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2.1

Introduction

The historical use of European forests has signiﬁcantly affected forest soil conditions
(Wittich 1951; Härdtle 1995; Ludemann 2002; Lüst and Giani 2006; Peters 1990;
Rinklebe and Makeschin 2003). As a consequence of centuries of use by humans,
until recently forests have been subject to severe losses of nutrients, for example,
through harvesting of wood for fuel and lumber, bark utilization and litter raking,
forest pasturing, clear cutting and slash-and-burn clearance with subsequent agricultural use and the associated erosion of the soils (Ellenberg and Leuschner 2010;
Kreutzer 1972). Today, standard restrictions on forest utilization to timber
harvesting have meant that these impacts have been curbed signiﬁcantly
(Bundeswaldgesetz). The majority of modern forests are the result of decisions
based on silvicultural management that has left behind stands of multiple generations. The selection and mix of tree species and the structure of the forest stands have
had a particularly signiﬁcant impact (Augusto et al. 2002; Pretzsch et al. 2010).
Forest management has exerted a considerable inﬂuence on the quantity and distribution of organic substances in the soils, the material cycles, deposition loading and
the acid-base ratio, as well as the interior forest climate and water regime.
Over the past decades, inputs from atmospheric pollution caused by humans have
had a signiﬁcant impact on forests (Ellenberg 1971; Ulrich 1987; de Vries et al.
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2014; Waldner et al. 2015). At the end of the 1970s and in the early 1980s, this was
ﬁrst ofﬁcially identiﬁed based on the condition of the crowns of the trees and was
initially discussed as “forest dieback” and later as a new type of forest damage in
many countries (Kauppi et al. 1990; Ulrich 1983). The three main effects of air
pollution from sulphur (S) and nitrogen (N) compounds as well as ozone that were
identiﬁed and discussed as reasons for this damage were (1) direct harmful effects on
the assimilation organs of trees from acidic S emissions (Wentzel 1979, 1982) and
ozone (Bucher 1984); (2) root damage and magnesium deﬁciencies resulting from
soil acidiﬁcation, leaching of bases and release of aluminium and heavy metal ions
that are toxic to roots (Ulrich 1986, 1995); and (3) nutrient imbalances accruing due
to the deposition of eutrophying N (Nihlgård 1985).
The onset of the industrial revolution has resulted in a continuous increase in
anthropogenic depositions of sulphur and nitrogen in Central Europe. These permanent element inputs led to changes in the element budgets of forest ecosystems,
which therefore can no longer be considered as constant but as dynamic systems.
The acid-base balance and the N budget are particularly affected by anthropogenic
depositions. Atmospheric S and N compounds mainly originate from industrial
sources such as trafﬁc (NOy), industrial plants, energy conversion (SOx, NOy) as
well as intensive agriculture (NHx). Sulphur dioxide and NOy form strong acids with
the water contained in the atmosphere and are mostly carried to the forest soil by
precipitation. The canopy absorbed parts of nitrogen, too. Deposition of NHx also
results in soil acidiﬁcation due to nitriﬁcation to nitrate. Nitrate leaching can further
lead to ground water pollution and cation losses. In addition, the greenhouse gas
nitrous oxide may be produced during denitriﬁcation of nitrate. In natural ecosystems, N is limiting growth. However, eutrophication of forest ecosystems indicated
by nutrient imbalances and changes in the species composition may be results of
long-term N surplus. Besides S and N depositions, anthropogenic base cation
depositions occur and could in particular be observed as alkaline-rich ﬂy ashes in
former eastern Germany. Deposition rates of S and N below which no long-term
harmful effects on ecosystem structure and function are expected are based on the
concept of critical loads (Nilsson and Grennfelt 1988).
The “stress hypothesis” links the effects of the deposition of substances with
additional biotic and climatic factors into a complex of interactions among
predisposing, triggering and contributing stress factors (Manion 1981; Schütt et al.
1984; Eichhorn et al. 2005). Therefore, the interactive effects of climate change can
also be described together with the effects of air pollution and substance depositions;
in such a scenario, effects can both be enhanced and mitigated (Bytnerowicz et al.
2007).
Following on the discussion of forest decline in Germany, a nationwide soil
condition inventory (National Forest Soils Inventory; NFSI) was launched at the end
of the 1980s with surveys taking place at approximately 1900 sampling sites in
forests. Systematic inventory sampling in 8  8 km grids across the country allowed
describing forest soil conditions representative for Germany. Combined with intensive monitoring (Level II), the NFSI represents an integral component of environmental monitoring of forest ecosystems. Results of the ﬁrst National Forest Soils
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Inventory (NFSI I) were published by Wolff and Riek (1996) reporting a substantial
and extensive acidiﬁcation and depletion of basic substances independent of substrate throughout the topsoil layer, as well as a tendency towards levelling of the
chemical condition of the topsoil. Accumulation of copper and lead in the organic
layer was elevated. The conclusions were supported by critical results for the
nutritional status and crown condition of the trees. Elevated depositions of S, N
and heavy metals were seen as the cause for the very low contents of magnesium, in
particular in spruce trees, which were also evident in higher loss of needles.
Transnational action to control air pollution (e.g. Convention of Long-Range
Transboundary Air Pollution CLRTAP; UNECE 1979) has meant a decrease of S
depositions in particular. Input of ﬂy ash has also dropped signiﬁcantly since lignite
combustion, the principal source of ﬂy ash, has declined considerably following the
reuniﬁcation of Germany and technical efforts (ﬁlter systems). In contrast, however,
little change has been achieved in inputs of N (Waldner et al. 2014, 2015). Accordingly, atmospheric deposition must continue to be regarded as crucial (Verstraeten
et al. 2012). As a consequence raised from the results of the NFSI I, forest stands
especially affected by acidiﬁcation were limed, and several countries began intensive
forest conversion efforts.
To describe the changes of forest soil conditions over a period of 15 years, the
second National Forest Soils Inventory (NFSI II) was carried out from 2006 to 2008.
An integrated evaluation of the forest conditions and their soils was made possible
through correlation with other surveys of crown condition, nutritional status of the
trees and vegetation. In addition interpolated climate data, information about geology and substrate classes and proﬁle descriptions with soil-type and humus-type
classiﬁcation are available.

