
Chapter 4
Soil Acidification in German Forest Soils
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4.1 Introduction

The deposition of acidifying pollutants drastically altered the element cycles of
forest ecosystems in large regions of the world (Ulrich et al. 1980; de Vries et al.
2014). Sulphur (S) was the major component of acid deposition since the beginning
of industrialization until the 1980s, whereas the nitrogen (N) species nitrate (NO3)
and ammonium (NH4) became more important since the 1990s (Schöpp et al. 2003).
Besides its acidifying effect, deposition of N also causes an increasing nitrogen
saturation of forest ecosystems (Aber et al. 1989, 1998) (see Chap. 5).
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If acids are introduced to soils, a reduction of acid neutralizing capacity (ANC) is
caused. However, the decline of ANC isn’t accompanied by an equivalent increase
of free acidity, since many soil components contain neutralizing properties. Depen-
dent on soil-forming substrate and acid-base status, several buffer ranges differing in
buffer capacity and buffer rate become active over time under the influence of acid
inputs (Table 4.1). A characteristic change of soil solution composition occurs at the
transition between different buffer ranges (Ulrich 1987). If the aluminium (Al) buffer
range is approached, the risk of toxic concentrations of Al ions in soil solution is
significantly enhanced (Reuss and Johnson 1986). Elevated concentrations of free Al
impede the nutrient uptake by tree roots and mycorrhiza (de Wit et al. 2010) and
hamper the growth of microorganisms (Piña and Cervantes 1996). Under acid
conditions solute Al forms stable complexes with phosphorus (P) and may thus
reduce the P availability in soils (Hansen et al. 2007). Whereas in the soil solid phase
the reduction of ANC due to acid inputs is common to all soils, adverse impacts of
soil acidification such as pH decline and Al mobilization into soil solution are
restricted to forest soils with low buffer capacity.

Acids are introduced to soils as strong mineral acids (sulphuric acid H2SO4, nitric
acid HNO3) or generated through biochemical processes such as uptake of NH4 and
equivalent release of protons by tree roots or the nitrification of reduced N to HNO3.
Since the anions NO�

3 and chloride (Cl�) are only marginally adsorbed in soils, they
are prone to leaching into deeper soil horizons or to the groundwater. To preserve
electroneutrality anions have to be accompanied by an equivalent amount of cations
(Seip 1980). The composition of these cations is controlled by the composition of
exchangeable cations (Reuss and Johnson 1985). Acidification caused by strong
mineral acids may thus affect deep soil horizons and also groundwater or surface
waters. On the other hand, natural soil acidification by weak acids such as carbonic
or organic acids, which are increasingly protonated if pH declines, is mostly limited
to upper soil horizons. Under certain conditions, acidification due to deposition of
H2SO4 can by delayed by the retention of sulphate SO2�

4

� �
in the soil by adsorption

to pedogenic hydroxides or by precipitation as Al hydroxy sulphate. The
remobilization of previously stored SO2�

4 causes an equivalent release of acidity
(Ulrich 1994).

Buffering of acids in forest soils in the long term is mainly provided by
weathering of primary minerals (Ulrich 1983). In carbonate-free soils, the release
of base cations (Ca, Mg, K, Na) from silicate minerals such as feldspars and clay
minerals is the major proton consuming process (Fölster 1985; Tarrah et al. 2000).
The release of structural Al during the weathering process usually results in the
formation of interlayer Al hydroxides in clay minerals, which may reduce the cation
exchange capacity drastically (Rich 1968). If acidification continues, proton buffer-
ing is also realized by the dissolution of these interlayer Al hydroxides, and cation
exchange capacity may increase; however, previous values are usually not
approached (Mareschal et al. 2013). For Germany, Ahrends et al. (2018) estimated
an average base cation release due to weathering of 1.0 keq ha�1 year�1,
0.8 keq ha�1 year�1 of which are nutrient cations (Ca, Mg, K, see Chap. 2).
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Consequences of soil acidification are the leaching of base cations (i.e. K, Mg,
Ca) as counterions of mobile anions, the mobilization of protons, reactive Al and
heavy metals and subsequent release into soil solution (Reuss and Johnson 1985). As
base cations are important nutrients for forest trees, the loss of base cations may
result in nutrient imbalances on base-poor sites (de Vries et al. 2014).

On the other hand, the uptake of nutrient cations may contribute to soil acidifi-
cation, as an excess of ANC is removed from the soil (Ulrich 1994). The amount of
ANC removal by biomass uptake depends on the preference of N uptake either as
NH4 or as NO3, resulting in an equivalent release of H

+ or OH� via the root system,
respectively (Reuss and Johnson 1986). For German NFSI plots on average, a net
uptake of 0.5 keq ha�1 year�1 of nutrient cations was estimated, if stemwood
utilization including bark is assumed (see Chap. 2). If NH4 and NO3 net uptake is
balanced, this equals the net removal of ANC.

Soil acidification has been early claimed as a possible cause of forest decline,
which was observed in central Europe since the late 1970s (Ulrich et al. 1980; Ulrich
1987). A consequence of this debate was the start of clean air policy, beginning with
the Large Combustion Plant Directive in 1983 (13. BImSchV). This and other
national and international measures (e.g. Convention of Long-range Transboundary
Air Pollution CLRTAP; UNECE 1979) resulted in a significant reduction of depo-
sition of acidity in Europe (Waldner et al. 2014).

