
Chapter 9
Nutritional Status of Major Forest Tree
Species in Germany

Ulrike Talkner, Winfried Riek, Inge Dammann, Martin Kohler,
Axel Göttlein, Karl Heinz Mellert, and Karl Josef Meiwes

9.1 Introduction

Element contents and ratios in assimilation organs of trees are an essential compo-
nent of a comprehensive forest condition diagnosis. They allow conclusions about
the current nutritional status of trees (Sardans et al. 2016; Mellert et al. 2008; Fiedler
and Höhne 1984; Wehrmann 1959). In addition, foliar chemistry can be used as an
indicator for the exposure of forest ecosystems to atmospheric pollutants (Ewald
2005; Aber et al. 1989; Heinsdorf et al. 1988). While soil chemical properties
indicate the nutrient supply, foliar element contents reflect the nutritional status of
the tree itself. The nutritional status of trees is not only determined by the soil
nutrient supply but also by the soil nutrient availability and the direct uptake of
nutrients from the atmosphere as well as the direct nutrient loss from leaves and
needles by leaching. A balanced nutrition of essential main and trace nutrients is a
necessary condition for optimal plant growth (Aerts and Chapin 2000). In addition,
optimally nourished forest trees are more resistant to external biotic and abiotic stress
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factors than poorly nourished trees (Flückiger and Braun 1999). Pronounced rela-
tionships between tree health and nutritional status can therefore be detected (Cape
et al. 1990).

Chemical foliar analyses are a substantial part of the National Forest Soil Inven-
tory (NFSI) in Germany. They reveal the current nutritional status of the forests. In
addition, comparison of the nutritional data from NFSI I (1987–1992) and NFSI II
(2007–2008) contributes significantly to the interpretation of forest ecosystem
changes and the effectiveness of both air quality control and forestry stabilization
measures (e.g. conversion to mixed-species forests, liming of acidified soils). Fur-
thermore, the extensive data set of the NFSI offers additional opportunities for
nutritional diagnoses of conifers by considering ratios between foliar element con-
tents of older and current-year needles.

In this chapter, we evaluate the foliar chemistry of the following tree species:
Norway spruce (Picea abies (L.) H. Karst.), Scots pine (Pinus sylvestris L.),
European beech (Fagus sylvatica L.) and pedunculate (Quercus robur L.) and sessile
oak (Quercus petraea (Matt.) Liebl.). In addition, we assess relationships between
foliar chemistry and chemical parameters of the soil. The two oak species were
pooled for all analyses. The nutritional diagnoses presented in this chapter are based
on tree species-specific threshold values of an integrative assessment system, which
was derived by Göttlein (2015). In this meta-analysis, the median threshold value for
all assessment systems available in the literature for the major tree species is
considered the most probable threshold value. The thresholds at the lower end of
the range of normal nutrition are given in Table 9.1.

The evaluation of results depicted several noticeable phenomena for the four
major tree species in Germany (Riek et al. 2016) (Fig. 9.1). Luxurious nutrition with
nitrogen (N) was observed for all tree species. More than half of Scots pine and oak
and more than a quarter of Norway spruce and European beech plots showed foliar N
contents above the normal range. Only 8% of Norway spruce and 5% of Scots pine
stands were within the range of (latent) N deficiency. Phosphorus (P) deficiencies
were found for all tree species but were most pronounced on European beech plots,
with almost two-thirds of plots in the (latent) deficiency range. For all tree species, at

Table 9.1 Threshold values for the four tree species Norway spruce (Picea abies), Scots pine
(Pinus sylvestris), European beech (Fagus sylvatica) and oak (Quercus petraea and Q. robur) at the
lower end of the range of normal nutrition according to Göttlein (2015)

Species
N
mg g�1

P
mg g�1

K
mg g�1

Ca
mg g�1

Mg
mg g�1

S
mg g�1

Fe
μg g�1

Mn
μg g�1

Cu
μg g�1

Zn
μg g�1

Picea
abies

13.1 1.3 4.5 2.0 0.8 1.0 42 50 2 20

Pinus
sylvestris

14.1 1.3 4.4 2.0 0.8 1.0 40 40 3 20

Fagus
sylvatica

19.0 1.2 6.0 5.0 1.0 1.5 60 60 5 20

Quercus
petraea
+robur

20.0 1.4 6.1 5.0 1.2 1.2 70 66 6 15
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least 72% of all plots showed normal or luxurious potassium (K), calcium (Ca) and
magnesium (Mg) nutrition. The sulphur (S) nutritional status was evaluated as
normal on most Scots pine and oak plots. However, in the case of Norway spruce
and European beech, approximately 40% of the inventory plots were in the (latent) S
deficiency range. Contents of the trace elements iron (Fe), zinc (Zn) and copper
(Cu) were predominantly in the range of normal nutrition for all four tree species.
For manganese (Mn), the high proportion of plots with trees in the luxurious range is
striking. The results of NFSI II revealed that nutrient deficiencies are more wide-
spread for European beech than for Norway spruce, oak and Scots pine.

Following from the noticeable phenomena found on the NFSI II plots (Fig. 9.1),
the aim of this chapter is to test the following hypotheses:

1. Foliar N contents are related to atmospheric N deposition.
2. Foliar P contents of European beech are related to the acidification status of the

soil and atmospheric N deposition.
3. Foliar S contents are related to the sulphate concentration in soil extracts as an

indicator for former S deposition and for sulphate retention capacity of soils.
4. Liming of acidified soils increases foliar Ca and Mg contents but may have a

negative impact on foliar K nutrition.
5. Air quality control measures lead to decreased foliar lead contents.
6. The nutritional diagnosis for conifers is improved by considering the ratios

between foliar element contents of 2- (Scots pine) or 3- (Norway spruce) year-
old needles and current-year needles.

Fig. 9.1 Percentage of NFSI II plots in the four nutritional ranges according to the assessment
system of Göttlein (2015) for Germany’s major tree species, Norway spruce, Scots pine, European
beech as well as pedunculate and sessile oak (pooled together)

9 Nutritional Status of Major Forest Tree Species in Germany 263



9.2 Foliar Nitrogen Nutrition

Nitrogen is organically bound in plants in the form of proteins as well as amino and
nucleic acids. It is an essential component of enzymes involved in metabolic
processes, and N deficiency leads to metabolic disorders as well as reduced plant
growth. In contrast, an N oversupply can either hinder the uptake of other nutrients
or lead to nutrient losses from the foliage by canopy leaching, thereby inducing
nutrient imbalances of, for example, K, Mg or P in relation to N (Schulze et al.
1989). In addition, an excess of N increases the vulnerability to pests and can affect a
tree’s resistance to frost.

