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12.1

Introduction

Environmental conditions determine forests’ species composition, structure, and
growth. Only with profound knowledge of these factors we can sustainably preserve
and utilize forest ecosystems and their services. In order to gain this knowledge, we
need to assess and monitor these ecosystems systematically. This knowledge was
gained through two National Forest Soil Inventories (NFSI I and II) reﬂecting
climate and weather conditions, as well as the deposition regime of nutrients and
pollutants to German forests. Additionally, plots of the German Intensive Forest
Monitoring (Level II), part of the International Co-operative Programme on Forests
(ICP Forests), are included. Human activities resulting in greenhouse gases and air
pollutant emissions are changing the physical and chemical growth conditions of
individual trees and whole forests. The same applies to forest management due to,
e.g., changes of the tree species composition, timber use, and liming. The forest soil
condition bears witness of all these different natural and anthropogenic impacts.
Therefore, care and conservation of forest soils are fundamental elements of a
sustainable use of forest ecosystems besides sustainable and environmentally
responsible forest management and timber utilization (BMEL 2015).
The ﬁrst NFSI (NFSI I) studied the morphological, physical, and chemical status
of German forest soils within the assessment period 1989–1992. A repetition after
15 years allows an insight in the temporal dynamics of forest soil conditions and
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their spatial patterns due to comparable sampling and analysis methods (see
Chap. 1). Integration of the assessment of crown condition, forest nutrition, stand
structure, and forest vegetation at the same samples plots provided a valuable and
unique opportunity to evaluate the options and limitations of human utilization of
forest ecosystems at a national scale.
In the following chapters, main results of the NFSIs, complemented by Level II,
and their implications for sustainable forest management as well as forest and
environmental policies in Germany are discussed and evaluated.

12.2

Clean Air Policies and Forest Liming Take Effect
Against Soil Acidiﬁcation

After the acknowledgment of lake and stream acidiﬁcation found in large areas of
Scandinavia in the mid-1970s (Almer et al. 1974), and the observation of forest
decline at the end of this decade, the effects of acidifying sulfur and nitrogen
deposition on forests, forest soils, and their chemical status, as well as on forest
nutrition, moved in the focus of politics and scientists. A deep-reaching acidiﬁcation
and base cation depletion, the mobilization of root-toxic aluminum ion in the soil
solution, and a deﬁciency of magnesium, calcium, and phosphorus nutrition were
identiﬁed as serious impacts on forest soils and ecosystems (e.g., Ulrich 1986b; Hüttl
and Schaaf 1997; see also Chap. 3; Carreira et al. 1997). The establishment and
development of clean air policies on both the international scale [Convention of
Long-Range Transboundary Air Pollution CLRTAP, UNECE (1979)] and the
national scale [Large Combustion Plant Directive in 1983, 13. BImSchV, BR
(1983)] have signiﬁcantly reduced emissions, in particular of acidifying sulfur
oxide (SOx, Fig. 12.1).
Successful measures starting in the early 1980s included the removal of sulfur
from waste gases of coal power plants and the introduction of catalyzers for motor
vehicles in the Federal Republic of Germany (FRG). Contrasting policies of the
German Democratic Republic (GDR) regime and neighbor countries (CSSR,
Poland) during the 1960s to 1980s led to regionally high deposition of sulfur
oxide and base-rich ﬂy ash emitted by lignite combustion in particular of coal
power plants. Whereas ﬂy ash deposition buffered acid deposition in less and
mid-distant areas to power plants (Hofmann et al. 1990), remote and elevated
regions like the Ore Mountains with considerably lower ash deposition received
extremely high and unbuffered sulfur oxide loads resulting in extensive forest
damages (Zimmermann et al. 2002), comparable to regions with high sulfur oxide
emissions in West Germany like the Harz and the Fichtel Mountains (Matzner et al.
2004). After the reuniﬁcation in 1990, consistent clean air policies were
implemented throughout Germany. As a result sulfur and total acid deposition
strongly decreased throughout Germany (Fig. 12.1). However, considerably less
reduction is visible for the emission and deposition of acidifying nitrogen
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Fig. 12.1 Temporal trend (1990/NFSI I to 2006/NFSI II) of air pollutant (NHx, NOx SOx)
emissions (above, data source: UBA 2018) and total deposition in forests (below, modelled values;
see Chap. 2)

