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Abstract

The climate sensitivity of radial growth in European beech (Fagus sylvatica L.) was analyzed within a narrow
valley in the Swabian Alb (southwestern Germany). We collected stem discs from three aspects (NE, NW and
SW) of trees belonging to different social classes. Common climatic factors limiting growth across the valley
were identified using a principal component analysis (PCA). Further, we performed hierarchical cluster analysis
(HCA), redundancy analysis (RDA) and bootstrapped correlation analysis to reveal differences in chronologies and
climate–growth relationships between aspect and social class.

Climatic variables considered in our analyses were monthly and seasonal data on temperature and precipitation,
as well as a self-calibrating Palmer drought severity index (sc-PDSI). We identified drought in the period June –
August as the most prominent factor limiting growth across the valley. Dominant and co-dominant trees at the NW
and SW aspect were found to be particularly drought sensitive, whereas intermediate trees were less susceptible
to drought. Underlying causes of established climate–growth relationships are discussed in the context of drought
susceptibility, tree-size modulation and tree physiological processes.

Original publication available at link.springer.com as: van der Maaten, E. 2012. Climate sensitivity of radial
growth in European beech (Fagus sylvatica L.) at different aspects in southwestern Germany. Trees - Structure and
Function, 26(3), 777–788.

1 Introduction

Climate change projections foresee temperature increases of 3–4 ◦C for Continental Europe by the end of this century.
Besides, the seasonality of precipitation is expected to change with reduced rainfall in summer resulting in more
frequent and severe summer droughts (Christensen et al., 2007). Thorough understanding of differences in climate–
growth relationships among tree species is needed to assess the influence of climate change on future tree growth. Over
recent times numerous dendro-ecological and physiological studies on the adaptation potential of tree species have
been published. For European beech (Fagus sylvatica L.) drought resistance and resilience have been controversially
discussed (e.g., Ammer et al., 2005; Kölling et al., 2005; Rennenberg et al., 2004). Some studies indicated that beech
may lose its dominance towards more drought-tolerant tree species like oak on soils with low water availability (Geßler
et al., 2007; Rennenberg et al., 2004), whereas Ammer et al. (2005) stressed a remarkably high drought tolerance of
beech observed in other studies in dry areas (Dittmar & Elling, 1999; Dittmar et al., 2003). A European-wide study
pointed out that climate warming is likely to have particularly large effects on the productivity of beech in temperate
climates (Ciais et al., 2005). However, dendro-ecological analyses after the 2003 drought could not substantiate these
findings. Although wood formation ceased in beech during drought, growth quickly recovered after drought (Kahle,
2006; van der Werf et al., 2007).

Other studies on productivity changes of beech towards climate change reported recent growth declines from
retrospective and national forest inventory data for northeastern France (Bontemps et al., 2009, 2010; Charru et al.,
2010). Declines in beech vitality are as well observed in several Mediterranean areas (Jump et al., 2006; Peñuelas
et al., 2007; Piovesan et al., 2008). These studies indicated that only small increases in drought stress may reduce
growth of beech over large areas and may result in replacement of beech by other tree species, e.g., by Holm oak
(Quercus ilex) in the Montseny mountains (Peñuelas & Boada, 2003). Also Friedrichs et al. (2009) indicated that
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minor changes in precipitation amounts could influence climatic impacts on tree growth in temperate forests in central-
west Germany. A temporal increase in correlations to drought indices was found, highlighting the importance of
analyzing temporal variability in drought sensitivity as an indicator of climate change. However, a more or less stable
climate–tree growth relationship observed in north-eastern Germany (Scharnweber et al., 2011) was in contrast with
these findings.