2.2

Changes of Atmospheric Deposition on NFSI Plots

The modelled atmospheric depositions on NFSI plots show a considerable decline in
element inputs during the last two decades (Fig. 2.1) as consequence of extensive
emission reduction measures. The importance of NHx on the total acid deposition
however increased due to the strong decrease of S deposition (Schöpp et al. 2003).
Therefore, reduced N inputs from agriculture represent the main source of impact for
many forests in Germany in recent years. Speciﬁc regional patterns of atmospheric
depositions have developed. Spatial differences depend upon the source
(e.g. agriculture, trafﬁc infrastructure), the diameter and weight of the particles, the
climatic situation and the surface or canopy roughness.
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Fig. 2.1 Trends of annual atmospheric depositions of pollutants (SOx, oxidized S; NHx, reduced N;
NOy, oxidized N) and base cations (Ca, K, Mg) between 1990 and 2006. Depositions were sea saltcorrected with exception of N depositions

2.3

Climate

Germany is situated in the warm-temperate humid climate zone of middle latitudes
in the transition between oceanic climate of Western Europe and continental climate
of Eastern Europe. The oceanic climate impact decreases from West to East, while
from North to South, the climate is controlled by increasing height above sea level.
The lowlands are characterized by relatively warm and dry climate; however, a cool
and humid climate is predominant at the mountain ridges. The slopes of the
mountain ranges are characterized by locally limited warm climate because those
areas are protected against cool winds due to their lower height. Climate date was
derived by a method described by Ziche and Seidling (2010). Evaluating climate
variables is based on the evaluation criteria by AK Standortskartierung (2003) as
well as revaluations by Wolff et al. (2003). The annual mean temperature on sites of
the NFSI ranged between 7 and 9  C. The distribution of annual mean temperature
showed with 1% a very small proportion of alpine but with 44% a high proportion of
colline sites. Also frequently were submontane sites accounting for 29%, while
montane and planare sites were less common sharing 12% and 10%, respectively.
The proportion of high-montane and warm-planar sites decreased signiﬁcantly with
a share each of 2% (Fig. 2.2).
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Fig. 2.2 Spatial distribution of the annual mean temperature on NFSI plots (classiﬁcation
according to Wolff et al. 2003)

In case of the annual mean precipitation, there were a proportion of <0.5% with
only a few very dry sites; however, much more sites were dry (14%), very weak dry
(14%), humid (10%) and very humid (9%). Sites with moderate precipitation were
most frequent ranging from weak dry to weak humid accounting for 25% and 28%,
respectively (Fig. 2.3).
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Fig. 2.3 Spatial distribution of the annual precipitation on NFSI plots (classiﬁcation according to
Wolff et al. 2003)

2.4

Soil Parent Material Groups

The growth of forest trees is controlled by water availability and nutrition supply
which is especially determined by site properties resulting from parent materials for
soil formation. We distinguished among eight groups of various soils parent materials. The largest proportion with 42% was found for soils from base-poor consolidated bedrock, followed by soils from base-poor unconsolidated sediment accounting