Besides the CLRTAP, legal instruments for the prevention and compensation of
acidification effects are the National Emissions Ceilings (NEC) Directive (2016/
2284/EU), the German soil protection law (BBodSchG) and the European Water
Framework Directive (WFD 2000/60/EC), which define criteria for the aspired state
of soils and freshwater. Measures for the reduction of acid inputs are related to an
ecological tolerable load. These critical loads provide “a quantitative estimate of an
exposure to one or more pollutants below which significant harmful effects on
specified sensitive elements of the environment do not occur according to present
knowledge” (Spranger et al. 2015).

From the comparison with actual deposition loads, the compliance with or the
exceedance of the critical loads can be derived. Further, the effectiveness of air
pollution reduction measures can be controlled through the evaluation of deposition
monitoring. The overarching environmental quality target for air pollution is the
compliance with the critical loads for acidity (see Chap. 2). Moreover, the National
Strategy on Biological Diversity in Germany aims to protect all sensitive ecosystems
against acidification and eutrophication (BMU 2007).

Evidence for soil acidification caused by acid deposition proved by repeated soil
sampling has been demonstrated in many studies (Falkengren-Grerup et al. 1987;
Meesenburg et al. 2016; Blake et al. 1999; Johnson et al. 1994). So far, only few
studies are showing recovery of forest soils from acidification (Lawrence et al.
2015), whereas recovery of surface waters due to declining deposition is a wide-
spread phenomenon (Sucker et al. 2011; Wright et al. 2005; Stoddard et al. 1999).

The pH value, either measured in water (pH(H2O)) or in potassium chloride
solution (pH(KCl)), base saturation and the fractions of exchangeable acid cations
(H+, Al, Mn, Fe) are used as indicators for the acid-base status of forest soils in this
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study. The objective of this chapter is to evaluate if indications of recovery of forest
soils from acidification in Germany are visible and to identify main drivers behind
possible changes of soil acidity.

4.2 Acid-Base Status of German Forest Soils

4.2.1 Soil Acidity

For the characterization of soil acidity, the pH value in water (pH(H2O)) and in
potassium chloride solution (pH(KCl)) was determined. The pH(H2O) indicates the
effective soil acidity and shows distinct seasonal and episodic fluctuation. Through
the introduction of potassium (K) during the pH(KCl) determination, the release of
exchangeable aluminium (Al) and protons lowers the pH by 0.4–1.1 units. Thus the
pH(KCl) is an indication of the potential soil acidity (Ulrich 1981).

The results of the second NFSI reveal a large spatial variability of pH in forest
soils of Germany. On average, pH(H2O) was 4.6 � 0.02, and pH(KCl) was
3.9 � 0.02 in the organic layer. Limed plots showed higher pH values as compared
to unlimed plots. The 10th percentile in the organic layer was 3.8 for pH(H2O) and
2.9 for pH(KCl), and the 90th percentile was 5.8 for pH(H2O) and 5.3 for pH(KCl).
As compared to the organic layer, mean pH was slightly lower in the uppermost
mineral soil layer and increased with depth. In 30–60 cm depth a mean pH(H2O) of
5.2 � 0.03 and pH(KCl) of 4.4 � 0.03 was observed. The 10th percentile in this
depth interval was 4.3 for pH(H2O) and 3.6 for pH(KCl), and the 90th percentile was
7.5 for pH(H2O) and 6.9 for pH(KCl).

The spatial distribution of pH values mainly reflects the different parent material
of the soils (Fig. 4.1). High pH values were observed in soils developed from
carbonatic bedrock, e.g. at the Swabian-Franconian Alb and in the Alps. Locally,
also soils with intermediate basic-intermediate bedrock, e.g. tertiary basalts, show
higher pH values in the topsoil (Meesenburg et al. 2009). Plots with acidic soils over
the complete depth profile occur mainly in regions with soils developed from base-
poor substrates, such as in the Black Forest, the Bavarian Forest, the Ore Mountains,
the Harz Mountains and the North German lowlands with early Pleistocene
sediments.

With respect to soil parent material groups, NFSI plots with soils from weathered
carbonate bedrock revealed highest pH values, whereas lowest pH was observed for
soils from base-poor unconsolidated sediments, soils from base-poor consolidated
bedrock and loamy soils of the lowland (data not shown). Soils from basic-
intermediate bedrock and soils from alluvial plains showed medium pH values,
which were significantly different from base-poor and base-rich soil parent material
groups in the organic layer.

The pH of the organic layer was lower under coniferous forest stand types than
under deciduous and mixed stand types. This becomes more apparent, if unlimed
plots for distinct soil parent material groups are compared. In the mineral soil, tree
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species-specific differences disappear with increasing depth. The observed pattern
can be attributed to a higher base cation content of deciduous litter (Augusto et al.
2002; Jacobsen et al. 2002), but also to a preferential cultivation of coniferous tree
species on acid organic layers.

The comparison between first and second NFSI reveal on average a significant
increase of pH(H2O) in the organic layer and in all depth intervals of the mineral soil
(Fig. 4.2). The pH increase was highest in the organic layer (0.013� 0.0014 year�1)
and in the 0–5 cm interval of the mineral soil (0.011 � 0.0011 year�1). In the deeper
mineral soil, the pH change was much smaller. For pH(KCl) a significant increase of

0 18090
km

pH(H2O) values
in the mineral soil 
at 10 - 30 cm depth

- NFSI II - 
Percentile classes  

< 4.1
≥ 4.1 to < 4.3
≥ 4.3 to < 4.5
≥ 4.5 to < 4.9
≥ 4.9 to < 6.8
≥ 6.8
no values

Fig. 4.1 pH(H2O) values in the mineral soil at 10–30 cm depth of NFSI II
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0.004 � 0.0014 year�1 pH units could only be observed for the organic layer,
whereas the 5–10 cm interval showed a pH decrease of 0.004 � 0.001 year�1 (not
shown). The other sampling intervals revealed only insignificant changes. The pH
increase in the topsoil is attributed primarily to the reduced deposition of acidity and
to liming measures. The reduced leaching of basic cations from the organic layer
may have contributed to the pH increase together with an increased contribution of
base-rich litter from deciduous tree species, which were increasingly present at the
plots since NFSI I.

