many diﬀerent biologically-driven or chemically-driven processes occur during this passage and nitrogen is a key element for
all types of soil organisms. Together with acidiﬁcation, nitrogen-saturation of soils has been one of the
strongly debated elements in the search for factors driving forest decline. As ICP Forests continues with
its intensive system of measurements in forest soils, more details will become known. This work is of
major importance for future decisions concerning silviculture, particularly in combination with some of
the changes projected for our future climate. Together with ﬁndings from national forest inventories, the
large-scale and intensive monitoring of forest ecosystems in Europe undertaken by ICP Forests will provide
a sound basis for future planning. Both in terms of forestry continuing to be one the main economic
activities in many rural areas, as well as eﬀorts to conserve one of the most biodiverse habitats known.
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ALBANIA: National Environment Agency, Tirana.
Julian Beqiri, Kostandin Dano
(jbeqiri@gmail.com, kostandindano@yahoo.com)
ANDORRA: Ministeri de Turisme I Medi Ambient, Dep. de
Medi Ambient, Andorra la Vella. Silvia Ferrer, Anna Moles
(silvia_ferrer_lopez@govern.ad, anna_moles@govern.ad)
AUSTRIA: Bundesforschungs- und Ausbildungszentrum
für Wald, Naturgefahren und Landschaft, Wien.
Ferdinand Kristöfel (ferdinand.kristoefel@bfw.gv.at)
BELARUS: Forest inventory republican unitary
company ‘Belgosles’, Minsk. Valentin Krasouski
(olkm@tut.by, belgosles@open.minsk.by)
BELGIUM-FLANDERS: Research Institute for Nature
and Forest, Geraardsbergen. Peter Roskams (peter.roskams@inbo.be)
BELGIUM-WALLONIA: Service public de Wallonie (SPW),
DG Agriculture, Ressources naturelles et Environnement,
Jambes and Gembloux. Christian Laurent (christian.laurent@spw.wallonie.be), Elodie Bay (elodie.bay@spw.wallonie.be). Earth and Life Institute / Environmental Sciences
(ELI-e) / Université catholique de Louvain, Louvain-laNeuve. Hugues Titeux (hugues.titeux@uclouvain.be)
BULGARIA: Executive Environment Agency at the
Ministry of Environment and Water, Soﬁa.
Genoveva Popova (forest@eea.government.bg)
CANADA: Natural Resources Canada, Ottawa.
Pal Bhogal (pal.bhogal@nrcan.gc.ca).
Ministère des Ressources naturelles, Quebec.
Rock Ouimet (rock.ouimet@mrnf.gouv.qc.ca)
CROATIA: Croatian Forest Research Institute,
Jastrebarsko. Nenad Potočić (nenadp@sumins.hr)
CYPRUS: Ministry of Agriculture, Natural Resources and
Environment, Nicosia. Andreas K. Christou
(achristou@fd.moa.gov.cy)
CZECH REPUBLIC: Forestry and Game Management
Research Institute (VULHM), Jíloviště-Strnady.
Bohumír Lomský (lomsky@vulhm.cz)
DENMARK: Department of Geosciences and Natural Resource Management, University of Copenhagen,
Frederiksberg. Morten Ingerslev (moi@life.ku.dk)
ESTONIA: Estonian Environment Agency (EEIC), Tartu.
Kalle Karoles (kalle.karoles@envir.ee)
FINLAND: Finnish Forest Research Institute (METLA),
Oulu. Päivi Merilä (paivi.merila@metla.ﬁ)

FRANCE: Ministère de l‘Agriculture, de
l’Agroalimentaire et de la Forêt, Paris. Jean-Luc Flot,
Fabien Caroulle (jean-luc.ﬂot@agriculture.gouv.fr,
fabien.caroulle@agriculture.gouv.fr). Oﬃce National des
Forêts, Fontainebleu. Manuel Nicolas
(manuel.nicolas@onf.fr)
GERMANY: Bundesministerium für Ernährung und Landwirtschaft, Bonn. Sigrid Strich (sigrid.strich@bmel.bund.de)
GREECE: Hellenic Agricultural Organization “DEMETER”,
Institute of Mediterranean Forest Ecosystems and
Forest Products Technology, Athens-Ilissia.
