
Chapter 11
Spatial Response Patterns in Biotic
Reactions of Forest Trees and Their
Associations with Environmental Variables
in Germany

Nadine Eickenscheidt, Heike Puhlmann, Winfried Riek, Paul Schmidt-
Walter, Nicole Augustin, and Nicole Wellbrock

11.1 Introduction

Forest soils show diverse conditions and are subject to natural and anthropogenic
changes, as was demonstrated in the previous chapters that evaluated the results of
the first National Forest Soil Inventory (NFSI I) and second National Forest Soil
Inventory (NFSI II) of Germany. With regard to soil acidification, a slow recovery
has been observed since the NFSI I in the 1990s. However, constant high loads of
atmospheric nitrogen (N) from industrialization, burning of fossil fuels, traffic and
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intensive agriculture (Berge et al. 1999; Galloway et al. 2008), which are associated
with eutrophication and acidification (Aber et al. 1998; de Vries et al. 2014), are still
worrying. The nutrition of forest trees and soil vegetation indicated an oversupply of
N. Due to the strong increase in carbon (C), C/N ratios in the organic layer and upper
mineral soil layers significantly increased. Heavy metals showed a translocation
from the organic layer to the upper mineral soil. Furthermore, the modelled time
series of drought stress indices and stored soil water available to plants indicated an
increase in the intensity of water deficiency since 1990 and a decrease in the number
of years characterized by good water supply. Based on these findings, the question of
greatest relevance is how forest trees respond to the conditions and changes in forest
soils.

In the present chapter, the biotic reactions of forest trees to conditions and
changes in forest soils and to environmental conditions in general were examined.
The focus was the four main tree species of Germany: Norway spruce (Picea abies
(L.) Karst), Scots pine (Pinus sylvestris L.), European beech (Fagus sylvatica L.) and
pedunculate and sessile oak (Quercus robur L. and Q. petraea (Matt.) Liebl.,
considered together), as well as the European silver fir (Abies alba Mill.). Tree
defoliation, tree growth and tree nutrition were chosen as biotic indicators of
tree vitality. Tree defoliation denotes the loss of needles or leaves in the crown of
a tree compared to a local or absolute reference tree with full foliage. Defoliation is
assessed as part of the Forest Condition Survey. The Forest Condition Survey
represents a basic part of the Forest Monitoring in addition to the NFSI and the
Intensive Forest Monitoring. In Germany, the condition of forest trees was recorded
first in 1984, and the survey has been conducted annually throughout Germany since
1990 (see Chap. 1). Tree growth is not a part of the Forest Condition Survey and
NFSI, but growth rings were evaluated on NFSI plots in some federal states in
Germany. Tree nutrition was recorded as an obligatory parameter during both NFSIs
(see Chaps. 1 and 9). The following sections deal with (1) the secondary growth
response to drought, (2) the definition of defoliation development types and reasons
for differences among these types, (3) the definition of forest nutrition types and
reasons for differences among these types, as well as (4) the joint evaluation of
defoliation development types and forest nutrition types in Germany. The overall
aim was to identify regions at risk of tree vitality loss and risk factors. The findings
could contribute to choosing appropriate political and management measures to
sustain and improve tree vitality.

11.2 The Secondary Growth Response to Drought

This section discusses the extent to which the secondary growth of trees is associated
with the availability of soil water. For the analysis, drill cores were extracted within
the federal states of Baden-Wuerttemberg, Hesse, Lower Saxony, Bremen and
Saxony-Anhalt. 197 drill cores were available for spruce, 193 for beech, 30 for fir,
174 for pine and 98 for oak (common and sessile oak). The vast majority of these
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drill cores were taken at plots located on brown soils. Soils that were affected by
groundwater and stagnant water were not included in further analysis. In Baden-
Wuerttemberg, the widths of annual growth rings were measured for the entire core
up to the centre of the stem, whereas in other federal states only the last 15 annual
growth rings prior to sampling (2006–2008) were available (Thormann 2014). All
further analysis refers to the period from 1961 (beginning of the LWF-Brook90
modelling) to 2005. In total, this led to growth ring measurements from 299 plots
with on average 2–3 trees per plot; Fig. 11.1 gives an overview of the time series
used. In addition to the time series of the absolute annual growth ring widths, various
adjusted growth trends and standardized time series were examined for their corre-
lations with climate and water balance variables. Correlations with absolute annual
growth ring widths were greatest; hence, only these are discussed below.

The annual growth ring data were linked to the results of the soil water balance
simulations with LWF-Brook90 and other climatic variables (see Chap. 10). A total
of 134 different climate and soil water variables were assigned to each annual growth
ring for the corresponding NFSI plot and year. Table 11.1 gives an overview of the
correlations between the annual growth ring widths and some of the climate and
water regime variables. Many of these correlations were statistically significant due

Fig. 11.1 Boxplots of the annual growth ring widths for spruce (a), pine (b), fir (c), oak
(d) and beech (e) from 1961 to 2005. Note that years 1960 to 1990 include measurements only
from Baden-Wuerttemberg
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Table 11.1 Correlations (Pearson coefficient) between annual growth ring widths and character-
istic values for climate and soil water availability at the NFSI plots

(continued)
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Table 11.1 (continued)

Significance levels of the correlations: dark grey ¼ p < 0.001, light grey ¼ p < 0.01, white ¼ not
significant; white numbers: covariable in boosted regression trees. Variable ending _y: means/totals
over the whole year; _vp: dynamic vegetation period from LWF-Brook90

11 Spatial Response Patterns in Biotic Reactions of Forest Trees and. . . 315



to the large sample size, but the correlations between annual growth rings and
climate and water regime variables were generally weak; i.e. they statistically
differed from zero only by small amounts. In Table 11.1, variables showing very
weak correlations for all tree species were omitted for a better overview. There were
clear differences between the tree species considered: soil water availability in
particular was associated with secondary growth in beech trees. Both the absolute
soil water storage (St, Sp) and the derived water shortage indices were significantly
correlated with annual growth ring widths of beech. Oak also showed an association
with soil water capacity. Compared to beech, however, lower depths (30–60,
60–90 cm) play a greater role. Correlations with water scarcity indices were, in
most cases, not significant for oak. However, oak appeared to benefit from more
frequent excess of water, as the comparatively strong correlation to seepage values
suggested. Among the conifer species, spruce had the strongest correlation between
annual growth ring width and soil water retention. Pine showed a stronger correla-
tion with precipitation totals, while the secondary growth of fir was mostly correlated
with temperature variables.

The mean values of effective root depth compared to mean values for NFSI or
standard depth (0–100 cm) were not more strongly correlated with annual growth ring
widths. Water scarcity indices derived from the modelled soil water contents and
matrix potentials were also only partly more strongly correlated than the absolute soil
water storage values. Of the water scarcity indices considered, the shortfall of a
critical matrix potential in the root space (v_Ψw1200_vp) showed the closest relation
to secondary growth. v_Ψw1200_vp was highly significantly correlated with annual
growth ring widths for all tree species with the exception of oak.

Based on a preselection of possible explanatory variables (Table 11.1), boosted
regression trees (BRTs) were used to estimate the annual growth ring widths of a
given tree species as a function of climate and soil water variables (R version 3.3.1,
package “dismo”; Elith et al. 2008). Only variables that were statistically signifi-
cantly correlated with width of annual growth rings and whose functional correlation
depicted in the BRTs was useful and justifiable in soil science and plant physiology
were permitted as covariables in the BRTs. The BRTs explained between 19.3%
(spruce) and 61.6% (oak) of the variance in the measured annual growth ring widths.
The explanatory grades of the BRTs for beech (35.1%), pine (37.1%) and fir (26.0%)
were similar. Figure 11.2 gives an overview of the covariables considered in the
BRTs and their relative influence on the explained variance.

Data on soil water capacity and the resulting water shortage indices were included
as covariables in all BRT models. As expected, lower soil water availability or more
pronounced dry periods led to a decline of annual growth ring widths. This relation-
ship was particularly evident in spruce and beech. Similar reactions were observed
by Alavi (2002) and Scharnweber et al. (2011). Together, covariables describing
water availability were responsible for 48% (oak) to 100% (spruce) of the variance
indicated by the BRTs. With the exception for the spruce model, air temperature was
another important covariable: an increase in the width of annual growth rings with
rising temperatures was observed in the lower temperature ranges, while at higher
temperature ranges, a decline or plateau of the annual growth ring widths was
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evident for all tree species. Precipitation (for pine and beech) or rather seepage (for
oak) was another covariable of the BRTs.

11.3 Defoliation Development Types and Associated Risk
Factors

The Forest Condition Survey is mandatory across Europe and has been conducted
annually on a 16 � 16 km grid throughout Germany since 1990. Between 2006 and
2008, the Forest Condition Survey took place on the denser grid of the NFSI II
[mainly 8 � 8 km; with exception of the federal states Rhineland-Palatinate
(4 � 12 km + 16 � 16 km), Saarland (2 � 4 km) and Schleswig-Holstein
(8 � 4 km)]. Data from the corresponding denser grids were also available for
Baden-Wuerttemberg, Hesse, Lower Saxony and Saxony-Anhalt from 2005 to 2015,
for Mecklenburg-Western Pomerania from 1991 to 2015, for Rhineland-Palatinate
additionally from 2009 to 2010 and for Saarland from 2009 to 2015. A partial dataset
based on the denser grid was also provided by Bavaria from 2009 to 2015. In
addition, changes of the grid over time occurred, such as shifts of the initial grid to
coincide with the grid of the National Forest Inventory in Bavaria in 2006 and in

Fig. 11.2 Relationship between prediction of the model (y-axis) and BRT covariables (x-axis) for
the various tree species. Percentage: share of the covariable in the variance of annual growth ring
widths declared by the BRT
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Brandenburg in 2009. Tree defoliation represents the main parameter assessed
during the Forest Condition Survey. The estimation of defoliation takes place
visually using binoculars, and defoliation is recorded in 5% classes from 0%
(no defoliation) to 100% (dead tree). In addition to defoliation, several other
parameters (e.g. insect infestation and fructification) are investigated. A detailed
description of the survey and quality assurance can be found in Wellbrock et al.
(2016) for Germany and in Eichhorn et al. (2016) for Europe. The objectives of this
section include (1) identifying regions of similar level and temporal development of
defoliation (age-independent defoliation development types) for the four main tree
species of Germany and (2) determining reasons for differences in defoliation among
defoliation development types. Particular focus was placed on regions at risk of high
levels of tree defoliation and risk factors. In Sect. 11.3.1 defoliation development
types are defined, in Sect. 11.3.2 variables associated with defoliation are deter-
mined, and in Sect. 11.3.3 an integrated analysis of defoliation development types
and associated variables is conducted.

