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Introduction
In Central Europe, the spring of 1976 and the summer of 2003 were characterised by extreme
warm and dry conditions. In the Black Forest (south-western Germany), the growth reactions of
silver fir (Abies alba Mill.) and Norway spruce (Picea abies (L.) Karst) to these extremes were quite
similar, as both species showed a negative growth reaction at low and high altitudes in 1976, and
mainly at lower altitudes in 2003 (Kahle et al. 2008). However, in 1976 the degree of damage in
silver fir was higher compared to that in Norway spruce, and in 2003 silver fir even seemed to
increase its growth at higher altitudes.
The Regionalverband Südlicher Oberrhein (RSO) analysed the past and current climate in southwestern Germany and made predictions about future climate changes. Since the 1930s, the
average annual temperature for the region has increased with 0,9°C. Future climate scenarios
foresee that the intensity and frequency of summer droughts is likely to increase and that the
seasonality of precipitation will change (RSO 2006). It is important to understand how different tree
species will react to these changing growing conditions. Tree rings provide insight into past
environmental conditions, as intra-annual as well as year-to-year variations can often be attributed
to changes in weather and climate conditions (Fritts 1976). Here we present results of a pilot-study
on climate-growth relationships of silver fir and Norway spruce at different altitudes in the Black
Forest.
Material and Methods
The pilot-study has been performed along an altitudinal gradient in the southern Black Forest,
south-western Germany (Fig. 1). Over the gradient, vegetation types gradually change from
submontane beech-oak-fir forest, to montane beech-fir-forest mixed with pine, to high-montane firspruce forest (Schlenker & Müller 1978).
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Figure 1: Location map illustrating the dendrochronological sites.
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Figure 2: Climate diagrams for the Feldberg (1490m a.s.l.)(grey) and Freiburg (236m a.s.l.)(black) for the
period 1950-2003 showing monthly mean air temperature (lines) and monthly total precipitation (bars).

The area has a maritime climate, characterized by balanced temperatures, high precipitation
amounts, and a long and snow-rich but relative mild winter. Monthly temperature means vary with
altitude (Fig. 2).
In total, 9 silver fir and 9 Norway spruce stem disks taken at breast height have been analysed.
The disks were collected in the winter of 2004/2005 south of Freiburg at WSW-exposed sites at
three different altitudes: 420, 700 and 970m a.s.l., that are referred here as low, medium and high
elevation, respectively. The trees had predominant or dominant social status with no visual signs of
damage.
The stem disks were air-dried and sanded in the Tree-Ring Laboratory of the Institute for Forest
Growth. Annual radial growth rates were analysed in eight predefined directions using a semiautomated image analysis software developed by the institute. Tree-ring analyses were performed
according to standard dendrochronological methods (Cook & Kairiukstis 1990).
Climate-growth relationships were calculated using single year analysis of the DENDROCLIM2002
program (Biondi & Waikul 2004). Annual radial growth was related with monthly mean temperature
and total precipitation from the previous April to September of the current year. Climate data were
provided by the German Weather Service.
Results
Silver fir and Norway spruce showed different growth responses at different altitudes (Fig. 3). In
1976, annual radial growth of both species showed a depression at the high and medium altitude.
At the low altitude, fir and spruce did not show a negative response in 1976, and were furthermore
characterised by an unexpected growth-increase in 1977. In 2003, both species showed a strong
growth decrease at low and medium altitudes. However, at the high altitude only the radial growth
of Norway spruce was slightly affected by drought.
Climate-growth relationships for the period 1927-2003 were analysed for the high and medium
altitudes only. The low-altitude chronologies were excluded since the growth reaction of these
trees was clearly caused by another factor than climate (see discussion). A significant positive
correlation was found between the growth of the high altitude fir and temperature in August,
whereas spruce showed a positive correlation with temperature in May. The growth of both fir and
spruce at the medium altitude show a significant negative correlation with temperature in July and
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August of the previous year, and spruce shows a significant positive correlation with precipitation in
June and July of the current year (results not shown).
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Figure 3: Growth pattern (annual radial increment in mm) of silver fir and Norway spruce at 970, 700 and
420m a.s.l. and the number of samples through time.
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Discussion
The silver fir and Norway spruce trees in the pilot study showed different growth responses at
different altitudes (Fig. 3). Although growth depressions were generally found for both species in
1976 and 2003, silver fir did not respond noticeable at high altitudes in 2003. Altitude-related
differences in growth responses can be explained by the observation that trees growing at high
altitudes are temperature-limited, whereas trees at lower elevations are often precipitation-limited
(Dittmar & Elling 1999, Kienast et al. 1987, Leal et al. 2007, Mäkinen et al. 2002b). The positive
correlation ‘altitude-precipitation’ (Thomas et al. 2002) and the negative correlation ‘altitudetemperature’ are illustrated by studies from Switzerland and the Italian Alps, where high-altitude
trees profited from the higher temperatures in 2003, while trees growing at low altitudes suffered
from drought (Jolly et al. 2005, Leonelli & Pelfini 2008). However, this does not explain the
negative growth response of silver fir in 1976, as the heat and drought in 2003 was even more
severe than in 1976. However, climate in the years preceding the drought events differed
considerably: while the years before 1976 were already characterised by precipitation deficits in
summer, the years before 2003 were quite humid. In 2003, heat and drought came quickly and
later in the growing season, resulting in an immediate growth stop at medium and low altitudes.
Compared to the long-term average, the weather conditions at the high altitude were less extreme
than the conditions at the medium and low altitude.
The annual radial growth responses of the studied low-altitude silver fir and Norway spruce trees
are not in line with the general growth reaction found in other low-altitude tree chronologies in the
Black Forest after the 1976 summer drought, which is characterised by a deep growth depression
and a 3-year recovery period. They also conflict with the notion that the drought susceptibility for
both species is high at low-elevation sites (Desplanque et al. 1999, Mäkinen et al. 2002b, Rolland
et al. 2000) and at south-exposed sites (Rolland et al. 2000). Possible explanations for this
discrepancy include effects of age (higher plasticity), or of thinning. Namely, the h/d-values of the
six dominant trees indicate that they were suppressed in the first part of their life, and released in
the years before 1976. Release normally increases growth for some years. However, extreme dry
weather conditions may affect this positive growth response (Spiecker 1986). Existing literature
(Mäkinen et al. 2002a, Misson et al. 2003) does not provide unambiguous evidence about this
phenomenon.
Additional data will be collected to analyse the underlying causes for the observed growth
responses of silver fir. Growth data will be supplemented by cell structure analysis, as intra-annual
tree-ring parameters (i.e. cell diameter, cell wall thickness, wood density) may provide information
for a better understanding of the growth behaviour of trees (Park 2000, Park & Spiecker 2005). In
addition, the available climate data will be analysed in detail (i.e. calculation of evapotranspiration
and drought indices) to reveal how the trees experienced the warmth and drought in 1976 and
2003 at different altitudes and to derive estimates about tree-growth reactions related to a different
seasonality of drought events expected by climate change scenarios for the future.
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