Globally, N is considered to be the primary factor limiting growth in (near-natural)
terrestrial ecosystems (Vitousek and Howarth 1991). Over centuries, biomass
export—caused by intensive wood harvesting, litter raking and forest pasturing—has
reduced N stocks of many Central European forest sites, thereby aggravating N
shortage. However, during recent decades, this situation has fundamentally changed
due to the atmospheric deposition of nitric oxides from industry and traffic as well as
ammonium from agriculture (Gruber and Galloway 2008; Gauger et al. 2008). If N is
no longer a limiting factor, other nutrients may reach a relative deficiency (Mellert
and Göttlein 2013). Thus, growth stimulation by N input (Mellert et al. 2008;
Spiecker et al. 2012) has the effect that other essential nutrients as well as water
must be taken up in larger quantities (de Vries et al. 2006). In addition, direct uptake
of N in the canopy may lead to nutrient losses from the foliage by canopy leaching of,
for example, K (Klemm et al. 1989). The resulting higher nutrient and water require-
ments cannot always be met—particularly on sites with bedrock that has low levels of
base cations—so that the N-based increase in growth may lead to nutritional imbal-
ances involving N:Mg, N:K, N:Ca or N:P ratios and more frequent nutrient and water
deficiency situations (Aber et al. 1989, 2003). Hence, one of the risk factors Central
European forests currently face is the stress caused by high atmospheric N deposition
(Glatzel et al. 1987; Matson et al. 2002; Meesenburg et al. 2016).

The foliar N contents of NFSI II plots stratified by soil substrate groups and
current soil acidity levels showed only very weak differences between the various
site-specific strata. Even the close relationship expected between humus form and N
nutrition was nearly non-existent. This suggests that N compounds resulting from
atmospheric deposition and available to plants supersede the influence of site-
specific factors on N nutrition.

The fact that N deposition contributes to forest N nutrition was shown by the
significant albeit weak linear relationship between N deposition and foliar N nutri-
tion (Fig. 9.2 and Table 9.2).

In contrast to N deposition in Germany, the regional distribution of the tree
species-specific N nutrition ranges in Germany showed only weak spatial patterns
(Figs. 9.3 and 9.4). Most Scots pine and Norway spruce stands with normal N supply
or even (latent) N deficiency were located in the north-eastern lowlands (Branden-
burg, Saxony), the southern Black Forest and in Rhineland-Palatinate. In all other
parts of Germany, foliar N nutrition was predominantly luxurious or normal.
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In addition to absolute foliar N contents, the relation of N to other nutrient
elements can be used to evaluate nutrient imbalances (Flückiger and Braun 2003;
Mellert and Göttlein 2012). In principle, a good nutritional state exists when the
element contents are sufficient and present in a balanced relationship. Deviations
from the reference values for “harmonic” element ratios can indicate possible
imbalances in the nutrient supply.

With regard to a balanced nutrition, we found that high N to nutrient ratios were
primarily associated with low values for each of the elements Mg, P, K and Ca
(Fig. 9.5). In contrast, high foliar N contents did not automatically result in high
ratios (Fig. 9.6). For stands with an N oversupply, very narrow as well as very high
ratios occurred for all tree species. Only the highest individual values of the element
ratios were generally associated with an exceptionally high level of N nutrition.
Thus, no clear causal relationship between N surplus and disturbances to nutrient
uptake could be derived.

Based on Fig. 9.5 and for the other main elements as well, it is clear that latent
element deficiencies are associated with specific element ratios. In order to derive
threshold ratios that lead to element deficiencies, the relationships between elements
and element ratios were determined using smoothing functions in SPSS according to
the LOESS method (Jacoby 2000). Subsequently, the individual intersection of the

Fig. 9.2 Scatter plot of
Norway spruce, Scots pine,
European beech as well as
pedunculate and sessile oak
(pooled together) foliar N
content in relation to total N
deposition

Table 9.2 Parameters of the
linear regression between
foliar N content and total N
deposition shown in Fig. 9.2:
foliar N content ¼ a * total N
deposition + b

a b R2

Norway spruce 0.189 11.83 0.11**

Scots pine 0.215 13.00 0.12**

European beech 0.185 19.71 0.07**

Pedunculate and sessile oak 0.357 19.42 0.18**

* p<0.05; ** p<0.01; *** p<0.001
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fitted curve with the horizontal borderline between normal nutrition and latent
deficiency was determined. The threshold values of N ratios calculated in this way
are shown in Table 9.3. On a statistical average, exceeding these values resulted in
latent deficiencies of the respective element.

The N:Mg, N:P and N:K ratios empirically derived from the NFSI data were
almost identical to the values derived by van den Burg and reported by Mellert and
Göttlein (2012). In general, the thresholds in Table 9.3 are slightly higher. However,
the thresholds of Flückiger and Braun (2003) for Norway spruce and European
beech are similar. Imbalanced N ratios can lead to an increased risk of possible
infestation by harmful insects (e.g. Flückiger and Braun 2003). In order to avoid

Fig. 9.3 Regional distribution of foliar nitrogen nutrition ranges for Norway spruce
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values clearly above the thresholds given in Table 9.3, more favourable element
ratios may be achieved by soil protection liming, suitable fertilization measures or
reduction of atmospheric N deposition.