compounds [NOx, NHx (Fig. 12.1)] (UBA 2013), leading to the initiation of the
National Emission Ceilings Directive (NECD, 2016/2284/EU) in order to monitor
the impact of acidifying and eutrophying compounds. In 2015 acidifying nitrogen
contributed far more to the exceedance of critical loads for acidity (CLFaci) than
sulfur (see Chap. 2).
At a local scale, forest liming is a technical measure to preserve sensitive forest
soils from acidiﬁcation (see Chap. 2), in addition to forest transformation activities
(see Sect. 12.9). Since the beginning of the 1980s, forest sites in several German
regions on both public and private forest land have been repeatedly limed, generally
ﬁnanced, or subsidized by public sources.
The results of the NFSIs reveal the success of these measures displaying an
increase of soil pH values, not only in the organic layer but also in the mineral
topsoil (see Chap. 4; Fig. 12.2). Only on limed forest sites, this is linked to a raise of
base saturation in the upper layers of the mineral soil (Fig. 12.2) due to a surplus of
calcium carbonate. This underlines the beneﬁts of forest liming, in particular on soils
with a high sensitivity of acidiﬁcation
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Fig. 12.2 Changes of soil pH (in H2O, above) and base saturation (below) in NFSI plots in the top
mineral soil (10–30 cm depth) from NFSI I to NFSI II, non-limed (left) and limed (right)

We can conclude that clean air policies have been successful in terms of reducing
the acidifying sulfur input in forest ecosystems, but efforts have to be increased to
reduce nitrogen emissions, to lower their contribution to soil acidiﬁcation and
eutrophication (see Sect. 12.3). Forest liming of soils with considerable acidiﬁcation
is furthermore recommended to balance negative impacts on soil functioning, the
vitality, and growth of forests. Both clean air policies and forest liming contributed
considerably to the improvement of forest conditions and forest soils in times of
forest decline, as well as to the prevention of further decline dynamics in Germany.
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Nitrogen Eutrophication Remains Challenging

Eutrophication of terrestrial ecosystems occurs due to the enrichment of priory
limiting nutrients within the soil or a water body (Bobbink et al. 2010) and is still
considered of having major impact on forests and forest soils. While in forest
ecosystems often a natural, site-related limitation of nitrogen (N) supply prevails,
enhanced N deposition can induce nutrition imbalance (Oren and Schulze 1989;
Schulze et al. 1989), i.e., a relative deﬁciency of other nutrients compared to nitrogen
(Vitousek et al. 1997; Aber et al. 1998; Waldner et al. 2015), or it can improve N
availability for trees, thus leading to increased foliar N concentrations (Tietema and
Beier 1995). The inclination of the balance is plaid by deposition of both reduced
and oxidized N compounds (NOx, NHx), with the maximum uptake capacity for
nitrogen reached at saturation (Ågren and Bosatta 1988; Aber et al. 1989; De Vries
and Schulte-Uebbing 2019). Due to this, Eichhorn (1995) and Cole (1992) deﬁne
nitrogen saturation as a status at which nitrogen input from deposition and mineralization exceed the retention capacity, and high nitrate leaching occurs
(>5 kg ha1 a1, Block et al. 2000; >10 kg ha1 a1; Vanguelova et al. 2010).
This can also affect species composition of forest ground vegetation including the
loss of rare species adapted to nitrogen-poor site conditions (Bobbink et al. 1998).
Already an exceedance of a nitrogen deposition rate of 10–15 kg ha1 a1 can
change forest ﬂoor species composition, increase susceptibility to pathogens, and
vary the mycorrhiza regime (Bobbink et al. 2010).
Varying from modelled deposition rates at the NFSI sites (see Chap. 1 and
Sect. 12.2), oxidized nitrogen (NOx-N) deposition further decreased during the period
from 2002–2004 to 2012–2014 at the Intensive Forest Monitoring (Level II) sites,
whereas reduced nitrogen (NH4-N) remained constant (Thünen Institute 2018). Mean
total nitrogen deposition rates in Germany ranged between 10.6 kg ha1 a1 and
40.7 kg ha1 a1 (median 19.7 kg ha1 a1) in the period from the ﬁrst (1990) to
the second NFSI (2007) (see Chap. 5). Compared to other European countries, forests
in Germany were therefore among the more severely polluted in Europe (Michel and
Seidling 2016) with regions exceeding 50 kg ha1 year1 (Meesenburg et al. 2005,
2016).
At NFSI sites, extreme exceedances (>10 kg ha1 a1) of critical loads for
eutrophying nitrogen (CLnut(N); see Chap. 2) were observed on 85% of the sites in
1990 with a reduction to less than 50% in 2006 and less than 20% in 2015 (Table 12.1).
Table 12.1 Exceedance risk
of eutrophying N (CLnut(N),
Ex. exceedance, Pot. Ex.
potential exceedance) on
NFSI plots in 1990, 2006,
and 2015