11.3.1 Defining Age-Independent Defoliation Development
Types

In the first step, defoliation development types were defined; these types characterize
regions of similar level and temporal development of defoliation. The definition of
defoliation development types posed two problems. First, complete time series of
defoliation of a plot were necessary. Complete time series could only be available for
the 16 � 16 km basic grid, if at all. However, changes of this grid have resulted in a
loss of many plots, including all of Bavaria and Brandenburg. Hence, the original
defoliation data were not very useful for defining defoliation development types for
all of Germany. Second, if nevertheless the few complete time series were used for
defining defoliation development types, the resulting defoliation development types
mainly reflected tree age due to the strong species-specific dependence of defoliation
on age (Eickenscheidt et al. 2016, 2019). The aim, however, was to determine
age-independent defoliation development types, since regions at risk of high levels
of defoliation and risk factors which could be attributed to factors other than age,
e.g. human activities, were the primary focus. Thus, age adjustment was necessary to
make an age-independent statement about regions at risk. In order to achieve both
goals (complete time series and age adjustment) at once, we draw on our spatio-
temporal models for defoliation, which were also developed as part of the evalua-
tions of the NFSI II data. A detailed description and results can be found in
Eickenscheidt et al. (2016, 2019). Spatio-temporal modelling was conducted by
species using generalized additive mixed models (GAMMs; Augustin et al. 2009;
Lin and Zhang 1999; Wood 2006a, b):
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logit E yitð Þ ¼ logit μitð Þ ¼ f 1 stand ageitð Þ þ f 2 eastingi; northingi; yeartð Þ ð11:1Þ

where yit is the mean defoliation of one of spruce, pine, beech or oak for sample plot
i ¼ 1, . . ., n and for year t ¼ 1, . . ., 26, averaged over all trees of the respective
species at sample plot i. Before averaging, the defoliation class of a single tree was
converted into a continuous variable by using the midpoint of the class. The logit
link was used since defoliation represents an estimated percentage ranging between
0 and 100; hence defoliation was divided by 100, and the logit link ensured that fitted
values were bounded in (0,1). A one-dimensional smooth function of stand age was
applied using a penalized cubic regression spline basis for smoothing. A three-
dimensional smooth function of year and of coordinates (easting and northing of
the Gauß-Krüger coordinate system, GK4) was used; this is a tensor product
smoother constructed from a two-dimensional marginal smooth for space and a
marginal smooth for time (Augustin et al. 2009). The marginal bases were a
two-dimensional thin-plate regression spline basis for easting and northing and
a cubic regression spline basis for year. The tensor product of the two marginal
smooths was chosen so that different penalties for space (metre) and time (years) were
used (Wood 2006a, b). A normal distribution was assumed for the error term. The
number of trees per plot was considered as weights. The temporal correlation was
modelled by a first-order autoregressive-moving average process (ARMA(1,1))
(Pinheiro and Bates 2000). All evaluations were performed using R 3.4.1 (R Core
Team 2017). The R package mgcv (Version 1.8-18; Wood 2017) was utilized for
spatio-temporal modelling of defoliation. Although the models were adequate, the
model approach has inherent uncertainties. Models generally have model errors,
although here a substantial part of the total variance was explained [adjusted R2 for
spruce, 0.54 (n ¼ 10182); pine, 0.41 (n ¼ 9252); beech, 0.47 (n ¼ 9283); and oak,
0.47 (n ¼ 6098)]. To take this uncertainty into account, defoliation time series for
each plot and tree species were repeatedly simulated (40 times) from the predictive
distribution of defoliation, and cluster analysis was then carried out for each of the
simulated time series. The predictive distribution was obtained by sampling from the
multivariate normal posterior distribution of the model parameters, which itself was
obtained by using Bayes’ theorem (Augustin et al. 2009; Silverman 1985; Wahba
1983; Wood 2006a, c). Time series were simulated for each plot of the densified grid
of 2008 (mainly 8� 8 km). Stand age was assumed to be 70 years for spruce and pine
and 90 years for beech and oak, which roughly corresponded to the weighted median
age of the species of the basic grid in 2008. Based on the simulated time series,
40 model-based cluster analyses (R package mclust, version 5.3; Fraley et al. 2017)
were conducted for each species. The number of clusters ranged between seven and
nine. The assigned 40 clusters per plot and species were summarized in a string and
the pairwise string comparison resulted in a string-distance matrix (restricted
Damerau-Levenshtein distance; R package stringdist, version 0.9.6.4; van der Loo
et al. 2017). Subsequently, a hierarchical cluster analysis was performed using the
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string-distance matrix. Plots having 80% agreement in the initial 40 cluster analyses
were assigned to one cluster using the hierarchical cluster analysis. For the resulting
clusters, time trends (median) and Bayesian credible intervals (2.5 and 97.5 percent
quantiles) were estimated based on the 40 simulations. Clusters with similar levels of
defoliation, identical characteristic peaks and similar time trends were further com-
bined to one cluster. Plots that had not been assigned to a cluster in the first step were
then also assigned to clusters in this way. Assignment of these plots was clear, with
the exception of four pine and oak plots, which were assigned to the spatially adjacent
cluster. Our approach thus led to nine clusters (defoliation development types) for
spruce, beech and oak and ten clusters for pine (Fig. 11.3). Finally, these original
defoliation development types could be summarised to five broad defoliation devel-
opment types for each tree species (Fig. 11.3). The summary was based on relatively
similar levels of defoliation, identical characteristic peaks and relatively similar time
trends. In Fig. 11.3 it can be seen, which of the original clusters were summarized to a
broad cluster. The median time trends and Bayesian credible intervals (2.5 and 97.5
percent quantiles) were again estimated based on the 40 simulations, assuming a
stand age of 70 years for spruce and pine and 90 years for beech and oak.

Large-scale rather than small-scale spatial defoliation development types were
detected for the four main tree species (Fig. 11.3). Clear north-south and east-west
differences were found in the defoliation development (Figs. 11.4, 11.5, 11.6, 11.7).
For all tree species beginning in 2004, the highest defoliation and strongest increase,
respectively, were observed in the defoliation development types that included the
south-western part of Germany (e.g. Black Forest). A similar but slightly weaker
trend was found in the adjacent north-western regions of Germany (e.g. Rhineland-
Palatinate, Saarland, Forest of Odes, Spessart). An opposite trend was shown for the
defoliation development types that included the north-eastern part of Germany: at
the beginning of the 1990s, high defoliation was reported from the eastern part of the
North German Lowlands, but defoliation sharply decreased until the mid-1990s and
since then has remained relatively constant and on a low level. A trend unlike the
trend in south-western Germany was also observed for the defoliation development
types including south-eastern Germany. In south-eastern Germany, defoliation was
generally high at the beginning of the 1990s but decreased over time. In north-
western Germany, defoliation of all tree species, with the exception of oak, was
comparably low and showed only few temporal dynamics. Defoliation development
types of pine and oak showed similar spatial distribution. Distribution of defoliation
development types of spruce and beech was also similar but slightly different from
the types found for pine and oak. Differences mainly occurred in the North German
Lowlands (where only one cluster including the north and east of the Lowlands was
observed) and southern Germany (where a smaller cluster in south-western Germany
but a larger cluster in south-eastern Germany ranging to Saxony was observed).
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11.3.2 Variables Associated with Defoliation

In a second step, variables associated with defoliation were investigated on a species
by species basis. Unlike Sect. 11.4, where discriminant analysis was used to
investigate which site-specific and environmental variables were decisive for assign-
ment to a specific nutrition type, variables for defoliation were initially examined