For the assessment of climate change impacts and the formulation of adequate adaptive forest management strate-
gies, climate–growth relationships should be disentangled for a variety of sites throughout the distribution area of
beech. Commonly used procedures to study such relationships are based on correlations between standardized
chronologies and climatic parameters (Fritts, 1976). In this study we used principal component analysis (PCA),
hierarchical cluster analysis (HCA), redundancy analysis (RDA) and bootstrapped correlation analysis to provide in-
sight into growth responses of beech towards climate variability in a narrow valley in the Swabian Alb (southwestern
Germany). This low mountain range is characterized by shallow, limestone-derived soils with low water storage ca-
pacity. Our first objective was to identify driving climatic factors influencing the radial growth of European beech
across the valley. Our second objective was to assess how climate–growth relationships differ in dependence of aspect
[north-east (NE), north-west (NW) and south-west (SW)] and tree social class (dominant, co-dominant and interme-
diate). We expect to find drought as major growth-limiting factor at all aspects related to limited soil water availability
in the entire valley. Higher drought-sensitivities are further expected at the NW and SW aspect due to more extreme
climatic conditions here. As competition intensity may alter the climate response of trees (e.g., Piutti & Cescatti,
1997), we expect strongest climate signals in dominant trees.

2 Materials and methods

2.1 Site description

The study area, which supports even-aged 80–100 year old beech stands, is located near Tuttlingen (altitude: 740–
760 m a.s.l., latitude: 48◦00’N, longitude: 8◦50’E) within the low mountain range Swabian Alb (southwestern Ger-
many). Experimental sites are situated at north-east, north-west and south-west exposed slopes of a narrow valley, and
are not more than 750 m apart. Over the Climate Normal Period 1961–1990, mean annual air temperature is about
7.0 ◦C and annual precipitation sums up to 900 mm. Seasonal courses of temperature and precipitation are depicted
in Fig. 2.1. Meteorological data were provided by the German Weather Service (DWD), and are more extensively
described under “Climate data” (Section 2.3). Soils are characterized as Terra Fusca-Rendzinas from limestone and
are shallow (<20 cm), before becoming dominated by bedrock. The soil profile on the SW aspect is especially rocky
containing over 40 vol% rocks and stones in the top-layer of the soil (Hildebrand et al., 1998). Combined with higher
radiation interception and evaporation rates (Mayer et al., 2002) water availability is lower here. Slopes are steep and
have an inclination of 23–30◦. Study sites are highly representative for beech forests in the Swabian Alb.
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Figure 2.1: Climate diagram of mean monthly precipitation sums (mm) and air temperatures (◦C) over the Climate
Normal Period 1961–1990

Mean stand height, diameter at breast height (DBH) and basal area are higher at the northern compared to the
southern aspect. A forest inventory in 2001 reports a mean height of 26.5 m, a mean DBH of 25.6 cm and a basal
area of 27.0 m2/ha for the northern, compared to 21.1 m, 21.5 cm and 21.0 m2/ha for the southern aspect under a
comparable stocking density of about 530 trees per hectare (Hauser, 2003; Holst et al., 2005).
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2.2 Tree-ring data

In the winter of 2009–2010 stem discs were collected at DBH from beech trees growing at the NE, NW and SW
aspect. At each aspect 9 trees were sampled equally distributed among the tree social classes 1, 2 and 3 after Kraft
(1884). The third social class forms the lower limit of the dominant trees. Hereinafter, the Kraft classes are referred
to as dominant, co-dominant and intermediate. In addition, stem discs collected in the winter of 1998–1999 (Spiecker
et al., 2001) following the same sampling strategy were included in the dataset (ntotal = 6 trees × 3 social classes ×
3 aspects = 54 trees).

Stem discs were air-dried and sanded. Radial growth was measured in eight pre-defined directions using semi-
automatic image analysis software, and visually and statistically cross-dated with a reference chronology. Individual
tree growth series were computed as quadratic means of the eight radii. Detrending and standardization was performed
using MATLAB R©’s (R2009b, the MathWorks, Inc.) Spline toolbox function csaps (V3.3.7) in combination with the
spline smoothing parameter function splinep (presented courtesy of J.L. Dupouey). A cubic-smoothing spline with a
50% frequency cut-off of 30 years was applied in order to preserve the high-frequency variability (Cook, 1985; Cook
& Peters, 1981).

Stand chronologies were constructed per social class and aspect, and inter-series correlations (IC), mean sensitiv-
ities (MS) and first-order autocorrelations (AC) were calculated over the common overlap period 1934–1998. IC is a
measure of the strength of the common signal in a chronology revealing the similarity in tree growth to inter-annual
climatic variability, MS is a within-series statistic that measures the relative change in radial growth from one year to
the next, and AC is a measure of the previous year’s influence on current year’s growth (Fritts, 1976). Furthermore, the
expressed population signal (EPS) was calculated using the wigley1 function (D. Meko). This statistic measures how
well a chronology drawn from a finite number of trees approximates the theoretical population chronology based on
an infinite number of trees (Wigley et al., 1984). All statistical parameters were calculated in MATLAB R© (R2009b,
the MathWorks, Inc.).

