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Introduction 
Measuring changes in stem dimension in high time-resolution is a suitable means to trace 
intra-annual diameter growth of trees as well as to monitor the hydrological status of tree 
stems. Tree growth rates vary considerably during a growing season and also from year to 
year (Mitscherlich et al. 1996, Abetz et al. 1993, Künstle 1995, Mäkinen et al. 2003). The 
term growth is defined as the increase in size by assimilation of material into the living organ-
ism (c.f., Merriam-Webster 2005). Hence, changes in stem diameter due to growth are non-
reversible, in contrast to the diurnal rhythm of contraction and expansion of tree stems which 
is due to shrinking and swelling processes associated with changes in trunk hydrology 
(Deslauriers et al. 2003, Zweifel et al. 2000). Continuous ongoing dendrometer measure-
ments provide up-to-date insight into the current level of growth and the water status of tree 
stems. Recent studies focussing on the impact of the severe drought in the year 2003 on tree 
growth have shown the significant value growth monitoring based on dendrometer meas-
urements can provide to the timely assessment of forest condition (Anders et al. 2004, 
Dietrich et al. 2004). 
Drought resistance and resilience of European beech (Fagus sylvatica L.) in view of the an-
ticipated climatic changes has recently been discussed controversially (e.g., Rennenberg et 
al. 2004, Kölling et al. 2005). With the comparison of intra- and inter-annual growth re-
sponses of beech and Norway spruce (Picea abies (L.) Karst.) during and after the severe 
drought conditions of summer 2003 this study aims at providing further empirical evidence to 
substantiate this discussion. 
 
Material and methods 
Dendrometer data 
Beech and spruce sample trees have been continuously monitored over a several years pe-
riod by means of point dendrometers (Fig. 1). Measurement data of sample trees on three 
sites along an altitudinal gradient at the western slope of the Black Forest are analysed (450 
m, 750 m, and 1.250 m above sea level (asl), see figure 2).  
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Figure 1: Point dendrometer, Model IWW. Sensor: linear displacement transducer. Height of meas-
urement: 1.3 m (breast height). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Sketch of the research area with locations of the four field sites in the Rhine Valley and at 
the western slope of the Black Forest running from 220 m to 1.250 m asl. 
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Data from an additional nearby site in the Rhine valley, Dietenbach (220 m asl) where beech 
and oak (Quercus robur) sample trees are monitored is as well included in the analyses. 
The sites of the Black Forest altitudinal gradient are similar with respect to site type and as-
pect (northeast). All forest stands under study are mature, mixed-species stands. At each 
field plot several sample trees belonging to different crown classes are equipped with den-
drometers. For the purpose of this study only sample trees that belong to the crown class 
pre-dominant and dominant are considered. The age of the sample trees is approximately 
60-70 years at sites DIE, GUE, and SCH, and approximately 80 years at site HEI. For each 
site and species the number of sample trees included in the analyses is n = 2 trees. The den-
drometer data time series span from 1999-2004 (Günterstal GUE, Heibrain HEI), 2000-2004 
(Schauinsland SCH), and 2002-2004 respectively (Dietenbach DIE). The dendrometer 
measurement time interval ranges from 15 min (DIE) to 30 min. For the analyses the time 
series data have been aggregated to daily means. The presented mean time series are in 
each case based on a constant set of trees. 
 
Climate data 
Time series of measured daily average air temperature and daily precipitation sum of two 
measurement stations have been used for the analyses:  
• Karlsruhe: Rhine Valley, 115 m asl, observation period: Jan 1895 - Sep 2004 (Deutscher 

Wetterdienst DWD) 
• Schauinsland: Black Forest, 1205 m asl, observation period: Jan 1994 – Sep 2004 (Um-

weltbundesamt UBA). 
 
Methods of data analysis 
Besides radial/diameter growth dendrometer data reflect reversible changes due to stem 
hydrological changes. For this reason the data measured with point dendrometers are 
termed “radial displacement” (RadDisp), rather than “radial growth”. In order to suppress high 
frequency variation and to amplify medium- and long-term oscillations the individual tree time 
series of radial displacement were smoothed using a symmetric 11-day running average. For 
the analysis of the daily rate of change of radial displacement (Rate of RadDisp or RRD) the 
data on daily differences once more was smoothed using a cubic smoothing spline with a 
50% frequency cut-off of 30 days. 
Three cardinal points of the RRD time series are analysed and discussed:  

• the beginning of radial growth is the date at which the RRD-curve crosses the zero line 
(from negative to positive) during the early growing season,  

• the date of RRD culmination max is the date at which the maximum RRD occurs, 
• the end of radial growth is the date at which the RRD-curve crosses the zero line (from 

positive to negative values) during the late growing season. 