Defoliation development types

- beech -

- spruce -

- oak -

0 400200
km

- pine -
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cl2 (2)
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Fig. 11.3 Regional distribution of age-independent defoliation development types (cluster) of
spruce (top, left), pine (top right), beech (bottom, left) and oak (bottom, right). The colours indicate
the five broad defoliation development types (cl1 to cl5). The combinations of colour and symbol
indicate the nine and ten (number in brackets) original defoliation development types, respectively
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Fig. 11.4 Mean time trends of defoliation and credible intervals of the five broad defoliation
development types of spruce. The time trends were estimated based on 40 simulations and assuming
a stand age of 70 years. The sample size is given in parenthesis
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Fig. 11.5 Mean time trends of defoliation and credible intervals of the five broad defoliation
development types of pine. The time trends were estimated based on 40 simulations and assuming a
stand age of 70 years. The sample size is given in parenthesis
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Fig. 11.6 Mean time trends of defoliation and credible intervals of the five broad defoliation
development types of beech. The time trends were estimated based on 40 simulations and assuming
a stand age of 90 years. The sample size is given in parenthesis
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Fig. 11.7 Mean time trends of defoliation and credible intervals of the five broad defoliation
development types of oak. The time trends were estimated based on 40 simulations and assuming a
stand age of 90 years. The sample size is given in parenthesis
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independently from the defoliation development types since annually varying time
series of defoliation formed the basis of these types. As the data are observational,
we could not make any inference on causality. Here we have explored which of the
available explanatory variables had a statistical effect (rather than a causal effect) on
defoliation via model selection. This exploratory analysis resulted in a list of vari-
ables that were strongly associated with defoliation and hence might be important in
explaining the process leading to defoliation. Associated variables were determined
for (1) 1991–2010 (referred to as time series) and (2) the period of the NFSI II
(referred to as NFSI period). The two approaches were chosen due to differences in
the spatial and temporal resolution and due to differences in the number of available
variables. In the first case (time series), the annual defoliation values of the plots of
the 16 � 16 km basic grid were considered. In the second case (NFSI period), the
denser grid of the NFSI II was used, and a mean defoliation value for 2006 to 2008
was calculated for each plot and species. Species-specific defoliation of the plots
remained relatively constant between 2006 and 2008, with the exception of beech,
where higher defoliation was observed at several plots in 2006, probably due to
pronounced fructification. For the time series, fewer variables and plots per year
were available, but information was provided annually. Potential influencing vari-
ables which were available included stand age, fructification (only from 1999), insect
infestation, deposition and weather conditions including deviations from the long-
term mean (1961–1990). Lag effects were also considered by using the previous
year’s values. The soil water balance values regarded for tree growth (see Sect. 11.2)
were ultimately not used for defoliation because values were not available for all plots
due to shifts in grids and because weather conditions proved equally suitable. For the
NFSI period, a large number of variables were available, primarily originating from
the NFSI II. In addition to the variables considered for the time series listed above,
which were averaged for the time period, additional variables included parameters of
soil condition (e.g. C/N ratio, base saturation, stocks of total and exchangeable
nutrients, heavy metal stocks), forest nutrition and accompanying information
(e.g. liming). GAMMs were used for analyses of association with defoliation.
Thus, it was possible to include categorical factors as well as continuous variables
and to detect linear as well as non-linear effects. Weights and temporal autocorrela-
tions could also be considered. Examples and a detailed description of the model
selection process can be found in Eickenscheidt et al. (2016). In brief, co-linearity
among variables was considered, and forward selection and the Bayesian information
criterion (BIC; Schwarz 1978) were used for model selection. Model residuals were
checked. Stand age represented the most important variable associated with defoli-
ation by far; thus, stand age was included in every model from the beginning.

Defoliation increased species-specific with stand age. For spruce and in particular
for beech, defoliation increased nearly linearly, whereas for oak and in particular for
pine, defoliation clearly increased until a stand age of approximately 60 years and
40 years, respectively, and only little association of defoliation with age occurred for
older trees (Eickenscheidt et al. 2016, 2019).
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11.3.2.1 Time Series

For the time series, weather conditions had a direct association with annual defoli-
ation of all four tree species (Table 11.2). Deviations of annual mean temperature
and precipitation sums from the long-term mean played a major role. Seidling (2007)
also reported relationships between defoliation and deviations from long-term means
of temperature and precipitation for all four tree species of the German 16 � 16 km

Table 11.2 Results of the final models for the four main tree species of Germany (1) for the time
series (1991–2010) and (2) for the NFSI period (mean 2006–2008)

Spruce Pine Beech Oak

Time series:
Stand age [year] *** *** *** ***

Fructification [classes] ***a

Insect infestation [yes/no] *** ***

NHx deposition [kg N ha�1 year�1] ***

temp [�C] ***

prec_py [mm year�1] ***

te(temp_dev, prec_dev) [�C] [mm year�1] *** ***

te(temp_py_dev, prec_py_dev) [�C] [mm year�1] *** ***

te(temp, temp_dev) [�C] [�C] *** ***

R2 0.49 0.22 0.37/0.44a 0.33

n 3910 3729 3121/1932a 1748

NFSI period:
Stand age [year] *** *** *** ***

Fructification [yes/no] **

Insect infestation [yes/no] ***

N deposition [kg N ha�1 year�1] ***

temp [�C] ***

temp_dev [�C] *

prec [mm year�1] **

te(temp, prec) [�C] [mm year�1] ***

et [mm year�1] *** ** ***

et_dev [mm year�1] ** * ***

C stock of organic layer [t C ha�1] **

C/N ratio in 0–5 cm soil depth [–] ** ***

C/P ratio in 0–5 cm soil depth [–] ***

N concentration of needles/leaves [g kg�1] ***

R2 0.54 0.37 0.46 0.44

n 756 666 463 282

The significance of variables associated with defoliation, the coefficient of determination (R2) of the
final model and the sample size (n) are indicated
temp temperature, prec precipitation, et evapotranspiration, _dev deviation from the long-term mean
1961–1990, _py previous year’s value, te() tensor product()
*p < 0.05; **p < 0.01; ***p < 0.001; aModel only for 1999–2010
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grid. Lagged effects, especially drought in the previous year, and cumulated drought
in several preceding years were shown to be closely linked to defoliation in the
following year (Ferretti et al. 2014; Klap et al. 2000; Seidling 2007; Zierl 2004); this
result was corroborated by our findings.

In the following the results are described for the four tree species, and some
figures are presented as examples.

For Norway spruce, mean temperature of the recent year and the deviation of this
temperature and the interaction were associated with defoliation of spruce. Higher
defoliation in general was found for plots with lower mean temperatures than for
plots with higher mean temperatures (Fig. 11.8). Defoliation was highest when
positive temperature deviations also occurred on these plots with lower mean
temperatures. Lowest defoliation occurred at negative temperature deviations at
annual mean temperatures between 6 and 8 �C. Furthermore, previous year’s
deviations of temperature and precipitation and their interaction had an association
with defoliation of the recent year. Years that were cooler and drier compared to the
long-term mean resulted in lower defoliation, but warmer and drier years resulted in
increased defoliation (compare to beech and Fig. 11.9). Warmer and wetter years
were associated with almost no changes in defoliation of spruce. Seidling (2007) also
reported higher defoliation of spruce after high temperature (and low rainfall) in the
previous and also in the current year, in particular following 2003. For the conifers,
higher defoliation especially in the summer 1 year after drought might be attributed
to higher needle fall in autumn of the drought year (Solberg 2004). In general, needle
loss is still visible years after the event because conifers keep several needle sets.

For Scots pine, recent year’s deviations of temperature and precipitation and their
interaction showed an association with defoliation. Defoliation of pine was highest
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when the temperature deviation was approximately 2 �C (which corresponded to the
highest temperature deviations observed), and precipitation did not deviate. In cooler
and wetter years, decreased defoliation of pine was observed. Defoliation further
decreased nearly linearly with increasing annual mean temperature. Pine trees in
Germany are commonly known to be relatively drought-tolerant (Ellenberg 1996),
for example, due to a deep taproot system and early and rapid stomata closure
(Seidling 2007 and references therein). However, notable temperature surplus
accompanied by precipitation deficits, as observed in 2003, was associated with
visible drought stress even in pine trees, which was also reported by Seidling (2007).
Besides direct effects of weather, indirect effects were also associated with defoli-
ation. In pine, insect infestation was associated with increased defoliation, another
result also documented by Seidling (2001) and Seidling and Mues (2005). Severe
infestation is most likely a result of exceptional climatic situations, which favour the
development of insects and simultaneously make trees susceptible to infestation.
Furthermore, in our study, a negative linear relationship of defoliation and NHx

deposition was observed.
For European beech, previous year’s deviations of temperature and precipitation

and their interaction had an association with defoliation of the recent year (Fig. 11.9)
similar as found for spruce. However, warmer and wetter years were associated with
decreased defoliation of beech which was different from spruce. Furthermore, recent
year’s deviations of temperature and precipitation and their interaction also showed
an association with defoliation of beech but which was different from the association
observed for pine. Similar to the effect of deviations of temperature and precipitation
of the previous year, defoliation of beech increased in the event of positive temper-
ature deviations and drier conditions, whereas cooler and drier years were associated
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with a decrease in defoliation. Cooler and wetter years also resulted in increased
defoliation of beech. Additionally for beech, very low precipitation (<500 mm
year�1) and in particular very high precipitation (>1500 mm year�1) of the previous
year came along with increased defoliation. The latter was rarely found and was
linked to high elevation (e.g. Alps, Black Forest), which was most probably an effect
of low temperature and short vegetation period or oxygen deficiency within the soil.
Sensitivity of beech to drought is well known, although drought resistance varies
among beech populations (Bolte et al. 2016). Beech usually develops from natural
rejuvenation and thus is adapted to site conditions. Increased defoliation of beech at
low previous year summer or annual precipitation was also reported by Seidling
(2006) for Germany and by de Marco et al. (2014) for Europe. Furthermore, above-
average previous summer temperature was shown to have a negative association
with defoliation of beech in Germany (Seidling 2007; Seidling et al. 2012). The
present study additionally revealed that an increase in fructification resulted in
increased defoliation of beech (see also Eickenscheidt et al. 2016). Both low
precipitation and high temperature of the previous year might be attributed to
fructification in the current year, as well as directly to drought stress in the previous
year. Weather conditions in the previous early summer determine the production of
flower buds and leaf buds, respectively. Hence, fructification is directly linked to
higher defoliation but also indirectly because of deterioration of the branch structure
as well as development of small leaves. Eichhorn et al. (2005) and Seidling (2007)
also reported enhanced defoliation in mast years.

For pedunculate and sessile oak similar as for spruce, the mean temperature of the
recent year and the deviation of this temperature and the interaction were associated
with defoliation (Fig. 11.10). Lowest defoliation was primarily observed at similar
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conditions as for spruce. However, mean temperatures were in general higher
(6–12 �C) than for spruce (3.5–12 �C). Higher defoliation of oak was found at
higher mean temperatures. On plots with higher mean temperatures, positive tem-
perature deviations resulted in increased defoliation, although on plots with average
or moderately high mean temperatures, negative deviations of temperature (�1 �C)
were associated with the highest defoliations observed for oak. Oak tolerates a wide
range of climatic conditions and soil water availability. It can be found on soils with
stagnant soil water, but it is also known to be drought-tolerant due to its taproot
system and fast stomatic response. However, similar to our findings, several studies
have demonstrated a negative impact of high summer temperatures on defoliation of
oak in Europe (de Marco et al. 2014; de Vries et al. 2014). At the same time, the
observed strong reaction of oak to negative temperature deviations might indicate
sensitivity to damage by late frost. Our study further indicated a strong association
between defoliation and insect infestation of oak, which was corroborated for
Germany by Eichhorn et al. (2005) and on the European scale by Seidling and
Mues (2005).