2 Environmental Settings and Their Changes in the Last Decades

35

for 21%. The latter group consists of nutrient-poor, largely sandy river deposits,
periglacial sediments or river terrace deposits and is widely distributed in the North
German Lowlands, while the former group comprises various acidic, crystalline and
sedimentary bedrocks, partly covered or mixed with loess. These sites are most
frequent in mountain ranges of middle and south Germany. Loamy soils of the
lowland accounted for 13% of the survey plots, covering a broad range of various
forest sites. Main distribution areas are the undulating lowlands and hilly areas with
loamy-clayey, partly calcareous moraine deposits as well as sites in loess areas.
About 9% of the surveyed plots were soils from weathered carbonate bedrock.
Main distribution areas are the continuous mountain range built of carbonate and
dolomite bedrock with their weathering products and redeposited material. Soils from
basic-intermediate bedrock are small-scale distributed in hilly areas and mountain
areas accounting for 8% of the surveyed plots. Additionally, soils from marlstone and
claystone weathering were integrated into this group. Soils of alluvial plains contain
sites in broad river valleys, including terraces and lowlands with a proportion of 3%
less frequent. Typical sites comprise of frequently alternating sandy to clayey, partly
calcareous ﬂuviatile sediments. Soils from the Alps accounted for 1% of the surveyed
plots. The group integrates sites of different altitudes of the Alps from limestone and
dolomite as well as of noncalcareous silicate rocks. Organic soils play with a
proportion of 2% a minor role in the collective. Moreover, soil development and
properties as well as chemical response to environmental conditions are different
from soils derived from weathered mineral matter.

2.5

Soil Classes

Soil classes (suborders) differentiate according to soil dynamics and morphological
properties caused by speciﬁc dominant pedological processes. For each of the
surveyed plots soil classes could be designated by describing soil proﬁles according
to Ad-HocAG_Boden (2005). Brown soils (Cambisol/Arenosols) were the most
common soil class accounted for 55% of all soils and distributed over a wide
range of various soil parent materials. Soils with stagnic properties and Podzols
are also characterized by a broad spectrum of site variability. These soil classes are
common both in the North German Lowlands and hilly areas and mountain ranges of
middle and south Germany, whereas soils with stagnic properties accounted for
11%, while Podzols accounted for 7%. Lessives are particularly suitable for cropland; however, they accounted for 8% of the surveyed plots. The proportion of Ah/C
soils and steppe soils is similar to the lessives. Nevertheless, this soil class comprises
soils that are very different in physical and chemical properties. Terra calcis and
pelosols amounted to a proportion of 3% and 1%, respectively. Floodplain soils and
groundwater-affected soils are soil classes that are inﬂuenced by redoximorphic
features and have a 4% share of total. This soil class is geographically widespread
but often small-scaled distributed under forest due to their soil formation developing
independently from bedrock. Terrestrial anthropogenic soils and cultivated peat soils
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have been altered strongly by human activity and accounted for 2% of the surveyed
plots.

2.6

Humus Forms

Humus forms of German forest soils are distinguished according to the environmental
conditions in terrestrial and hydromorphic humus forms. Terrestrial humus forms are
formed under predominantly aerobic conditions and contain mull, moder and mor as
well as their transitional forms. The hydromorphic humus forms hydromorphic mull,
hydromorphic moder and hydromorphic mor as well as their transitional forms developed under intermittent anoxic conditions. The latter are hardly relevant in the NFSI
collective covering 2% of the surveyed plots. Aerobic humus forms with a continuous
ﬁne humus horizon accounted for 52% of the plots, of which 16% is for mor-like moder
and typical mor and 36% is for typical moder and rhizo moder. Terrestrial humus forms
without a continuous ﬁne humus horizon accounted for 46% of which 8% is for typical
mull, 28% is for typical mull with Oe horizon and 10% is for moder-mull. The spatial
distribution of humus forms showed a dominance of moder-like humus forms in the
North German Lowland, while rhizo moder is less frequent in western parts of this
landscape. Mor-like humus forms are present in the north-eastern parts of Germany, in
East German mountain ranges and in the Bavarian Forest, while mull-like humus forms
are dominating the middle and South of Germany (Fig. 2.4).

2.7

Types of Depth Proﬁles of Base Saturation

Soil acidiﬁcation occurs under humid climate naturally very slowly as soil is
weathered, but processes like tree uptake and acidic deposition can reduce the
base saturation of the cation exchange capacity of the soil (Hartmann and von
Wilpert 2016). Depending on soil properties and the supply of alkaline cations by
mineral weathering, the soil proﬁle is characterized by a depth-speciﬁc distribution
of base saturation. The identiﬁed types of depth proﬁles of base saturation correspond with those described by von Wilpert (1996) and Kölling et al. (1996).
Admittedly, an additional type which included sites that were limed was designated
within the range of poor-base sites. A continuous high base saturation throughout the
soil proﬁle is represented by type 1, while type 2 showed in the upper 30 cm of the
soil a moderate but below 30 cm a high base saturation. Types 1 and 2 had a share of
14% and 4%, respectively, of the surveyed plots. Moderate to low base saturation
above 30 cm but moderate to high values in the soil below 30 cm provide a sufﬁcient
base supply of type 3, who accounted for 8% of the surveyed plots. Type 4 is
characterized by an increasing base depletion to a depth of 60 cm when the soil
below is rich in base cations. In contrast, type 5 showed a base depletion throughout
the whole soil proﬁle. The proportions of the types amounted to 21% and 46%,
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Fig. 2.4 Spatial distribution of humus forms on NFSI plots

respectively. Type 6 accounted for 7% of the surveyed plots. Since this type is very
poor in base cations, liming of the forest brought base cations to organic layer and
topsoil. Nevertheless, also other sites received lime; the effects, however, showed no
clear effects in the mineral soil (Fig. 2.5).
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Fig. 2.5 Types of depth proﬁles of base saturation

