
Preface 
 
This publication is the result of the fourth TRACE (Tree Rings in Archaeology, Climatology 
and Ecology) conference held between April 21st and 23rd 2005 in Fribourg, Switzerland. The 
meeting was hosted by the Department of Geosciences, Unit Geography, University of 
Fribourg. TRACE seeks to strengthen the network and scientific exchange of scientists and 
students involved in the study of tree rings. About 100 scientists from 25 countries attended 
the meeting. The authors of talks and posters took the chance to display a wide range of 
topics in form of 32 oral presentations and 30 posters, covering the topics (1) Climatology - 
Southern Hemisphere, (2) Climatology - Northern Hemisphere, (3) Ecology, (4) 
Geomorphology, (5) Archaeology, (6) Isotopes, and (7) New Applications. The contributions 
clearly documented the progress that has been accomplished in recent years. Some of the 
studies originated from extra-European parts of the World such as Iran or Australia and 
enriched the contents of the conference which is usually centred on European topics. This 
current volume contains 36 extended abstracts based on the conference presentations. 
The invited speaker Erica Hendy, a Comer Abrupt Climate Change Post Doctoral Research 
Fellow at the Lamont-Doherty Earth Observatory (USA), came from a related field outside 
the dendrochronology community. She spoke about her work on corals from the Great 
Barrier Reef used for palaeoclimatology. It was very interesting to learn that she was the first 
to apply our dendrochronology methods to corals, hence the title of her talk 
“Dendroclimatology underwater: Australian coral records from 1565AD” (first contribution in 
this volume, page 8-15) was very appropriate.  
We want to thank all participants of TRACE 2005 for the rewarding discussions and for 
contributing to this volume. We wish to acknowledge the assistance of Kathryn Allen, Martin 
Bridge, David Frank, Karl-Uwe Heussner, Hans-Peter Kahle, Klaus-Felix Kaiser, David Rose, 
Constantin Sander, Matthias Saurer, Uwe Treter, Kerstin Treydte, and Vanessa Winchester 
for their help with the review of the manuscripts. In addition, we would like to say thank you 
to our sponsors Credit Suisse, Regent Instruments, Interprofession du Gruyère, Kantonale 
Gebäudeversicherung Fribourg and Banque Raiffeisen de Marly. 
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Dendroclimatology underwater:  
Australian coral records from 1565AD 

 
E.J. Hendy 

Lamont Doherty Earth Observatory, Columbia University, Palisades NY 10964, USA 

Email: ejhendy@ldeo.Columbia.edu 

 

 
Introduction 
Replication of records from within individual trees, between multiple trees, and between sites, 
is fundamental to dendroclimatology because it allows explicit quantification of the strength of 
common growth forcing and chronology confidence (Fritts 1976). The same approach is 
applied in this study of multi-century records replicated between coral colonies, which 
demonstrates the reproducibility of coral-based tracers and reveals the common 
environmental signals on decadal to century timescales. The massive aragonitic skeleton 
formed by coral colonies of Porites sp. accumulates at ~1 cm/year and archives 
physiological, isotopic and elemental tracers that vary with changes in sea surface 
temperature (SST), salinity, rainfall and river runoff, sediment input, upwelling and/or shifts in 
water mass circulation. Sub-annual sampling also allows the reconstruction of short-term 
events e.g. individual river floods, in continuous records that can span many centuries. The 
development of such high resolution, multi-century, tropical ocean surface climate 
reconstructions is critical to understanding the role of the tropical ocean and atmosphere in 
global climate variability. Global climate anomalies originating from the tropics include high 
frequency perturbations like the El Niño Southern Oscillation (Allan et al. 1996), to the Pacific 
Decadal Oscillation (Latif and Barnett 1994, Trenberth and Hurrell 1994, Power et al. 1999) 
and millennial scale impacts (Cane and Clement 1999, Clark et al. 2002).  
 

 
 
Figure 1: The reef locations of the eight coral cores used in this study, from the Central Great Barrier 
Reef, Australia. 
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Study outline  
Accurate error estimates need to be established for coral-based climate reconstructions, and 
to do this requires the examination of fundamental issues including: 

(1) age control 
(2) signal reproducibility, and  
(3) tracer behaviour, and therefore interpretation, over the timescale to be reconstructed. 

This study addressed all of these issues by adapting dendroclimatological approaches to 
coral reconstructions with particular attention to low frequency variability. The study used 
eight cores taken from Porites sp. colonies growing within a 60km radius in the Great Barrier 
Reef, Australia (Fig. 1).  The coral cores spanned the period 1565 to 1985 AD (Fig. 3A). 
 
Age control of coral records: cross-dating, historical die-offs and rainfall extremes. 
Absolute age control was critical for parts 2 and 3 of this study.  The accuracy of traditional 
methods of assigning years to coral proxy-climate records, such as counting skeletal density 
bands, had not been previously established, but typical error estimates are quoted as 1-2 
years per century. In this study, UV luminescent lines caused by annual river floods and 
associated with the Australian summer monsoon, were used as a second marker to assign 
years to the eight multi-century coral cores.  Cross-dating techniques were adapted from 
dendrochronology and applied to characteristic patterns of luminescent lines visible in the 
coral skeleton under UV light (e.g. Fig. 2, full details in Hendy et al. 2003a). The timing, width 
and intensity of the luminescent bands correlate strongly with summer monsoonal rainfall 
and the magnitude of coastal discharge from Queensland's largest river, the Burdekin (Isdale 
1984, Lough 1997, Isdale et al. 1998). 
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Figure 2: Black and white photomontage of luminescent lines in two coral core slabs under UV light, 
compared with the Burdekin River discharge record (1955-1985).  The two cores were collected from 
inshore central GBR reefs, 120 km (top core) and 170 km (lower core) north of the Burdekin River 
mouth (Fig. 1). 
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Following methods developed in tree-ring studies, skeleton-plots of luminescent banding 
were produced for each core and combined into a master luminescence chronology giving 
annual and absolute precision back to 1615 AD.  A 373-year cross-dated chronology was 
developed (Fig. 3B), despite gaps between core sections, growth hiatuses and patches of 
complex growth orientation within individual cores. Discrepancies of up to 15 years relative to 
previously published chronologies for these cores (e.g. Lough and Barnes, 1997, Isdale et al. 
1998) demonstrate the need for a more rigorous dating approach in coral research.  Cross-
dating also highlighted sampling errors where a core section had been inverted before 
labeling. Problems inherent in dating a single coral core, such as difficult growth orientation, 
skeletal discontinuities and breaks between core sections, were also resolved by cross-
dating, for example a 3-year gap was identified between two sections of one core.   
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Figure 3: (A) The number of coral cores contributing to the study through time separated into inshore 
reef locations (while) and midshelf reefs (shaded dark grey).  Growth hiatus scars are also marked. 
(B) Luminescence master chronology for the central Great Barrier Reef, 1612-1985 AD. (C) Cross 
correlations between the luminescence master series and NINO3 SST reconstruction (Mann et al., 
2000) for 30-year sliding windows (shaded areas are where the relationship is significance at 0.05 
level). (D) Interannual variability of the luminescence master series expressed as the standard 
deviation of the series calculated over a 20-year sliding window. Further details are given in Hendy et 
al. 2003a and 2003b. 
 