11.3.2.2 NFSI Period

Analyses regarding the NFSI period further revealed soil and nutrient parameters as
relevant variables aside from stand age and direct and indirect weather conditions
(Table 11.2).

For spruce, a linear decrease in defoliation with increasing stocks of organic C in
the organic layer was observed (not shown). The organic C in the organic layer
reflects the total mass of the organic layer and thus the humus type. A large mass of
organic matter might be less susceptible to drying up and protects trees against
drought stress, which was also hypothesized by Seidling (2007). Furthermore,
defoliation of spruce showed a negative linear relationship to N deposition (not
shown). N deposition and N nutrition were generally closely linked and thus, N
deposition might indicate the N nutrition status. In addition, an increase in defolia-
tion with increasing C/N ratios in the 0–5 cm soil depth beginning at a C/N ratio of
30 occurred (Fig. 11.11). Ratios larger than 30 can usually be found in soils having
low turnover of organic matter and low N and other nutrient supply.

Defoliation of pine also exhibited a relationship to the C/N ratio. However, the
relationship was in contrast to the relationship detected for spruce: the highest
defoliation was found at small C/N ratios (Fig. 11.11). Soil pH and exchangeable
calcium (Ca) were highly correlated with the C/N ratio. Hence, both variables could
be used in the GAMM of pine instead of the C/N ratio but had less explanatory
power than the ratio. Soils with high pH values, high Ca stocks and high turnover
rates (low C/N ratios) were accompanied by high defoliation, which might indicate
antagonisms between Ca and other nutrients, especially potassium (K) [Ca-K antag-
onism; Evers and Hüttl (1992); Zech (1970)]. This antagonistic effect may be
enhanced since calcareous soils are often shallow and prone to drought, which
exacerbates the K uptake under drought stress (Evers and Hüttl 1992). Riek and
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Wolff (1999) also reported a negative correlation between defoliation of pine trees of
the Level I sites and soil Ca stocks and needle concentrations of Ca, respectively,
during the NFSI I. However, these soil conditions also might be an indicator of low
mass of organic layer and thus little protection of the soil against drying up.

A negative linear relationship between defoliation and the N concentration of the
leaves existed for beech (Fig. 11.11). Findings by Seidling (2004) for the German
Intensive Forest Monitoring plots corroborate a negative correlation between foliar
N supply and defoliation. Low N nutrition below the normal nutrition range
according to Göttlein (2015; 19.0–25.0 g N kg�1) probably resulted in N deficiency,
which might limit tree growth. Interestingly, negative effects of N surplus on
defoliation were not indicated.

For oak, a negative linear relationship between defoliation and the ratio of C to
phosphorus (P) was observed (Fig. 11.11). The pH value and the organic C stock in
the organic layer could also be used in the GAMM of oak instead of the C/P ratio
since the variables were highly correlated. High pH values, low C stocks and low
C/P ratios were accompanied by high defoliation, which again suggested that the
relationship presumably was an indicator of the mass of the organic layer and
thereby protection against drying up.
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11.3.3 Integrated Analysis of Defoliation Development Types
and Associated Variables

In the final step, the variables identified in the previous section to be associated with
defoliation were further investigated and regarded at the level of the defoliation
development types. Results of the previous section highlighted weather conditions
and in particular their deviation from the long-term mean as important variables
associated with defoliation. Thus, model-based cluster analyses were conducted
separately for the time series of relative deviation from the long-term mean of annual
mean temperature and annual precipitation sum for Germany. This was done to see
whether the resulting clusters coincide with the defoliation development types from
Sect. 11.3.1. The results of the model-based cluster analyses were combined by
concatenating the cluster indices of the separate analyses to one a string. Subse-
quently, a hierarchical cluster analysis was performed using the string-distance
matrix (see Sect. 11.3.1). The result revealed 11 different weather deviation clusters
(Fig. 11.12). Although these weather deviation clusters were more differentiated,
they showed similarities to the landscape regions of Germany (Fig. 11.12), which are
derived from geomorphological, geological, hydrological, biogeographical and ped-
ological characteristics.

The landscapes and their weather conditions are presented in brief. The North
German Lowlands are subdivided into the north-western and the north-eastern
Lowlands based on differences in climatic conditions especially regarding precipi-
tation. The Central Upland Range is bordering in the south. The range is also divided
into a western part (e.g. Rhenish Slate Mountains, Harz) and an eastern part
(e.g. Thuringian Forest, Ore Mountains, Bavarian Forest). To the south(-western)
of these low mountain ranges are the Southwest German Scarplands (e.g. Spessart,
Franconian and Swabian Albs, Black Forest). In the south the Alpine Foreland and
finally the Bavarian Alps follow. The North German Lowlands had on average the
highest mean temperature of the landscape regions. The lowest mean temperatures
could be found at high altitudes in southern Germany (e.g. Black Forest, Bavarian
Forest) and especially in the Alps (data not shown). These regions were also
characterized by high precipitation. The north-eastern Lowlands had the lowest
mean precipitation, whereas the north-western Lowlands showed a maritime
influence. All weather deviation clusters were characterized by a relative mean
increase in temperature between 1990 and 2010 compared to the long-term mean
(Table 11.3). The mean increase was lowest in the Lowlands (in particular in the
eastern part) and highest in the south of Germany, especially in the Alps. Simulta-
neously, no relative changes in mean precipitation compared to the long-term mean
were observed in south-western Germany, whereas precipitation slightly increased
in south-eastern Germany and the most in the Lowlands (in particular in the eastern
part) (Table 11.4).

The spatial patterns of the defoliation development types of oak (Fig. 11.3)
matched well with the landscape regions (Fig. 11.12) and with the weather deviation
clusters (Fig. 11.12). Thus, the results of oak are discussed in detail as an example.
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Oaks grow from the northern Lowlands to the low mountain ranges but rarely in
pronounced mountainous or cooler regions. In Sect. 11.3.2 it was shown that a
further temperature increase (which was observed on average for all of Germany)
resulted in an increase in defoliation in regions having high mean temperatures
(Fig. 11.10). Defoliation in the warm Lowlands was on a relatively constant and high
level since the mid-1990s (defoliation development type 1 and 5; Fig. 11.7). At the
beginning of the time series (especially in 1991), defoliation of type 5 was notably
higher than that of type 1. In 1991, the north-eastern Lowlands were notably drier on
a relative basis than the north-western Lowlands. However, methodological differ-
ences in defoliation assessment after the introduction of the Forest Condition Survey
in former eastern Germany, especially in the federal state Mecklenburg-Western

Weather deviation clusters Defoliation development types of oak and
landscapes

cl1 (1)
cl2 (2)

cl2 (3)
cl3 (4)

cl3 (5)
cl3 (6)

cl4 (7)
cl5 (8)

cl5 (9)cl1
cl2

cl3
cl4

cl5
cl6

cl7
cl8

cl9
cl10

cl11

Fig. 11.12 Regional distribution of the 11 weather deviation clusters (left) and of age-independent
defoliation development types of oak (Fig. 11.3) plotted together with the regional distribution of
the landscape regions of Germany (right). The weather deviation clusters are based on the relative
deviation of annual mean temperature and precipitation sum from the long-term mean (1961–1990).
Defoliation development types: The point colours indicate the five broad defoliation development
types (cl1–cl5) and the combinations of point colour and symbol indicate the nine original
defoliation development types (number in brackets), respectively. Landscapes (background colour):
north-western Lowlands (yellow), north-eastern Lowlands (pink), western Central Upland Range
(green), eastern Central Upland Range (blue), Southwest German Scarplands (orange), Alpine
Foreland (light grey), Alps (brown). (Data source of landscapes: Bundesamt für Naturschutz
(BfN), supplied in July 2018)
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Pomerania, cannot be ruled out as a reason for particularly high defoliation at the
beginning of the 1990s (Riek and Wolff 1999). Since the mid-1990s defoliation was
slightly lower in the eastern part of the Lowlands (defoliation development type 5),
which might be attributed to a lesser relative increase in mean temperature and at the
same time higher relative increase in precipitation compared to the western part (type
1). In addition, the western part was notably more frequently affected by insect
infestation (data not shown). Defoliation development type 2 (western Central
Upland Range) and type 3 [Southwest German Scarplands to Alpine Foreland
(original defoliation development type 6)] showed similarities in particular regarding
the strong increase in defoliation following 2003. In 2003, an exceptional drought
and heat occurred in Germany that was most pronounced in south and south-western
Germany. Defoliation development type 2 particularly was characterized by a
relative increase in drought between 2003 and 2010, whereas type 3 was character-
ized by a relative increase in temperature. For the latter, highest mean defoliation
was found in the last years starting in 2004. Already in 1994, high defoliation at level
comparable to that in 2003 was observed for type 3. In 1994 highest relative
temperature increase occurred in south Germany. For defoliation development
type 4, highest defoliation was found in this year. Since 1994 defoliation on average
decreased and was the lowest defoliation observed nowadays. This type could not be

Table 11.3 Relative deviation [%] of mean annual temperature from the long-term mean
(1961–1990) for the 11 weather deviation clusters

1 2 3 4 5 6 7 8 9 10 11

1990 17 17 16 18 13 18 14 13 14 15 17

1991 3 2 1 3 3 1 2 0 2 1 3

1992 14 15 13 16 12 22 14 15 14 16 14

1993 1 2 4 2 6 9 7 7 7 5 2

1994 15 21 20 15 19 34 24 27 25 23 15

1995 8 8 10 7 11 9 9 9 9 9 6

1996 �14 �17 �13 �16 �9 �12 �9 �10 �10 �13 �16

1997 8 8 10 7 9 16 10 10 9 8 6

1998 9 11 10 10 8 14 12 13 13 13 9

1999 18 18 18 18 14 15 14 12 16 15 17

2000 19 23 20 20 19 29 22 22 23 23 20

2001 9 12 12 8 11 14 13 13 14 11 6

2002 15 17 17 13 17 29 19 21 19 18 12

2003 13 17 17 12 18 25 19 18 19 16 11

2004 9 9 8 9 7 10 9 9 10 9 8

2005 12 11 13 11 11 7 9 6 10 9 9

2006 18 19 18 19 16 21 17 14 17 16 17

2007 20 23 20 22 17 29 20 21 22 24 21

2008 15 18 14 19 11 21 15 17 17 19 18

2009 12 13 13 13 12 19 13 14 13 15 10

2010 �6 �7 �4 �5 �2 �3 �1 0 �2 �2 �6

11 Spatial Response Patterns in Biotic Reactions of Forest Trees and. . . 333



assigned to one landscape but was located in a region of comparably low tempera-
tures and high precipitation. The development of defoliation may indicate that the
temperature increase might in general be a benefit for this oak cluster.