The higher increase of pH(H2O) as compared to pH(KCl) in all depth intervals
may be attributed to a decrease of ionic strength of soil solution. For a given
distribution of exchangeable cations, a decrease of ionic strength results in an
increase of pH, which is more prominent for pH(H2O) than for pH(KCl) as the latter
is also determined by the exchanger composition (Reuss and Johnson 1986). A
decrease of ionic strength of soil solution during the period from 1990 to 2006/2008
was demonstrated for several forested sites in northwest Germany (Klinck et al.
2012; Meesenburg et al. 2016).

According to the pH(H2O) value the samples can be attributed to pH buffer
ranges (Ulrich 1983). Changes in the frequency of samples in the different buffer
ranges between NFSI I and NFSI II illustrate changes in the acid-base status of the
NFSI plots. As compared to NFSI I, an increase of samples within the exchange
buffer range, silicate buffer range and the CaCO3 buffer range of 9% in the 0–5 cm
interval and of 5% in the 5–30 cm interval was observed leading to equivalent
reductions in the Fe, the Fe-Al and the Al buffer range (Fig. 4.3). In the 60–90 cm
interval, a 5% decrease occurred in the Al and exchange buffer range with a
concurrent increase in the silicate and CaCO3 buffer range. The shift between pH

2 4 6 8

60-90 cm

30-60 cm

10-30 cm

5-10 cm

0-5 cm

Org. Layer
n = 
1816
1803

1931
1851

1932
1852

1924
1838

1488
1821

1365
1665

NFSI I NFSI IIa)

pH(H2O) [-]

-0.15 -0.05  0.05  0.15

n = 
1224*

1327*

1329*

1317*

1292*

1154*

b)

Change of pH(H2O) [yr−1]

Fig. 4.2 pH(H2O) values in the organic layer and in the mineral soil layers for NFSI I and NFSI II
(a, complete sample including bogs and organic soils) and differences of pH(H2O) values between
NFSI I and NFSI II (b, paired sample without bogs and organic soils, *denotes significant change of
pH(H2O), p � 0.05)
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buffer ranges was higher for limed as compared to unlimed plots. At unlimed plots,
distinct changes of the frequency in the buffer ranges cannot be observed. This
pattern is most probably a result of liming measures and a general decrease of the
ionic strength of soil solution, which was observed for several intensive forest
monitoring sites in northwestern Germany (Klinck et al. 2012). For the subsoil of
unlimed NFSI plots, on average a balance between processes increasing and decreas-
ing acidity can be assumed.

In the organic layer and in the mineral soil, up to 60 cm depth of acid-sensitive
sites pH(H2O) was significantly higher at limed as compared to unlimed plots
(Fig. 4.4). Differences were less obvious for pH(KCl) (not shown). Between NFSI
I and NFSI II, pH(H2O) increased in the organic layer and in the mineral soil up to
10 cm depth both at limed and unlimed plots. Below 10 cm depth, unlimed plots
showed no temporal change, whereas limed plots revealed an increase of pH(H2O).
For pH(KCl) no distinct pattern of changes was found. An exception from the
observed pH increase in the organic layer is plots with pine as dominating tree
species. For these plots pH(KCl) in the organic layer and up to 10 cm of the mineral
soil decreased significantly. Pine stands are often cultivated on soil from base-poor
unconsolidated sediments. Pine stands located in the northeastern German lowlands
are mostly unlimed. In addition, many sites where high loads of basic dust were
deposited in the last century are stocked with pine. These sites were acidified
between NFSI I and NFSI II due to the leaching of bases (see Chap. 2).

0 20 40 60 80

0-5 cm
5-10 cm

10-30 cm
30-60 cm
60-90 cm

Proportion of plots within buffer ranges [%]

n = 

1365

1488

1924

1932

1931

NFSI I

Fe Fe-Al Al exch. silicate CaCO3

0 20 40 60 80

n = 

1665

1821

1838

1852

1851

NFSI II

Fig. 4.3 Fractions of plots within different pH buffer ranges (according to Ulrich 1983) in the
mineral soil for complete samples of NFSI I and NFSI II (Fe, Fe buffer range; Fe-Al, Fe-Al buffer
range; Al, Al buffer range; exch., exchange buffer range; silicate, silicate buffer range; CaCO3,
carbonate buffer range)
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4.2.2 Base Saturation

The acid-base status determines to a large degree the availability of nutrients in the
soil, e.g. by the pH-dependent allocation of cations at the exchange sites. Thus, the
nutrition of the forest stands is affected by soil acidification (see Chap. 9). The base
saturation describes the proportion of effective cation exchange capacity in the soil
occupied by Na, K, Mg and Ca. It serves as an indicator for the acid-base status of
forest soils as the allocation of the exchange sites is strongly pH dependent. The
introduction of acid cations can alter the base saturation significantly especially in
the exchange buffer range. The occupation of exchange sites with acid cations such
as Al, Mn, Fe and H+ is reciprocal to base saturation. Among the acid cations, Al
usually constitutes the largest proportion.