Classes (kg ha1 a1)
No exceedance
Pot. Ex.  10
Pot. Ex. > 10
Ex.  10
Ex. > 10

1990
0.1
2.9
3.4
8.7
84.9

2006
0.4
11.9
2.3
36.6
48.8

2015
1.1
19.4
1.0
59.1
19.4

Potential exceedance is calculated from the conservative approach
with Ncrit ¼ 0.2–0.4 mg l1 N
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Nevertheless, sites with no exceedance are still rare. CLnut(N) exceedances at the time
of the NFSI II (2006) were found to increase the occurrence of nitrophilic plant species
in montane Norway spruce forests, particularly competitive on eutrophic sites (Ziche
et al. 2016).
Within the period nitrogen stocks in forest soils increased in the top mineral soil
layer (signiﬁcantly in 0–5 cm soil depth, slightly in 5–10 cm soil depth). The
decrease of nitrogen stock in the layers below 30 cm may be caused by nitrate
leaching or gaseous nitrogen losses. Forest soil liming, in particular when repeated,
tends to facilitate the increase of nitrogen stock in the mineral soil (Melvin et al.
2013) and may result in nitrate leaching (Durka and Schulze 1992).
Overall, elevated nitrate leaching (>5 kg ha1 a1) is not expected at the vast
majority of NFSI sites (see Chap. 5). However, it is possible on several N-saturated
sites with continuously high N deposition or soils with low buffer capacity (UBA
2013). Excess nitrogen nutrition can be observed in Scots pine and oak and to a
lesser extent in Norway spruce and European beech. Foliar nitrogen concentration
increased in spruce and beech between the NFSI I (1990) and NFSI II (2006) with
soil liming showing no distinct effect. With a balanced supply of nutrients being
important for plant growth and performance, a high nitrogen status can be linked to
nutrition deﬁciency, in particular of phosphorus (P) in all major tree species and
potassium (K) in spruce and beech on one quarter of the sampled sites (see Chap. 8;
Braun et al. 2010).
Nitrogen deposition led to a distinct nitrogen eutrophication of forest ecosystems
in parts of Germany. Heterogeneous spatial patterns of forest ecosystems with and
without nitrogen eutrophication may also be due to varying, distinct nitrogen losses
in the past, linked to the practice of litter raking inducing enormous nitrogen exports
(up to 1.7 t N ha1 a1, Kreutzer (1972)), as well as clear-cuts, and stand disturbances stimulating the decomposition of soil organic matter. Nitrogen oversupply
(SRU 2015) has several negative effects on forest biodiversity, partly on tree
nutrition, and under condition of N saturation, it induces undesired nitrogen outputs,
e.g., nitrate leaching into the groundwater and emission of nitrous oxide from the soil
into the atmosphere. Due to this, the reduction of nitrogen emissions, in particular of
ammonia, should have a particularly high priority in clean air policies, i.e., compliance with emission standards according to the multicomponent protocol of the
UN/ECE convention on Long-Range Transboundary Air Pollution (CLRTAP) and
the EU National Emission Ceilings Directive (EU NEC Directive).