The luminescent master chronology provides a reconstruction of regional rainfall and river 
runoff.  It was significantly correlated with the instrumental record of Burdekin River flow 
(r=0.82, 1894-1985 extended using rainfall records, Isdale et al. 1998), and Lough's (1997) 
index of Queensland summer rainfall (r=0.65, 1891-1985). The master luminescence 
chronology also provides evidence for the non-stationary nature of ENSO teleconnections 
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with the Australian Monsoon (Hendy et al. 2003a). Years with a marked absence of 
luminescence coincide with many historical drought records from the western Pacific and 
these often occur during ENSO events. However, the relationship between ENSO events 
occurring in the equatorial Pacific and climatic anomalies in ENSO-sensitive regions, like NE 
Australia, is non-stationary.  For example, during the 1920s to 1950s ENSO activity was 
reduced, ENSO teleconnections with sensitive regions were weak to non-existent, and 
Australia experienced prolonged drought conditions with reduced interannual rainfall 
variability (Allan et al. 1996). The off-on relationship between NE Australian rainfall and 
ENSO can be observed in the shifting correlation between the luminescence master 
chronology and the Mann et al. (2000) NINO3 reconstruction (Fig. 3C).   For much of the 
period from the 1650s to 1800s, 1870s to 1920s and 1950s onwards ENSO-related 
teleconnections were a dominant factor in NE Australian rainfall variability. The relationship 
breakdown recognized in the instrumental record for the 1920s-50s is reproduced, and an 
analogous period is highlighted from the 1800s to 1870s (Fig. 3C). As in the 1920s-1950s, 
there is a reduction in interannual and interdecadal variability between 1800 and 1870 (Fig. 
3D). The positive trend in interannual variability towards the present suggests an increasing 
number and amplitude of extreme rainfall events.  This long-term trend, however, is biased 
prior to 1750 because the earlier period is dominated by less sensitive records from midshelf 
sites, which only experience the more extreme river floods. 
 
Reproducibility of low frequency variability in multi-century coral records  
A suite of geochemical tracers was measured from each of the eight cores, including oxygen 
(δ18O) and carbon (δ13C) isotopes, and trace element ratios, strontium/calcium, 
uranium/calcium and barium/calcium (Hendy 2003). Measurements were made in 5-year 
increments, and where possible samples of the same time period were duplicated within 
cores by taking contemporaneous samples from different growth axes. A basic principle of 
dendroclimatology, the aggregation of a number of records into one common master series 
to enhance common environmental signals (Cook and Kairiukstis 1989), was applied in the 
construction of master records for each coral geochemical tracer (e.g. Sr/Ca and δ18O 
records in Fig. 4). This was the first quantitative analysis of coral tracer reliability over 
decadal-to-centennial timescales, and the results highlight that it is critical to replicate 
information from multiple coral colonies in order to reliably reconstruct the paleoclimate 
signal (Hendy et al. 2002).  For example, the variability between individual Sr/Ca records was 
large in comparison to the desired signal on interdecadal to century timescales, and for this 
reason a single core on average accounted for only a third of the variance contained in the 
master Sr/Ca record. The δ18O records were more consistent between cores in terms of 
relative trends on both decadal and century scales, and on average a single record 
reconstructed over 70% of the composite record.  Anomalous periods when δ18O records did 
not reproduce were valuable markers of artifacts (e.g. skeletal diagenesis or unusual 
growth). Confidence estimates for each of the composite records were used to demonstrate 
the reproducibility of coral tracer signals over multi-decadal to century timescales and show 
that coherent regional-scale information is being replicated between coral colonies (Fig. 4). 
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Figure 4: The Sr/Ca (upper panel) and δ18O (middle panel) composite master records with 95% 
confidence envelope. A temperature slope calibration of –62 µmol/mol Sr/Ca per °C (Alibert and 
McCulloch 1997, Gagan et al. 1998) is used to convert Sr/Ca anomalies (left axis) to sea surface 
temperature anomalies (right axis). The number of coral cores contributing to each 5-year average are 
given in the lower panel. More details are provided in Hendy et al. 2002. 
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Verification of the coral palaeo-environmental reconstructions on decadal to century 
timescales 
The interpretation of proxy records is complicated because tracers can respond to a number 
of environmental variables, and different variables can dominate over different timescales. In 
addition, the climate-related mechanism that produces the coral geochemical signal is often 
uncertain. The master records for each geochemical tracer were verified against local and 
regional-scale instrumental records using previously published calibrations developed from 
short high-resolution records. For example, the Sr/Ca record (Fig. 4 upper panel) 
successfully reconstructs the 0.7°C warming (1905-1985) observed in the local (146°E 18°S) 
GISST2.2 series (Rayner et al. 1996,  r=0.68, p<0.005). 
Through the measurement of multiple geochemical tracers it is possible to separate 
competing environmental influences on tracer variability. For example, coral δ18O records are 
difficult to interpret because δ18O is influenced by both salinity and SST, but the replication of 
multiple tracers allows a comparison of the proposed sea surface temperature-tracers 
(Sr/Ca, U/Ca, δ18O) and the freshwater flux tracers (δ18O, Ba/Ca and luminescence). The 
similarity of the freshwater flux signals between δ18O, Ba/Ca and luminescence, and the poor 
correlation between parallel Sr/Ca and δ18O records (Fig. 4) demonstrated that the δ18O was 
dominated by changes in the evaporation-precipitation balance on decadal-century 
timescales, not by temperature.  
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The last five centuries: the demise of the 'Little Ice Age' and the 20th century warming  
In global and hemispheric-scale composite reconstructions of palaeotemperature the 
anomalous warmth of the 20th century contrasts dramatically with the millennium-scale 
cooling trend that culminated in the 'Little Ice Age' (LIA) between the 15th and late 19th 
centuries (Bradley, 2000, Jones et al., 2001, Mann et al. 2000).  Glacial advances in both 
hemispheres (Grove, 1988) and enhanced polar atmospheric circulation (Kreutz et al., 1997) 
suggest that the LIA was a global-scale event, though cooler conditions were possibly 
restricted to higher latitudes (Rind, 1998, 2000). Coral provide one of the few tropical climate 
reconstructions of this period. 
The GBR coral proxy records of SST anomalies (from Sr/Ca, Fig. 4 top panel) and sea 
surface salinity anomalies (δ18O, Fig. 4 middle panel) suggest that a dramatic shift occurred 
in the tropical ocean-atmosphere system at the end of the LIA (Hendy et al., 2002). The 
striking 0.2‰ shift in δ18O from the 1850s to modern values in the 1870s indicates an abrupt 
shift to lower salinities, and this signal is seen simultaneously in coral δ18O records across 
the Pacific and Indian Oceans from latitudes within the trade wind belts (e.g. Druffel and 
Griffin 1993, Quinn et al. 1993, Linsley et al. 1994, Quinn et al. 1998, Kuhnert et al. 1999). 
The late 19th century abrupt transition in the ocean-atmosphere freshwater flux coincides 
with a sudden weakening of atmospheric circulation, including the trade winds, and surface 
driven ocean currents. At the same time, the glacial retreat signaling the end of the LIA 
occurs during a recovery to warmer conditions at the higher latitudes, but tropical cooling 
according to coral SST records (Linsley et al. 2000, Hendy et al. 2002).  These results 
support the scenario that a stronger latitudinal temperature gradient and intensified Hadley 
circulation occurred during the LIA.  Evaporation and condensation processes are extremely 
effective mechanisms for transporting and redistributing energy on all scales. Increased 
salinities from 1565 to 1870 in sites within the trade-wind belt are consistent with an 
intensified Hadley circulation impacting E-P and enhancing poleward moisture transport.  
More tropical palaeoclimate reconstructions are required to improve our understanding of the 
nature of the LIA and possible role of the tropics. This study shows how a replicated coral-
based multi-tracer approach, and the application of lessons learnt from dendroclimatology, 
can provide paleoclimate information on multiple components of the tropical ocean-
atmosphere system. 
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Introduction 
Crossdating is a fundamental dendrochronological principle. However, despite its 
importance, crossdating has been applied infrequently in the eucalypt dendrochronological 
literature. One factor limiting crossdating in previous eucalypt tree-ring studies has been the 
difficulty associated with objective tree-ring identification and measurement, particularly in 
samples from lower montane (500-800m) sites (Bi 1994). To overcome this problem 
Brookhouse (1997) proposed the ‘reverse-latewood’ identification technique. In contrast to 
the terminal form, reverse-latewood occurs at the start of the eucalypt tree-ring (Fig. 1). 
Whilst tree-ring counts indicate that both terminal and reverse-latewood may indicate truly 
annual tree-ring boundaries (Brookhouse 1997, Green 1967) crossdating has not been 
quantitatively demonstrated for either type in eucalypts.  
The present study was undertaken using samples of known age to investigate the potential 
of eucalypts to preserve common environmental signals by quantitatively demonstrating 
crossdating within and between two eucalypt species – one characterised by terminal 
latewood and the other reverse-latewood – and identifying the climatological source of 
common signals preserved within the derived tree-ring chronologies. 
 