Some exchange sites may also be occupied by NH4 (Aber 1992). In the mineral
soil, NH4 can be retained at clay minerals (Davidson et al. 1991). As the ion radius of
NH4 is similar to that of K, in clay-rich soils NH4 is fixed in the interlayers of 2:1
clay minerals and further not fully available for cation exchange (Nieder et al. 2011).
However, as exchangeable cations were extracted with NH4Cl solution (see
Chap. 1), a quantification of the saturation of exchange sites with NH4 is not possible
for NFSI. In the mineral soil, soil solution concentrations of NH4 are usually very
low due to retention in the organic layer and nitrification (Brumme et al. 2009;
Schwarz et al. 2016). Corre et al. (2007) found for German forest sites on a N
deposition gradient, that microbial NH4 retention was more important than abiotic
NH4 retention. Thus, it is assumed that exchangeable NH4 only contributes to a small
extent to total exchangeable cations.

Observations of base saturation from NFSI I and NFSI II are only available for the
mineral soil. Hence, the medium-term availability of nutrient cations is characterized
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Fig. 4.4 pH(H2O) values
(left) and base saturation
(BS [%], right) for limed and
unlimed acid-sensitive plots
in the organic layer and
mineral soil for NFSI II
(acid-sensitive plots
identified according to
exchangeable aluminium
pool in the subsoil)
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for the organic layer by their aqua regia extractable stocks as these may be released
when the organic layer is decomposed (see Chap. 3).

Mean base saturation in the uppermost 5 cm of the mineral soil was 41.5 � 0.8%
for NFSI II. It approached lowest values in 10–30 cm depth (31.1 � 0.84%) and
increased to deeper soil layers. In all soil layers a large span of base saturation from
<4 to 100% was observed. Median values are consistently lower than arithmetic
means for the different soil layers, e.g. 28% for the 0–5 cm depth and 12% for
10–30 cm.

Sites with high base saturation in the whole soil profile occur predominantly in
regions with carbonate substrates, e.g. in the Alps and at the Swabian-Franconian
Alb (Fig. 4.5). Low base saturation can be found in almost every region demon-
strating the widespread loss of bases from forest soils in Germany. Forest soils with
low base saturation over the whole profile were observed especially at low mountain
ranges with base-poor silicate bedrock and at unconsolidated sandy substrates from
Saalian sediments in the North German lowlands. Topsoils with low base saturation
were observed in many substrates across Germany. Often forest soils with low base
saturation occur in short distance to soils with high base saturation, which can be
attributed to a high heterogeneity of site condition and to liming measures. Espe-
cially loamy soils of the lowlands and soils of alluvial plains showed a great variety
of base saturation values and depth profiles (Fig. 4.6). Plots vegetated with decid-
uous tree species revealed significant higher base saturation in the upper 10 cm of the
mineral soil as compared to coniferous tree species (Wellbrock et al. 2016). This
pattern may be attributed to a higher base cation content of litter from deciduous tree
species (Augusto et al. 2002; Jacobsen et al. 2002).

A significant increase of base saturation between NFSI I and NFSI II of
0.28 � 0.04% a�1 was observed in 0–5 cm depth of the mineral soil for the paired
sample (Fig. 4.7). In contrast, a significant decrease of base saturation of
0.16 � 0.03% a�1, 0.3 � 0.04% a�1 and 0.28 � 0.04% a�1 in 10–30 cm,
30–60 cm and 60–90 cm, respectively, occurred. Accordingly, the fraction of plots
within base saturation classes “very low” to “low to medium”

(AK Standortskartierung 2003) decreased in the 0–5 cm depth from 65 to 52%,
while plots within base saturation classes “medium” to “very high” increased
(Fig. 4.8). The observed pattern of improved base saturation in the topsoil but
ongoing soil acidification in the subsoil probably points to the effects of liming
measures and reduced deposition of acidity, which are most prominent in the topsoil.
Nitrification of reduced nitrogen and the remobilization of sulphur may delay the
recovery of the subsoil. In addition, the uptake of base cations by the forest stands
contributes to the loss of ANC from the subsoil.

Base saturation was higher on limed as compared to unlimed acid-sensitive plots
of NFSI II down to 10 cm depth (Fig. 4.4). Acid-sensitive plots were identified
according to the exchangeable Al pool in the subsoil. If the pool of exchangeable Al
in 60–90 cm depth was higher than an equivalent of 3 to ha�1 of dolomitic lime, the
respective NFSI plot was classified as acid sensitive (Höhle et al. 2018). For 45 long-
term liming trials in northwest Germany, Guckland et al. (2012) found an 11%
points increase of base saturation up to 40 cm depth. Unlimed plots of the NFSI II
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showed higher base saturation than limed plots in the subsoil (Fig. 4.4). This pattern
may be interpreted with the selection of sites for liming, where most acidified sites
are preferred. As the liming effect is mainly restricted to the topsoil, the sites selected
for liming on average show lower base saturation. Between NFSI I and NFSI II, an
increase of base saturation in the upper 30 cm of the limed plots and a decrease in
5–90 cm depth of the unlimed acid-sensitive plots were observed (Wellbrock et al.
2016).