Fig. 9.4 Regional distribution of foliar nitrogen nutrition ranges for Scots pine
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Fig. 9.6 Relationship between foliar N content and foliar N:Mg ratio in European beech; horizon-
tal lines mark the normal range for N according to Göttlein (2015), i.e. values below the lower line
indicate latent N deficiency

Table 9.3 Critical N ratios derived from the NFSI II data, which correspond to a latent element
deficiency when exceeded

Norway spruce Scots pine Pedunculate and sessile oak European beech

N:Mg 22.0 22.8 23.5 23.5

N:P 12.2 14.2 19.8 19.7

N:K 3.6 4.3 4.5 4.0

N:Ca 7.8 8.9 5.6 4.7

Fig. 9.5 Relationship between foliar Mg content and foliar N:Mg ratio in European beech;
horizontal lines mark the normal range for Mg according to Göttlein (2015), i.e. values below the
lower line indicate latent Mg deficiency
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9.3 Foliar Phosphorus Nutrition of European Beech

Foliar P nutrition of European beech is deficient across large areas of Europe
(de Vries et al. 2000) and has decreased over the past 20 years (Talkner et al.
2015). Several factors may lead to P deficiency: (1) excessive N deposition, (2) cli-
mate change and (3) tree physiology. (1) N deposition influences foliar P nutrition
primarily by negatively influencing mycorrhizal symbioses (Nilsson and Wallander
2003) but also through increased growth leading to unbalanced foliar nutrition
(Nihlgård 1985; Aber et al. 1998). (2) Elevated atmospheric CO2 concentrations as
well as increased temperatures appear to increase the C:P ratio in plants (Sardans
et al. 2012). In addition, drought events might decrease P contents in European
beech trees (Peuke and Rennenberg 2004). (3) More frequent and more intense
fructification events (Övergaard et al. 2007; Piovesan and Adams 2001) may deplete
P reserves in trees when the mineralization of P from seeds and seed capsules is slow
(Khanna et al. 2009) or seeds are eaten and displaced by mice and birds (Burschel
et al. 1964). Foliar P contents represent a good indicator for plant availability of P at
a site, since up to now, no single extraction method has been developed that can
adequately quantify plant-available P in forest soils.

In Germany, the results of NFSI II have revealed that the foliar P content of 60%
of European beech plots is either within the latent deficiency or the deficiency range
(see Fig. 9.1). Foliar P contents tended to decrease between NFSI I and NFSI II. This
finding is in accordance with results from other parts of Europe (de Vries et al. 2000;
Talkner et al. 2015).

The foliar P content was not related to the soil pH value on NFSI II plots
(Fig. 9.7). One would expect the highest P availability and therewith the highest
foliar P contents on soils with intermediate pH values. In calcareous soils high in pH,

Fig. 9.7 Foliar P content versus pH in CaCl2 in 0–5 cm soil depth at European beech plots;
horizontal dashed lines mark the normal range for P according to Göttlein (2015), i.e. values below
the lower line indicate latent P deficiency
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Ca phosphates of low solubility are formed; hence, P availability is low in such soils.
However, these Ca phosphates are easily dissolved when soils slightly acidify,
leading to higher P availability. In non-calcareous soils with pH values below
5, the solubility of P is known to be low since it is adsorbed to Fe and aluminium
(Al) oxides (Blume et al. 2016; Jönsson Belyazid and Belyazid 2012).

Even though we did not find the expected relationship between foliar P contents
and soil pH values, foliar P contents differed among soil acidification types and soil
substrate groups in the expected way (Fig. 9.8). National Forest Soil Inventory II
plots on soils with very high base saturation (>85%) in the mineral top- and subsoil
showed the lowest foliar P contents. In contrast, European beech trees on plots with
slightly reduced base saturation (50–85%) in the mineral topsoil showed the highest
foliar P contents. Foliar P contents of European beech trees on soils with low base
saturation have been in between these two groups. The group of NFSI plots with
very high base saturation contains the plots in the calcareous Alps and plots on other
pure calcareous soils. Indeed, on alpine soils, foliar P contents were lowest compared
to all other soil parent material groups. In the calcareous Alps, P causes low vitality
of European beech (Ewald 2000) and appears to be the most important nutrient
limiting growth of Norway spruce (Mellert and Ewald 2014). The group of plots
with slightly reduced base saturation in the mineral topsoil and highest foliar P
contents contained shallowly acidified calcareous sites.

The foliar P content was weakly related to the N:P ratio of the forest floor and
mineral soil: the larger the N:P ratio, the smaller the foliar P content (Fig. 9.9). The
N:P ratio of the forest floor is influenced by site variables such as tree species
composition and climate but also by N deposition. This would lead to the

P
 (

m
g 

g−1
)

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6

tot 2 4 61 3 5 7
(577) (33) (14) (84) (87) (67) (281) (12)

soil substrate group

ac ac a c ac ac b

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6

tot 2 4 61 3 5
(578) (120) (44) (95) (125) (165) (31)

soil acidification type

a b ab b ab ab

Fig. 9.8 Foliar P content of different soil substrate groups (left) and soil acidification types (right)
at European beech NFSI II plots; horizontal dashed lines mark the nutritional ranges for P according
to Göttlein (2015); tot: all groups/types taken together; soil substrate groups: 1soils from base-poor
unconsolidated sediment, 2soils of alluvial plains, 3loamy soils of the lowland, 4soils from weath-
ered carbonate bedrock, 5soils from basic-intermediate bedrock, 6soils from base-poor hard bed-
rock, 7soils from the Alps; for definition of soil acidification types, see Chap. 2; different letters
above the boxes depict significantly different foliar P contents
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expectation that foliar P contents are negatively related to N deposition (Braun et al.
2010). However, this could not be verified by the NFSI II dataset (Fig. 9.10).

The proportion of the variance in foliar P contents that was explained by the N:P
ratio of all forest floor layers and mineral soil depths, i.e. the coefficient of determi-
nation, was much smaller than that found in the evaluation of the ICP Forests dataset,
which contains time series of monitoring data (Talkner et al. 2015). The lower
coefficient of determination may be due to the fact that foliar nutrients comprise

Fig. 9.9 Relationship between foliar P content and the N:P ratio in the forest floor (L + Of + Oh) at
European beech plots (R2 ¼ 0.18, p < 0.001); horizontal dashed lines mark the normal range for P
according to Göttlein (2015), i.e. values below the lower line indicate latent P deficiency

Fig. 9.10 Foliar P content versus total atmospheric N deposition at European beech plots;
horizontal dashed lines mark the normal range for P according to Göttlein (2015), i.e. values
below the lower line indicate latent P deficiency
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high interannual variances, primarily due to meteorological differences among years
(Evers 1972). Therefore, it is recommended to sample leaves in several (subsequent)
years in order to be able to evaluate foliar nutritional status at a given site
(Wehrmann 1959). Unfortunately, such a high sampling effort could not be realized
in the NFSI. Hence, the data may represent the mean nutritional status throughout
Germany and may even show coarse regional differences; however, the data may not
be suitable for identifying correlations between foliar nutritional status and soil
chemical parameters. This assumption is confirmed by the fact that all significant
relationships between foliar P and soil chemical parameters found in the ICP Forests
dataset when mean foliar P contents of several years were selected (Talkner et al.
2015) are no longer detectable when foliar ICP Forests data from just a single year
were selected (data not published). In the latter case, close to the same coefficients of
determination were found as with the NFSI II data set, which also comprised data
from just 1 sampling year.