2.3 Climate data

The German weather service provided climate data on monthly mean air temperature and precipitation sums. Site-
specific data was extracted for the period 1900–2009 from a gridded climate surface with a high spatial resolution of
1×1 km. This gridded dataset is available for registered users from the web-based weather request and distribution
system (WebWerdis, 2011). Gridded climate data was carefully checked with on-plot meteorological tower measure-
ments at the NE and SW aspect over the period 2001–2007 (Meteorological Institute, Albert-Ludwigs-University
Freiburg). Although differences in daily temperature courses exist between these aspects, e.g., with higher maximum
temperatures at SW, monthly temperature courses are highly comparable. A high similitude and correlation with the
gridded data (r = 0.996, P < 0.001) nullified the need for a correction of the gridded data according to the actual
climate data. Rainfall does not vary significantly across the valley (Geßler et al., 2001), and was highly correlated
with the gridded climate data as well (r = 0.955, P < 0.001).

A self-calibrating Palmer drought severity index (sc-PDSI) was then calculated using a downloadable tool from
the Greenleaf Project (GreenLeaf-website, 2011). Besides temperature and precipitation, latitude and available water
capacity (AWC) are required as input variables. In the calculation of sc-PDSI series we used AWC levels of 110 mm
for the northern aspects (NE and NW) and 90 mm for the more shallow and water-limited SW aspect (Hildebrand
et al., 1998; Matzarakis et al., 2000), respectively.

The sc-PDSI (Wells et al., 2004) is a variant of the original drought index by Palmer (1965) (PDSI). It improves
upon the PDSI by automatically calibrating climatic characteristic and duration factors based on historic temperatures,
precipitation sums and AWC levels at the given locations, making spatial comparisons more meaningful (van der
Schrier et al., 2006; Wells et al., 2004). Values normally range between −4 (extreme drought) and +4 (extremely
wet), while values near zero indicate normal soil moisture conditions (Palmer, 1965).

2.4 Statistical analyses

We performed a PCA to reveal common patterns of growth variation in stand chronologies for the overlap period
1934–1998. This common signal is captured by the first principal component (PC1). We plotted the PC1 scores
and analyzed climate in years with remarkable growth depressions (selection criteria used: PC1 score < −0.5) to
understand radial growth responses in these distinct years across the valley.

Hierarchical cluster analysis (HCA) was applied to group stands based on similarity (or dissimilarity) of the
chronologies in such a way that stands in the same cluster are most similar, whereas stands in different clusters are
quite distinct. Euclidian distances between the nine chronologies were calculated and stands were grouped according
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to Ward’s minimum variance method. At each step of the hierarchical process stands were joined using an analysis of
variance approach, while minimizing the error sum of squares (ESS) (Ward, 1963). Results of the HCA are presented
as a dendrogram.

We calculated bootstrapped correlation coefficients on individual stand chronologies and climate data to identify
climatic factors responsible for the observed growth variation. Monthly climate data on mean air temperature, precip-
itation sums and mean sc-PDSI values were included in the correlation analysis over a 17 month window from April
of the previous year to current August. Additionally, seasonal climatic variables were included for the periods March
– May, June – August and March – August, hereinafter referred to as periods I, II and III. Bootstrapped correlation
coefficients were calculated for the period 1934–1998 using the software package DENDROCLIM 2002 (Biondi &
Waikul, 2004). In addition, we performed a redundancy analysis (RDA) to conveniently visualize differences in cli-
matic responses between aspect and social class. RDA is a multivariate direct gradient analysis method that can be
considered an extension of PCA and multiple regression, and was successfully applied to dendrochronological data
in various studies (e.g., Friedrichs et al., 2009; Tardif et al., 2003). The technique is intended to display main trends
in variation of a multi-dimensional dataset in a reduced space of selected, linearly independent dimensions (Legen-
dre & Legendre, 1998). In RDA ordination diagrams, the ordination axes are constrained to be linear combinations
of supplied environmental variables (Lepš & Šmilauer, 2003; ter Braak, 1994). Our RDA was performed on stand
chronologies and monthly climate data over the indicated 17 month window and common overlap period using the
program CANOCO (version 4.5, ter Braak & Šmilauer, 2002). Years were considered as samples (sites) and stand
chronologies for the different tree social classes as descriptor (species) (mode Q according to Legendre & Legendre,
1998). Significant climatic variables (P < 0.05) were obtained using a Monte Carlo forward selection based on 999
random samplings.