An increase of base saturation between NFSI I and NFSI II occurred predomi-
nantly at loamy soils of the lowlands (0–5 cm depth), at soils from base-poor

0 18090
km

- NFSI II - 

<     5
≥     5  to <     8
≥     8  to <   16
≥   16  to <   59
≥   59  to < 100
≥ 100
no values

Base saturation 
in the mineral soil
at 30 - 60 cm depth

Percentile classes  
[%]

Fig. 4.5 Base saturation in % in the mineral soil at 30–60 cm depth of NFSI II
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consolidated bedrock (0–10 cm depth) and at soils from weathered carbonate
bedrock (0–10 cm depth, Fig. 4.9). A significant decrease of base saturation was
observed at all depths for soils from base-poor unconsolidated sediments, in
10–90 cm depth at soils of alluvial plains, at loamy soils of the lowlands and at
soils from base-poor consolidated bedrock in 30–60 cm depth and at soils from
basic-intermediate bedrock in 10–30 cm depth (Fig. 4.9). The decrease of base
saturation only took place at unlimed plots of all substrates, whereas liming gave
rise to base saturation at soils from base-poor unconsolidated sediments (0–10 cm
depth), at soils from basic-intermediate bedrock (0–5 cm depth) and at soils from
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base-poor consolidated bedrock (0–30 cm depth). Hence, liming seems to override
effects of different substrates.

The effect of liming and other environmental and soil variables on the change of
base saturation was analysed with a generalized additive model (GAM) (Hastie and
Tibshirani 1990).Amass-weightedmean base saturation for the depth interval 0–90 cm
of NFSI I and NFSI II was derived according to Spranger et al. (2015). The change of
base saturation (BS) between NFSI I and NFSI II (ΔBS ¼ BSNFSI II � BSNFSI I) was
analysed with various potential predictor variables (Table 4.2).
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For the development of the GAM, the general methodology of Wood (2006) was
followed using the R-library mgcv (1.8–17). ΔBS and ΔCEC values outside the triple
interquantile range (3*IQR) were excluded from the analysis. Furthermore one
outlier detected from the residual plots of the final model was also excluded. For
model building and variable preselection, the R add-on package mboost (2.8-1) was
used (Hofner et al. 2011). To detect the optimal mstop values for application of the
mboost function, a tenfold cross-validation was applied. Continuous variables were
integrated as penalized splines in the model, each specific for limed and unlimed
plots, respectively. Predictor variables significant at p � 0.05 were included in the
model. The Ca stock in the organic layer and the mineral soil (0–90 cm), base
saturation at NFSI I, the carbon stock in the organic layer, the carbon stock in the
mineral soil (0–90 cm) and the K weathering rate (0–90 cm) were included in the
final model (see Eq. 4.1, Table 4.3). Except the K weathering rate, each variable
exhibits significantly different partial effects for limed and unlimed plots
(Fig. 4.10a–e). The selected predictors account for 67% of the total variance:
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Table 4.2 Predictor variables
used in the generalized
additive model (GAM) for the
prediction of change of base
saturation (0–90 cm) between
NFSI I and NFSI II (ΔBS)

Predictor Unit

S deposition keq ha�1 a�1

N deposition keq ha�1 a�1

BC deposition keq ha�1 a�1

ACpotnet deposition keq ha�1 a�1

Net biomass BC uptake keq ha�1 a�1

Calcium weathering rate keq ha�1 a�1

Magnesium weathering rate keq ha�1 a�1

Potassium weathering rate keq ha�1 a�1

BC release by silicate weathering keq ha�1 a�1

Cation exchange capacity mmolc kg
�1

Base saturation mineral soil 0–90 cm %

Carbon stock organic layer t ha�1

Carbon stock mineral soil 0–90 cm t ha�1

Carbon stock organic layer + mineral soil 0–90
cm

t ha�1

Nitrogen stock organic layer + mineral soil
0–90 cm

t ha�1

C/N ratio –

Calcium stock organic layer + mineral soil
0–90 cm

kg ha�1

Magnesium stock organic layer + mineral soil
0–90 cm

kg ha�1

Potassium stock organic layer + mineral soil
0–90 cm

kg ha�1

BC stock organic layer + mineral soil 0–90 cm keq ha�1

Liming Yes/no

Carbonates in soil Yes/no

Stand type Categorial

Soil type Categorial

Soil class Categorial

Soil parent material group Categorial

Seepage flux mm

Soil water content m3 m�3

Mean air temperature �C
Mean annual precipitation mm

Stand type Categorial

Federal state Categorial

Latitude GK4

Longitude GK4
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ΔBSi ¼ β0 þ IfLIi¼NOgf LI,NOðlogCaiÞ þ IfLIi¼YESgf LI,YESðlogCaiÞ
þIfLIi¼NOgf LI,NOðBSiÞ þ IfLIi¼YESgf LI,YESðBSiÞ
þIfLI i¼NOgf LI,NOðCOiÞ þ IfLIi¼YESgf LI,YESðCOiÞ
þIfLIi¼NOgf LI,NOðCMiÞ þ IfLIi¼YESgf LI,YESðCMiÞ

þf 1ðKWÞ þ IfLIi¼YESgβ1 þ εi

ð4:1Þ

with

ΔBSi ¼ change in base saturation between NFSI I and NFSI II at NFSI plot i [%]
ß0 ¼ intercept
I ¼ indicator function, denoted by I{condition} ¼ {(1, if LI ¼ YES)/(0, else)}
fLI,p, (p ¼ NO,YES) ¼ to describe liming specific one-dimensional penalized

regression splines
ß1 ¼ parameter vector corresponding to LIME (LI)
Ca ¼ calcium stock in organic layer + mineral soil 0–90 [kg ha�1]
BS ¼ base saturation at NFSI I in mineral soil 0–90 [%]
CO ¼ carbon stock in organic layer [t ha�1]
CM ¼ carbon stock in mineral soil 0–90 [t ha�1]
KW ¼ K weathering rate in mineral soil 0–90 [kg ha�1 a�1]
LI ¼ lime classes (NO, unlimed; YES, limed)
f1 ¼ one-dimensional penalized regression splines
εi ¼ random error term, εi ~ N(0, σ2ε )

The Ca stock displays a positive partial effect on ΔBS, which is stronger for
unlimed as compared to limed plots (Fig. 4.10a). Contrariwise, for base saturation at
NFSI I, a negative effect with higher base saturation values is apparent (Fig. 4.10b).