  
 
Figure 1: Terminal and reverse-latewood tree-ring structure. Dark latewood can be easily identified at 
the terminal boundary of Eucalyptus delegatensis tree-rings. Latewood type fibres in E. obliqua are 
formed at the start of the tree-ring. In tree rings exhibiting this structure, the clear boundary between 
earlywood and latewood type fibres is defined as the boundary. Tree-ring boundaries and the direction 
of the pith are indicated. 
 

 16



Methods 
Samples used in this study were collected from the Black and Federation Ranges in 
Victoria’s central highlands (Fig. 2) by the Department of Sustainability and Environment, 
Victoria as part of regional timber resource surveys (Hamilton, 1999) and stem analysis 
sampling in forest stands of known age. Throughout the study area cold winter temperatures 
limit cambial activity leading to the formation of annual rings. Two species, one exhibiting 
terminal latewood (Eucalyptus delegatensis Baker, R.T.) the other exhibiting reverse-
latewood (E. obliqua L'Herit), were selected for analysis. 
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Figure 2: Location of sample sites and climate stations. 
 
Sample disks were stored, allowed to air-dry and then sanded. Up to four radii, evenly 
spaced around each sample disk, were selected for identification and measurement on each 
sample. In many instances fewer than four radii were selected due to sample deformities. 
Tree-ring structure of all samples was examined under stereo-microscope. Tree-rings were 
identified on each radius and calibrated against other radii on the same sample. Radii were 
then visually crossdated with samples from the same site. Tree-ring widths were measured 
to the nearest 0.01 mm using Henson and LINTAB tree-ring measurement stages and 
TRIMS and TSAP software.  
Verification of visual crossdating was conducted in Xmatch (Fowler 1998). Although the 
outermost ring year of each sample was known, Xmatch was permitted to conduct a ‘best-fit’ 
search. Only samples for which the Xmatch best-fit was consistent with visual crossdating 
were retained for further analysis. COFECHA (Holmes 1983) was used to assess the 
placement of missing rings. Product moment correlation coefficient significance testing was 
conducted between crossdated radii. Only radii with highly significant (p<0.0001) inter-tree 
radial correlation were retained for chronology development.  
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A two-stage detrending approach within ARSTAN was used for standardisation using a 
negative exponential or simple linear function followed by a cubic smoothing spline. Mean 
individual species chronologies were calculated using an arithmetic mean. Autoregression of 
each chronology was conducted to remove serial correlation. The Expressed Population 
Signal (EPS) statistic (Briffa and Jones 1990) and Mean Sensitivity (MS) were calculated for 
each chronology. The Gleichläufigkeit (GLK) was also calculated between the species’ 
chronologies. 
Climatological analysis was based upon monthly mean maximum temperature and total 
monthly precipitation data from the Rubicon (838 m) climate station (Fig. 2). Analysis was 
restricted to a time period common to both tree-ring chronologies (1952-1998). The influence 
of both the current and previous season’s climate conditions were analysed using 24 months 
of mean temperature and precipitation data (Septembern-1-Augustn). Seasonal (three-month) 
temperature means and precipitation totals were calculated and included in analysis. 
Correlation between climate and each species’ chronology was evaluated using the product 
moment correlation coefficient. 
 
Results 
Crossdating results are summarised in table 1. Only nine missing rings, constituting 0.002% 
of the entire crossdated dataset, were identified. Each of these missing rings was identified 
during visual crossdating. Although achieved intra-specifically, inter-specific radial 
crossdating was not achieved. The crossdated proportion of the original sample varied 
markedly between species – 76% and 40% of E. obliqua and E. delegatensis radii, 
respectively.  
 
Table 1: Full and crossdated sample summary 
 

Sample radii (trees)  Missing rings Species 
All Crossdated Visual Xmatch 

E. delegatensis 60 (19) 24 (15) 1 0 
E. obliqua 41 (14) 31 (13) 8 0 

 
Chronology statistics are presented in table 2. Mean sensitivity and within and between tree 
correlations indicate that both chronologies hold relatively equal dendroclimatological 
potential. Autocorrelation is relatively low and non-significant and the EPS exceeds 0.85 in 
both instances. 
 
Table 2: Species chronology statistics. Reported statistics are autocorrelation (AC), mean sensitivity 
(MS), correlation within (Wt) and between (Bt) trees and expressed population signal (EPS). 
 

Species n (years) AC MS Wt Bt EPS 
E. delegatensis 47 0.11 0.22 0.57 0.34 0.87 

E. obliqua 58 0.06 0.27 0.51 0.38 0.90 
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Correlation between the two chronologies is highly significant (Fig. 3). This apparent potential 
for interspecific chronology crossdating potential is also indicated by the relatively high inter-
specific GLK. 
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Figure 3: Standardised tree-ring chronologies for E. delegatensis and E. obliqua. Inter-chronology 
correlation and Gleichläufigkeit (GLK), or absolute first order concordance, is reported. 
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Figure 4: Climate response graphs for E. delegatensis and E. obliqua. Response graphs summarise 
correlation between 24 months of monthly and seasonal temperature (a) and precipitation (b) each 
species chronology. Dashed horizontal lines indicate 0.05, 0.01 and 0.001 significance levels. The 
boundary of the preceding and current growing season is indicated for monthly (line) and seasonal 
(shaded). 
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Climatological results are presented in figure 4. No significant correlations were observed 
between precipitation and either chronology. Significant correlations were identified between 
each chronology and temperature. Significant positive correlation between the E. 

delegatensis chronology and mean temperatures was identified for the preceding June 
(r=0.573, p<0.0001), current April (r=0.370, p<0.05) and preceding winter (June-August, 
r=0.533, p<0.001). Significant positive and negative correlations were identified between the 
E. obliqua chronology and temperature during the preceding December (r=0.348, p<0.05). 
Similarly, significant correlation was identified between seasonal mean temperature during 
the preceding (r=0.420, p<0.01) and current summers (r=-0.351, p<0.05).   
 