We did not include climate data for current year September in our RDA and bootstrapped correlation analysis as
it is known from long-term local dendrometer monitoring that radial growth usually stops in August. However, when
studying tree ring parameters other than radial increment, i.e., wood density, climatic conditions in this month may
have an influence. Allocation of assimilates towards secondary cell wall building is reported to continue for several
weeks in beech after cell division and enlargement has stopped (Bouriaud et al., 2004; Lachaud & Bonnemain, 1981).

3 Results

3.1 Chronology characteristics

Measurement of annual radial growth revealed differences in the mean tree age among the experimental sites. In 1998,
trees at the NE aspect had a mean age of ∼70 years (SD = 4.3) at DBH, whereas trees at the NW and SW aspects
were somewhat older with mean ages of 92 (SD = 2.1) and 82 (SD = 4.3) years, respectively. Mean radial increment,
based on eight radii per tree, was generally highest at NE (Table 1).

Table 1: Characteristics of study trees
Social class Aspect N Raw data Standardized chronologies

Age (years) DBH (cm) Height (m) RI (mm) IC MS AC EPS

Dominant NE 6 71.7 (4.7) 35.5 (2.2) 27.6 (2.3) 2.21 (0.49) 0.774 0.193 0.073 0.954
NW 6 92.5 (1.6) 37.1 (1.3) 32.4 (1.3) 2.13 (0.58) 0.814 0.200 0.180 0.963
SW 6 85.3 (3.6) 30.8 (1.0) 22.8 (1.2) 1.80 (0.56) 0.805 0.203 0.237 0.961

Co-dominant NE 6 69.7 (4.8) 27.3 (1.0) 25.9 (3.5) 1.78 (0.49) 0.713 0.196 0.221 0.937
NW 6 91.7 (2.3) 28.3 (0.9) 29.0 (0.3) 1.48 (0.41) 0.839 0.209 0.254 0.969
SW 6 82.2 (4.8) 24.8 (0.7) 22.6 (2.5) 1.47 (0.57) 0.838 0.203 0.278 0.969

Intermediate NE 6 70.2 (3.9) 22.1 (1.7) 24.8 (1.7) 1.40 (0.53) 0.671 0.214 0.332 0.924
NW 6 91.3 (2.5) 21.6 (2.9) 26.0 (2.8) 1.01 (0.37) 0.755 0.219 0.373 0.949
SW 6 79.3 (2.3) 18.1 (1.2) 20.3 (0.9) 1.19 (0.46) 0.810 0.211 0.252 0.962

Average values are presented for age age at breast height, DBH diameter breast height, height tree height, RI radial increment. Values in
parentheses denote standard deviations. Radial increment and standardized chronology statistics are presented for the common overlap period
1934 − 1998. N number of trees, IC inter-series correlation, MS mean sensitivity, AC first-order autocorrelation, EPS expressed population
signal

Expressed population signal values range between 0.924 and 0.969 (Table 1) and are well above the generally
applied threshold of 0.85 (Wigley et al., 1984), and thus indicate that the theoretical population for each chronology is
well represented. A high reliability of the chronologies is further indicated by high inter-series correlation coefficients
that range between 0.671 and 0.839. Mean sensitivity ranges between 0.193 and 0.219, and tends to be lowest at
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NE indicating that beech is more complacent here. The first-order AC varies between 0.073 and 0.373. The effect of
previous year carbohydrate storage is characteristic for deciduous trees as considerable root, shoot and cambial growth
occurs before leaves have fully expanded and reached their full photosynthetic capacity (Kozlowski & Pallardy, 1997).
Autocorrelation values indicate that this effect tends to be strongest in intermediate trees.