Since the determination of foliar P contents in several years is time- and resource-
intensive, an indicator for foliar P status is urgently needed. Several soil extraction
methods have been tested to assess the P status of a site (Kohlpaintner et al. 2017).
For European beech, the best relationship was found between foliar P and citrate-
extractable P in 0–10 cm soil depth. In addition, the P content of the forest floor
seemed to be a rather good indicator, since, by litterfall, it directly represents the
foliar P status of European beech (Talkner et al. 2015). Indeed, a significant positive
relationship between foliar P content and the P content of the forest floor was found
for European beech plots in the NFSI II (Fig. 9.11). However, the relationship was
much weaker for the NFSI II compared to the ICP Forests dataset (Talkner et al.
2015), probably due to the constraints of the NFSI foliar data mentioned above.

Fig. 9.11 Relationship between foliar P content and the P content in the L + Of layer of the forest
floor at European beech plots (R2¼ 0.16, p< 0.001); horizontal dashed lines mark the normal range
for P according to Göttlein (2015), i.e. values below the lower line indicate latent P deficiency
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Proper separation of the forest floor and the mineral soil is very important when
evaluating P. Therefore, only the L or the L + Of layer should be considered.

In summary, the foliar P nutrition of European beech was deficient across large
areas of Germany and deteriorated over time in some regions. Foliar P contents seem
to be lowest on calcareous soils that are high in base saturation, indicating that the
geological substrate (Augusto et al. 2017) may have influenced foliar P nutrition.
The influence of atmospheric N deposition on P nutrition (Braun et al. 2010) can
only be proven indirectly by the relationship between foliar P content and N:P ratio
of the soil. Foliar nutritional data should be determined over several years in order to
be able to evaluate the foliar P status of a given site. In addition to the search for
single soil extraction methods that are able to adequately quantify plant-available P
in soils, effort is required to determine if the P content of the forest floor would be a
suitable indicator of the foliar P status of European beech forest sites.

9.4 Foliar Sulphur Nutrition

Sulphur dioxide is produced mainly during the combustion of fuels containing
S. Since 1990, emissions have been reduced by 92%, with the largest reductions
occurring between 1990 and 1998 (UBA 2015), and according to this, also the S
input to forest ecosystems decreased (Fig. 9.12 upper graphs). This was primarily
due to the closure of power plants and other industrial plants in the former German
Democratic Republic (GDR) and the implementation of exhaust gas cleaning tech-
nologies. Also the use of fuel with low or no S content had a decisive impact.

In 1987, when sampling for NFSI I began, SO2 emissions were high, showing a
heavily polluted area in the southern part of the former GDR (Fig. 9.12, upper left).
Corresponding to this, excessive foliar S nutrition was observed in eastern Germany
(Fig. 9.12, lower left). In the other parts of Germany, foliar S nutrition was mostly
within normal range. In the southern part of Bavaria, however, at the edge of the
Alps, S deficiency was detected at many NFSI plots. Twenty years later, atmospheric
SO2 concentrations were very low throughout Germany (Fig. 9.12, upper right), and
only some single NFSI plots still had an excessive foliar S nutrition (Fig. 9.12, lower
right). In contrast to NFSI I, many plots showed latent or clear deficiency, even in the
eastern part of Germany. Regions with widespread S deficiency were again southern
Bavaria with the Alps and additionally many regions with granitic bedrock, such as
the Black Forest (in the southwest), the Bavarian Forest and the Ore Mountains
(in the east at the border to the Czech Republic) and the Harz Mountains (in central
Germany). Thus, forests experienced a dramatic change in S availability, from high
and even too high concentrations in the atmosphere, leading to an above ground
uptake path, to low concentrations in the atmosphere, causing sole availability of S
from the soil.
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In the 1970s/1980s, sulphate accumulated in the mineral soil, depending on the
atmospheric S input and sulphate retention capacity of soils (Meiwes et al. 1980).
Sulphur that accumulated in soils in times of high S emissions has been slowly
released after the reduction of S input (Alewell 2001). In 2007/2008, foliar S
contents were still dependent on water-extractable sulphate in the deeper mineral
soil, while water-extractable sulphate in the upper soil layers had no effect on foliar S
(Fig. 9.13). This means that the foliar S content is still influenced by inorganic
sulphate retained in the subsoil, although atmospheric S input has decreased to about

– NFSI I – – NFSI II –

0 300150
km

– NFSI I – – NFSI II –

Sulfur nutritional 
status at NSFI

Nutritional ranges
(Göttlein 2015)

weighted percentiles of NFSI I and II
SOx-S [kg ha-1 yr -1] 

deficiency latent deficiency normal surplus

< 10.7
≥ 10.7 to < 12.8

≥ 12.8  to < 19.2
≥ 19.2  to < 25.8

≥ 25.8  to < 32.4
≥ 32.4

Fig. 9.12 Comparison of foliar S content for NFSI I and NFSI II; nutritional ranges are according
to Göttlein (2015); the upper two graphs show the development of total S deposition from NFSI I to
NFSI II
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10% compared to 1980. Under these conditions, forests growing on parent material
low in S in particular appear to run to S deficiency according to the expert-based
thresholds for S of Göttlein (2015) (Table 9.1). The nearly constant sulphate
concentrations in the topsoil, independent from the nutritional status (Fig. 9.13),
indicate that regulation processes of the ecosystem lead to a minimal amount of S
cycling in the system.