Defoliation development types of pine showed spatial distributions and time
series of defoliation that were similar to those of oak (Fig. 11.3). Other than for
oak, the spatial pattern of defoliation development types of pine matched even better
with the weather deviation clusters than with the landscape regions. The division of
defoliation development type 4 in two spatially independent areas (Fig. 11.3) also
occurred for the weather deviation cluster 10. In addition, the three weather deviation
clusters 2, 3 and 4 matched well with the original defoliation development types 5, 2
and 3, which were summarized to the broad defoliation development type 2.

Spatial distributions of defoliation development types of spruce and beech were
similar but deviated from the spatial distributions observed for pine and oak
(Fig. 11.3). Defoliation of both species showed a similar trend for the five defoliation
development types, although defoliation of beech in general showed more pro-
nounced fluctuations than defoliation of spruce. Moreover, weather conditions
were similarly associated with defoliation of both species (see Sect. 11.3.2).

As an example the results for beech will be discussed in the following. Similar-
ities between the spatial patterns of defoliation development types and landscapes

Table 11.4 Relative deviation [%] of annual precipitation sums from the long-term mean
(1961–1990) for the 11 weather deviation clusters

1 2 3 4 5 6 7 8 9 10 11

1990 5 �4 �1 0 �2 �3 �1 3 �5 �8 3

1991 �14 �24 �24 �21 �27 �15 �25 �8 �25 �20 �21

1992 2 3 5 6 1 �2 1 1 �3 �4 �1

1993 21 13 10 20 1 7 1 8 3 14 17

1994 21 20 12 26 3 3 7 2 3 10 25

1995 1 17 6 �1 19 21 20 14 27 20 9

1996 �20 �8 �17 �17 �20 �6 �7 �6 �13 �11 �15

1997 �8 �5 �15 �7 �9 �8 �11 �12 �11 �8 �8

1998 31 23 17 24 8 9 6 4 17 13 16

1999 3 5 1 �2 6 16 15 17 6 �2 �7

2000 1 2 5 0 22 9 1 12 �3 �1 �4

2001 19 16 11 20 20 19 21 19 37 20 16

2002 32 33 24 39 19 26 28 31 32 39 31

2003 �17 �22 �22 �23 �27 �22 �29 �25 �28 �30 �25

2004 10 8 1 7 �6 0 �3 �5 �2 3 4

2005 1 0 �5 5 �16 5 �5 5 �6 4 10

2006 �5 �3 �7 �10 �3 2 0 �6 3 �5 �14

2007 33 40 22 48 8 15 14 10 17 19 45

2008 3 �2 �10 11 �5 �4 �2 �8 �2 0 11

2009 0 10 1 9 0 2 1 0 5 8 9

2010 7 17 �2 31 9 6 9 8 15 24 34
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were not as immediately apparent as for oak but also existed. First of all, slight
differences between the western and eastern Lowlands were indicated (original
defoliation types 1 and 9). However, beech predominantly grows in moist and cooler
regions of the low mountain ranges and the Alpine Foreland and is rarely found in
the Lowlands (Fig. 11.3). The eastern Central Upland Range was covered well by
the original defoliation development type 8. The western Central Upland Range was
also covered well but by two different broad defoliation development types (types
2 and 3). The spatial distribution of type 3, which reflects the federal states
Rhineland-Palatinate and Saarland, also roughly existed for the weather deviation
clusters (cluster 5; Fig. 11.12). Regarding south Germany, again a prominent change
of defoliation development types occurred along the border of two federal states
(Baden-Wuerttemberg and Bavaria). Again, this spatial distribution was also partly
present in the weather deviation clusters (clusters 6 and 8).

Differences among the five broad defoliation development types of beech regard-
ing time series of precipitation and temperature deviations from 1990 to 2010 are
exemplarily presented (Fig. 11.13). Time series of all clusters had notable positive
temperature deviations from 1997 to 2009, whereas no systematic deviations
occurred for precipitation. The year 1996 was exceptionally cold and dry, and the
year 2003 was exceptionally warm and dry throughout Germany. Both events
resulted in increased defoliation. However, the intensities differed within clusters.

Fig. 11.13 Deviations of precipitation and temperature from the long-term mean 1961–1990 for
the five defoliation development types of beech. The median and the intervals representing the
25 and 75 percent quantiles are shown. Fructification of beech in 50% of plots or more for one
cluster is indicated by a star beginning in 1999. The dashed line represents the line of no deviation.
The sample size is given in parenthesis
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At the beginning of the 1990s, highest defoliation of beech was observed for
defoliation development type 1. For type 1, the year 1990 was very warm compared
to the long-term mean and compared to the other clusters. The conditions at the end
of the 1980s and beginning of the 1990s might be the reason for the observed high
defoliation, but methodological differences presumably played a role as well. Devi-
ations of temperature and precipitation for defoliation development types 1 and
2 followed a similar pattern, but positive temperature deviations were slightly
lower and positive precipitation deviations were slightly higher for type 2. Defolia-
tion development type 2 showed relatively constant mean defoliation between 1990
and 2015, whereas type 1 showed more fluctuation. Both types were characterized
by the defoliation peak in 2000 that followed the notable positive temperature
deviations at average precipitation in the consecutive years 1999 and 2000. These
weather conditions were only observed in the regions of types 1 and 2. In 2000,
pronounced fructification additionally occurred for beech of both types. The year
2003 featured positive temperature deviations of on average 1 �C and a notable
negative deviation of precipitation of more than 100 mm per year for these types.
These extreme conditions were accompanied by fructification and a defoliation peak
in 2004, which however was lower than the peak in 2000. In contrast, defoliation
development types 3 to 5 were characterized by pronounced fructification and high
defoliation in 2004, most likely because the deviations of temperature increase and
precipitation decrease in 2003 were notably extremer in south and south-western
Germany. The highest negative deviation of precipitation accompanied by a high
positive deviation of temperature occurred for type 4. In 2004, the greatest increase
in defoliation was also observed for this type. Similar to type 3, extreme weather
conditions were observed again in the subsequent years. However, beech of type
4 had additionally recurring pronounced fructification, and defoliation remained on
the highest level observed for all defoliation development types. In summary,
exceptional high temperatures were primarily associated with high defoliation of
beech in the recent year, whereas the combination of high temperature and drought
was mainly associated with high defoliation in the next year. However, the direct
impact of weather was most likely overimposed by the impact of fructification
(indirect weather effect).

Significant differences ( p < 0.0001, ANOVA) among defoliation development
types were further observed regarding the key soil parameters identified to be
associated with defoliation (see Sect. 11.3.2). The defoliation development types
representing south-western Germany had the lowest C stock and thus mass of the
organic layer (spruce, type 4), the lowest C/N ratio (pine, type 3), the lowest N
concentration of leaves of beech during the NFSI II (beech, type 4) and also the
lowest C/P ratio (oak, type 3) (Fig. 11.14).

In conclusion, weather conditions and in particular deviations of temperature and
precipitation from the long-term mean explained a large proportion of the differences
among defoliation development types of the four tree species. An adaption of forest
stands to the long-term average of the local water balance is generally assumed (Zierl
2004 and literature therein); hence, it is obvious that deviations might affect tree
vitality. However, in part, defoliation of trees reacted differently to weather
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conditions, possibly as consequence of tree species, provenance and differences in
other stand conditions. Extraordinarily high temperature deviations of approxi-
mately 1.5 �C and more and in particular when accompanied by extraordinarily
high negative precipitation deviations were associated with increased defoliation of
all species most likely due to drought stress. These conditions have cumulatively
occurred since 2003 especially in south-western Germany. Anders et al. (2004) also
corroborated this result, although all of Germany was affected by drought stress in
2003: the highest water deficit calculated as the difference between the climatic
water budget of 2003 and the long-term water budget of the reference period
1961–1990 occurred in south-western Germany. Hilly and mountainous areas as,
e.g. found in large areas of south-western Germany, are further often characterized
by shallow and stony soils, which have low water storage capacity and hamper deep
rooting. Additionally, in south-western Germany, low mass of the organic layer was
frequently found, which might increase drying up of the soil. In contrast, generally
deeper soils and thicker organic layers could be found in the North German
Lowlands. Drought stress was detected as the most important risk factor associated
with high defoliation. In addition to variables indicating drought stress, fructification
of beech, insect infestation (pine, oak) as well as deficiencies in N nutrition proved to
be other stress factors associated with high defoliation. South-western Germany
emerged as the area with greatest risk of defoliation, most likely due to drought stress
in recent years. However, areas being prone to drought stress due to pedological
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conditions generally represent areas with risk of high defoliation in particular with
regard to climate change.