2.8

Acid-Sensitive Sites

The purpose of liming forest soils in Germany was primarily the mobilization of N
from a biological inactive organic layer to compensate effects of soil acidiﬁcation.
From the mid-1980s, most of the federal states started to lime to (1) compensate soil
acid loads and current acid inputs, (2) improve growth conditions for microorganisms and root systems, (3) offset acidiﬁcation-related loss of nutrient cation and
imbalances in forest nutrition due to high N depositions, (4) improve vitality of
forest stands and (5) protect spring and groundwater from inputs of heavy metals,
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toxic aluminium and/or acids. Federal state-speciﬁc liming with respect to liming
concepts is suitable to lime. We deﬁned all plots which reach the criteria for liming
as sensitive to acidiﬁcation (Höhle et al. 2018, pp. 11–42). Exclusively on such sites,
effects of liming can be analysed by comparing limed and non-limed sites of the ﬁrst
and second NFSI. Of the total of 1859 surveyed plots of the NFSI II, 749 sites were
acid sensitive. Of those 385 sites were limed at least once since the ﬁrst inventory.
Concepts adapted to site-speciﬁc requirements were developed for an efﬁcient and
long-lasting regeneration of essential soil functions. The identiﬁed acid-sensitive
sites comprise soils that in respect to liming concepts are suitable to lime. Exclusively on such sites, effects of liming can be analysed by comparing limed and
non-limed sites of the ﬁrst and second NFSI. Of the total of 1859 surveyed plots of
the NFSI II, 749 sites were acid sensitive. Of those 385 sites were limed at least once
since the ﬁrst inventory (Fig. 2.6).

2.9

Forest Stands

Forest stands play an important role in characterizing ecological conditions of a
forest site. The forest stand type was designated for each of the NFSI plots according
to the dominant principle species and mixing of various tree species, respectively.
Speciﬁc forest stand information was obtained in more detail on NFSI plots with the
harmonized stand inventory (HIS; Hilbrig et al. 2014). Data from the National Forest
Inventory was used for surveyed plots of Bavaria (BMEL 2014). The NFSI distinguished pure stands with a share of 70% of principle tree species, while the HSI
accounted for 90% of principle tree species to characterize pure stands. Dominant
forest stands of the NFSI II were pure spruce “Spruce, pure” and pine “Pine,
pure” stands accounting for 25% and 22% of the surveyed plots. The most frequent
broadleaf tree species was beech “Beech, pure” with a share of 16%. The stands
with other broadleaf species “Broadleaf, others” and mixed coniferous-broadleaf
stands “Broadleaf, rich in coniferous” accounted for 10%, with a share of 6%
followed oak stands “Oak, pure” and other coniferous stands “Coniferous, others”.
The smallest proportion with 5% was found for mixed broadleaf-coniferous stands
“Coniferous, rich in broadleaf”. The HSI revealed a proportion of 46% of coniferous
stands “Coniferous, pure”. Adding the class “Coniferous, dominated” (13%) to
coniferous pure stands, this is demonstrating the dominance of coniferous trees on
surveyed plots. The class “Broadleaf, pure” and “Broadleaf, dominated” accounted
for 29% and 8% of the surveyed plots. Even more rarely are mixed broadleaf and
coniferous stands “Mixed” with a share of 4%. The spatial distribution of forest
stands showed that broad areas of Northern German Lowlands are stocked with pine
stands. By transgressing the mountain range, the spatial distribution of forest stands
is changing towards spruce and beech as well as mixed stands, the former dominates
the mountain range and the latter, however, is characterizing the undulating lowlands
and hilly areas. Most oak stands are scattered distributed in western parts of
Germany (Fig. 2.7).
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Fig. 2.6 Spatial distribution of acid-sensitive sites and limed NFSI plots

2.10

Classiﬁcation of Forests Based on the Atmospheric
Deposition

In order to determine the characteristic deposition patterns of forests in Germany
during NFSI I and NFSI II, a factor analysis linked to a cluster analysis was
performed using the modelled deposition data (Fig. 2.1). The mean of the deposition
data from 1990 to 1993 were used for the period of NFSI I and the mean of 2004 to
2007 was used for the period of NFSI II. Evaluations were done using the statistic
software R 3.4.1 (R Core Team 2017). Explorative maximum-likelihood factor
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Fig. 2.7 Distribution of forest stand types at NFSI II differentiated according to (a) main tree
species and (b) broadleaves and coniferous stands
Table 2.1 Loading values of the deposition factors obtained from the deposition components by
factor analysis with varimax rotation
Deposition component
Ntot
NHx-N
NOy-N
SOx-S
Ca
Mg
K
Cl
Explained variance (%)
Σ explained variance (%)

Deposition factor 1990–1993
1
2
3
0.63
0.77
0.21
0.96
0.99
0.61
0.22
0.21
0.98
0.72
0.42
0.31
0.46
26
22
21
69