Discussion 
Crossdating 

Correlation analysis of visually crossdated eucalypt tree-ring series – independently 
confirmed in Xmatch – verified crossdating within separate species exhibiting terminal and 
reverse-latewood. The capacity for intra-specific crossdating of eucalypt samples collected 
over a broad geographic area indicates that macro-scale environmental signals are 
preserved within eucalypt tree-ring data and provides an important validation of the reverse-
latewood identification technique. Similarly inter-specific chronology crossdating indicates 
that new chronologies from separate species may be used for cross-verification. 
Climate analysis 

Analysis of temperature data revealed significant correlation with tree-ring widths. Whilst, 
positive correlation between E. delegatensis ring-width and April temperatures of the current 
season may express the extension of the growing season during a warm autumn, correlation 
between preceding winter temperature and E. delegatensis ring width indices may be due to 
lag effects of frost injury and cold induced photoinhibition of overwintering foliage (Holly et al. 
1994, King and Ball 1998, Rolland et al. 1999, Butterworth 2000, Thomson et al. 2001, 
Davidson et al. 2004). 
In contrast to E. delegatensis, standardised E. obliqua ring widths were positively correlated 
with temperature during the previous summer and negatively correlated with temperature 
during the current summer. Negative correlation between summer temperature has been 
reported relatively frequently in the dendroclimatological literature (Cregg and Dougherty 
1988, Richter et al. 1991, Pan et al. 1997, Rubino and McCarthy 2000, Yeh and Wensel 
2000, Peterson et al. 2002) and has been interpreted as a result of increased evaporation 
and transpiration depleting soil moisture. However, high summer temperatures may affect 
carbon assimilation, and hence growth, of eucalypts independently of soil moisture by 
regulating transpiration and carbon assimilation through stomatal control (Wong et al. 1978, 
Körner and Cochrane 1985) and by inducing thermodormancy (Blake 1976). 
Positive correlation between E. obliqua ring width and previous summer temperature may 
correspond with the long-term tree level carbohydrate budget. Stored carbohydrates during a 
previous season may provide an important basis for later growth (Kozlowski 1971). In 
eucalypts stored carbohydrates may be critical for eucalypt survival and recovery following 
drought and disturbance (Fensham and Bowman 1992, Walters et al. 2005). Hence, 
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carbohydrates that remain unused during the current growth season, due to thermodormancy 
or stomatal closure may remain available for leaf, canopy and stem diameter growth during 
the following season (Fritts 1976). 
Whilst this study has demonstrated that crossdating between samples and identification of 
potential climatological influences on eucalypt growth from tree-ring data are possible it has 
also presented a problem. Approximately half of all radii were not crossdated and the 
proportion of crossdated radii varied dramatically between the two species. Hence, the 
question of how the efficiency of eucalypt dendrochronological sampling be improved, must 
be addressed. 
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Introduction 
A typical starting point in dendroclimatological research is to statistically relate tree-ring 
growth indices to local or regional climate variables (response function analysis). This 
sometimes leads to identification of links between tree growth and perturbations in 
atmospheric circulation, the latter often oscillatory in nature, such as the El Niño - Southern 
Oscillation (ENSO) phenomenon. This approach relies on the researcher linking the 
(hopefully known) local-scale climate impacts of an oscillatory phenomenon with the 
response function results. An alternative is to directly investigate relationships between tree 
growth and atmospheric circulation using composite mapping techniques. Here I explain and 
demonstrate composite mapping, using the United Kingdom Meteorological Office gridded 
global monthly mean sea level pressure data set (GMSLP2.1f) and Agathis australis (kauri) 
tree rings. 
 
Data 
Gridded Pressure 
Although the mapping of global MSLP has a long history, digital gridded MSLP data sets 
covering significant portions of the globe (required for the compositing analysis presented 
here) are a relatively recent development (Barnett et al. 1984; Harnack and Harnack 1984; 
Jones and Wigley 1988; Jones et al. 1987; Jones 1991). The methods used to develop these 
have evolved considerably over the last twenty years (e.g. establishing background 
climatology, spatial interpolation techniques, error detection and correction), but the basic 
requirement of reconstructing a spatial grid from incomplete point data is common. 
By the mid-1990s, attempts were being made to combine regional gridded data sets, such as 
that of Jones (1991), to produce a full global domain. One result of these activities was the 
United Kingdom Meteorological Office GMSLP2 data set used by Allan et al. (1996) to 
investigate global MSLP patterns associated with the El Niño – Southern Oscillation (ENSO) 
phenomenon. Blending diverse regional gridded data sets was a complex exercise, having to 
deal with a myriad of additional problems, such as: differences in grids and time periods; 
differences in how missing data was dealt with; and spatial inhomogeneities between data 
sets (Basnett and Parker 1997). Several versions of GMSLP2 were produced as methods 
developed, including the direct incorporation of observed data to supplement the blended 
gridded data (Basnett and Parker 1997). GMSLP2.1f is the version of the data set used here. 
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GMSLP2.1f  is a gridded 5° latitude by 5° longitude fully global monthly MSLP data set for 
the period 1871 to 1994. Basnett and Parker (1997) evaluated GMSLP2.1f. They note that 
the inclusion of quality-controlled observed data (since GMSLP2.1a) has improved reliability, 
but they also identify several weaknesses. These include the need to resort to climatology in 
data sparse regions, especially in the Southern Hemisphere prior to 1951, and a lack of 
reliability in earlier decades. 
 
Kauri tree rings 
The proxy data used here is the modern kauri master chronology (AGAUm04a) built by 
Fowler et al. (2004). Fowler et al. provided details of kauri, the data used to build the 
chronology, and the chronology construction method. For the 1871-1994 period 
(corresponding to GMSLP2.1f), the kauri master was built from at least 145 trees from 15 
sites, growing throughout kauri’s natural growth range in the far north of New Zealand (north 
of 38S). Fowler et al. standardised the kauri tree ring width time series used to build the 
master using very flexible smoothing splines (50% variance cut-off at 20 years). The 
standardisation maximised the climate signal in kauri by removing radii- and tree-specific 
“noise”, resulting in a master tree-ring chronology with utility for investigating high frequency 
climate forcing, but lacking multi-decadal to century scale information. 
 
Southern Oscillation Index (SOI) 
The ENSO component of this research was limited to the most commonly used index of the 
SO, the normalised pressure difference between Tahiti and Darwin. These are relatively 
long-term surface air pressure recording sites, near the respective poles of the SO across 
the equatorial Pacific Ocean. Specifically, monthly SOI values (1871–1994) published on the 
Internet by CSIRO Division of Atmospheric Research were used. These values are relative to 
a 1933–1992 base period. 
 
Auckland Drought Index 
Fowler and Adams (2004) modelled soil water for Auckland using a daily soil water balance 
model. Model details were presented by Fowler (1999) and application for long-term soil 
water modelling was described by Fowler (2002). Fowler and Adams (2004) computed 
monthly mean soil water deficits and used a 1900–1994 subset for MSLP composite 
mapping. The same data set is used here. 
 
Composite Mapping 
Composite mapping is a technique used by climatologists to identify consistent spatial 
patterns in relationships. For example, Allan et al. (1996) investigated the global-scale 
fingerprint of ENSO by mapping common responses (frosts, fires, temperature, precipitation, 
etc) to past El Niño and La Niña events. When applied to gridded MSLP data, compositing 
involves looking for patterns within the MSLP fields, typically expressed in terms of 
anomalies relative to some reference period. These anomaly fields are then interpreted in 
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terms of associated impacts on the frequency and/or strength of prevailing winds, which in 
turn may help explain observed statistical relationships. 
 

 
 
Figure 1: Schematic representation of composite mapping using a card stack analogy. Solid (open) 
dots indicate MSLP above (below) standard atmospheric pressure at sea level (A, B), or positive 
(negative) MSLP anomalies (C, E, F). Dot area indicates magnitude (±30 hPa for A, B, C, E; ±3 hPa 
for F). Shaded dots in the top left corners of stacks in C and E indicate the way cards are split (based 
on a compositing key variable). 
 