11.4 Defining Forest Nutrition Types

The nutritional status of trees can be interpreted as an integrative overall expression
of the site-specific water and nutrient supply and the influence of climate and
deposition. Below, we assume that at a given site with given environmental condi-
tions, there are identifiable nutritional categories specific to tree species. According
to Göttlein (2015), classes can be assigned on the basis of levels of element
concentrations in needles and leaves, and, in particular, trees can be assessed for
deficiency or surplus of specific elements (see Chap. 9). Typification of the nutri-
tional situation goes beyond classification of the levels of individual elements and
collates specific combinations of element supplies. With this approach, we provide
definitions for nutrition types for the 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.) by
analysing the level of five key elemental nutrients (Ca, Mg, K, P and N) according to
Göttlein (2015). For operational reasons, the categories “latent deficiency” and
“deficiency”, as well as “normal” and “surplus”, are pooled. The distinction between
normal and surplus nutrition was maintained only for the element nitrogen due to the
special considerations for nitrogen (see Chap. 9). In contrast to element-specific
classification of the nutrition data, this approach is thus based on simultaneous
analysis of multiple key nutrients. Defined nutrition types and their frequencies in
the NFSI II sampling data are presented in Table 11.5. Combinations of classifica-
tions with a sample size of n< 10 were not considered and are not listed in the table.
Thus, there are 9 different nutrition types for spruce, 10 for Scots pine, 13 for beech
and 6 for oak. Assignment to a nutrition type varied by tree species: 91% (spruce),
86% (pine, beech) and 76% (oak) of all plots that were studied could be assigned to
one of the nutrition types defined in Table 11.5. These are arranged in the table by
species and according to decreasing frequency. The codes presented in Table 11.5
are also used in the descriptions of the identified types in the text that follows.

The most frequent nutrition type for spruce was characterized by an adequate
supply of all the key nutrients (Ca0/K0/Mg0/P0/N0). The second most common
type featured a surplus of N but otherwise a balanced nutrient supply (Ca0/K0/Mg0/
P0/N+). According to frequency of occurrence, there followed sites with deficiencies
of K (Ca0/K�/Mg0/P0/N0) and P (Ca0/K0/Mg0/P�/N0). Combined with a defi-
ciency of K and surplus of N (Ca0/K�/Mg0/P0/N+), deficiencies of both P and N
(Ca0/K0/Mg0/P�/N�), P and K (Ca0/K�/Mg0/P�/N0) and P, K and N (Ca0/K�/
Mg0/P�/N�) were less common.

For the other tree species, the most common nutrition type was the type featuring
N surplus (pine, oak) and the type featuring P deficiencies (beech). The nutrition type
with an adequate supply of all key nutrients ranked in second place for pine, oak and
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Table 11.5 Nutrition types based on the combined classification of the levels of Ca, K, Mg, P and
N according to Göttlein (2015)

Ca K Mg P N Code n
Sp

ru
ce

 (
n=

79
7)

Ca0/K0/Mg0/P0/N0 271

Ca0/K0/Mg0/P0/N+ 178

Ca0/K-/Mg0/P0/N0 93

Ca0/K0/Mg0/P-/N0 67

Ca0/K-/Mg0/P0/N+ 28

Ca0/K0/Mg0/P-/N- 26

Ca0/K-/Mg0/P-/N0 25

Ca0/K0/Mg0/P0/N- 21

Ca0/K-/Mg0/P-/N- 17

B
ee

ch
 (

n=
57

5)

Ca0/K0/Mg0/P-/N0 104

Ca0/K0/Mg0/P0/N0 71

Ca0/K-/Mg0/P-/N0 53

Ca0/K0/Mg0/P0/N+ 51

Ca0/K0/Mg-/P-/N0 50

Ca0/K-/Mg0/P0/N0 32

Ca0/K0/Mg0/P-/N- 30

Ca-/K0/Mg-/P-/N0 27

Ca0/K-/Mg0/P0/N+ 24

Ca0/K-/Mg-/P-/N0 14

Ca0/K0/Mg-/P0/N0 13

Ca-/K0/Mg-/P0/N0 12

Ca0/K-/Mg0/P-/N+ 12

P
in

e
(n

=6
10

)

Ca0/K0/Mg0/P0/N+ 198

Ca0/K0/Mg0/P0/N0 126

Ca0/K0/Mg-/P0/N+ 57

Ca0/K0/Mg-/P0/N0 32

Ca0/K-/Mg0/P0/N0 25

Ca0/K0/Mg0/P-/N0 23

P
in

e 
(n

=6
10

) Ca0/K0/Mg0/P-/N+ 22

Ca0/K0/Mg-/P-/N+ 18

Ca-/K0/Mg-/P0/N0 11

Ca0/K-/Mg0/P-/N+ 11

O
ak

 (
n=

 3
18

)

Ca0/K0/Mg0/P0/N+ 96

Ca0/K0/Mg0/P0/N0 61

Ca0/K0/Mg0/P-/N0 42

Ca0/K0/Mg0/P-/N+ 23

Ca-/K0/Mg0/P0/N+ 11

Ca0/K0/Mg-/P0/N+ 10

The colours in the element columns and the symbols after the elements symbolize adequate supply
(grey, 0), (latent) deficiency (white, �) and nitrogen surplus (black, N+)
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beech. For pine, Mg deficiency in combination with N surplus was frequently found
(Ca0/K0/Mg�/P0/N+), whereas for beech, P deficiency combined with K deficiency
(Ca0/K�/Mg0/P�/N0) and Mg deficiency (Ca0/K0/Mg�/P�/N0), respectively,
occurred frequently. Furthermore, surplus of N without concurrent deficiency of
other nutrients (Ca0/K0/Mg0/P0/N+) was commonly observed for all tree species.

There do not appear to be any spatial patterns in the regional distribution of
nutrition types. Using the spruce by way of example, the cartogram in Fig. 11.15
shows that a deficiency in K with otherwise balanced nutrient supply (Ca0/K�/Mg0/
P0/N0) or even in combination with a surplus of N (Ca0/K�/Mg0/P0/N+) occurred

Nutrition type

0 18090
km

- spruce -

Ca0/K-/Mg0/P0/N0
Ca0/K-/Mg0/P0/N+
Ca0/K0/Mg0/P-/N-
Ca0/K0/Mg0/P0/N-
Ca0/K-/Mg0/P-/N-
Ca0/K0/Mg0/P0/N0
Ca0/K0/Mg0/P0/N+
Ca0/K0/Mg0/P-/N0
Ca0/K-/Mg0/P-/N0

Fig. 11.15 Regional distribution of nutrition types using spruce as the example
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notably in the regions of the Erzgebirge, the Thuringian Forest, the Harz and the
Sauerland and Siegerland. The parent material is most likely not the reason for the K
deficiency in these regions. However, the spruce stands in these regions were limed
several times, so that K deficiency is probably due to cation antagonism with Ca.
Types with N deficiencies occurred regionally: in the Limestone Alps region in
combination with a P deficiency (Ca0/K0/Mg0/P�/N�), in Baden-Wuerttemberg
(especially in the Black Forest) and in the northern regions of the Thuringian Forest
with otherwise balanced nutrient supply (Ca0/K0/Mg0/P0/N�) and in the
Rhineland-Palatinate area in combination with deficiencies of both K and P
(Ca0/K�/Mg0/P�/N�). All other nutrition types were distributed evenly through-
out Germany with no particular regional hotspots.

We used discriminant analysis to investigate which site-specific and environmen-
tal factors were decisive for assignment to a specific nutrition type. In advance, the
potential influencing parameters from the NFSI database were subjected to a prin-
cipal component analysis. This procedure ensured that the linear correlations
between the variables were eliminated. The number of variables to be extracted, or
principal components, was determined based on the Kaiser criterion. A varimax
rotation was used to simplify the interpretation of the results. Principal component
values were calculated by regression using the statistical programme SPSS Statistics
Release 22.0.0.0. Individual parameters for which the frequency distribution was not
suitable for principal component analysis were log-transformed a priori.

Overall, 42 potential influencing factors were identified from the NFSI database
and subjected to principal component analysis. These included parameters for soil
chemistry, climate, modelled variables of soil water budget (see Chap. 3) and
regionalized deposition data and critical load exceedances for nitrogen. Applying
the Kaiser criterion, the principal component analysis extracted ten principal com-
ponents that describe 79.2% of all the total variance for all parameters considered.
The first five components alone accounted for more than half the variance. Assign-
ment of individual variables to principal components was evident using the rotated
component matrix.

Based on the component matrix, input variables were selected for the discrimi-
nant analysis. The following variables were chosen:

• Precipitation [mm year�1]
• Evapotranspiration [mm year�1]
• Number of limings [–]
• Ntot deposition 1990–2007 [kg ha�1 year�1]
• K concentration (30–60 cm) [% of cation exchange capacity]
• C stock (organic layer to 90 cm) [kg ha�1]
• C/P ratio (0–5 cm) [–]
• pH(H2O) value in 30–60 cm [–]
• C/N ratio (organic layer) [–]
• Available water capacity (root zone) [mm]
• Relative water storage (root zone) [%]
• N stock (organic layer) [kg ha�1]
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With these variables, a total of 38 stepwise discriminant analyses were performed
according to the number of nutrition types, and the percentage classification prob-
abilities for each nutrition type were calculated using linear combination of the
influencing parameters. For two nutrition types for beech (Ca0/K�/Mg�/P�/N0
and Ca0/K0/Mg�/P0/N0) and one type for pine (Ca0/K0/Mg�/P�/N+), no signif-
icant discriminant function could be derived based on the variables listed. The results
of the discriminant function analysis presented in Table 11.6 first indicate the
numbers of each correctly classified site. In addition, for each variable, the table
lists the correlation coefficient with the calculated percent classification probability
for all sites for each tree species. Correlation coefficients for variables that were also
included in the model based on stepwise discriminant function analysis are shown in
bold.