Deposition factor 2004–2007
1
2
3
0.89
0.43
0.98
0.98
0.64
0.31
0.22
0.97
0.70
0.32
0.49
0.32
0.48
26
23
22
71

analysis with varimax rotation was applied on log-transformed deposition data. The
factor analysis identiﬁed three independent deposition factors for each inventory
which explained 69% (NFSI I) and 71% (NFSI II), respectively, of the total
variability within the deposition data (Table 2.1).
During NFSI I the factor which explained most variability was mainly loaded by
oxidized N compounds (NOy-N) but also by S compounds (SOx-S), followed by a
factor which was mainly loaded by reduced N compounds (NHx-N) and total N

42

N. Wellbrock et al.

Deposition types - NFSI I 1

2

3

4

5

6

7

Deposition types - NFSI II 8

1

2

3

4

5

6

7
0

100

200
km

Fig. 2.8 Spatial distribution of atmospheric deposition types obtained by a model-based cluster
analysis on basis of the deposition factors for the time period 1990–1993 (NFSI I, left side) and
2004–2007 (NFSI II, right side)

deposition. During NFSI II, the factor which was mainly loaded by reduced N
compounds and total N deposition gained importance compared to NFSI I, whereas
the factor which was mainly loaded by oxidized N compounds and S compounds
was only at second place. A third deposition factor which showed similar importance
during both time periods was loaded by base cations particularly by calcium and
magnesium.
A model-based cluster analysis (R package mclust, version 5.3; Fraley et al.
2017) was conducted on basis of the three deposition factors for each time period.
Eight clusters (atmospheric deposition types) were obtained for the ﬁrst period
(NFSI I) and seven clusters for the second period (NFSI II) (Fig. 2.8).
Cluster 1 (NFSI I) could be found in large areas of former eastern Germany and
the adjacent eastern part of Lower Saxony as well as in the majority of Hesse and in
north-eastern Rhineland-Palatinate. The cluster was characterized by average depositions from industry and trafﬁc and low depositions from agriculture and base
cations. During NFSI II the mentioned part of eastern Germany and north-eastern
Lower Saxony fell into Cluster 4. The mentioned parts of south-eastern Lower
Saxony, Hesse and north-eastern Rhineland-Palatinate fell into Cluster 6 (still low
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depositions from agriculture and base cation but higher inputs from industry and
trafﬁc compared to Cluster 4 and eastern Germany) during NFSI II.
Cluster 2 (NFSI I) comprised comparably few plots which were spread,
e.g. around the Black Forest. The cluster was characterized by average depositions
from agriculture and base cation and low inputs from industry and trafﬁc. These
plots mainly also fell in Cluster 2 of NFSI II. However, Cluster 2 of NFSI II could be
found more widespread than Cluster 2 of NFSI I.
Cluster 3 (NFS II) could be found relative locally in the lowland of North RhineWestphalia and the adjacent south-western lowland of Lower Saxony. The cluster
showed very high inputs from industry and trafﬁc as well as from agriculture but
very low base cation inputs. The cluster still existed during NFSI II where it was
Cluster 7.
Cluster 4 (NFSI I) was located in the western part of Lower Saxony, in
Schleswig-Holstein and in the border area between Baden-Wuerttemberg and
Bavaria. The cluster also existed during NFSI II (Cluster 3) and was characterized
by very high depositions from agriculture, average inputs of base cations and low to
average inputs from industry and trafﬁc.
Cluster 5 (NFSI I) comprised large areas especially in the southern part of
Germany ranging from Bavaria to Saarland and was characterized by average inputs
regarding all three input sources. The cluster was the dominating cluster during NFSI
II (Cluster 4). Besides the mentioned areas, also large areas of former eastern
Germany fell into this cluster during NFSI II.
Cluster 6 (NFSI I) could primarily be found in the mountainous regions of North
Rhine-Westphalia but also in the adjacent mountainous regions of Lower Saxony.
The cluster was present during NFSI II (Cluster 1), as well. Inputs from industry and
trafﬁc were very high, inputs from agriculture were average to high and base cation
depositions were low.
Cluster 7 (NFSI I) could be found in the western part of the Harz, in the
Thuringian Forest, in the Ore Mountains and in the Fichtel Mountains, which were
all characterized by former intensive mining activities and very high inputs from
industry and base cations. This cluster did no longer exist during NFSI II. The plots
mainly fell into Cluster 5 (NFSI II), which also showed very high base cation inputs
but high inputs from industry and trafﬁc and average input from agriculture.
Cluster 8 (NFSI I) comprised the Black Forest, the Alps, parts of the Alpine
Uplands and the Thuringian Basin. Base cation inputs were very high due to the
calcareous parent material of the mountainous regions themselves or the adjacent
areas. This cluster to a great extent still existed during NFSI II (Cluster 5) but was
enlarged by the former Cluster 7 (NFSI I). Depositions from agriculture were low,
and depositions from industry and trafﬁc were average.
In conclusion, though atmospheric inputs especially from industry and trafﬁc
declined in most regions, regional patterns of deposition exhibited little changes
between NFSI I and NFSI II in particular regarding former Western Germany.
However in Bavaria some plots changed the deposition type (Cluster 5 of NFSI I
to Cluster 2 of NFSI II) due to a decrease of depositions from industry and trafﬁc
accompanied by an increase of depositions from agriculture. Reductions in inputs
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from industry and trafﬁc further resulted in a change of deposition type of several
plots in the north-eastern lowlands. Stronger alteration in the deposition types
however could be observed in the mountainous areas characterized by intensive
mining activities and industry in the past (Harz, Thuringian Forest, Ore Mountains,
Fichtel Mountains). The western part of the Harz was additionally affected by
pollution derived from the Ruhr Area. Cluster 7 became no longer necessary during
NFSI II due to a signiﬁcant decrease in SOx, NOy and base cation depositions. A
factor which was mainly loaded by reduced N compounds (NHx-N) and total N
deposition became more important. Thus, the importance of emissions from industry
and trafﬁc slightly decreased, while the importance of emissions from agriculture
increased.