Table 4.3 Estimated
coefficients and statistical
characteristics of the model

Est. SE edf

Parametric coefficients

Intercept �0.3173 0.2511

LI ¼ YES 1.7872* 0.6924

Approximate significance of smooth terms

fLI,NO(logCa) 4.428***

fLI,YES(logCa) 2.712***

fLI,NO(BS) 4.044***

fLI,YES(BS) 1.000***

fLI,NO(CO) 2.997***

fLI,YES(CO) 1.000***

fLI,NO(CM) 1.000***

fLI,YES(CM) 2.458***

f3(KW) 2.352***

Est estimated parameter value, SE standard error, edf effective
degrees of freedom, Ca calcium stock, BS base saturation, CO
carbon stock in organic layer, CM carbon stock in mineral soil,
KW K weathering rate, LI limed, Signif. codes: <0.001***,
<0.05*
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Fig. 4.10 Partial effects of Ca stock in organic layer + mineral soil 0–90 (a), base saturation 0–90
(b), carbon stocks in organic layer (c), carbon stocks in mineral soil (d), K weathering rates (e) and
the relationship between measured and estimated base saturation changes in the soil 0–90 (ΔBS) (f).
Dashed lines indicate 95% pointwise prognosis intervals
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For the interpretation of these effects, a strong correlation between base saturation
and calcium stock in soil (rspear ¼ 0.7***) should be considered. The negative
relation of base saturation with ΔBS may indicate that sites with very low base
saturation had reached a low level, where the flux of base cations was restricted
(Horn et al. 1989). Sites with higher base saturation have a higher potential for
decrease of base saturation especially at sites where sulphate is released into soil
solution. In addition, sites affected by deposition of fly ashes (see Chap. 3) show a
high base saturation at NFSI I, hence a disproportional high reduction of base
saturation (Riek et al. 2012). The effect size of organic layer and mineral soil carbon
stock is lower than that of Ca stock and base saturation. On sites with a higher
organic layer carbon stock, there is a higher retention of base cations in the organic
layer and consequently a lower availability of base cations in the mineral soil
(Fig. 4.10c). The model identified also an effect of mineral soil carbon stocks on
ΔBS which is stronger on limed plots for very low carbon stocks (Fig. 4.10d).
Although the effect of K weathering on ΔBS is only weak, it may be interpreted as
a disproportional high decrease of base saturation on sandy sites with a high
proportion of illite-like clay minerals, e.g. soils from base-poor unconsolidated
sediments (Fig. 4.10e). From Fig. 4.10f no systematic deviation of the relation
between estimated and observed change in base saturation is visible.

The sensitivity of ΔBS for limed and unlimed plots with respect to base saturation
between 10 and 25% for different levels of Ca stock (600 and 900 kg ha�1) and
organic layer carbon stocks (20 and 40 t ha�1) is visible in Fig. 4.11. The other
variables included in the GAM were held constant at the median of NFSI II. Liming
generally increases ΔBS especially where a large reduction of base saturation occurs
indicating an efficient mitigation of further soil acidification after liming. With
regard to a different depth interval (0–90 cm) considered in this study, the effect
size is comparable to the findings of Guckland et al. (2012) for sites in northwest
Germany, who found differences in base saturation of 20%, 5% and 3% for the depth
intervals 0–10 cm, 10–20 cm and 20–40 cm of limed as compared to unlimed plots,
respectively. A strong effect of organic layer carbon stocks on Ca and Mg retention
and base saturation changes was also described by Guckland et al. (2012). In
summary, model results suggest that ΔBS is mainly dependent on the soil pools of
basic substances at NFSI I, which is modified with respect to liming and soil organic
matter status.

4.2.3 Aqua Regia Extractable Ca Stocks

The mean stocks of aqua regia extractable Ca in the organic layer amounted to
288 � 9 kg ha�1 for the NFSI II. High amounts of Ca were found predominantly at
sites with carbonate-containing bedrock and at limed plots (Fig. 4.12). Low Ca
amounts were observed in soils from base-poor substrates at low mountain ranges
and in the North German lowlands. Evers et al. (2016) found for the state of Hesse a
decrease of Ca stocks in the organic layer and an increase in the mineral topsoil
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between NFSI I and NFSI II. The spatial and temporal pattern of Mg stocks was
similar to Ca yet at a lower level (not shown).

4.2.4 Comparison with Long-term Studies on Soil
Acidification

The time period between NFSI I and NFSI II is characterized by strong reductions of
acid deposition. However, even stronger reductions occurred prior to NFSI I begin-
ning in the 1980s. In order to compare changes in the acid-base status of forest soils
between NFSI I and NFSI II to a longer time period, long-term studies from intensive

Fig. 4.11 Partial effects of base saturation on base saturation changes between NFSI I and NFSI II
(ΔBS) for different levels of Ca stocks and organic layer carbon stocks. Other variables held
constant
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monitoring plots from northwestern Germany were evaluated with respect to soil
acidity.