12.4

Nutrient Sustainability Limits Biomass Harvest
Options

Nitrogen (N), phosphorus (P), magnesium (Mg), potassium (K), and calcium
(Ca) are macronutrients crucial for tree growth, and their deﬁciency can limit
terrestrial ecosystems functioning (Ellenberg et al. 1986). Harvest losses of nutrients,
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Fig. 12.3 Total nitrogen (N, above left) and phosphorus (P, above right) stocks, as well as
exchangeable potassium (K, below left) and magnesium (Mg, below right) in the organic layer
and mineral top soil (down to 10 cm depth)

not balanced by atmospheric deposition, can only be resupplied through weathering
of soil minerals. However, liming of an overall of 21% of the NFSI II sites, with 51%
being acid-sensitive, changed the base saturation and in particular Ca availability
considerably (see Chaps. 2 and 4).
Below average N, P, Mg, and K stocks are visible in the organic and the mineral
soil layer down to 10 cm depth in large parts of the northeastern lowlands (Fig. 12.3).
However, late Pleistocene sites in eastern Schleswig-Holstein and northern
Mecklenburg-West Pomerania are an exception with higher values. Above average
nutrient stock is found in most areas of central and southern Germany, with low
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Table 12.2 Percentage (%) of NFSI II plots with nutrient deﬁciency (incl. latent range)/luxury
nutrition (surplus range) based on foliar threshold values, according to Göttlein (2015); all deﬁciency percentage values >15% in bold
Norway spruce
Scots pine
European beech
Oak species

N
9/29
5/54
2/26
1/55

P
20/12
19/1
61/1
38/7

K
22/9
13/1
29/7
10/8

Ca
2/43
6/20
17/26
16/26

Mg
6/24
25/4
27/36
16/5

S
43/0
13/0
46/1
0/0

values in the Black Forest, several sites in the Rhine-Main area, the Palatinate Forest
(low N, P), eastern North Rhine-Westphalia (low K), and the Saarland region (low
Mg). A high amount of nutrients were transferred from the humus layer to the
mineral soil between the periods of both NFSIs due to a shift of organic matter
(Grüneberg et al. 2014; see Chap. 5), thus facilitating nutrient uptake of trees.
Foliar nutrient concentration of the major tree species is low in P (all species) and
S (European beech, Norway spruce) at a larger number of sites. Moreover, K
deﬁciency is particularly visible at several spruce and beech sites. Overall, forest
foliar nutrition is following the sequence European beech > Norway spruce > Oak
spec. > Scots pine (Table 12.2). In contrast, nitrogen nutrition is mostly luxurious
and often induces P deﬁciency relative to N concentration (high N/P ratio; see
Chap. 8; Braun et al. 2010; Sardans et al. 2016). Many forest sites have a limited
natural supply of Ca, Mg, and K, which is only supplied through mineral weathering.
Ecosystem balances of these important nutrients and base cations are often negative
partially due to their export by drainage water in relation to a surge of accompanying
mobile anions like nitrate and sulfate in the soil solution (see Chap. 3; Ulrich 1986b;
Likens et al. 1996).
Due to this sensitive balance in nutrient, harvest intensity, in particular extended
harvest of biomass, must be carefully adjusted to the speciﬁc site conditions and the
potential for replacing exported nutrients (Block and Meiwes 2013). Whole-tree
harvesting (WTH, i.e., total biomass harvest above ground) which is rarely practiced
in Germany exports the nutrient-rich tree compartments like bark, branches, and
often needles or leaves from the forest. Thus, WHT should be restricted to sites with
a sufﬁcient nutrient provision ensuring the replacement of lost nutrients and sustainable site productivity.