Figure 1 is a schematic representation of composite mapping, as applied to the GMSLP2.1f 
data set, using the analogy of a stack of cards. December is used here to demonstrate the 
method for a subset of the global domain, centred on the Pacific Ocean. The same method 
would be repeated for other months and results subsequently combined into time periods of 
interest (e.g. seasons or longer multi-month blocks). Starting from the 1488 monthly cards in 
the GMSLP2.1f data set, through to interpretation of the composite spatial anomaly fields, 
can be viewed as the nine-step process outlined below. 
Figure 1A represents the full set of GMSLP2.1f data for December (124 cards). The dots on 
the top card show the data grid. Solid (open) dots indicate MSLP above (below) standard 
atmospheric pressure at sea level (1013.25 hPa), with the area of the dots indicating the 
magnitude of the departure (ca. ±30 hPa). For the purpose of this demonstration the full set 
of cards is used for compositing. However, because of the quality issues previously outlined, 
it may be appropriate to limit analysis to a high quality period (e.g. 1951-1994). Some 
research questions may also require the use of temporal subsets, or even multiple subsets 
where evolving patterns are being investigated. Splitting the pressure data into monthly sub-
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stacks is the first step in composite mapping. Determining the temporal subset(s) to use is 
the second. 
Several broad scale features are apparent in Figure 1A which characterise the atmospheric 
circulation in December. These include the Siberian High in the northwest corner, the 
Aleutian Low in the north Pacific, equatorial low pressure, high pressure ridges either side of 
the equator, and the low pressure band in the south. These features are a function of the 
annual cycle and are therefore common to all cards in the December stack. Differences 
between Decembers are subtle changes in the relative strength of the features and small 
shifts in position. Consequently, when an average is computed for the stack (Fig. 1B), the 
common features come through strongly. Computation of this gridded mean field is the third 
compositing step, calculated over the entire temporal subset, or for a more restricted base 
period (e.g. 1961-90). The latter is particularly appropriate where a comparison is being 
made with other data sets where a reference base line period has been used, such as the 
SOI. 
The fourth step is the calculation of gridded pressure anomaly fields (Fig. 1C). This is simply 
the mean fields subtracted from the original pressure data for each month. This generates a 
new stack of gridded pressure field “anomalies” relative to normal conditions which shows 
the magnitude and spatial extent of anomalous MSLP features. Solid (open) dots now 
indicate positive (negative) pressure anomalies. In the case of December 1994, the anomaly 
field (Fig. 1C) shows a strengthening of both the Siberian High and the Aleutian Low, with 
much of the eastern Pacific rim experiencing higher than normal pressure. All subsequent 
analyses use the anomalies data set. 
The primary purpose of composite mapping is to investigate if there are consistent patterns 
in MSLP anomaly fields associated with potential forcing factors or some consequent impact. 
For example, compositing based on sea-surface temperatures in the NINO3.4 region of the 
equatorial Pacific could reveal MSLP anomalies (which may or may not be forced) 
associated with ENSO events. Conversely, compositing based on local drought may indicate 
persistent pressure anomalies forcing local climate variation. To do the compositing, a 
relevant “compositing key” variable is used to make a three-way split of the gridded 
anomalies stack (Fig. 1D). Monthly or annually resolved compositing keys can be used and 
the three-way split can be into equal or unequal sub-stacks (Fig. 1E). Three-way splitting of 
the data is the fifth compositing step. 
The sixth step is calculation of mean gridded MSLP for each of the three composites (Fig. 
1F). This is intended to bring out any common spatial pattern associated with the 
compositing key. The example shown in Figure 1 is for ENSO-based compositing. Cards in 
the left stack of Figure 1E are Decembers during El Niño years (including December 1994), 
cards in the right stack are Decembers during La Niña years (including December 1988), and 
the middle stack is for all other Decembers (including December 1990). Averaging through 
the El Niño composite cards gives the characteristic MSLP anomaly pattern for El Niños of 
high pressure over Australia, extending into Southeast Asia and the Indian Ocean, with a 
boomerang-shaped low pressure anomaly field in the eastern Pacific. The La Niña composite 
shows a near-opposite pattern, and no significant anomaly pattern is associated with the 
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ENSO-neutral composite. Note though that there is an order of magnitude change in the 
scale of the anomalies plotted in Figure 1F. Whereas December anomalies for 1988 (La 
Niña), 1990 (ENSO-neutral) and 1994 (El Niño) are ±21 hPa, the mean anomalies for the El 
Niño and La Niña composites are less than 2 hPa. Clearly the patterns emerging from the 
compositing analysis are subtle relative to inter-annual variability, at least in terms of monthly 
data. 
The seventh step is to numerically combine (e.g. by averaging) monthly plots, such as those 
shown in Figure 1F, into multi-month blocks of interest (e.g. seasons). These are then plotted 
(Step 8, Fig. 1F). If spatial patterns in the composite maps are apparent, these are then 
interpreted in terms of altered wind fields and associated local climate effects (Step 9). For 
example, in the case of the El Niño composite, the positive pressure anomalies over 
Australia indicate more frequent and/or more intense high pressure systems, bringing an 
increased chance of drought. They also indicate more frequent and/or stronger southerly 
quarter winds over New Zealand, resulting in cooler conditions, but a complex precipitation 
response (due to interactions with New Zealand’s complex topography). 
 
A Kauri Example 
The discussion to this point has systematically summarised a standard climatological 
analysis technique. This section is a novel application of that technique to a high resolution 
climate proxy. The intention is to demonstrate how composite mapping can be used to 
identify the climate reconstruction potential of a proxy. 
 

 
 
Figure 2: September to February MSLP anomaly composite maps for three compositing key variables 
(SOI, kauri tree-ring indices, Auckland drought). Composites were calculated for the common period 
1901-1994 with equal three-way splits into composite stacks (only high and low composites shown). 
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Figure 2 shows compositing results derived from a 1901-1994 subset of GMSLP2.1f for three 
compositing key variables (SOI, kauri tree-ring indices, Auckland drought). The analyses 
were limited to the six month window from September to February, based on known 
persistent negative correlations between kauri tree-ring indices and local monthly 
precipitation and surface air temperature over this interval (Buckley et al. 2000). The 1901-
1994 time period was determined by the limit of the available drought index data (Fowler and 
Adams 2004). Auckland has the longest record of climate data within kauri’s growth range, 
and is conveniently close to the middle of that range (see Fowler et al. (2004) for details). 
The SOI and drought analyses were based on monthly compositing, in which each month 
was separated into three stacks based on the composite key value for that specific month. 
This is as described in Section 3. For kauri, however, there was only one index value for 
each year, so the compositing was done based on whole six month blocks. For example, if 
the tree-ring index for a given year corresponded to a high composite (wide ring), then each 
month from September to February was allotted to a high composite stack. Equal three-way 
splitting of the months was done for each compositing key. 
MSLP composite maps for wide and narrow kauri tree rings (Fig. 2C, D) indicate Pacific 
Basin wide relationships. Wide rings are associated with positive anomalies over South-east 
Asia and Australia; and also with negative anomalies extending in a boomerang shape from 
the northern central, through the eastern, to the southern central Pacific (south and east of 
New Zealand). Narrow rings show close to a near-reversal of the anomaly patterns in a band 
extending from the South-east Asian archipelago to the southern ocean, southeast of New 
Zealand. A weaker reversal to positive pressure anomalies is also apparent in the eastern 
Pacific, but this breaks down in the northern Pacific. 
The kauri growth region in the far north of New Zealand lies between the pressure anomaly 
features centred over Australia and Indonesia, and those (of opposite sign) to the southeast 
of New Zealand. This means that wide and narrow kauri tree rings are associated with 
significant and opposite wind field perturbations. For example, in the case of wide rings, the 
pressure anomaly fields shown in Fig. 2C would be expected to cause an increase in the 
frequency and/or strength of south-westerly winds, bringing relatively cool and dry conditions. 
The associated pressure anomaly fields for narrow rings would be expected to result in 
warmer and wetter conditions. 
The MSLP composite maps for kauri contrast with those for Auckland dry and wet phases 
(Fig. 2E, F). The latter demonstrate some spatially extensive anomaly patterns, but the most 
obvious features are synoptic-scale patterns straddling New Zealand. In contrast, the kauri 
composite maps exhibit strong similarity to those corresponding to ENSO phases (Fig. 2A, 
B). The agreement between the El Niño composite map (Fig. 2A) and that for kauri wide 
rings (Fig. 2C) is particularly striking. The kauri wide-ring anomalies are weaker and there is 
no significant high pressure anomaly east of Japan, but the patterns are otherwise nearly 
identical, especially in the Australasian region (including the demarcation between positive 
and negative anomalies). Anomaly patterns associated with narrow rings (Fig. 2D) agree well 
with the La Niña composite (Fig. 2B) in a band from Indonesian extending through to the 



 29

southeast of New Zealand, but the representation of the La Niña phase positive eastern 
Pacific anomaly pattern is weaker, especially in the north Pacific. 
Clearly, kauri has rather more potential as an ENSO proxy than as a drought proxy. The fact 
that the best agreement is between wide rings and El Niño suggests that kauri may have 
greater value as an El Niño than a La Niña proxy. It may also provide a better representation 
of the western than eastern pole of the SO. 
 