Looking at the S content of the parent material (Table 9.4), acidic magmatic
rocks, metamorphic rocks (with the exception of rich paragneiss) and sandstones
have a very low S content. Although the geological parent material is often covered

Fig. 9.13 Water-
extractable sulphate (1:2
extract) of the nutritional
ranges in different soil
depths; average � standard
error; different letters differ
significantly with p < 0.05;
because data for water-
extractable sulphate were
available only in some
federal states, this graph
represents only a subset of
NFSI II

Table 9.4 Sulphur content of various types of bedrock according to analyses by Ricke (1960), also
including some other citations given by this author; values given as 5th-percentile, median and
95th-percentile

Type Bedrock n
S [%] 5th perc.–median–
95th perc.

Magmatic rock Acid (e.g. granite) 31 0.006–0.014–0.047
Intermediate (e.g. diorite) 17 0.009–0.030–0.199
Basic (e.g. basalt) 18 0.013–0.033–0.138

Metamorphic
rock

Orthogneiss, quartzite, mica schist,
etc.

6 0.013–0.019–0.068

Paragneiss 1 0.203

Sedimentary
rock

Sandstones 9 0.006–0.023–0.036
Greywacke 6 0.128–0.154–0.238
Clay, shale 21 0.014–0.155–0.500
Limestone, dolomite 16 0.012–0.081–0.211
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by aeolic (loess) or other layers, regions with bedrock poor in S correspond well with
regions with insufficient S nutrition in NFSI II (Fig. 9.12).

Sulphur nutrition deteriorated from NFSI I to NFSI II (Fig. 9.12). This finding is
supported by results from the ICP Forests Level II network (Jonard et al. 2015). The
authors from that study found indications that mineral nutrition of trees progres-
sively deteriorated in Europe with respect to P, S and base cation nutrition. However,
it has been questioned whether the threshold values used were reasonable, indicating
that a large number of NFSI II plots were within the range of latent or clear S
deficiency. Particularly, this question arises because many threshold values were
established in times of high S emissions when a real S deficiency hardly occurred. In
the extensive collection of nutritional data of van den Burg (1985, 1990), it is
possible to distinguish between young and old European beech, Norway spruce
and Scots pine trees. Young and old trees are not separated by a given age but by
how the respective nutritional values were elaborated. Pot trials, experiments with
nutrient solutions or studies using sand cultures can be done only using small
(young) plants. Such experiments can be run under well-controlled conditions and
thus should not be influenced by the SO2 emission regime. As shown in Table 9.5,
the lower threshold values for normal S nutrition derived for young trees, under well-
controlled conditions, and for old trees, under less-controlled conditions, are very
close. This indicates that the previous higher SO2 emission had little impact on the
threshold for S deficiency. Thus, the results of NFSI II must be interpreted in a way
that on parent materials poor in S, forests tend towards S shortage, which might
induce a growth limitation in the long term. Sulphur is an element that should be
increasingly considered for forestry practices that aim to be sustainable in terms of
nutrients.

9.5 Effects of Liming

Forest ecosystems have been exposed to elevated atmospheric deposition of S and N
for several decades (Waldner et al. 2014). Deposition of these compounds can
contribute to acidification, fertilization and eutrophication (Ulrich 1981; Aber et al.
1989; Galloway et al. 2003), especially in nutrient-poor forest soils. Until the 1990s,
S deposition has been the main factor causing soil acidification. With the strong
reduction of S emissions, the relative contribution of N to soil acidification became
more important (Schöpp et al. 2003; Meesenburg et al. 2016). Among other

Table 9.5 Threshold values for the range of normal S nutrition according to Göttlein et al. (2011);
the age-separated values for European beech were calculated from the data set used in this
publication

Range of normal foliar S nutrition [mg g�1]

Type Norway spruce Scots pine European beech

Young 0.9–1.6 1.0–1.4 1.2–2.7

Old 0.8–1.4 1.0–1.6 1.2–3.0
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consequences, soil acidification causes the decline of soil cation exchange capacity
and the loss of nutrient cations (de Vries et al. 2014). To mitigate the negative
consequences of acidification, liming proved to be useful in improving soil chemical
properties, foliar nutrition and tree vitality (Jonard et al. 2010). The aim of liming in
German forests is to compensate for anthropogenic acidifying deposition and hence
to ensure good nutritional status of trees (LAF 2000; von Wilpert et al. 2013). The
decision criteria for liming include the impact of acidifying deposition, soil cation
exchange characteristics of soils and foliar nutrition. Although atmospheric input of
acids is decreasing, the critical loads of acidity are still exceeded in parts of Germany
and Europe (Nagel et al. 2014; Waldner et al. 2014, 2015; Meesenburg et al. 2016).
In addition, the prediction of time scales of reversibility of acidification is dependent
on soil properties (Prechtel et al. 2001) and the development of deposition rates; a
minimum of a few decades would be expected (Meesenburg et al. 2016). Therefore
leaching of cationic nutrients with seepage water is an ongoing process, and forest
liming will remain a common practice in some federal states of Germany. During the
period from 1980 to 2012, approximately 3.2 million hectares of forest area were
limed in Germany, in some cases twice (Jacob and Andreae 2012). Usually, dolo-
mitic limestone containing Mg was applied. In some regions P was added.

To assess the effect of liming on foliar nutrition of the major tree species in
Germany, we compared limed and unlimed NFSI II plots of those German states that
limed on a large scale until the NFSI II (Rhineland-Palatinate, Lower Saxony, North
Rhine-Westphalia, Baden-Wurttemberg, Hesse, Saxony, Thuringia). The selection
of NFSI II plots that are considered to be sensitive to soil acidification was done
according to the liming concepts of the respective federal states. The group of
unlimed plots comprised only NFSI II plots that are sensitive to soil acidification
but which have not yet been limed.

The foliar N content of the four major tree species did not differ on limed and
unlimed NFSI II plots (Figs. 9.14, 9.15, 9.16, and 9.17). This result is in accordance
with studies by Huber et al. (2006), Kulhavý et al. (2009), Jonard et al. (2010) and
Greve et al. (2016), who determined no or slight liming effects in the foliar N content.
The most likely explanation is the current high N deposition rates in Germany.

For Norway spruce, the foliar P content was slightly lower on limed NFSI II plots
than on unlimed plots. The N:P ratio was not affected. However, the P status in the
foliage of the other tree species showed no treatment effect. This result was unex-
pected, as in some regions, liming was combined with P fertilization. However, the
applied P dosages stayed mostly undocumented, so their influence on foliar P
content at NFSI II plots cannot be estimated. Results of other studies (von Wilpert
2003; Guckland et al. 2011) have found no reaction of the foliar P content after
liming. However, Kulhavý et al. (2009) detected an increase of P in current-year
needles of Norway spruce after liming, and Huber et al. (2006) reported on lower P
contents in 1- and 2-year-old needles of Norway spruce 20 years after liming.