12.5

Forest Soils Absorb Heavy Metals

Both, geogenic concentration of parent material and atmogenic deposition, determine
the concentration of heavy metals (As, Pb, Cd, Cr, Cu, Ni, Hg, Zn) in forest soils.
Signiﬁcant deposition effects, particularly a variance in top soil concentration, were
observed for lead (Pb), cadmium (Cd), and mercury (Hg), whereas such effects are less
evident for arsenic (As) and copper (Cu). Soil concentrations of the other elements
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Fig. 12.4 Exceedance of precautionary values for arsenic (As, left) and lead (Pb, right) in the upper
mineral soil (0–5 cm depth)

[chromium (Cr), nickel (Ni), zinc (Zn)] are mainly determined by geogenic base
concentration (see Chap. 6; Luster et al. 2006). In forest soils, heavy metals are
absorbed either by mineral surfaces (following the sequence Cd, Zn < Cu < Ni,
Cr < Pb) or by complexation with humic substances in the organic soil compounds
(stable complexes, Pb, Cr, Ni, and Cu; weak complexes, Cd and Zn, König et al. 1986).
The heavy metal concentration (Pb, Cd, Cr, Cu, Zn) in the organic layer decreased
signiﬁcantly from the ﬁrst (1990) to the second (2006) NFSI ranging from 33%
(Pb) to 11% (Zn). This indicates a decreased deposition of these elements between
both NFSIs as the decrease was lower (2%) in humus storage. An indication for a
translocation of heavy metals into the mineral soil is missing, except for the
relatively mobile Cd. The only element which increased within the soil concentration is Hg, although deposition has decreased in central Europe (Ilyin et al. 2016).
Only arsenic (As) with 11.2% and lead (Pb) with 22.1% exceed the precautionary
values according to the Federal Soil Protection Act (BBodSchV) at a national scale.
Such critical values are mainly recorded in speciﬁc regions like the Ore Mountains
(As, Pb), the Harz, and the Rhenish Slate Mountains (Pb), resulting from both mining
activity over the past century (Fig. 12.4) (Medyńska-Juraszek and Kabała 2012;
Perković et al. 2017) and elevated atmospheric contamination. For Pb, past atmospheric inputs of leaded gasoline still play an important role as shown by isotope
analyses within the French forest monitoring network (Hernandez et al. 2003).
Heavy metals are mainly absorbed in the organic compounds of the humus layer
and in particular in the mineral soil (Luster et al. 2006). Therefore, a critical
translocation within the ecosystem and a migration of these toxic elements into the
groundwater are prevented. All silvicultural operations increasing and stabilizing the
soil organic compound are thus recommended. These include low-disturbance stand
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management without clear-cuts and mechanical soil treatments. Liming can stabilize
the soil organic matter (see Sect. 12.7) and prevent soil acidiﬁcation (see Sect. 12.2)
as an additional measure to keep and develop the absorptive function of forest soils
for heavy metals. Nevertheless, all emission reduction options should be used in
order to further reduce or even stop future heavy metal emissions. In doing so,
special attention should be paid to mercury (Hg) due to its increasing concentration
in forest soils.

12.6

Organic Pollutants (POPs) Persist Long Term
in Forest Soils

Persistent organic pollutants (POPs) can have harmful effects on humans and the
environment paired with a low decomposition rate. These substances can accumulate
in various environmental compartments, particularly in soils and sediments. POPs
include polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), dichlorodiphenyltrichloroethane (DDT), and hexachlorobenzene (HCB)
emitted for several decades and deposited throughout Germany (see Chap. 8).
In general, low concentrations are visible for the investigated POPs in German
forest soils. For PAHs and PCBs, lower concentrations than the precautionary values
of the German soil protection legislation (BBodSchV) were found. Densely industrialized and urbanized regions show comparatively enhanced PAHs and PCBs
values, e.g., in vicinity of brown-coal strip-mining areas (Aichner et al. 2015;
Pandelova et al. 2018). The long persistence of POPs in forest soils can be seen
for DDx applied as pesticide in the 1980s and still detected in the organic layer,
particularly in the Eastern Federal States. The deposition and concentration of POPs
are not signiﬁcantly linked to forest type and environmental factors but on the
presence and distance of mostly local or regional emission sources (see Chap. 7;
Aichner et al. 2013).
It is difﬁcult to rule out deposition from various sources completely. However,
signiﬁcant efforts have to be taken in order to reduce any additional deposition of
POPs in forest ecosystems due to their decade long persistence with the ecosystems.
The application of pesticides with persistent organic compounds in forests should be
strictly minimized and restricted to cases where other options are not available.
Beneﬁts of POP-pesticide application have to be carefully balanced against the
threats. Since the concentration of most POPs is linked to the soil organic concentration (SOC) of the organic layer and the top mineral soil, high-disturbance stand
management and soil treatments leading to decomposition of soil organic matter
should be handled with care.
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Carbon Sequestration in Forest Soil Supports Climate
Protection