Conclusions 
The results show that composite mapping is a powerful tool for tree-ring research, capable of 
identifying atmospheric circulation characteristics associated with wide and narrow tree rings, 
and helping to determine the potential of tree rings for reconstructing atmospheric circulation 
features. Note though that the example presented here is very limited. A more detailed 
compositing-based analysis of the relationship between kauri growth and ENSO in Fowler 
(2005) shows additional applications in stationarity and sensitivity analyses, and to refining 
understanding of tree growth response to forcing. Fowler (2005) also discusses some of the 
pitfalls of composite mapping. 
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Introduction 
Previous studies on high-resolution isotope measurements in wood have found a remarkable 
annual cyclicity in the isotope profile and this for temperate as well as tropical tree species 
(Schleser et al. 1999, Helle and Schleser 2004, Helle et al. 2004, Verheyden et al. 2004). 
The presence of this annual cyclicity offers great potential for tropical dendrochronology in 
general. Indeed, if these results can be confirmed in other tropical tree species, the annual 
isotope signal can be used to identify annual tree ring boundaries in trees that do not 
produce anatomical tree ring boundaries (a problem commonly encountered in tropical trees) 
(Verheyden et al. 2004). However, the high-resolution isotope profiles could not entirely be 
explained by changes in environmental conditions. Previous investigations suggested that 
the isotope signal is probably the result of a post-photosynthetic signal on which the 
environmental signal is superimposed (Helle and Schleser 2004, Verheyden et al. 2004). In 
this context, the post-photosynthetic signal is defined as the signal resulting from additional 
fractionations occurring after leaf sugar synthesis, such as fractionations involved in the 
storage and remobilization of starches. If high-resolution isotope profiles are to be used for 
dendrochronological purposes, two fundamental questions need to be answered: 1) is the 
annual cyclicity in the isotope profile a universal pattern and 2) can the environmental signal 
be separated from the post-photosynthetic signal(s)? 
 
In this study, the high-resolution stable carbon and oxygen isotope profiles of three liana 
species were investigated to contribute to the growing knowledge on changes in the intra-
annual isotopic composition of tree rings. More specifically, the aim of this study was to 1) 
investigate whether there is a periodicity in the high-resolution stable isotope profiles in 
tropical and temperate liana species, 2) compare the isotope profiles of a tropical evergreen, 
a temperate evergreen and a temperate deciduous species, 3) compare the oxygen and 
carbon isotope profiles. 
 
Materials and Methods 
Three liana species were investigated: the temperate evergreen Hedera helix (Fam. 
Araliacea), the temperate deciduous Clematis vitalba (Fam. Ranunculaceae) and the tropical 
evergreen Tetracera alnifolia (Fam. Dilleniaceae). H. helix and C. vitalba were collected on 
14 November 2004 in Zavelenberg, Sint-Agatha-Berchem, Belgium. T. alnifolia was collected 
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in 1989 from the Kouilou region, Republic of Congo. All samples are now part of the Royal 
Museum for Central Africa, Tervuren, Belgium. From each sample, a series of tangential 
wood slices of 20 to 40 µm thickness were obtained for isotope measurements using a fixed-
blade sledge microtome (Polycut E, LEICA Microsystems, Bensheim, Germany). No 
cellulose extraction of the samples was performed, since many studies have reported a 
constant offset between the isotopic composition of bulk wood and cellulose (e.g. Livingston 
and Spittlehouse, 1996, Saurer et al., 2000, Helle and Schleser, 2004).  
 
Results and Discussion 
Hedera helix 
Both, the stable carbon and oxygen isotope profiles of H. helix show an annual cyclicity (Fig. 
1). The lowest δ13C value occurs at the tree ring boundary, after which a gradual increase 
takes place. The decrease in δ13C begins in the late stage of the growth ring formation (at 
approximately 2/3 of the ring width). The δ18O also shows a lowest value at the tree ring 
boundary, however, the highest value precedes the maximum of the δ13C value. In the year 
2003, δ13C and δ18O show higher values than in the two other years (Fig. 1). These higher 
values are most likely caused by the severe drought that occurred in that year (Trigo et al., 
2005). Furthermore, it is interesting to note that the δ13C and δ18O pattern look very similar in 
2002 and 2003, which indicates that both signals detain similar information during this time 
period, however the signals differ in 2004.   

 
Figure 1: High-resolution stable oxygen (solid symbols) and carbon (open symbols) isotope profiles of 
Hedera helix. 
 
Clematis vitalba 
Similar to the profiles of H. helix, the δ13C and δ18O profiles of C. vitalba also show an annual 
cyclicity (Fig. 2). However, the annual δ13C signal is strongly influenced by the 2003 drought, 
which probably also affected the year 2004. The δ13C pattern under more ‘normal’ 
environmental conditions is therefore, implied from the year 2002. The δ13C pattern of C. 
vitalba differs from H. helix in that the highest value and the consequent decrease in δ13C 
occurs in the earlywood and therefore, in an early stage of the growth ring formation, while a 
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more or less stable value is obtained in the latewood. Interestingly, this pattern has also been 
observed in Quercus spp. (Helle and Schleser, 2004). Both C. vitalba and Quercus spp. are 
ring porous and characterized by an abrupt difference between small vessels in the latewood 
and large vessels in the earlywood. Ring porous species are known to use stored 
carbohydrates to develop their earlywood vessels, prior to leaf emergence and therefore, 
prior to the production of new photosynthetic material (Aloni, 2004). This affetcs the δ13C 
profile in particular, as indicated by the high δ13C value in the earlywood of 2004, but not the 
δ18O profile, which is consitent with the results from Hill et al. (1995). Indeed, these authors 
found that the δ13C value of the earlywood was influenced by the previous year 
carbohydrates, while the δ18O value was not, due to exchange with current-year xylem water. 
The similarity in the isotope profiles of C. vitalba and Quercus spp. offers additional evidence 
that the shape of the δ13C profile is probably mainly controlled by post-photosynthetic 
processes. The δ18O signal has a lowest value in the vicinity of the tree ring boundary, while 
the highest value occurs in the latewood and therefore, is considerably different from the δ13C 
profile (Fig. 2).  
 

 
Figure 2: High-resolution stable oxygen (solid symbols) and carbon (open symbols) isotope profiles of 
Clematis vitalba. 
 
Tetracera alnifolia 
Similar to the temperate liana species, the isotope signal in this tropical species also shows 
considerable variation in the high-resolution profile (Fig. 3), with peak amplitudes (2 ‰) 
exceeding those observed in the temperate liana species (1.5 ‰). However, the isotopic 
composition of T. alnifolia was measured over a larger wood section (by a factor of about 3) 
as compared to the temperate liana species.  
Although the T. alnifolia sample originated from a region with a distinct dry season of four 
months, no distinct growth ring boundaries could be identified, nor does the δ13C profile 
present the typical periodicity observed in other temperate and tropical trees (e.g. Helle and 
Schleser 2004, Helle et al. 2004, Verheyden et al. 2004). Due to the absence of distinct 
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growth ring boundaries, we can at this moment, not confirm whether the observed peaks are 
annual, nor can we exclude the possibility that the peaks reflect severe droughts which are 
known to occur in the region sporadically. Comparison of the peaks with particular 
anatomical features (Fig. 3) reveals only partial association of peaks with indistinct 
anatomical structures in the wood. These results illustrate that the use of high-resolution 
profiles for identification of growth ring boundaries in tropical woody plants is not 
straightforward and needs to be further confirmed in different species.  