To investigate the radial growth response to the drought in the year 2003 the RadDisp data 
of the years 2003 and 2004 are related to the average course of RadDisp in a several year 
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lasting reference period comprising the data of all other available years in the specific data 
set. 
 
Results 
Baseline climatic conditions and anomalies of air temperature and precipitation in 2003 
Data on mean air temperature and precipitation sum at the climate measurement stations 
Karlsruhe and Schauinsland for the common overlap period 1992-2002 are given in Table 1. 
Mean air temperature at the low elevation station Karlsruhe is 5.4 K and 6.4 K higher than at 
the high elevation site over the whole year and for the months May-September respectively. 
Precipitation sum at the high elevation site Schauinsland is 2.6 and 2.5 times larger over the 
whole year (Dec-Jan) and for the growing season (May-Sep) respectively.  
 
Table 1: Climate data for the period 1994 to 2002 and for the year 2003 at climate stations Karlsruhe 
(data soruce: Deutscher Wetterdienst DWD) and Schauinsland (data source: Umweltbundesamt UBA) 
(top: mean air temperature (Tp), bottom: precipitation sum (Pr)). 
 

Station Season Period/Year   
   Mean temperature Tp-Anomaly 
   °C K  

1994 - 2002 11.4   Jan-Dec 
2003 11.9 0.5  
1994 - 2002 18.1   

Karlsruhe 
(Rhine Valley,  
115 m asl) May-Sep 

2003 20.3 2.2  
1994 - 2002 6.0   Jan-Dec 
2003 7.2 1.2  
1994 - 2002 11.7   

Schauinsland 
(Black Forest, 
1.205 m asl) May-Sep 

2003 14.8 3.1  
      
   Precipitation sum Pr-Anomaly 
   Mm Mm %

1994 - 2002 813   Jan-Dec 
2003 561 252 31
1994 - 2002 352   

Karlsruhe 
(Rhine Valley,  
115 m asl) May-Sep 

2003 245 107 31
1994 - 2002 2142   Jan-Dec 
2003 1488 654 31
1994 - 2002 894   

Schauinsland 
(Black Forest, 
1.205 m asl) May-Sep 

2003 532 362 40
 
The year 2003 was extraordinarily warm and precipitation records were far below average at 
both stations. At the Schauinsland site the increase in mean seasonal (May-Sep) air tem-
perature reached a maximum with +3.1 K. At the same time precipitation was reduced to 30-
40 % of normal.  
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A comparison of the weather conditions in the year 2003 with those of other years character-
ized by above average air temperatures and below average precipitation sums during the 
period 1895 to 2002 was possible for the Karlsruhe station (Fig. 3). 

 
Figure 3: Box plots of weather conditions in selected warm and dry years at climate station Karlsruhe. 
Left figure: mean air temperature (Tp), centre figure: precipitation sum (Precip), right figure: climatic 
water balance (acc. to Thornthwaite and Mather 1955, 1957). The three boxes in each figure repre-
sent: left: Jan-Dec, centre: May-Sep, right: Jul-Aug. The boxes indicate the range of 50 % of the ob-
servations during the reference period 1895-2002 (horizontal line: median). The whiskers represent 
the empirical 95-percentil. 
 
According to mean air temperature the year 2003 was unparalleled by the other warm years 
1976 and 1947 for all three periods (Jan-Dec, May-Sep, Jul-Aug). Precipitation in the year 
2003 was lower than in the other two years, however growing season and late summer pre-
cipitation in 1947 was slightly lower than in 2003. Due to the high air temperature anomalies 
and large precipitation deficits the climatic water balance (acc. to Thornthwaite, Mather 1955, 
1957) was lower in 2003 than in the other two years, and reached a minimum with less than -
400 mm when referred to the growing season. 
 
Level of radial growth 
Figures 4-6 show the time series of RadDisp (top) and of the rate of change of RadDisp (bot-
tom) for spruce and beech at the three Black Forest sites. 
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Figure 4: Smoothed (11-day running average) daily dendrometer data versus day of the year for the 
low elevation site Günterstal (GUE). Top: cumulative radial displacement (RadDisp), bottom: rate of 
change of radial displacement (smoothed with spline). Left: Norway spruce (PCAB), right: European 
beech (FASY). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Dendrometer data, medium elevation site Heibrain (HEI). See explanation figure 4. 



 158

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Dendrometer data, high elevation site Schauinsland (SCH). See explanation figure 4. 
 