The foliar Ca content of European beech and oak was higher on limed than on
unlimed plots. However, the Ca content for both tree species was mainly within
normal range for both limed and unlimed plots. For Norway spruce and Scots pine,
no liming effect on foliar Ca contents was observed. This does not correspond with
results of field experiments. An increase in foliar Ca content after liming is known
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from field experiments that compared limed and unlimed study plots under compa-
rable site conditions (von Wilpert 2003; Kulhavý et al. 2009; Guckland et al. 2011;
Greve 2014; Jonard et al. 2010). This discrepancy may be due to preferential liming
of the most acidic soils, while the acidity of the reference group of unlimed, but still
acidified soils, may be less.

The foliar Mg contents of limed Norway spruce, Scots pine, European beech and
oak plots were higher than those of unlimed plots. In addition, they were within the
normal range on limed plots, while they were in the (latent) deficiency range at up to
45% of unlimed European beech plots. Furthermore, the N:Mg ratio was signifi-
cantly smaller on limed than on unlimed plots. These positive effects of liming are
consistent with results from field experiments (Evers et al. 2008; Kulhavý et al.
2009; Jonard et al. 2010). At the NFSI II plots, foliar Mg content of Norway spruce
and European beech increased with the frequency of liming (not shown). A lime
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dosage of 3 t ha�1 already improved the foliar Mg content; additional application
provoked further significant increase.

In contrast to Ca andMg, foliar K contents of Norway spruce and European beech
were lower on limed than on unlimed plots. There is inconsistent evidence regarding
reduction of K in the foliage after liming in literature. In some studies, a decrease of
K has been described (Evers et al. 2008; Weis et al. 2009; Ouimet et al. 2013; von
Wilpert et al. 2013), whereas other studies have found no effect of liming (Huber
et al. 2006; Kulhavý et al. 2009; Jonard et al. 2010). Guckland et al. (2011) assumed
that the reduction of foliar K contents of Norway spruce and European beech is a
matter of ion competition during nutrient uptake. Foliar K contents indicating
(latent) deficiency were observed on about 40% and unbalanced N:K ratios on
39% of limed Norway spruce and European beech NFSI II plots. For both tree
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species, the percentage of foliar K deficiency was about 25% on the unlimed NFSI II
plots. On plots that were limed once with 3 t ha�1, foliar K contents were similar to
those on unlimed plots, while on plots that were limed twice (6 t ha�1) or more, K
contents were significantly lower than on unlimed plots. This indicates that after an
application of at least 6 t ha�1 lime, a lowering effect on the foliar K content must be
considered.

The findings at the NFSI II plots showed that liming of sites that are sensitive to
soil acidification can contribute to sufficient and balanced foliar Mg content of
Norway spruce, Scots pine, European beech as well as pedunculate and sessile
oak. Regarding Ca, the application of lime improved the nutrition of European
beech and oak. However, a decrease of foliar K content of Norway spruce and
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European beech following lime dosages greater than 3 t ha�1 should be considered in
the planning of liming.

9.6 Effectiveness of Air Quality Control Measures
with Respect to Lead

It is well known that the canopy can act as a filter for air pollutants. For example,
approximately 50–80% of the lead (Pb) in needles of conifers may be adsorbed or
taken up directly from the atmosphere (Shahid et al. 2017). This was demonstrated
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by washing needles with water and analysing needles before and after washing
(Al-Alawi and Mandiwana 2007), by removing and analysing the wax layer
(Gandois and Probst 2012) or by analysing the dust particles separated from the
wax (Staszewski et al. 2012). Klaminder et al. (2005) assessed foliar Pb uptake
relating 206Pb:207Pb ratios in tree compartments to the corresponding isotopic ratios
in different soil layers. Foliar Pb that is taken up directly from the atmosphere enters
the leaf or needle mainly through stomata, cuticular cracks, lenticels, ectodesmata
and aqueous pores (Shahid et al. 2017). Because of the Pb adsorption to the cuticle
and the high rate of direct foliar Pb uptake, Pb content of unwashed foliage can be
used as an indicator of Pb pollution in the atmosphere.

Mean Pb contents in unwashed current-year needles of Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris) decreased from NFSI I to NFSI II by 60%
and 82%, respectively (Table 9.6). This reflects the decreasing trend of Pb emissions
in Germany, with a reduction from 2130 t a�1 in 1990 to 366 t a�1 in 2007 (UBA
2017). Lead in fuel for vehicles was the main Pb emission source. Since 1980, the
use of unleaded fuel has increased, and since 2000, leaded fuel is no longer allowed
within the European Union.

Mean Pb contents in current-year needles of Norway spruce and Scots pine
measured on NFSI II plots are higher than Pb values measured in needles of
lodgepole pine (Pinus contorta) and Sitka spruce (Picea sitchensis) in Western
Ireland (0.15–0.17 mg Pb kg�1 DW) (Asam et al. 2014) and in needles of silver
fir (Abies alba) in the French Pyrenees (median � SD, 0.2 � 0.13 mg Pb kg�1 DW)
and Vosges Mountains (mean � SD, 0.33 � 0.11 mg Pb kg�1 DW) (Gandois and
Probst 2012; Gandois et al. 2010). Since the two investigated sites in Western
Ireland are located about 30 km from the Atlantic coast, with prevailing west
winds, the low Pb values in conifer needles may be considered as background
values.