Forest and forest soils in Germany sequester 52–58 Tg (¼ million t) CO2-equivalent
per year (reference period 1990 to 2012, year 2015) and thus play an important role
in climate protection (Wellbrock et al. 2017; UBA 2017). Including the beneﬁt of
wood products from forest utilization, an additional emission amount of 36 Tg CO2equivalent is annually avoided within Germany due to the substitution of fossil fuel
through ﬁrewood (energetic substitution), approximately 30 Tg CO2 equivalent by
the substitution of energy-intensive materials by wood products and material (material substitution) and 3 Tg CO2 equivalent through increased wood products storage
(WBAE/WBW 2017). Thus, forest and sustainable forest utilization amounts to far
more than 100 Tg CO2-equivalet of actual yearly greenhouse gas mitigation achievements in Germany. However, in contrast to the forest carbon sink status of forests in
Germany, large-scale deforestation and forest degradation in other parts of the world
result in a global net emission of 4900 Tg CO2-equivalent per year (year 2010,
Tubiello et al. 2015).
The organic and the mineral layer (up to 90 cm depth) stored 1023 Tg C (year
2012) and thus represent the second largest carbon pool in forests after forest
biomass (1149 Tg C). In total, German forest stands and soils contained approx.
2384 Tg C after 1951 Tg C in 1990 (Fig. 12.5), (Wellbrock et al. 2017).
In mineral forest soils (up to 30 cm depth), the annual increase of carbon storage
amounts to 0.4 t ha1 a1 between 1990 and 2006. Concurrently the organic layer
lost 0.02 t C ha1 a1 (see Chap. 5; Grüneberg et al. 2014). This relates to a yearly
carbon sink rate of 15 Tg CO2-equivalent for the top soils down to 30 cm depth
throughout Germany.

Fig. 12.5 Carbon storage [in Tg C] in forests and forest soils in Germany according to the ﬁve
carbon pools to be reported in greenhouse gas reporting under LULUCF (Wellbrock et al. 2017)

366

A. Bolte et al.

These results reveal that the sustainable management of forests in Germany over
the last decades led to carbon sequestration both in forest and forest soils as well as in
wood products. This is complemented with a considerable avoidance of greenhouse
gas emissions due to a substitution of fossil fuels and other energy-intensive
materials. Thus, the combination of site-adapted, sustainable forest management
combined with the construction of long-lived wood materials and products and the
option of a ﬁnal, energetic use (cascade utilization) provides evident beneﬁts for
climate protection and should be continued. Large-scale restrictions for forest
management or even the ban of timber use would counteract climate protection
through decreased energetic and material substitution of wood and wood products
(WBAE/WBW 2017), as well as wood imports from larger areas outside Germany
(Schulze et al. 2016). Forest transformation with an increase of deciduous tree
species and soil liming has no signiﬁcant effect on the amount of carbon in the
organic layer and the mineral soil. However, both management activities contribute
to a shift of carbon from the organic layer to the mineral soil, thus possibly
stabilizing carbon storage in forest soils. The advantage of an increased share of
deciduous trees, however, has to be traded off against the disadvantage of a lower
demand of hardwood for wood products and material substitution (Frühwald and
Knauf 2013) and the susceptibility of some of these species to climate extremes (see
Chap. 11). Different intensities of practiced continuous cover forestry (without clearcuts) are not signiﬁcantly affecting carbon sequestration in forest soils (Mund and
Schulze 2006; Jandl et al. 2011; Wäldchen et al. 2013; Grüneberg et al. 2013).
Thus, sustainable forestry in Germany produced considerably positive effects on
climate protection, and there are overall beneﬁts of continuing the existing practice
of forest management. Timber should be used as efﬁciently as possible, and its use
for wood products should always be preferred to an energetic use. Initiatives aiming
at the implementation of multiple and cascading uses of timber should be supported
through structural measures and incentives (WBAE/WBW 2017). Due to the beneﬁts of wood use, harvest restrictions have to be carefully considered.