2.11

Critical Loads for Eutrophication and Acidiﬁcation
and Their Exceedance

Continuous immissions of the airborne pollutants sulphate, nitrate and ammonia can
cause indirect (soil-mediated) damage to forest ecosystems by acidiﬁcation, eutrophication and nutrient imbalances. Critical loads of S and N are deﬁned as the annual
deposition rate below which no long-term harmful effects on ecosystem structure
and function are expected according to present knowledge (Nilsson and Grennfelt
1988). The starting points for critical loads calculations are the receptor systems in
need for protection. In forest ecosystems, the considered receptors are trees, ground
vegetation and soil. Critical limits are no-effect concentration thresholds in the soil
solution used to calculate critical loads with a simple mass balance approach (see
Chap. 1). Regarding acidiﬁcation, critical limits are set to prevent toxic reactions of
solved acidogenic cations (Al3+, H+) on tree roots, the shift to a site-speciﬁc atypical
buffer range, irreversible damage of soil structure and decline of base saturation
under a tolerable threshold for the plant community. Critical limits for nutrient N are
set to prevent changes in the plant community and nutrient imbalances in trees.
Waldner et al. (2015) showed that exceedance of critical loads for nutrient nitrogen
(CLnut(N)) leads to nutrient imbalances in the foliage.

2.11.1 Parameters for Critical Loads Calculation Derived
from NFSI II Data
Estimated and measured parameters used for critical loads calculation are based on
NFSI data (Höhle et al. 2018). Estimated base cation (Ca, Mg, K) weathering rate
(Bcw) varied substantially with soil parent material and rooting depth with a median
of 0.8 keq ha1 year1 (Table 2.2). Base cation and N uptake (Bcu, Nu) amounted to
0.5  0.00 keq ha1 year1 and 5.9  0.04 kg ha1 year1, respectively.
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Table 2.2 Parameters for critical loads calculation and critical limits
Parameter
Bcw
Bcu
Nu
Nde mod
Nde cons
Ni glacial
Ni periglacial
ANCle,crit
Nle,acc mod
Nle,acc cons

keq ha1 year1
keq ha1 year1
kg ha1 year1
kg ha1 year1
kg ha1 year1
kg ha1 year1
kg ha1 year1
keq ha1 year1
kg ha1 year1
kg ha1 year1

Min
0.03
0.12
1.54
0.00
0.00
0.18
0.04
7.77
0.00
0.00

P25
0.44
0.37
4.60
0.11
0.04
0.32
0.20
1.02
0.81
0.25

P50
0.80
0.46
5.79
0.40
0.11
0.47
0.27
0.40
2.22
0.62

P75
1.50
0.58
7.05
1.17
0.25
0.84
0.37
0.03
5.24
1.21

Max
13.44
0.85
13.27
61.70
17.78
5.41
1.78
3.11
59.99
7.10

Bcw base cation weathering rate, Bcu base cation uptake, Nu nitrogen uptake, Nde mod denitriﬁcation
rate in the modiﬁed approach, Nde cons denitriﬁcation rate in the conservative approach, Ni glacial
nitrogen immobilization rate on glacial sites, Ni periglacial nitrogen immobilization rate on
periglacial sites, ANCle,crit critical leaching of acid-neutralizing capacity, Nle,acc mod acceptable N
leaching in the modiﬁed approach, Nle,acc cons acceptable N leaching in conservative approach

Denitriﬁcation rate (Nde) was higher in the modiﬁed approach according to Balla
et al. (2013) and ARGE_StickstoffBW (2014) than with conservative critical limits
assumptions (Table 2.2, see Chap. 1). Nitrogen immobilization rate (Ni) was estimated as 0.5 and 0.3 kg ha1 year1 on glacial and periglacial sites referring to the
last glacial maximum, respectively.