Although the number of correctly classified sites was somewhat low at times,
some variables showed strong and plausible correlations with the classification
probabilities. For example, the probability of classifying nutrition types with sur-
pluses of N is positively correlated with N deposition. However, in cases of both
deficiency and normal levels of N, there was a predominantly negative correlation.
Considering P deficiency, there was often a strong correlation with the C/P ratio at
0–5 cm. This is the case especially for spruce (Ca0/K0/Mg0/P�/N0 and Ca0/K�/
Mg0/P�/N0 types) and pine (Ca0/K0/Mg0/P�/N+).

One notable result was the relationship of deficiency in K (sometimes in combi-
nation with a surplus of N and a deficiency of P) and the number of limings. This
result was consistent with the findings of Chap. 9. For example, this relationship
could be seen in scatter plots for the spruce nutrition types Ca0/K�/Mg0/P0/N0
(Fig. 11.16) and Ca0/K�/Mg0/P0/N+ (Fig. 11.17). For the K deficiency type with
no N surplus, there was a relatively strong correlation of classification probability
with the plant available K in the soil. In addition, there was a high classification
probability with narrow C/N ratios, which suggested possible competition between
K and both NHþ

4 and Ca on alkaline-rich sites. There was also a positive correlation
with N deposition. The classification probability increased considerably with the
number of limings; this result might be explained by Ca-K antagonism. In examining
the probability of classification to the N surplus nutrition-type Ca0/K�/Mg0/P0/N+,
it is clear that there was no longer a relationship to available K in the soil; instead, in
this case, the N deposition appeared to induce the K deficiency. For this nutrition
type as well, an increased number of limings was associated with a higher classifi-
cation probability. Moreover, the probability of a K deficiency is higher with lower
quantities of soil water available to plants.

Thus, overall the results indicated that the supply of K in the soil (as applicable, in
combination with liming events) is extremely important for the Ca0/K�/Mg0/P0/N0
nutrition type, while the N deposition is more likely responsible for the K deficiency
in the Ca0/K�/Mg0/P0/N+ nutrition type.

The following logistical relationship can be calculated for the relation between
classification probability and N deposition illustrated in Fig. 11.16:

342 N. Eickenscheidt et al.

https://doi.org/10.1007/978-3-030-15734-0_9


T
ab

le
11

.6
C
or
re
la
tio

ns
of

si
te
-s
pe
ci
fi
c
an
d
en
vi
ro
nm

en
ta
lv

ar
ia
bl
es

w
ith

th
e
cl
as
si
fi
ca
tio

n
pr
ob

ab
ili
tie
s
to
nu

tr
iti
on

ty
pe

fo
r
th
e
tr
ee

sp
ec
ie
s
sp
ru
ce
,b
ee
ch
,p
in
e
an
d

oa
k

N
ut
ri
tio

n
ty
pe

C
or
re
ct
ly

cl
as
si
fi
ed

[%
]

P
re
ci
pi
ta
tio

n
(y
ea
r)
[m

m
]

E
va
po
tr
an
sp
ir
at
io
n

(y
ea
r)
[m

m
]

N
um

be
r

of
lim

in
g

N
t

de
po
si
tio

n
[k
g/
ha
/a
]

K (3
0–
60

cm
)

[%
]

C
(h
um

us
-

90
cm

)
[t
/h
a]

C
/P

(0
–
5
cm

)
pH

(H
2
O
)

(3
0–
60

cm
)

C
/N

(h
um

us
)

A
W
C

ro
ot
-

zo
ne

[m
m
]

R
el
at
iv
e

w
at
er

st
or
ag
e

[m
m
]

N (h
um

us
)

[k
g/
ha
]

S
pr
uc
e

(n
¼

79
7)

C
a0
/K
0/

M
g0
/P
0/

N
0

54
.6

0.
34
1

�0
.5
82

�0
.6
7

�0
.4
17

�0
.6
31

0.
31

�0
.4
21

C
a0
/K
0/

M
g0
/P
0/

N
+

60
.6

�0
.5
45

�0
.3
17

0.
52
4

�0
.3
36

�0
.3
35

C
a0
/K
�/

M
g0
/P
0/

N
0

74
.7

�0
.3
32

0.
68
3

0.
51

�0
.3
53

�0
.5
52

C
a0
/K
0/

M
g0
/P
�/

N
0

71
.1

0.
45
5

0.
31
9

0.
81
1

�0
.2
74

0.
28
9

C
a0
/K
�/

M
g0
/P
0/

N
+

80
.5

�0
.3
9

0.
58
1

0.
80
1

�0
.3
57

C
a0
/K
0/

M
g0
/P
/

N
�

68
.8

�0
.8
07

0.
65
9

�0
.3
16

C
a0
/K
�/

M
g0
/P
�/

N
0

79
.1

0.
52

0.
98
1

0.
34
2

C
a0
/K
0/

M
g0
/P
0/

N
�

74
.1

0.
82
3

0.
59
2

0.
29
1

C
a0
/K
�/

M
g0
/P
�/

N
�

71
.5

0.
58
9

�0
.6
48

(c
on

tin
ue
d)

11 Spatial Response Patterns in Biotic Reactions of Forest Trees and. . . 343



T
ab

le
11

.6
(c
on

tin
ue
d)

N
ut
ri
tio

n
ty
pe

C
or
re
ct
ly

cl
as
si
fi
ed

[%
]

P
re
ci
pi
ta
tio

n
(y
ea
r)
[m

m
]

E
va
po
tr
an
sp
ir
at
io
n

(y
ea
r)
[m

m
]

N
um

be
r

of
lim

in
g

N
t

de
po
si
tio

n
[k
g/
ha
/a
]

K (3
0–
60

cm
)

[%
]

C
(h
um

us
-

90
cm

)
[t
/h
a]

C
/P

(0
–
5
cm

)
pH

(H
2
O
)

(3
0–
60

cm
)

C
/N

(h
um

us
)

A
W
C

ro
ot
-

zo
ne

[m
m
]

R
el
at
iv
e

w
at
er

st
or
ag
e

[m
m
]

N (h
um

us
)

[k
g/
ha
]

B
ee
ch

(n
¼

57
5)

C
a0
/K
0/

M
g0
/P
�/

N
0

68
.9

0.
25
1

�0
.3
09

0.
75
9

�0
.2
64

C
a0
/K
0/

M
g0
/P
0/

N
0

67
.5

�0
.3
42

0.
26
4

�0
.4
62

0.
53
1

�0
.6
42

C
a0
/K
�/

M
g0
/P
�/

N
0

68
.9

�0
.2
81

0.
96
3

0.
23
6

C
a0
/K
0/

M
g0
/P
0/

N
+

54
.3

�0
.7
04

�0
.3
22

�0
.6
73

�0
.3
18

�0
.3
51

C
a0
/K
0/

M
g�

/
P�

/N
0

63
.7

�0
.5
7

0.
67
9

0.
40
3

�0
.3
54

C
a0
/K
�/

M
g0
/P
0/

N
0

68
.9

0.
82
9

�0
.5
59

�0
.3
01

B
ee
ch

(n
¼

57
5)

C
a0
/K
0/

M
g0
/P
�/

N
+

70
.1

�0
.2
7

0.
51
1

0.
35
6

0.
42
6

�0
.5
04

C
a�

/K
0/

M
g�

/
P�

/N
0

70
.8

�0
.3
03

0.
64
4

�0
.6
96

0.
46
8

C
a0
/K
�/

M
g0
/P
0/

N
+

76
.2

�0
.3
43

0.
65
5

�0
.5
42

�0
.2
87

0.
41
2

0.
28
8

C
a�

/K
0/

M
g�

/P
0/

N
0

79
.1

�0
.3
25

�0
.3
45

0.
50
4

0.
61
8

C
a0
/K
�/

M
g0
/P
�/

N
+

83
.7

�0
.2
85

0.
50
9

0.
64
8

0.
45
5

344 N. Eickenscheidt et al.



P
in
e

(n
¼

61
0)

C
a0
/K
0/

M
g0
/P
0/

N
+

63
.0

0.
63
2

�0
.7
22

�0
.2
88

C
a0
/K
0/

M
g0
/P
0/

N
0

57
.0

�0
.3
19

�0
.7
79

0.
74

�0
.2
48

C
a0
/K
0/

M
g�

/P
0/

N
+

66
.4

�0
.3
66

0.
37
7

�0
.7
01

C
a0
/K
0/

M
g�

/P
0/

N
0

68
.4

0.
42
5

0.
63
7

0.
51
6

C
a0
/K
�/

M
g0
/P
0/

N
0

74
.4

�0
.3
21

0.
31

�0
.2
79

0.
85
9

�0
.5
49

C
a0
/K
0/

M
g0
/P
�/

N
0

78
.4

0.
44

0.
22
5

0.
28

�0
.2
37

0.
50
6

0.
30
3

�0
.3
12

C
a0
/K
0/

M
g0
/P
�/

N
+

79
.5

0.
56
4

0.
91
2

0.
31
2

C
a�

/K
0/

M
g�

/P
0/

N
0

63
.0

�0
.9
7

0.
42
7

C
a0
/K
�/

M
g0
/P
�/

N
+

87
.5

�0
.2
5

0.
46

0.
79
4

O
ak

(n
¼

31
8)

C
a0
/K
0/

M
g0
/P
0/

N
+

60
.1

0.
25
6

0.
47
1

�0
.7
31

�0
.3
53

C
a0
/K
0/

M
g0
/P
0/

N
0

59
.4

�0
.8
45

�0
.7
29

�0
.3
82

�0
.2
89

C
a0
/K
0/

M
g0
/P
�/

N
0

72
.3

0.
72
8

�0
.6
71

(c
on

tin
ue
d)

11 Spatial Response Patterns in Biotic Reactions of Forest Trees and. . . 345



T
ab

le
11

.6
(c
on

tin
ue
d)