9.7 Ratios of Nutrient Contents from Needles of Different
Ages (Norway Spruce and Scots Pine)

In addition to nutrient contents of current-year needles, element contents of 2- (Scots
pine) and 3-year-old needles (Norway spruce) were analysed in the National Forest
Soil Inventory II (NFSI II) in Germany. This analysis facilitates a more comprehen-
sive diagnosis of the nutritional state of these two coniferous species. Furthermore,

Table 9.6 Lead content in
current-year needles of
Norway spruce (n ¼ 139) and
Scots pine (n¼ 170) in NFSI I
(1987–1992) and NFSI II
(2007–2008)

Foliar Pb content (mg kg�1 DW)

Norway spruce Scots pine

NFSI I NFSI II NFSI I NFSI II

Median 1.00 0.34 2.80 0.45

Mean 1.16 0.46 3.18 0.56

Std. dev. 0.84 0.32 2.35 0.34
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the analysis of element content in needles of different ages facilitates inferences
about plant physiological processes, such as the translocation of nutrients from older
to younger needles. For this purpose, the NFSI II is an outstanding database with
610 Scots pine and 409 Norway spruce sites. However, contents in needles of the
NFSI dataset do not represent a real time series, as needles were sampled in the same
year. Thus, it must be assumed that older needles had element contents in the year of
formation that are comparable to contents of the current needle year. However,
element contents in foliage can vary from year to year, especially during or after
climatically extreme years (Göttlein et al. 2009; Jonard et al. 2009; Schleppi et al.
2000). This may be a problem for the evaluation of the dataset if there were a
systematic deviation of element contents in the respective needle-formation year at
all NFSI sites. However, this can be ruled out, since needle sampling was not
simultaneous at all federal states but was spread over a 3-year period
(2006–2008). Therefore, the mean values of the whole data set should allow the
importance and tendencies of element ratios in Norway spruce and Scots pine
needles of different ages to be assessed, assuming that changes in nutrient concen-
trations are not due to changes in the organic fraction of the needle (e.g. waxes,
phenolics).

In adult trees, a large proportion of nutrients is stored in the foliar biomass (Beets
and Pollock 1987; Fife et al. 2008; Alriksson and Eriksson 1998; Scarascia-
Mugnozza et al. 2000). Therefore, it stands to reason that this nutrient pool is used
for internal reallocation processes. For example, Miller (1986) has shown that for the
annual growth of 40-year-old European black pine, 40–50% of N and more than
50% of P were recruited by retranslocation processes running mainly within the
foliar biomass. According to Miller (1986), retranslocation of nutrients might play
an increasing role with advancing tree age and is particularly relevant in stands that
have reached canopy closure and maximum crown sizes.

Retranslocation processes are more likely for nutrients deemed to be relatively
mobile in plants such as N, P, K, Mg or S (Nambiar and Fife 1991). Especially in
senescent needles, retranslocation of nutrients must be considered (Helmisaari
1992). However, nutrient retranslocation has been observed already in 6-month-
old needles of several coniferous species (Fife et al. 2008).

There is no consistent pattern in literature regarding the question as to whether the
nutritional state itself is controlling the extent of nutrient retranslocation. Miller et al.
(1979) found increased N retranslocation within needles of European black pine in
stands with poor N nutrition. At the same time, increased element retranslocation has
been observed with increasing plant availability of the respective element. For
instance, in an N-fertilized Pinus radiata stand, Fife and Nambiar (1997) detected
a growth increase of 45% and simultaneously an N retranslocation that rose by a
factor of 4.5.

All of the studies mentioned above were case studies involving only one or a
small number of sites. We tested the extent to which the findings of these studies of
nutrient retranslocation in the foliar biomass are reflected by the extensive data set of
the NFSI II using Norway spruce and Scots pine. We examined whether nutritional
diagnosis can be improved for these two coniferous species by considering ratios
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between foliar element contents of current-year needles and of 2- (Scots pine) or 3-
(Norway spruce) year-old needles. In addition, we assigned these ratios to one of
four nutritional ranges based on the assessment system of Göttlein (2015) in order to
evaluate nutrient ratios (and potential retranslocation processes) dependent on the
nutritional state of the respective element in the current-year needles.

As shown in Fig. 9.18, ratios of N contents differ for the two tree species. For
Norway spruce, there is a slight decrease (10%) in relative N contents in 3-year-old
needles at sites with N deficiency. With improving N nutrition, the relative N
contents in older needles decrease significantly, reaching 83% of the N contents in
the current needle year at sites classified as N surplus sites. N is deemed to be a
mobile nutrient in plants. Therefore, it is likely that the observed decrease in N
contents in 3-year-old needles is caused by retranslocation processes. However, a
weight increase among older needles may also contribute to the N content decrease
in needles of this age. Consistent with the results of the study by Fife and Nambiar
(1997), our findings suggest that the reduction of relative N contents in older needles
with increasing N nutrition is likely caused by additional biomass growth. Thus, at
many Norway spruce sites with normal or surplus N nutrition, N stimulates addi-
tional biomass growth. In contrast, this appears not to be the case for Scots pine. For
this species, N contents of older needles are slightly higher or similar compared to
contents of current-year needles, and there is no significant pattern between sites of
different N nutritional states. The growth of Scots pine at sites with normal and
surplus N nutrition seems to be limited by other factors. This is likely also true for
Scots pine at N-deficient sites, because otherwise a difference of N contents between
younger and older needles would be expected, as reported in Miller et al. (1979).

The ratios of P show similar patterns for Norway spruce and Scots pine. With
increasing P nutrition, relative P contents in older needles decrease significantly,
reaching only 72% of current-year P content at sites with surplus P nutrition for
Norway spruce and 87% for Scots pine, respectively. P is also considered a readily
mobile nutrient. Thus, retranslocation of P from older to current-year needles is
likely, even if—as mentioned above—a weight increase in older needles contributes
to the decrease of P contents in needles of this age. For Norway spruce, lowered P
contents in older needles were detected already at sites with P deficiency, whereas at
Scots pine sites with P deficiency, P contents did not differ between current-year and
2-year-old needles. This suggests that P retranslocation between different aged Scots
pine needles is less effective for Scots pine than Norway spruce. However, at N¼ 7,
the sample size for this nutritional range is very low compared to the other ranges
observed in this study.

Even for K, relative contents in the older needles of Norway spruce and Scots
pine decrease significantly with increasing K nutrition range in current-year needles.
For trees with surplus K nutrition, the relative K contents in older needles drop to
less than 80% of contents measured in current-year needles. This was observed for
both Norway spruce and Scots pine. Again, K is considered highly mobile in plants.
Therefore, increasing retranslocation of K with rising K nutrition is highly likely and
supports the hypothesis discussed in Nambiar and Fife (1991) that the extent of
retranslocation of K, P and N mostly shows a positive relationship to the absolute
quantity of the respective element stored in the foliar biomass. However, a weight
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increase among older needles may also contribute to the K content decrease in
previous year needles.