2.11.2 Critical Limits and Critical Loads
The critical leaching of acid-neutralizing capacity (ANCle,crit; see Chap. 1) was
calculated from the most stringent of ﬁve chemical soil criteria. The criterion to
prevent aluminium toxicity on tree roots allowed the least leaching rates on most
plots in siliceous low mountain ranges and the Northern German Plain. The critical
base cation to aluminium ratio (Bc/Al)crit (see Chap. 1) was effective on 62% of the
plots. It was most important for pine stands (83%), which are more vulnerable to
aluminium toxicity, but only relevant for 23% of other broadleaf stands. The critical
base cation to proton ratio (Bc/H)crit (see Chap. 1) was relevant for 71% of the peat
and peaty mineral soils (2% of the NFSI plots, mostly covered by other broadleaf
stands). A critical pH to preserve the soil typical buffer range was only considered
for soils with base saturation >30% and was relevant for 84% of those (33% of the
NFSI plots). Accordingly, it was underrepresented on all coniferous and overrepresented on all broadleaf stands. The critical aluminium mobilization rate (Alw) to
maintain soil structure determined ANCle,crit on only 1% of all NFSI plots, mostly
other coniferous forests (13% of those). Critical base saturation was also relevant for
only 1% of the plots. Median ANCle,crit was at 0.4 keq ha1 year1 (Table 2.2).
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Fig. 2.9 Geographical distribution of critical loads for acidifying sulphur (CLmax(S)) and
eutrophying nitrogen (CLnut(N)) on NFSI plots

The magnitude and geographical distribution of critical loads for acidifying
sulphur CLmax(S) (see Chap. 1, Fig. 2.9) were strongly determined by the weathering
rate of base cations (r ¼ 0.91). Consequently, CLmax(S) was lowest on soils from
base-poor unconsolidated sediment and organic soils and peaty mineral soils
(1.2  0.1 keq ha1 year1 and 1.1  0.5 keq ha1 year1, respectively) and highest
on loessic loam in the lowlands and calcareous soils (3.3  0.2 keq ha1 year1 and
3.9  0.2 keq ha1 year1, respectively). Mean CLmax(S) ranged from
1.3  0.1 keq ha1 year1 on pine stands up to 3.3  0.4 keq ha1 year1 on
other broadleaf forest stands (Fig. 2.10).
Critical limits of the N concentration in the soil solution for eutrophying nitrogen
(Ncrit) were calculated according to the modiﬁed approach (see Chap. 1) as
1.3  0.03 mg l1 for near-natural forest ecosystems and 1.5  0.04 mg l1 for
planted forests. The resulting acceptable N leaching (Nle,acc) amounted to
4.0  0.12 kg ha1 year1 as compared to 0.9  0.02 kg ha1 year1 when
computed from the conservative approach with Ncrit ¼ 0.2–0.4 mg l1 N
(Table 2.2). The high limits of leaching rates in the modiﬁed approach may not
protect the ecosystems from nutrient imbalances in all cases. We therefore consider
non-exceedance of CLnut(N) but exceedance of CLnut(N)cons from the conservative
approach (see Chap. 1) as risk of potential exceedance.
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Fig. 2.11 Relative frequency of critical loads for eutrophying nitrogen (CLnut(N)) calculated after
the modiﬁed (CLnut(N)) and the conservative approach (CLnut(N)cons) on NFSI plots on different
forest stand types (Fig. 2.10)

The mean CLnut(N) was determined at 11.3  0.17 kg ha1 year1, with
considerable variation among forest stand types. It ranged from
6.0  0.12 kg ha1 year1 for pine stands, followed by oak, other broadleaf and
mixed stands (11.9  0.48, 12.0  0.63 and 12.0  0.34 kg ha1 year1, respectively), over 13.0  0.40 kg ha1 year1 for beech and spruce stands, up to
15.7  1.19 kg ha1 year1 for other coniferous stands (Fig. 2.11). These modelled
values are in good agreement with empirical critical loads (Bobbink and Hettelingh
2011). Values for CLnut(N)cons were generally lower (7.3  0.05 kg ha1 year1),
with similar distribution among the stand types (Fig. 2.11). For the geographical
distribution of CLnut(N) (Fig. 2.11), seepage water is the most important inﬂuential
factor (r ¼ 0.66).
Almost all NFSI plots (91%) are more vulnerable to the eutrophying effect of N
than to its acidifying effect (CLnut(N) < CLmax(N)).
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Fig. 2.12 Relative frequency of exceedance of the CL function for acidity (CLFaci) on NFSI plots
in 1990, 2006 and 2015 on different forest stand types (Fig. 2.10)