 
Figure 3: High-resolution stable carbon isotope profiles of Tetracera alnifolia. Vertical lines indicate 
position of observed indistinct anatomical features. 
 
Conclusions 
The results from this study add evidence for the presence of an annual cyclicity in the isotope 
profiles of temperate woody plants. Although the annual cyclicity could not be proven in the 
evergreen tropical liana species, the considerable variation in the high-resolution isotope 
profile is remarkable for this species which shows relatively little variation in wood anatomical 
features. Furthermore, the results obtained here suggest that the shape of the profiles are 
species specific, but that they can be classified according to similarities in the pattern. 
Comparison of the profiles of different species, can then further give insight in the processes 
involved in the shaping of the profile as was observed here for C. vitalba and Quercus spp. 
Finally, the study clearly showed that, unlike the results obtained in other studies (Barbour et 
al. 2002, Verheyden et al. 2004), the δ18O and δ13C values do not give similar signals in the 
two temperate liana species, pointing to different causes of their formation. 
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Introduction 
We compiled two recent high-resolution climate reconstructions (Büntgen et al. 2005a, b) 
estimating millennial-long temperature variations in the European Alps. These records show 
similar long-term behavior including the Medieval Warm Period (MWP), Little Ice Age (LIA), 
and recent warmth (Grove 1988, IPCC 2002, Lamb 1965), however, vary in their estimates of 
the absolute reconstructed temperature amplitude. Reasons for these amplitude ranges are 
manifold, including the utilization of differing tree-ring parameters (ring width and maximum 
latewood density), slightly varying instrumental targets, and differing calibration methods. 
This regional-scale finding is even more striking for the Northern Hemisphere, where 
uncertainty in reconstructed amplitudes is in the order of the total variance estimated over 
the last millennium (Esper et al. 2005a, b). 
Herein, we more systematically study the effect of utilizing instrumental target data on the 
reconstructed Alpine temperature amplitude. We re-calibrate the two temperature 
reconstructions (Büntgen et al. 2005a, b) against two differing 20th century instrumental 
datasets representing the same area in the Alps, and test the effect of changing calibration 
periods and seasonal means on the obtained amplitude. We show that reconstructed 
amplitude ranges in the order of ~1-1.4°C solely result from scaling against different 
instrumental target datasets. Further amplitude variations are quantified and their relevance 
for the ‘true’ long-term course of Alpine temperature variability discussed. 
 
Data and methods 
Two Alpine datasets of 1527 tree-ring width (TRW; 951-2002 period) and 180 maximum 
latewood density (MXD; 755-2004 period) measurement series were used for chronology 
development (Büntgen et al. 2005a, b). Sub-alpine larch (Larix decidua Mill.) samples were 
collected from living trees and historic material (Büntgen et al. 2006), all from elevations 
>1,500 m asl. The TRW dataset additionally includes 417 pine (Pinus cembra) samples 
(Nicolussi and Schiessling 2002). The MXD chronology compiles larch samples only. No 
data overlap between the MXD and the TRW chronologies exists, although, 120 out of 180 
MXD measurements derive from the >1500 TRW dataset. To preserve high to low frequency 
variation from the measurement series, data were detrended using regional curve 
standardization (RCS; Briffa et al. 1992, Esper et al. 2003). Key distinctions between the 
TRW and MXD data are the larch bud moth correction performed on the MXD measurements 
(Esper et al. 2005c), and the differing seasonal signal captured (TRW=JJA, MXD=JJAS). For 
details, e.g., site ecology, growth/climate response, detrending, and reconstruction 
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development, see Büntgen et al. (2005a) and (2005b) for the TRW and MXD data, 
respectively. 
The TRW and MXD based JJA and JJAS temperature reconstructions correlate at 0.55 over 
the 951-2002 common period. Correlations increase to 0.61-0.66 after 10-60-year low-pass 
filtering. Both records provide evidence for a pronounced MWP, LIA and recent warmth (Fig. 
3). Key differences include higher temperatures in the 960–80s and 1200–20s as indicated 
by the MXD record, and higher temperatures prior to AD 1000, and slightly cooler conditions 
in the early 13th century as indicated by the TRW record. The MXD reconstruction captures 
a distinct cold period ~1040-60s that is less pronounced in the TRW data. Both parameters 
reveal generally cool conditions between ~1350-1850, accompanied by inter-decadal 
fluctuations, i.e., low temperatures during 1580-1710, and relatively high temperatures ~1500 
and ~1800. Temperatures discontinuously increase since ~1710. A remarkable cold period is 
seen ~1810-20, and 20th century warming is indicated from the early 1910s to the end of the 
1940s, and from the late 1960s to present. 
For calibration, two instrumental grids of monthly temperature anomalies with respect to the 
20th century (spanning 1901-2000) are used. These include nine 1°x1° (updated 2004-11-
release of Böhm et al. 2001) and 42 0.5°x0.5° (Mitchell and Jones 2005) grid-points, 
hereafter referred to as HISTALP and CRU, respectively. Both grids cover the same region in 
the western-central Alps (45°-47°N and 6°-9°E). Key distinctions between the regional-scale 
HISTALP and large-scale CRU compilations include the homogenization, gridding, and 
clustering procedure, and consideration of altitudinal effects in the HISTALP network (>1,400 
m asl). For details see Böhm et al. (2001), Auer et al. (2005) and Mitchell and Jones (2005). 
 

 
 
Figure 1: A Comparison of the (JJA and annual) HISTALP and CRU data after 10-yr low-pass filtering 
(1901-2000). B Residuals (HISTALP minus CRU) computed from the unsmoothed records. 
 
After decadal smoothing, the HISTALP grid shows more, and the CRU grid less 20th century 
warming (Fig. 1A). This trend difference is stronger during summer, but also visible for 
annual means. Notable offset between the (colder) HISTALP and (warmer) CRU data is seen 
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before ~1940 and vice versa after ~1980. Constantly increasing residuals between the 
annually resolved grids (HISTALP minus CRU) highlight these longer-term discrepancies. 
Maximum residuals approach ±1.0°K seen in 1910, 1919, 1974, and 1989, for example (Fig. 
1B).  
Variability changes within the four instrumental targets, HISTALP/JJA, CRU/JJA, 
HISTALP/annual, CRU/annual, are indicated by 31-year moving standard deviations 
computed over the 1901-2000 period (Fig. 2). Similar periods of decreased and increased 
variability are revealed for all records. Annual values remain below those of the summer 
season, and CRU values tend to be lower than those of the HISTALP data. High summer 
variability is computed before 1920, between 1940-1960, and after 1980. Low variability 
occurred ~1930 and 1970. Variability of the annual means fluctuates less than those of the 
summer month. These temporal and seasonal differences in the target variability affect the 
reconstructed amplitude (see below). 
 

 
 
Figure 2: Moving 31-yr standard deviations of the unsmoothed June-August (bold) and annual (thin) 
mean temperature anomalies from the 20th century, calculated for the HISTALP (black) and CRU 
(grey) instrumental datasets over the 1901-2000 common period. 
 
Since larger-scale analyses indicate an underestimation of the reconstructed temperature 
amplitude when using linear regression (Esper et al. 2005a, von Storch et al. 2004), simple 
scaling, i.e., adjusting the variance and mean is applied. Doing so, the TRW and MXD 
chronologies are calibrated against June-August (JJA) and annual mean instrumental 
temperatures. Scaling is performed over the 1901-2000 period of overlap, and additionally 
over three split periods (1901-1933, 1934-1966, 1967-1999). To assess the model’s skill, the 
explained variance (R2), and Durbin-Watson index (DW) are computed. The DW statistic 
tests for lag-1 autocorrelation in the model residuals (Durbin and Watson 1951). 
 