3.2 Common growth patterns

The PC1 of our PCA captures the major common growth signal across the valley and explains 78% of the total vari-
ance in our stand chronologies. Scores of the PC1 are plotted (Fig. 3.1) to identify years of growth depression. Using
an arbitrarily set selection criterion of PC1 score < −0.5, these years are: 1935, 1941, 1945, 1948, 1949, 1957, 1962,
1964, 1976 and 1981. Meteorological diagrams for these years are depicted in Fig. 3.2.
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Figure 3.1: PC1 scores describing the common signal of stand chronologies over the overlap period 1934–1998. Gray
bars indicate years with remarkable growth depressions
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Figure 3.2: Meteorological diagrams of monthly precipitation (mm, left) and mean air temperature (◦C, right) for
selected years (Fig. 3.1). Dotted lines indicate average climatic conditions over the period 1961–1990
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The strongest growth depression was found in 1949. With an annual and growing season (March – August)
precipitation sum of only 550 and 333 mm, respectively, 1949 is the driest year in the study area over the period
1900–2009. Besides, precipitation amounts were already low since September 1948. Below-average precipitation
levels are also observed in 1935 (from May till July), 1945 (April – July), 1948 (March – May), 1957 (March –
May), 1962 (April – August), 1964 (June – July) and 1976 (January – June), and might explain the observed growth
reductions. Warm periods during these years may have intensified water stress (e.g., above-average temperatures from
April – July in 1964). Moreover, lagged effects of previous year climatic conditions are likely for some years as
well. Extreme high temperatures and low precipitation amounts in 1947 might, for example, have negatively affected
growth in 1948. Similarly, dry conditions throughout 1934 may have negatively impacted growth in 1935, and dry
periods during 1971–1975 may have reduced beech vitality, exaggerating the growth depression in 1976. Further, a
lagged effect of previous year conditions is likely for 1957, as extreme cold February temperatures of −10.4 ◦C (on
average) already negatively affected tree growth in 1956.

Frost damage linked to cold temperatures in January 1941 might explain the growth reduction observed in this
year. The causes of the growth depression observed in 1981 cannot be clearly explained, although a dry-warm period
in early spring as well as little precipitation in June and August may be postulated as possible causes.

Climatic conditions in years with positive growth responses were not fully analyzed as strong positive growth
reactions are often caused by a combination of several favorable factors, rather than a single extreme climatic anomaly
(Rolland et al., 2000). However, climate in years of growth recovery is generally characterized by very moderate water
stress. Especially in 1951 growth recovery is evident after a period of depression (1947–1949; Fig. 3.1).

3.3 Growth variations

Hierarchical cluster analysis (HCA) of the stand chronologies produced a dendrogram (Fig. 3.3). Three main clusters
were identified. The first cluster is made of beech stands growing at the SW aspect, whereas the second and third
cluster consist of stand chronologies for the NW and NE aspects, respectively. The dendrogram clearly shows an
initial split between the SW/NW and NE. Further, co-/dominant stand chronologies are separated from intermediate
chronologies in each cluster, indicating a high similarity in growth of the dominant and co-dominant trees.
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Figure 3.3: Dendrogram presenting the results of the hierarchical cluster analysis performed on nine stand chronolo-
gies (Table 1). Tree social class of the chronologies is indicated by a prefix (d dominant, c co-dominant, i intermediate)

3.4 Climate–growth relationships

We performed redundancy analysis to visualize major climate responses of our chronologies. As AWC levels and
associated sc-PDSI series differ between the northern and southern aspect, separate RDA bi-plots were constructed
for the NE and NW aspect (Fig. 3.4a) and for the SW aspect (Fig. 3.4b). Fig. 3.4a allows a social class and aspect
comparison for the northern aspects, whereas Fig. 5b facilitates a social class comparison at SW. In the bi-plots,
stand chronologies are depicted as symbols and significant climatic variables (P < 0.05) as vectors. Symbols can be
projected perpendicularly onto a line overlaying a vector to approximate the optima of a stand chronology with respect
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to the values of the climatic variable. For the northern aspect, ten significant climatic variables were obtained after a
Monte Carlo forward-based selection. These variables explain about 64% (0.561 of 0.875) of the total variability in
the radial growth dataset explained by all climatic variables used in the RDA. For the SW aspect, six climatic variables
explain approximately 55% (0.454 of 0.832) of the variability in growth.