2.11.3 Exceedance of Critical Loads
Since 1990, the measures of air pollution control succeeded in reducing extreme
exceedances of the critical load function for acidity (CLFaci, see Chap. 1) (Fig. 2.12).
Nevertheless, 40% of the NFSI plots were still exposed to loads of acidifying S and
N beyond the long-term buffering capacity in 2006. Most threatened were pine
stands with exceedance on 66% of the plots in 2006. Most compromised were the
forests in north-western and eastern Germany (Fig. 2.13).
The exceedance of CLFaci was higher for S than for N on 84% of the
compromised plots in 1990 and still on 68% in 2006. In the meantime, the share
of compromised plots where the exceedance of acidifying N went far beyond S
exceedance (ExN-ExS >0.1 keq ha1 year1) increased from 12 to 25%, while the
share of surpassing S exceedance decreased from 21 to 4%. This development
reﬂects the increasing role of N as acidifying pollutant, which is most substantial
in the regions of high agricultural N emissions. The further development from 2006
to 2015 is characterized by reduction of extreme exceedances, while a substantial
share of plots with moderate exceedance remained (Fig. 2.12).
Since 1990, the extreme exceedances (>10 kg ha1 year1) of CLnut(N) declined
due to the reduction of N emissions (Fig. 2.14). However, in 2006, 85% of the NFSI
plots were still exposed to critical N deposition, causing prospective vegetation
changes and/or nutrient imbalances, and only 4% were beyond the risk of potential
N exceedance. The highest exceedances occurred in the north-western lowlands and
in central/eastern Germany on sandy soils and acid bedrocks (Fig. 2.13). The threat
was most pronounced for pine stands with N exceedance on 99% of the plots and
exceedance >10 kg ha1 year1 on 81% (Fig. 2.13). The share of plots with deﬁnite
N exceedance of the other forest stand types ranged from 56% for other coniferous
stands (2% without risk of exceedance) up to 80% for other broadleaf forests (0%
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Fig. 2.13 Geographical distribution of the exceedance of the CL function for acidity (CLFaci) and
the exceedance risk of eutrophying N (Ex exceedance, pot.Ex potential exceedance) on NFSI plots
in 2006. Potential exceedance was calculated from the conservative approach with
Ncrit ¼ 0.2–0.4 mg l1 N
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Fig. 2.14 Relative frequency of exceedance risk of eutrophying N (Ex exceedance, pot.Ex potential
exceedance) on NFSI plots in 1990, 2006 and 2015 on different forest stand types (Fig. 2.10).
Potential exceedance is calculated from the conservative approach with Ncrit ¼ 0.2–0.4 mg l1 N
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Fig. 2.15 Relative frequency of exceedance risk of the CL function for acidiﬁcation and eutrophication for two pollutants (Ex, exceedance; pot.Ex, potential exceedance) on NFSI plots in 1990,
2006 and 2015. Potential exceedance is calculated from the conservative approach with
Ncrit ¼ 0.2–0.4 mg l1 N. Not visible are negligible shares of the classes “0” (1990: 0.06, 2006:
0.23) and “pot.Ex >10” (1990: 0.51, 2006: 0.17, 2015: 0.06)

without risk of exceedance) in 2006. Exceedances >10 kg ha1 year1 occurred on
24–28% of the beech, oak and other coniferous stands and on 37–59% of the mixed,
other broadleaf and spruce stands in 2006 (Fig. 2.14). In 2015, extreme exceedances
of CLnut(N) were further reduced, while most of the NFSI plots were still exposed to
moderate or at least potential exceedance.
The integrated evaluation of critical loads exceedances of acidifying and
eutrophying depositions (CLRTAP 2015) showed that, despite the reduction of S
and NOx emissions, 90% of the NFSI plots were still compromised in 2006 and only
0.2% were beyond the risk of exceedance (Fig. 2.15).
Exposure types (Gauger et al. 2008) classify the plots according to the need for
deposition reductions (Fig. 2.16). The sole reduction of S deposition at constant N
deposition rates would result in non-exceedance of the CL function on only a minimal
share of the NFSI plots (1% in 1990 and 2% in 2006). From 1990 to 2006, only the
share of plots with need for reduction of S deposition (at additional need for reduction
of N deposition) was reduced substantially (from 35 to 18%), while the share of plots
with need for reduction of N input remained at an alarmingly high level (95% in 1990
and 88% in 2006) (Fig. 2.16). This trend continued until 2015.

2.12

Summary and Conclusions

The spatial variability of environmental impact factor like climate or tree species
distribution or soil class in Germany is high. That leads to small-scale pattern of
characteristics of forest soils. Forest policy like liming is under the responsibility of
the federal states; that is why impact factors change at borders of different federal
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Fig. 2.16 Relative frequency of exposure types for exceedance and for potential exceedance
(calculated from the conservative approach) of the CL function for two pollutants on NFSI plots
in 1990, 2006 and 2015. Not visible are negligible shares of exposure types of the classes “S or N”
(1990: 0.06) and “S obligatory” (1990: 0.34, 2006: 0.28, 2015: 0.40) and exposure types for
potential exceedance of the classes “no” (1990: 0.06, 2006: 0.23, 2015: 1.02), “S or N” (2006:
0.11, 2015: 0.06) and “S obligatory” (2015: 0.06)

states. Furthermore many important impact factor changes within the NFSI. The
exposure to airborne pollutants decreased in the interval between the ﬁrst and the
second inventory. The situation improved mainly for acidifying S depositions and
for extreme exceedances of eutrophying N input. However, more than one third of
the investigated plots were still exposed to critical rates of acidifying depositions and
almost all plots to critical rates of eutrophying N prior to the second inventory. The
contribution of N to acidiﬁcation increased, and these trends continued since the
second NFSI. That leads to small-scale pattern of characteristics of forest soils which
were investigated in the following chapters.
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