12.8

Atmospheric Pollution Interacts with Climate Change
Impacts

Impacts of air pollutants and atmospheric deposition on trees can change the
response to climate and especially to extreme weather events like heat waves and
droughts (Paoletti et al. 2007). Bytnerowicz et al. (2007) mention an increased
sensitivity of trees with nitrogen oversupply to late frost, pathogens, and drought
(Dziedek et al. 2016). Moreover, a shallower rooting after soil acidiﬁcation can
induce higher drought sensitivity (Ulrich 1986a). Drought is affecting trees and
forests by its timing, duration, and intensity (see Chap. 3); a soil water availability of
less than 20% can induce severe consequences for forest ecosystem productivity and
integrity (Granier et al. 2007), as well as for young trees’ survival (Bolte et al. 2016).
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The crown condition assessment at NFSI sites provides relevant insights into the
risk status of forests to air pollution and climatic impacts (see Chap. 11).
Norway spruce trees, with excessive nitrogen needle concentrations, show a
signiﬁcantly higher defoliation, while their condition is better at limed sites. Norway
spruce growing on soils of low water storage capacity and high evapotranspiration
potential exhibit more often needle losses than those on other sites. Spruce mortality
is often high for several years after warm and dry years or storm events likely linked
to increased bark beetle infestations (Bolte et al. 2014). Dominating risks for spruce
are intensifying nitrogen eutrophication and climate warming with accompanying
biotic threats.
For European beech, similar impact factors on crown condition are evident due to
a distinct defoliation peak after the drought in 2003 (Seidling 2007; Eichhorn and
Roskams 2013); however, pathogens do not play an important role and overall
mortality is low.
Crown condition of oak species is similarly affected by climate warming showing
higher defoliation values after the 2003 drought year. Oaks show and have been
showing the highest defoliation of all four major tree species in Germany for
decades. This is mainly due to pathogen impact of leaf-eating insect communities
stimulated by warmer and longer growing seasons (see Chap. 11) which can produce
a feedback loop on carbon cycling with enhanced releases of CO2 and dissolved
organic carbon (DOC) from forest soils after decomposition rise of organic matter
(Arnold et al. 2016).
These results show that a signiﬁcant lowering of greenhouse gas emissions is
urgently needed to limit ongoing climate change to an extent (2  C aim) to which
forests in Germany are able to adapt. This is in particular needed, as past and current
air pollutants have predisposed many forests to decline.

12.9

Forest Transformation Affects Forest Soils Positively

Forest transformation from mono-species coniferous forests with Norway spruce and
Scots pine to broadleaved and mixed forests is a common practice of forest management in Germany and changed forest structures considerably. Forest cover with
spruce and pine has decreased by 329,000 ha, whereas areas with European beech,
oak, and other broadleaved species increased by 315,000 ha from 2002 to 2012
(BMEL 2015).
This resulted in positive effects for forest soils: on average broadleaved forests
exhibit lower soil acidiﬁcation and higher base saturation compared to coniferous
forests and sequester more organic matter and carbon (SOC) in the mineral soil (see
Chaps. 2, 4, and 6). The immobilization of SOC in mineral soil horizons counteracts
disturbances of the organic layer and top soil with SOC losses. Moreover, organically bound nutrients are better available for root uptake.
Due to the strongly prevailing economic role of coniferous timber for the wood
processing sector (Dieter and Janzen 2015) and the required diversiﬁcation of risks
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for climate change impacts (Kolström et al. 2011), mixed forests are preferable with
an adequate proportion of coniferous trees (WBAE/WBW 2017) adaptive to future
climate and site conditions. Structural measures and incentives should aim at
increasing the mixed forest area in Germany including stress-tolerant native species
like Silver ﬁr but also non-native species like Douglas and Grand ﬁr. Therefore,
ungulate browsing adverse to mixed stand regeneration and development as well as
species diversity (Ammer 1996; Schulze et al. 2014) has to be controlled.