Long vectors for precipitation in June (Fig. 3.4a) and August (Fig. 3.4b), and for sc-PDSI in July (Fig. 3.4b)
and August (Fig. 3.4a,b) indicate water shortage from June to August as major growth-limiting factor in the valley.
North-east and north-west chronologies are clearly grouped (Fig. 3.4a). Positive correlations with sc-PDSI in July and
August (vectors PDSI7 and PDSI8) are stronger at NW. Weakest positive correlations are indicated for intermediate
trees at both aspects. Positive correlations with previous year October temperature (pT10) are inversely related with
social class at NE, whereas very weak or absent at NW. The same holds for temperatures in May (T5). Negative
correlations with previous year September temperature (pT9) are especially pronounced at NW. Current January
temperature (T1) positively influences growth, which effect is stronger at NE.

PDSI8, T1 and pT9 are the most important climatic variables to explain radial growth at the SW aspect (Fig. 3.4b).
Positive correlations with sc-PDSI in August (PDSI8) and negative correlations with previous year September temper-
atures (pT9) are strongest for co-dominant, followed by dominant and intermediate trees. High January temperatures
(T1) are indicated to positively influence growth of all chronologies. Positive correlations with previous and current
year August precipitation (pP8 and P8) do not differ with social class.
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Figure 3.4: Ordination diagrams for the a NE- and NW-, and b SW-chronologies. RDAs were calculated from indi-
vidual stand chronologies and monthly climate variables over the period 1934–1998. Temperature (T), precipitation
(P) and a self-calibrating Palmer drought severity index (PDSI) were included in the analysis over a 17 month window
from April previous year to August current year. Vectors indicate significant climatic variables (P < 0.05) that were
obtained using a Monte Carlo forward based selection. The length of a vector indicates its strength. Number suffixes
represent months (1 January – 12 December) and p indicates previous year climate variables. Symbols and colors are
used to identify particular chronologies (see legend)

To specify the level of monthly and seasonal correlations in relation to aspect and social class, we calculated
bootstrapped correlation coefficients between monthly (17 month window) and seasonal (periods I, II and III) climate
data and individual stand chronologies (Fig. 3.5). Significant positive correlations (P < 0.05) with precipitation in
June, July and August as well as in the periods II and III are generally found at all three aspects (Fig. 3.5b). Although
temperature trends are less clear in these months and periods (Fig. 3.5a), negative tendencies in combination with
the positive correlations with precipitation identify drought in the period June – August as the major growth-limiting
factor across the valley, being in accordance with the RDA. This is also supported by the integrative climate parameter
sc-PDSI, which indicates significant positive correlations from June to August and for the periods II and III (Fig. 3.5c).
Generally higher correlations for dominant and co-dominant stand chronologies indicate a more pronounced climate
sensitivity of these trees.

Negative correlations with previous year September temperature are found across the valley as well, whereas
positive correlations with previous year October temperature are only found at the NE aspect. An indicated positive
effect of current January temperature is only significant for the SW chronologies.
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Figure 3.5: Bar diagrams of bootstrapped correlation coefficients between stand chronologies and monthly (April
previous year to August current year) and seasonal climatic variables. Results on a mean temperature, b precipitation
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level of the correlations (P < 0.05) is indicated by dotted lines. Seasonal climatic variables are calculated for the
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4 Discussion and conclusion

Our results show a high suitability of tree-ring analyses to resolve climatic impacts on the growth of European beech
(F. sylvatica L.), which is in agreement with previous studies on this species (e.g., Dittmar et al., 2003; Lebourgeois
et al., 2005; Scharnweber et al., 2011). Statistical variables (Table 1) indicate a high quality of stand chronologies
obtained. High IC values suggest a common climatic forcing of tree growth within dominance classes at all aspects.
Besides, high EPS values for all chronologies underline a strong climatic signal. Chronology statistics well reflect
differences between aspect and social class. Generally decreasing mean RI and increasing IC and MS values from
NE to NW and SW indicate that beech is more complacent at the climatically less extreme NE aspect. This finding is
in accordance with theoretical variations of dendrochronological characteristics along increasing drought intensity as
proposed by Fritts (1976). Adaptations in tree architecture are indicated by lower stand height and basal area at the
more drought-prone SW aspect.