As can bee seen in the upper plots of figures 4 to 6 there is considerable variation in the 
mean level or RadDisp between the sites and between the two species. Whereas at the low 
elevation site (GUE) the beech sample trees grew faster than the spruce sample trees (Fig. 
4) the mean level of growth of the sample trees of both species was roughly equal at site HEI 
(Fig. 5). At the high elevation site (SCH, Fig. 6) the mean level of growth of the spruce sam-
ple trees was superior to that of beech. 
 
Beginning, end and length of growing season 
During the period 1999-2002 beginning of radial growth occurred in the spruce and beech 
sample trees simultaneously at day 98 at site GUE and at day 101 at site HEI respectively 
(Tab. 2). At the high elevation site (SCH) growth of the spruce sample trees was advanced 
compared to beech: growth started in the mean at day 98 and at day 103 respectively. End 
of radial growth of the beech sample trees at the medium and high elevation sites (HEI and 
SCH) occurred in the mean 20 days, and 4 days respectively earlier than that of the spruce 
sample trees. The growing season of the beech sample trees was at the low elevation site 
(GUE) 7 days longer, and at the sites HEI and SCH 20 days, and 9 days respectively, shorter 
than for the spruce sample trees (Tab. 3). 
 
Date of maximum rate of radial displacement 
In the mean over the period 1999-2002 the date of maximum rate of radial displacement for 
the spruce sample trees from the low to the high elevation site was day 142, 154 and 166 
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respectively. Nearly independent of elevation the beech sample trees reached their maxima 
around day 173/174 (Tab. 2). 
 
Table 2: Date of begin and end of radial growth and of maximum rate of radial displacement. 

Species  Site Begin Maximum rate End 
  1999-2002 2003 1999-2002 2003 1999-2002 2003 
  day of year 

GUE 98 91 142 126 272 177
HEI 101 93 154 130 270 186PCAB 
SCH 98 93 166 151 269 278

        
GUE 98 93 174 153 279 214
HEI 101 96 174 164 250 211FASY 
SCH 103 92 173 159 265 252

 
Table 3: Number of growing days derived from dendrometer data. 

Species Site Days 2003 rel. to 1999-2002 
  1999-2002 2003 % 

GUE 174 86 49
HEI 169 93 55PCAB 
SCH 171 185 108

  
GUE 181 121 67
HEI 149 115 77FASY 
SCH 162 160 99

 
Level of radial growth in 2003 
The increased temperatures accompanied by deficits in precipitation in 2003 severely af-
fected radial growth of both species at the low and medium elevation sites: radial growth of 
the spruce sample trees was reduced by 57 % (GUE) and by 40 % (HEI) as compared to the 
mean level during the period 2000-2002, for the beech sample trees it was 51 % and 28 % 
respectively. At the high elevation site (SCH) radial growth of the spruce sample trees was 
only slightly reduced by 4 %, and for beech it was slightly increased by 5 % (Fig. 6). Reduc-
tion in radial growth is paralleled by a shortening of the growing season which was reduced 
to 49-55 % for the spruce and 67-77 % for the beech sample trees at sites GUE and HEI 
respectively (compared to the period 1999-2002) (Tab. 2). The level of radial growth in 2003 
in relation to the one in 2002 is plotted versus altitude of the site in the upper half of figure 7. 
 
Intra-annual course of growth in 2003 
Radial growth of the Norway spruce and beech sample trees in 2003 started earlier at all 
research sites compared to the reference period. After initiation radial growth in 2003 is ac-
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celerated especially in Norway spruce (Fig. 4 to 6). The date at which the maximum rate of 
RadDisp occurred is advanced in 2003 as compared to the reference period: in spruce by 15 
to 24 days and in beech by 10 to 21 days (Tab. 1). The end of radial growth was in 2003 
even more advanced: for the spruce sample trees at the medium and low elevation sites by 
84-95 days, and for beech by 39-65 days respectively. However, the increase in the rate of 
RadDisp after day 220 at the medium and low elevations sites might indicate, that spruce 
has reactivated growth at the late growing season before growth finally ended. At the high 
elevation site cessation of radial growth of the spruce sample trees was delayed by 9 days.  

 
Figure 7: Indexed radial growth in 2003 (top) and 2004 (bottom) versus elevation of the site. 
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The rates of RadDisp expressed as percentage of the maximum rate during the reference 
period are displayed in figure 8. The reduction in mean level of growth in 2003 is mainly 
caused by the shortening of the growing season than by a reduction in the maximum rate of 
radial displacement. 