At two intensive monitoring plots of the ICP Forests Level II programme at
Solling, northwestern Germany, stocked with European beech (Level II plot 304)
and Norway spruce (Level II plot 305) 11 and 12 inventories of the mineral soil,
respectively, have been conducted between 1966 and 2010. At both plots, base
saturation showed a decreasing trend between the late 1960s and the beginning of the
2000s, whereas a slight recovery was observed within this century (Figs. 4.13 and
4.14). Recovery was more distinctive in the upper soil layers, whereas the subsoil
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experienced a further acidification. The loss of base cations from the mineral soil
until the 1990s was partly compensated by an accumulation in the organic layer
(Meiwes et al. 2009). Since then, base cations were released into the mineral soil due
to enhanced decomposition of the organic layer (Meesenburg et al. 2016).

At long-term monitoring plots at substrates with low buffer capacity and soil
samplings before 1985, strong decreases of base saturation in the 0–30 cm layer of
the mineral soil occurred before 1990 (Fig. 4.15). The decrease ceased at those plots
approximately between 1995 and 2005, and a slight increase of base saturation can
be assumed since then. The time period, when soil acidification was reversed at these
plots, falls in between NFSI I and NFSI II, which might explain opposite trends of
soil acidification found at the NFSI plots.

Fig. 4.13 Long-term
development of base
saturation over depth at
Level II plot 304 Solling
beech

Fig. 4.14 Long-term
development of base
saturation over depth at
Level II plot 305 Solling
spruce
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4.2.5 Case Study on Soil Acidification in the State
of Brandenburg

A special pollution situation in the northeastern German lowlands became evident in
the NFSI of the federal state of Brandenburg (Riek et al. 2015). An important
outcome of this survey was that acidification of many forest soils in Brandenburg
and neighbouring areas proceeded at an above-average rate in the period between
NFSI I (1992) and NFSI II (2007). A decrease in the pH(KCl) values was recorded in
the organic layer and the mineral topsoil to 30 cm depth, whereas pH(KCl) changes
were insignificant in the subsoil. The base saturation as a sensitive indicator of soil
acidification decreased significantly in all depths of the examined soil body
(0–140 cm depth), and the Ca and Mg stocks have changed from predominantly
low-medium to low (Ca) and from low to very low (Mg), respectively (valuation
levels by AK Standortskartierung 2016).

The leaching of Ca and Mg ions, which had previously been deposited by flying
ash from brown coal power plants, is regarded as a major cause for this obviously
strong decrease of pH and base saturation in a relatively short period. A pronounced
loss of base cations was recorded especially for those soils that had unusually high
base saturations with respect to these usually nutrient-poor sandy soils at the time of
NFSI I (Fig. 4.16).

Regionally occurring high pH(KCl) values in the mineral topsoil of the NFSI II
sample, with simultaneously low values in the subsoil, also provide a clear indication
for a still persisting effect of the former atmospheric deposition of basic dust. In

Fig. 4.15 Long-term development of base saturation at 0–30 cm depth of the mineral soil at
intensive monitoring plots in northwest Germany. 301 to 305 refer to ICP Forests Level II plots,
BDF4 to BDF13 to permanent soil monitoring plots; plots with soils from base-poor consolidated
bedrock are in blue colour; plots with soils from base-poor unconsolidated sediments are in green
colour; trend lines are second-order polynomial functions, except for plots with only three sam-
plings, where a linear trend was applied
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addition, local maxima of the base cation stocks are currently still found in the
former dust deposition areas in southern Brandenburg. Noteworthy are the natural
nutrient-poor inventory plots of this old moraine area, which still have very high Ca
and Mg fractions of the cation exchange capacity despite a general reduction of base
saturation between NFSI I and NFSI II. The depth profiles of base saturation at NFSI
plots affected by fly ashes do not fit well to any of the depth profile types of base
saturation defined in Chap. 2.

The former GDR brown coal production amounted to 85.2 million tons and
peaked at 312.2 million tons in the mid-1980s (Buck 1996). The use of lignite in
power plants grew steadily until the year 1989. It was increasingly burned as raw
brown coal in the industrial agglomeration areas of the GDR. According to studies in
the Bitterfeld area by Koch et al. (2001), the fly ashes consisted of high proportions
of Ca and Mg oxides. The dusts were partly deposited in the vicinity of emission
sources and due to emission with high chimneys also transported over long distances
settling particularly at forest ecosystems because of their high surface roughness.

On the basis of deposition measurements since the 1960s (Möller and Lux 1992),
coal mining statistics (Statistik der Kohlenwirtschaft e.V. 2015) and extensive
analyses of bark samples on the grid of the forest condition survey of the former
GDR in the years 1985 and 1988 (Stöcker and Gluch 1992; Kallweit et al. 1985),
both the temporal and the spatial distribution of the base cation deposition were
roughly calculated (Riek et al. 2015). According to these estimations approximately
50 kg ha�1 year�1 of Ca was deposited on average into pine stands in the state of
Brandenburg at the time of the highest incidence of atmospheric pollution in the
1980s. A mean cumulative Ca deposition in the order of 2.2 t ha�1 for the period

Fig. 4.16 Difference between base saturation (BS) from NFSI II and NFSI I in the state of
Brandenburg, stratified by soil depth and evaluation level of base saturation at the time of NFSI I
(valuation levels according to AK Standortskartierung 2003), without hydromorphic and carbonate-
containing soils (n ¼ 126)
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from 1945 to 1990 is estimated according to this approach. This corresponds to an
amount of lime of 6 t ha�1 (CaCO3 content: 90%) over a period of 45 years, with
which a large part of the acid sulphur deposition could be buffered. After cessation of
emission of these specific atmospheric pollutants during the early 1990s, the accu-
mulated mobile anions of sulphuric acid were leached, taking corresponding
amounts of Ca and Mg ions with them.