4.1 Growth depressions

A PCA revealed the common growth pattern across the valley (PC1 scores, Fig. 3.1). PC1 explained 78% of the total
variation in our stand chronologies and captured the major climatic signal. Analyzing climate in years with remarkable
growth depressions (Fig. 3.2) revealed drought, frost damage and lagged effects of the latter two as important causes
of growth decline. Climate in years of growth recovery was generally characterized by very moderate water stress.

To provide deeper insight in climate–growth relationships in extreme years, other studies frequently used so-called
pointer year analyses (e.g., Dittmar & Elling, 1999; Lebourgeois et al., 2005; Neuwirth et al., 2007). Pointer years
identify growth reactions caused by abrupt changes in environmental conditions, e.g., climate (Schweingruber, 1996),
and may be defined over Cropper-values (Neuwirth et al., 2007) or expressed as a relative growth change in percent
(Becker et al., 1994; Lebourgeois et al., 2005). The years of growth depression identified by our PCA (1935, 1941,
1945, 1948, 1949, 1957, 1962, 1964, 1976 and 1981) are in accordance with documented pointer years. Numerous
years are in common with studies in different areas and within different tree species (Becker et al., 1989, 1994;
Grundmann et al., 2008; Lebourgeois, 2007; Lebourgeois et al., 2005; Neuwirth et al., 2007), highlighting that during
years of extreme climatic conditions Central European trees show uniform reactions, whereas regional differences in
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growth reactions occur in years of less pronounced and widespread weather conditions (Neuwirth et al., 2007).
Although the majority of negative growth reactions in beech could be explained by dry conditions, masting years

can be considered as an additional cause of observed growth depressions. A negative correlation between fruit pro-
duction and radial growth is often found for beech (e.g., Dittmar et al., 2003; Drobyshev et al., 2010), which does not
necessarily reflect resource limitation or trade-off between reproductive and vegetative growth rather than different
responses of fructification and stem growth to internal and external conditions (Mund et al., 2010). As no information
on fructification is available for our study site over the period 1934–1998, no years of remarkable growth depressions
could be definitely related to masting. However, in a literature study on beech masting in Germany (Paar et al., 2011)
the years 1948 and 1976 are in common with our years of growth reduction. Both years are preceded by dry years,
which are reported as important trigger for the occurrence of masting in beech (Drobyshev et al., 2010; Piovesan &
Adams, 2001). Additional growth-reducing effects of masting are especially likely in the dry year 1976, whereas this
effect is questionable in 1948 considering the young mean age of trees, especially at NE.

4.2 Climate limitations on tree growth

Our HCA indicated clear differences in growth patterns between aspect, and initially splitted the more drought-prone
NW and SW aspects from NE (Fig. 3.3). A following separation of co-/dominant from intermediate chronologies
indicates a high similarity in growth of trees belonging to the highest social classes. Suggested differences in growth
responses with tree size and competition intensity are reported in various studies (Cescatti & Piutti, 1998; Cherubini
et al., 1998; Gómez-Aparicio et al., 2011). For France, Mérian & Lebourgeois (2011) found significant differences in
climate sensitivity of beech, with larger trees being more sensitive to summer droughts than smaller trees. Generally
stronger correlations for co-/dominant trees found in our bootstrapped correlation analysis (Fig. 3.5) are in agreement
with this finding. However, these differences are not omnipresent, which might relate to different sampling strategies
in both studies. In our study we selected only dominating trees belonging to the Kraft classes 1, 2 and 3, whereas
Mérian and Lebourgeois sampled the biggest and smallest trees in a stand (cf. Cherubini et al., 1998). Studies on
size-mediated differences in climate–growth relationships highlight the importance of assessing growth among all
diameter classes, rather than sampling only the largest diameter trees. Only this would allow unbiased predictions on
the consequences of climate change and the formulation of adequate adaptive forest management measures for forest
ecosystems (de Luis et al., 2009).