12.10

Conclusions and Outlook

Anthropogenic induced site variations due to acid and nitrogen deposition, as well as
a changing climate, have modiﬁed forest soil traits more rapidly than expected, thus
producing forests and forest soils with a changed ecosystem service and risk
portfolio.
The results of the repeated NFSIs produced new opportunities to assess the effects
of environmental change and management on forests and forest soils. For the ﬁrst
time, status variation of forest soils and corresponding forest ecosystem traits were
analyzed in a systematic and representative manner for Germany on a national and
regional scale. Both the number of 1900 forest sites and the extent of the various
parameters for crown condition, forest stand, vegetation, nutrition, and soil status
have provided novel options to link their results with the ﬁndings of the Intensive
Forest Monitoring (ICP Forests, Level II), in particular for nutrient balances and soil
processes, as well as with model approaches as demonstrated in this volume, e.g., for
nitrogen cycling and budgeting (see Chap. 5). New possibilities also address the
integrative assessment of forest and agricultural sites after the Agricultural Soil
Inventory for Germany (Bach et al. 2011) will be ﬁnalized. This will enable insights
in the sustainable development of soil organic carbon (SOC) in forest and agricultural soils with varying environmental conditions and land uses and could also allow
for an economic evaluation of different land-use scenarios.
The NFSI is an important monitoring instrument of the national forest assessment
system in Germany which is codiﬁed in the Federal Forest Act (FFA, Bundeswaldgesetz
§ 41a: Walderhebungen) and of speciﬁc meaning for political consultation of the
evaluation of forest and soil status changes, in their extent, dynamic, and regional
patterns based on time series produced by repeated sampling of the same forest sites
with comparable methodologies. Based on the NFSI results, a repetition period of 15–20
years is recommended (Fig. 12.6). Due to this, a new federal ordinance for the third
NFSI is currently prepared for the period 2022–2024 in order to picture the dynamic
development of soils by monitoring.
The ﬁndings show that both, further efforts to reduce air pollution and the
consequent continuation of a sustainable and soil conservative forest management,
are needed to maintain and develop vital and productive forests with fertile soils.
Therefore, the advancement and implementation of politics and structural measures
are important. The achievements in reducing the acid burden through clean air
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Fig. 12.6 Repetition period for signiﬁcant changes of different soil status parameters based on
analyses of the ﬁrst and second NFSI. Lead (Pb), cadmium (Cd) storages are derived from the
organic layer, whereas pH(KCl), SOC content, and base saturation are related to the upper mineral
soil (to 10 cm depth). The dashed line indicates a period of 15 years above which signiﬁcant
changes can be expected for all shown parameters

policies and forest soil liming demonstrate the options of concerted political action
and local management. Only the results of the NFSI could provide evidence for these
achievements.
The NFSI also demonstrates the successful collaboration of the German Federal
and the Federal State authorities in this nation-wide assessment of forest and soil
status both on a national and regional scale. Not all research questions can be
answered with the NFSI approach of a systematical grid sampling. Thus, several
detailed questions like the impacts of forest soil compaction by heavy harvest
technique require additional research with alternative approaches. However, the
integration of results of additional soil research in the NFSI evaluation provides an
advanced beneﬁt.
Finally, the major gain of the NFSI emerges from the attention and implementation of the results in policy, administrative processes, and forest management.
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