N
ut
ri
tio

n
ty
pe

C
or
re
ct
ly

cl
as
si
fi
ed

[%
]

P
re
ci
pi
ta
tio

n
(y
ea
r)
[m

m
]

E
va
po
tr
an
sp
ir
at
io
n

(y
ea
r)
[m

m
]

N
um

be
r

of
lim

in
g

N
t

de
po
si
tio

n
[k
g/
ha
/a
]

K (3
0–
60

cm
)

[%
]

C
(h
um

us
-

90
cm

)
[t
/h
a]

C
/P

(0
–
5
cm

)
pH

(H
2
O
)

(3
0–
60

cm
)

C
/N

(h
um

us
)

A
W
C

ro
ot
-

zo
ne

[m
m
]

R
el
at
iv
e

w
at
er

st
or
ag
e

[m
m
]

N (h
um

us
)

[k
g/
ha
]

C
a0
/K
0/

M
g0
/P
�/

N
+

78
.0

0.
25

0.
39
6

0.
82
3

0.
28
3

0.
28
4

C
a�

/K
0/

M
g0
/P
0/

N
+

78
.3

0.
28
8

0.
31
3

0.
45
3

�0
.3
67

�0
.3
14

0.
59
4

0.
78
4

C
a0
/K
0/

M
g�

/P
0/

N
+

73
.9

0.
66

�0
.7
53

B
ol
d
co
rr
el
at
io
n
co
ef
fi
ci
en
ts
in
di
ca
te
va
ri
ab
le
s
th
at
w
er
e
al
so

in
cl
ud
ed

in
th
e
m
od
el
ba
se
d
on

st
ep
w
is
e
di
sc
ri
m
in
an
t
fu
nc
tio

n
an
al
ys
is

346 N. Eickenscheidt et al.



Probability ¼ 1= 1þ 3184:64� 0:7212 Ntð Þ; R2 ¼ 0:71 ð11:2Þ

This equation shows that a K deficiency was increasingly likely (probabil-
ity > 50%) with N input when input rates are greater than 24.7 kg ha�1 year�1

and at input rates above 33.7 kg ha�1 year�1, there was an exceptionally high risk of
K deficiency (probability > 95%). Under these conditions, the growth stimulated by
the addition of N means that nutrients and water must be taken up at greater
quantities and antagonism between NHþ

4 and other cationic nutrients becomes
increasingly important. Beyond the thresholds, the demand for K can apparently
no longer be met and a K deficiency arises, largely independent of the K supply at
the site.

Fig. 11.16 Relationships between the classification probability to spruce nutrition-type Ca0/K�/
Mg0/P0/N0 and exchangeable K at a depth of 30–60 cm, N deposition, C/N ratio in the organic
layer and the number of liming events
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11.5 Combined Defoliation Development Types
and Nutrition Types

Defoliation development types and nutrition types were cross-tabled. There were few
clear spatial patterns in the regional distribution of combined defoliation develop-
ment types and nutrition types, which is most likely due to different factors that were
decisive for assignment to a specific defoliation development type (see Sect. 11.3)
and nutrition type (see Sect. 11.4), respectively. For spruce, however, various nutrient
deficiencies (P, K, N) could be observed for defoliation development type 3 in
particular (Table 11.7), which also was characterized by comparably high defoliation
in the last decade. Defoliation development type 4 had the highest defoliation in
recent years, and N deficiency was predominantly found for this type. Defoliation of
beech showed a strong negative association to N nutrition (see Sect. 11.3.2). Defo-
liation development types 2 and 5 of beech frequently belonged to the N surplus
nutrition type and their defoliation time series showed no trends, which was in

Fig. 11.17 Relationships between the classification probability to spruce nutrition-type Ca0/K�/
Mg0/P0/N+ and exchangeable K at a depth of 30–60 cm, N deposition, water capacity in the root
zone available to plants and the number of liming events
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contrast to the other types. Defoliation development type 1 was the only type where
adequate nutrient supply was primarily observed and defoliation was lowest in recent
years. Hence, nutrient deficiencies may enhance the sensitivity of trees to drought
stress.

Table 11.7 Example of a cross table of defoliation development and nutrition types for spruce

Defoliation development type of spruce

Nutrition type 1 2 3 4 5 Rowtot

Ca0/K�/Mg0/
P�/N�

Count 0 2 11 1 3 17

Expected count 0.55 3.90 3.79 3.63 5.14

Std. residuals �0.74 �0.96 3.70 �1.38 �0.94

Ca0/K�/Mg0/
P�/N0

Count 3 5 5 2 7 22

Expected count 0.71 5.05 4.91 4.69 6.65

Std. residuals 2.72 �0.02 0.04 �1.24 0.14

Ca0/K�/Mg0/
P0/N+

Count 0 8 12 1 4 25

Expected count 0.81 5.74 5.57 5.33 7.55

Std. residuals �0.90 0.95 2.72 �1.88 �1.29

Ca0/K�/Mg0/
P0/N0

Count 3 21 17 8 29 78

Expected count 2.52 17.90 17.39 16.63 23.56

Std. residuals 0.30 0.73 �0.09 �2.12 1.12

Ca0/K0/Mg0/
P�/N�

Count 0 0 8 7 3 18

Expected count 0.58 4.13 4.01 3.84 5.44

Std. residuals �0.76 �2.03 2.00 1.61 �1.05

Ca0/K0/Mg0/
P�/N0

Count 3 15 16 10 17 61

Expected count 1.97 13.99 13.60 13.01 18.43

Std. residuals 0.73 0.27 0.65 �0.83 �0.33

Ca0/K0/Mg0/
P0/N�

Count 0 3 1 11 2 17

Expected count 0.55 3.90 3.80 3.63 5.14

Std. residuals �0.74 �0.46 �1.43 3.87 �1.38

Ca0/K0/Mg0/
P0/N+

Count 3 42 26 30 44 145

Expected count 4.69 33.26 32.33 30.92 43.81

Std. residuals �0.78 1.52 �1.11 �0.17 0.03

Ca0/K0/Mg0/
P0/N0

Count 6 40 39 55 73 213

Expected count 6.88 48.86 47.49 45.42 64.35

Std. residuals �0.34 �1.27 �1.23 1.42 1.08

Coltot 20 142 138 132 187 619

Observed count, the expected count from the chi-square test and the standardized residuals are
presented
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11.6 Conclusion

This chapter focused on spatial patterns in the biotic reactions of forest trees and their
association with conditions and changes in forest soils and other environmental
variables. Secondary tree growth, tree defoliation and tree nutrition, primarily of the
four main tree species of Germany, were considered as biotic reactions indicating
tree vitality. Associations of growth ring widths and defoliation with indices of
drought stress were found. Growth ring widths, in particular of spruce and beech,
decreased with low soil water availability and with pronounced dry periods. In
addition, at higher temperature ranges, a decline or plateau of the annual growth
ring widths was evident. High annual mean temperature deviations of approximately
1.5 �C and more from the long-term mean (1961–1990) and particularly when
accompanied by high negative precipitation deviations were also associated with
increased defoliation of all tree species. Defoliation development types that showed
clear large-scale spatial distribution patterns were identified. The defoliation devel-
opment types were in good accordance with the landscape regions of Germany.
Weather conditions and in particular relative deviations of temperature and precip-
itation from the long-term mean explained a large proportion of differences among
defoliation development types. The defoliation development types found in the
south-western part of Germany (especially the area of Baden-Wuerttemberg but
also adjacent areas in southern Hesse and areas of Rhineland-Palatinate and
Saarland) have been characterized by the highest defoliation of all species in the
last years of observation, most likely due foremost to the strongest and frequent
positive deviations of temperature with negative deviations of precipitation begin-
ning in 2003. Hence, south-western Germany is an area with high risk for high
defoliation, at least in recent years. Large parts of this area also had a low mass of
organic layer, which might protect the soil against drying up. Although there were
few clear spatial patterns in the regional distribution of nutrition types as well as of
combined defoliation development types and nutrition types, different nutrition
deficiencies (K, P, N) were cumulatively observed in parts of south-western
Germany. Nutrient deficiencies may enhance the sensitivity of trees to drought
stress. The results of the investigation of nutrition types revealed that nutrition of
trees generally was adequate or characterized by N surplus with the exception of
beech, where P deficiency was most common. The situation of N nutrition was
mainly associated with N deposition. In regions with high N deposition, deficiency
of K was also related to N deposition, presumably because of antagonistic effects
between K and NHþ

4 . However, in regions with low or normal N deposition, K
deficiency was mainly a result of low K stocks in the soil. Independent of N
deposition, liming was also associated with K deficiency, again presumably because
of antagonistic effects (Ca-K antagonism), which also appeared to play a role in tree
defoliation, especially in pine.

In considering the results of the NFSI II presented in the previous chapters of
this book, changes in weather conditions and in particular in available soil water
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(see Chap. 3) certainly had the strongest impact on biotic tree reactions. Changes in
C and total stocks in the organic layer (see Chap. 6) were also important in this
context, since the organic layer most likely reduces drying up and thus drought
stress. Hence, drought stress was the main risk factor detected. In central Europe, a
further increase in the frequency of summer drought (high temperature combined
with low precipitation) is expected as consequence of climate change (Lindner et al.
2010). Environmental policy should primarily aim at mitigating climate change.
Additionally, silviculture measures are crucial: for example, consideration should be
given to increased diversity of tree species adapted to the site conditions. Positive
and negative aspects of liming in terms of nutrition supply need to be evaluated on a
plot-by-plot basis. Liming might cause further drying of soils, because it alters the
decomposition and distribution of organic matter in the organic layer and soil; these
effects should be considered and discussed. Attention should also be paid to the
effect of chronic high N depositions and possible interactions with the effects of
climate change. Measures should aim to reduce stress factors originating from air
pollution and nutrient deficiencies in order to facilitate the regenerative capability of
forest trees and adaption to climate change.
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