The main climatic signal in common between aspect and social class in this study was drought from June to
August, as indicated by numerous significant negative temperature correlations and positive correlations with pre-
cipitation and sc-PDSI in June, July, August as well as the periods II and III (Fig. 3.5). Long vectors for P6, P8,
PDSI7 and PDSI8 in our RDA support this finding (Fig. 3.4). The observation from local dendrometer monitoring
that radial growth usually starts in May and ceases at the end of August, with the major part of the tree ring formed
in June and July (cf. Bouriaud et al., 2004; Schmitt et al., 2000), illustrates the importance of water-availability for
tree growth in these months. On our study sites with shallow soils and low AWC levels water limitation may occur
quickly, inhibiting photosynthesis, transpiration and cell development due to rapid stomatal closure (Aranda et al.,
2000; Epron & Dreyer, 1990; Raftoyannis & Radoglou, 2002). Established climate–growth relationships are gen-
erally in agreement with those found in other parts of Germany (Dittmar & Elling, 1999; Friedrichs et al., 2009;
Scharnweber et al., 2011), in different low-elevation beech forests in Central Europe (Dittmar et al., 2003), in France
(Lebourgeois et al., 2005), southern Sweden (Drobyshev et al., 2010), Ireland (García-Suárez et al., 2009) and the
Netherlands (van der Werf et al., 2007). However, the importance of previous summer water availability for wide
tree rings in the following year is not clearly detectable in our correlations as positive correlations with previous year
precipitation in August and September are largely non-significant. These positive associations in combination with
negative temperature tendencies in August and September, being highly significant for the latter month, highlight the
importance of water availability for carbohydrate storage (Kozlowski & Pallardy, 1997). The negative association
with previous year September temperature may be explained by depletion of structural carbohydrate reserves under
high evaporative demand in late summer, limiting carbohydrate availability for radial growth in the next year. The
dependence of current year growth on carbohydrate reserves is documented in various studies on beech (Drobyshev
et al., 2010; Lebourgeois et al., 2005; Saurer et al., 1997; Skomarkova et al., 2006).

The positive correlation with previous year October temperature at NE could result from a prolongation of the
physiologically active period at the end of the growing season. Translocation of sugars and nutrients from the leaves to
perennial parts of the tree is reported to peak in October for sessile and red oak (Quercus petraea Mill. and Q. rubra L.)
(Barbaroux & Bréda, 2002), and similar mechanisms might increase the availability of energy reserves for growth of
beech during the next year (Drobyshev et al., 2010).
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Associations with previous year September and October temperatures seem to be mediated by tree size. Trees
belonging to higher dominance classes have larger crowns and will therefore face higher evaporative water losses
(Střelcová et al., 2002) under high September temperatures depleting more carbohydrate reserves. This hypothesis
is supported by a higher drought sensitivity observed in larger beech trees in France (Mérian & Lebourgeois, 2011).
On the other hand, positive correlations with previous October temperature are stronger with decreasing dominance.
Intermediate trees thus seem to profit more from translocation than co-/dominant trees. Possibly, this phenomenon
is related to a higher dependence of smaller trees on previous year reserves, as these trees are more resource-limited
due to smaller crowns and rooting zones. Besides differences in competition for resources between trees of different
sizes, micro-climatic variations in the canopy may be suggested as an influencing factor (cf. Aussenac, 2000; Orwig &
Abrams, 1997). No clear explanation could be found for the absence of a positive correlation with previous October
temperatures at the NW and SW aspects.

Positive associations with temperature in January are indicated for all chronologies in our RDA, and are particu-
larly strong at SW (Fig. 3.4). This positive growth response might be explained by decreasing winter embolism with
increasing winter temperatures, although small vessels in beech are not very sensitive to winter embolism (Lemoine
et al., 1999). A warm winter may further influence bud-burst phenology and prolong growing seasons (Lebourgeois
et al., 2005).

In conclusion, for our study sites in the Swabian Alb we found that beech trees belonging to co-/dominant social
classes are particularly sensitive to dry conditions from June to August at the NW and SW aspects. Differences in
drought sensitivity between dominance classes might relate to higher evaporative water losses of co-/dominant trees,
as transpiration of individual trees is proportional to leaf area and irradiation intensity (cf. Střelcová et al., 2002).
Differences between aspects likely relate to lower irradiation at NE and lower AWC levels at SW. In a future warmer
climate with more frequent and severe summer droughts (cf. Christensen et al., 2007) growth and competitiveness of
beech may be negatively affected in this area.
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