 
Figure 8: Rate of radial displacement (RRD) versus day of the year of Norway spruce (PCAB, top) and 
European beech (FASY, bottom) at the research sites. 



 162

Level of growth in 2004 
Whereas beech radial growth recovered in the year following the severe drought at the low 
and medium elevation sites to 83-98 % of the reference level (mean of 2000-2002), spruce 
growth in 2004 was still reduced to a level of 70-79 %. The level of radial growth in 2004 in 
relation to the one in 2002 is plotted versus altitude of the site in the bottom half of figure 7.  
 
Discussion 
Critical evaluation of the data 
The number of sample trees used in the analyses is quite low. Each presented curve is at 
least based on two sample trees. However, the weakness of lacking more replications in 
sample trees is attenuated by the high precision of the dendrometer data. Highly significant 
inter-series correlations among the individual tree dendrometer measurement time series 
indicate high precision of the assessed temporal signals. 
 
Critical evaluation of the methods 
The measurement data were pre-processed before the analyses by a one- respectively two-
step smoothing procedure as described in the methods section. Whereas the symmetric run-
ning average filter applied in the first step only affects the signal amplitudes, the applied 
smoothing spline function could also produce unwanted phase-shifts. The flexibility of the 
spline function has been optimized so that most of the medium-term (5 days < x < 30 days) 
variations are preserved whereas high- as well as low-frequency variations are largely at-
tenuated. The degree of phase-shift was visually checked so that it should not severely affect 
the results. Another aspect of the data pre-processing is related to end-fit problems of the 
applied smoothing filters. These could lead to distorted fluctuations at the beginning and end 
of the curves. The somewhat strange course of the RRD curves for spruce of the sites GUE 
and HEI in the year 2003 after day 260 (Fig. 8) could partially be due to this effect. 
 
Critical evaluation of the results 
The results concerning the dates of beginning and end of radial growth have been achieved 
by applying the respective definitions given in the methods sections. It is well known from 
literature that the cambial activity can hardly be tracked by dendrometer measurements 
(Mäkinen et al. 2003, Zweifel et al. 2000). A comparison of the results of this study with 
phenological data on the occurrence of May shoot of Norway spruce at site Schauinsland 
(Henhappl 2004, unpublished data) revealed a substantially earlier onset of radial growth 
according to the definition applied here than expected from the phenological data. However, 
by applying a different definition of beginning of radial growth Abetz et al. (1993) found at the 
same site (SCH) a close relation between the occurrence of May shoot and the beginning of 
radial growth derived from dendrometer data. 
Since the precision of the temporal signal of the dendrometer data is high, the variation in 
level of growth between the different years of the observation period should be reliably rep-
resented. This also holds for the comparison of the performance in radial growth between the 
two investigated tree species, since these comparisons are based on the time series data. 
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Due to limitations in the data structure it was in this study not possible to evaluate the effects 
of and possible interactions between the factors tree age, growth level, and elevation of the 
site on inter- and intraannual radial growth, since these factors are confounded in the data 
base. 
 
Summary 
The main results of this study can be summarized as follows:  
• The record year 2003 was extraordinarily warm over the whole year and especially during 

the growing season: air temperature anomalies (May-Sep) were as large as +2.2 K at the 
low elevation site and +3.1 K at the high elevation site. The warm weather in 2003 was 
accompanied by exceptionally large precipitation deficits: -69 % at the low elevation site 
and -60 % the high elevation site (May-Sep). Water availability in the year 2003 as indi-
cated by the climatic water balance was at the low elevation site distinctly lower than in 
the years 1947 and 1976. 

• For the beech sample trees the period during which radial growth occurs is longer at the 
low elevation site than at the high elevation site, which is mainly due to delayed growth 
cessation in fall. 

• Radial growth of the spruce sample trees at the low elevation site was more severely af-
fected by the drought in the year 2003 than that of the beech sample trees (-60 % and -50 
% respectively; reference: mean of 2000-2002). Reduction of radial growth in the year 
2003 is paralleled by a shortening of the season of radial growth which was at the low and 
medium elevation sites reduced by ~50 % for the spruce and by ~30 % for the beech 
sample trees. 

• At the high elevation site radial growth was only slightly affected by the exceptional 
weather conditions in the year 2003: -5 % for the spruce and +5 % for the beech sample 
trees (reference: mean of 2000-2002). 

• Whereas beech radial growth recovered in the year following the severe drought at the 
low and medium elevation sites to 80-100 % of the reference level (mean of 2000-2002), 
spruce growth in 2004 was still reduced to a level of 70-80 %. 
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