Thus, it is assumed that the reduced base saturation recorded in the NFSI II
represents a more natural state than the artificially elevated values at the time of the
NFSI I in the regions previously affected by dust deposition.

4.3 Conclusions

The results of NFSI II demonstrate first achievements of environmental policy and
forest management for the recovery of forest soils from acidification. The wide-
spread acidification of topsoils and depletion of bases, which was observed during
NFSI I, has been reduced. The recovery from acidification was highest in the organic
layer and decreased with depth of the mineral soil. However, pH(KCl) decreased
further especially at sites in the northeastern German lowlands. Where forest sites
were limed, a significant increase of pH(KCl) until 10 cm depth was observed. The
pH increase can be attributed to decreased deposition of acidity and to liming
measures. A larger increase of pH(H2O) as compared to pH(KCl) is due to the
decrease of the ionic strength of soil solution after deposition reduction.

According to the main buffer mechanisms the sampled soil intervals can be
assigned to buffer ranges. Due to changes of soil pH, the distribution of NFSI
plots among the buffer ranges changed as well. The rise of pH in the topsoil resulted
in an increase of plots within the exchange to CaCO3 buffer range, whereas plots
within the Fe to Al buffer range decreased. In the 60–90 cm depth interval the
proportion of plots in the Al and exchange buffer range decreased in favour of the
silicate and CaCO3 buffer range. The shift in the distribution of plots among buffer
ranges was mainly caused by liming.

Base saturation increased in the topsoil between NFSI I and NFSI II, which was
significant for the paired sample in the 0–5 cm interval. However, a significant
decrease of base saturation was observed below 10 cm depth. Limed plots showed a
significant increase of base saturation in the upper 30 cm of the mineral soil, and base
saturation in this depth range was higher as compared to unlimed plots.

The Al saturation of the NFSI plots showed a depth gradient, which was inverse
to the depth gradient of base saturation. Aluminium saturation was on average
40.2 � 0.62% in the 0–5 cm depth achieving a maximum of 62.3 � 0.79% in
10–30 cm depth and decreasing values with increasing depth. Average Mn, Fe and H
saturation was highest in the uppermost depth interval (0–5 cm) with values of
2.5 � 0.08%, 3.1 � 0.08% and 12.8 � 0.31%, respectively, and decreased with
increasing depth.
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Mean stocks of aqua regia extractable Ca and Mg in organic layers of German
forest soils were 288 � 8.5 kg ha�1 and 73 � 2.7 kg ha�1, respectively, for NFSI
II. They were increasing with increasing depth achieving 1895 � 177 kg ha�1 and
1403 � 62 kg ha�1 of Ca and Mg, respectively, in 5–10 cm depth. The spatial
distribution of nutrient cations was mainly related to the parent material of the soils
with high stocks in soils from weathered carbonate bedrock and in soil from basic-
intermediate bedrock, whereas low stocks were found in soils from base-poor sub-
strates. Mean stocks of exchangeable nutrient cations (Ca, K, Mg) for the whole soil
profile (0–90 cm) were 6670 � 274 kg ha�1, 609 � 15.7 kg ha�1 and
1206 � 62.3 kg ha�1, respectively.

Liming between NFSI I and NFSI II exert a major effect on the acid-base status
and the nutrient availability of forest soils. Limed sites reveal higher pH and base
saturation as compared to unlimed sites. In addition, stocks of exchangeable Ca and
Mg are significantly higher up to 30 cm depth.

At NFSI II plots, lower pH(KCl) values were observed in coniferous stands than
in deciduous stands in the organic layer and in the mineral soil up to 10 cm depth.
These differences were less distinctive in deeper soil layers.

Generally, the acid-base status of forest soils in Germany improved between
NFSI I and NFSI II due to a strong reduction of acid deposition. The statistical
evaluation showed a major impact of liming and the acid-base status at NFSI I on the
base saturation change until NFSI II. In addition, carbon stocks in the organic layer
and mineral soil exhibit a modifying influence. Soil acidification was decelerated or
even reversed inducing a decreased Al concentration in soil solution with
corresponding reduced toxic stress to tree roots and microorganisms. Especially
those sites, which are limed and vegetated with deciduous tree species, showed
indications of recovery. At limed sites the regeneration extended even to the subsoil.
However, unlimed acid-sensitive sites revealed an ongoing acidification of the
subsoil with corresponding losses of base cations. Major causes are the still sub-
stantial deposition of nitrogen species with subsequent generation of acidity through
uptake and nitrification processes and the remobilization of previously retained
sulphur. In addition, the loss of alkalinity through the uptake of nutrient cations
gained increasing importance during the last decades because of increased growth
rates and decreased importance of other sources of acidity. Owing to the nationwide
reduction of acid inputs, the relative spatial variability of soil acidity increased. A
regional peculiarity are the deposits of basic dust in parts of the northeastern German
lowlands, which were subject to a strong leaching from the soils but still cause a
higher level of alkalinity at some sites.

With respect to an aspired recovery of the acid-base status of forest soils in
Germany, the following recommendations can be deduced from the results of NFSI:

• Further reduction of deposition of acidity to a level below critical loads of acidity
• Liming of acidified soils in order to accelerate the regeneration process and to

compensate nutrient losses due to introduced mobile anions
• Limitation of nutrient removal with biomass extraction at nutrient-poor and acid-

sensitive sites
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• Promotion of deep-rooting tree species in order to enhance the zone, where
mineral weathering contributes to the biogeochemical cycling of base cations

The above-mentioned adaptation options should be combined based on a site-
specific evaluation of the current acid-base status and expected pathways of forest
development.
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