Panagiotis Michopoulos (mipa@fria.gr)
HUNGARY: National Food Safety Oﬃce (NFCSO),
Forestry Directorate, Budapest. László Kolozs
(KolozsL@nebih.gov.hu)
IRELAND: University College Dublin, School of
Agriculture and Food Science, Dublin. Jim Johnson
(jim.johnson@ucd.ie)
ITALY: Corpo Forestale dello Stato–Servizio
CONECOFOR, Rome. Angela Farina, Enrico Pompei
(a.farina@corpoforestale.it, e.pompei@corpoforestale.it)
LATVIA: Latvian State Forest Service, Riga. Zane
Lībiete-Zalite (zane.libiete@silava.lv)
LIECHTENSTEIN: Amt für Wald, Natur und Landschaft,
Vaduz. Norman Nigsch (norman.nigsch@awnl.llv.li)
LITHUANIA: Lithuania State Forest Service, Kaunas.
Albertas Kasperavicius (a.kasperavicius@amvmt.lt)
LUXEMBOURG: Administration de la nature et des
forêts, Luxembourg-Ville. Elisabeth Freymann
(elisabeth.freiymann@anf.etat.lu)
FYR OF MACEDONIA: St. Cyril and Methodius University, Skopje. Nikola Nikolov (nnikolov@sf.ukim.edu.mk)
REPUBLIC OF MOLDOVA: Agency Moldsilva,
Chisinau. Stefan Chitoroaga (icaspiu@starnet.md)
MONTENEGRO: Ministry of Agriculture, Forestry and
Water Management, Podgorica. Ranko Kankaras
(ranko.kankaras@mpr.gov.me)
THE NETHERLANDS: National Institute for Public
Health and the Environment (RIVM), Bilthoven.
Esther Wattel-Koekkoek (esther.wattel@rivm.nl)
NORWAY: Norwegian Forest and Landscape Institute,
Ås. Dan Aamlid (dan.aamlid@skogoglandskap.no)
POLAND: Forest Research Institute, Raszyn.
Jerzy Wawrzoniak (j.wawrzoniak@ibles.waw.pl)
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PORTUGAL: Instituto da Conservação de Natureza e
das Florestas, Lisboa. Maria da Conceição Osório de Barros (conceicao.barros@icnf.pt)
ROMANIA: Forest Research and Management Institute
(ICAS), Voluntari, Ilfov. Romica Tomescu, Ovidiu Badea
(biometrie@icas.ro, obadea@icas.ro)
RUSSIAN FEDERATION: Centre for Forest Ecology and
Productivity (RAS), Moscow. Natalia Lukina
(lukina@cepl.rssi.ru)
REPUBLIC OF SERBIA: Institute of Forestry, Belgrade.
Radovan Nevenic (nevenic@eunet.rs)
SLOVAK REPUBLIC: National Forest Centre, Zvolen.
Pavel Pavlenda (pavlenda@nlcsk.org)
SLOVENIA: Slovenian Forestry Institute, Ljubljana.
Marko Kovač (marko.kovac@gozdis.si)
SPAIN: Ministerio de Agricultura, Alimentacion y Medio
Ambiente, Madrid. Roberto Vallejo
(rvallejo@magrama.es), Belén Torres (btorres@magrama.es)
SWEDEN: Swedish Forest Agency, Jönköping.
Sture Wijk (sture.wijk@skogsstyrelsen.se)
SWITZERLAND: Eidgenössische Forschungsanstalt für
Wald, Schnee und Landschaft (WSL), Birmensdorf.
Peter Waldner (peter.waldner@wsl.ch)
TURKEY: Orman Ekosistemlerinin İzlenmesi Programı,
Ankara. Sıtkı Ozturk, (sitkiozturk@ogm.gov.tr,
uomturkiye@ogm.gov.tr)
UKRAINE: Ukrainian Research Institute of Forestry and
Forest Melioration (URIFFM), Kharkiv. Igor F. Buksha
(buksha@uriﬀm.org.ua)
UNITED KINGDOM: Forest Research Station, Alice Holt
Lodge, Farnham Surrey. Sue Benham
(sue.benham@forestry.gsi.gov.uk)
UNITED STATES OF AMERICA: USDA Forest Service –
Paciﬁc Southwest Research Station, Riverside, CA.
Andrzej Bytnerowicz (abytnerowicz@fs.fed.us)

Undercut slope at the Dubna river in the southern Taiga, Russia.
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