For Ca, distinctly higher contents in older needles were observed at Norway
spruce sites (+40%) as well as at Scots pine sites (+55%). This relative increase of Ca

Fig. 9.18 Ratios between foliar element contents of 2- (Scots pine) or 3-year-old needles (Norway
spruce) and current-year needles, grouped by nutritional ranges based on the assessment system of
Göttlein (2015). Letters above boxplots indicate statistically significant differences between nutri-
tional ranges of the respective element (Scheffé test, α < 0.05)
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contents in older needles was visible in all nutritional ranges; i.e. it is independent of
Ca contents in current-year needles. This is highly plausible as Ca in plant tissues is
largely organically bound and therefore not translocated through the phloem. Fur-
thermore, Ca is constantly supplemented by transpiration flow (Kadereit et al. 2014),
leading to an enrichment of Ca contents in older needles which has been already
observed in previous studies for Norway spruce and Scots pine (e.g. Bauer et al.
2000). It is notable that Ca ratios show the greatest variability compared to the other
main nutrients shown in Fig. 9.18. This is consistent with the results of previous case
studies that have observed the highest annual fluctuation of Ca contents in needles of
Norway spruce (Evers 1972) and Scots pine (Hippeli and Branse 1992) compared to
other main nutrients. It is quite likely that this is also reflected in the large-scale data
set of the NFSI II.

Compared to the other nutrients, Mg shows the greatest reduction in relative
contents in older needles for both tree species (Fig. 9.18). This reduction is highest in
trees with latent Mg deficiency, where contents in previous year needles drop to 60%
for Norway spruce and 70% for Scots pine. In contrast, relative Mg contents in older
needles amount to 80% (Norway spruce) and nearly 100% (Scots pine) for trees
assigned to the surplus Mg nutrition range. These findings are consistent with the
results of other studies, where an increase in Mg retranslocation has been detected
when Mg nutrition declined (Le Goaster et al. 1990; Reemtsma 1986).

Although S appears to be organically bound in plants, in the literature it is
considered a rather mobile nutrient (Nambiar and Fife 1991; Rennenberg 1999;
Köstner et al. 1998). However, only very small or no S content gradients between
current-year and older needles were detected for Norway spruce. In contrast, a slight
enrichment of S in older needles of Scots pine was observed in all nutritional ranges.
While this enrichment decreases slightly with increasing S nutrition in current-year
needles of Scots pine, we found no statistically significant differences between S
nutrition ranges for Norway spruce (Fig. 9.18). As S can also be taken up directly by
the foliage, S enrichment in older needles cannot be excluded, although airborne
deposition of S has reduced considerably in Germany in recent years.

In summary, the ratios of contents of the main nutrients between current-year and
older needles at Norway spruce and Scots pine sites of the NFSI II provide a means
for drawing plausible conclusions. For both tree species, the immobile element Ca
shows an enrichment in older needles, whereas for nutrients considered relatively
mobile in plants (N, P, K, Mg), retranslocation from older into current-year needles
is likely. The extent of element translocation and enrichment, respectively, corre-
sponds to the general nutritional state for these two tree species (Fig. 9.1). For Scots
pine, a species with relatively low nutrient requirements, the NFSI data set reveals a
generally better nutritional situation and at the same time a higher enrichment of the
immobile Ca compared to Norway spruce. The retranslocation of mobile nutrients
shows similar patterns for both species, but the extent of foliar element
retranslocation appears to be lower in most cases for Scots pine.

Above, we discussed whether nutritional state itself controls the extent of nutrient
retranslocation; even the large-scale dataset of the NFSI II cannot provide a clear
answer. In the case of Mg, retranslocation from older to current-year needles
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increases with declining Mg nutrition in current-year needles for both tree species. In
contrast, our findings suggest that P and K are increasingly translocated with
improving nutritional range of the respective element in current-year needles at
Norway spruce and Scots pine sites. For N, this effect applies only to Norway
spruce, whereas for Scots pine, no significant differences of N contents between
current-year and older needles were observed over all N nutritional ranges,
suggesting that at many Scots pine sites, growth seems to be limited by other factors.

Precise determination of foliar element translocation within needle years requires
that the nutritional data should originate from real time series, and furthermore, the
weight of foliar biomass should be assessed for each needle year in order to calculate
retranslocation on the level of annual changes of element quantities. As these data
are not available, we were not able to exclude the possibility that a weight increase
among older needles contributed to foliar element content changes that are not
related to retranslocation processes.

9.8 Conclusions

Nutrient contents in the leaves and needles of the four major tree species on NFSI
plots provided valuable information about the current nutritional status in Germany
and revealed effects of increased N deposition, forest soil liming and air quality
control measures on nutritional status. The hypotheses tested were largely confirmed
by the NFSI dataset:

1. Foliar N contents are related to atmospheric N deposition.
2. Foliar P contents of European beech are deficient through large areas of Germany.

Both geological substrate and atmospheric N deposition may influence foliar P
nutrition.

3. Foliar S contents are related to sulphate concentration in water extracts of subsoil
samples. Due to a marked decrease in S deposition, stands at sites low in geogenic
S tend to have an S shortage.

4. Liming of acidified soils leads to increased foliar Ca and Mg contents, while foliar
K contents decrease.

5. Air quality control measures lead to decreased foliar lead contents.
6. The nutritional diagnosis for conifers can be improved by considering the ratios

between foliar element contents of 2- (Scots pine) or 3- (Norway spruce) year-old
needles and current-year needles.

We showed that foliar element contents are important for evaluating the current
nutritional status of forest ecosystems and facilitate conclusions about the effective-
ness of forest stabilization and air quality control measures.

However, field and laboratory experiments are needed to reveal the causes for
decreasing foliar P and K contents. The presence of deficient foliar P, S and K
contents and high N to nutrient ratios indicates a critical nutrient status and should be
considered in forest management planning, especially forest biomass harvesting. In
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general, foliar element contents should be included in decision support systems for
sustainable forestry.

When working with NFSI data, it should always be considered that leaves and
needles were collected in a single year only and that the sampling year varied among
the federal states of Germany. Hence, annual fluctuations in foliar nutrient contents
cannot be accounted for and may affect the differences in foliar nutritional status
among NFSI plots and relationships to other parameters.
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