Results 
Correlations between the TRW chronology and the HISTALP and CRU instrumental summer 
temperatures are 0.59 and 0.54. Correlations between the MXD chronology and the 
HISTALP and CRU instrumental summer temperatures are 0.66 and 0.72. All correlations 
reach the 99.9% significance level after correction for lag-1 autocorrelation. Correlations with 
annual mean temperatures are significantly lower (0.42-0.51 for MXD and 0.44-0.46 for 
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TRW), but slightly higher when using the CRU instead of the HISTALP data. The DW index 
ranges between 1.52 and 1.75 for the TRW reconstruction, and decreases to 1.15-1.46 for 
the MXD reconstruction, indicating more (less) lag-1 autocorrelation for the MXD (TRW) 
model residuals. These results lead to the assumption that enhanced high frequency 
calibration skill exists for the MXD chronology, whereas the TRW chronology performs better 
in the lower frequency domain. 
 

 
 
Figure 3: Millennial-long A, TRW and B, MXD RCS chronologies after scaling against JJA mean 
temperatures derived from the HISTALP (black) and CRU (grey) grids (1901-2000, grey box). Records 
are 40-yr low-pass filtered (without padding towards the ends) using a cubic smoothing spline. Annual 
residuals between the (unsmoothed) reconstructions are shown at the bottom. 
 
After scaling against JJA mean temperatures (HISTALP/CRU), the TRW chronology reveals 
warmest summers in 2001 (+3.1°C/+2.7°C) and, 2002 (+2.5°C/+2.2°C), and coldest 
summers in 1821 (-4.1°C/-3.6°C), and 1820 (-3.8°C/-3.3°C). The MXD chronology reveals 
warmest summers in 2003 (+1.8°C/+1.6°C), 970 and 1928 (both +1.7°C/+1.5°C), and coldest 
summers in 1816 (-4.7°C/-4.1°C), and 1046 (-4.1°C/-3.6°C). Simple calibration against 
instrumental data (here scaling) does not change the long-term course of a reconstruction, 
but rather only determines the variance of the modeled temperature variability. This 
amplitude is higher when scaling against summer temperatures rather then annual means 
(Tab. 1A, B). The difference in amplitude between the temperature reconstructions scaled 
against HISTALP or CRU data is in the order of ~1°C when modeling summer, and ~1.4°C 
when modeling annual temperatures. This uncertainty range solely results from the 
difference in the instrumental target’s variability and trend. In other words, uncertainty during 
the instrumental period propagates into the pre-instrumental period.  
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Table 1: A Calibration statistics (R2) and (DW) computed over the 1901-2000 period. B Annual- and 
decadal-scale temperature amplitudes of the TRW (1821-2001 and 1810s-1990s) and MXD (1816-
2003 and 1810s-1940s) chronologies after scaling against HISTALP and CRU instrumental data. 

 

 
 
The three split calibration periods (1901-1933, 1934-1966, 1967-1999) result in further 
amplitude modifications (Fig. 4). The amplitude of the MXD based JJA reconstruction after 
scaling against the three HISTALP grids ranges from 5.93-6.23°C, with the full 20th century 
calibration period amplitude being 6.49°C. Scaling against CRU data results in a range from 
5.42-5.80°C, with the full calibration period amplitude being 5.64°C. Even wider amplitude 
ranges are obtained for the TRW based summer temperature reconstruction (5.72-
8.90°C/HISTALP, and 5.35-8.70°C/CRU). The calibration period-effect on the reconstructed 
amplitude using annual mean values shows similar results, with the amplitude of the MXD 
based annual temperature reconstruction after scaling against the HISTALP grid ranging 
from 4.18-4.91°C compared with 5.10°C for the full calibration period. After scaling against 
CRU data, amplitudes range from 2.98-4.13°C, with the full calibration period amplitude 
being 3.87°C. Even wider amplitude ranges are obtained for the TRW based annual mean 
temperature reconstruction (4.64-7.25°C/HISTALP, and 3.90-5.96°C/CRU) (Fig. 4). 
 

 
 
Figure 4: Reconstructed temperature amplitudes after scaling the TRW and MXD chronologies against 
differing combinations of JJA and annual mean temperatures derived from the HISTALP and CRU 
grids over differing calibration periods. 
 
JJA and annual mean temperatures (951-2002) after scaling the TRW chronology against 
HISTALP (CRU) data are -0.68°C (-0.58°C) and -0.53°C (-0.40°C) colder than the 1901-2000 
instrumental reference periods. JJA and annual mean temperatures (755-2004) after scaling 
the MXD chronology against HISTALP (CRU) data are -0.87°C (-0.75°C) and -0.68°C (-
0.51°C) colder than the 1901-2000 instrumental reference periods. 
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Discussion  
Two instrumental grids show differing temperature trends and variability over the 20th 
century. Böhm et al. (2001, p. 1779) already reported characteristic differences between the 
CRU and HISTALP data: ‘The mean annual temperature increase since 1890 in the Alps is 
1.1 K, which is twice as much as the 0.55 K in the respective grid-boxes of the most 
frequently used global dataset of the Climatic Research Unit (CRU; Jones and Moberg 
2003).’ Trend dissimilarities originate from differing homogenization procedures applied to 
individual station records. These are performed to reduce the influence of urban artificial 
heating (Jones et al. 1990), for example. Variability dissimilarities could result from the 
number of stations included as well as their weightings in the gridding procedure.  
We showed that these variations in the instrumental data (increased trend and variability in 
the HISTALP data) influence the reconstructed pre-observational amplitude. Since HISTALP 
utilizes a denser network of stations including a more detailed examination of the station 
metadata (Auer et al. 2005, Böhm et al. 2001), we believe that this dataset is a more precise 
representation of surface temperature variations of the European Alps, whereas, the CRU 
grid is more large-scale in nature.  
Besides this variation from using differing instrumental targets, uncertainty is large in long-
term temperature reconstructions, and includes those within the proxy developed, and the 
calibration method applied (Esper et al. 2005a). Uncertainty within the tree-ring proxy, such 
as sample reduction back in time (Frank and Esper, this issue), trees responding rather to 
maximum than mean temperatures (Wilson and Luckman 2005), changes in the growing 
season length, slow ecological response shifts (Büntgen et al. 2005c), reduced site control of 
historic material (Büntgen et al. 2006), and methodological detrending uncertainties (Cook et 
al. 1995, Esper et al. 2003) cannot be discounted. A possible change in the annual cycle of 
temperatures would further affect the relationship between predictor and predictand (Jones 
et al. 2003). Since a vertical component in Alpine climate diminishes correlation between 
instrumental stations more than horizontal separation does (Böhm et al. 2001), uncertainty 
exists, if predictor and predictand originate from differing altitudinal belts. Methodological 
uncertainty additionally emerges from the differing calibration approaches including scaling 
or regression (Esper et al. 2005a), which is statistical in nature.  
Reconstructed amplitudes of the TRW and MXD records, even though, they show no overall 
linear trend after simple scaling, i.e., r2=0.0 for the 951-2002 and 755-2004 periods, 
respectively (Fig. 3A, B), vary from 2.98-8.90°C, solely depending on the instrumental 
calibration target data, season, and period used. The upper part of this wide amplitude 
spectrum is dominated by TRW based summer temperature reconstructions whereas the 
lower end of the spectrum is dominated by MXD based annual temperature reconstructions. 
The smallest (largest) amplitude spectrum results from the calibration period 1967-1999 
(1901-1933).  
Our results indicate that amplitude differences in the order of ~1-1.4°C solely result from 
scaling against HISTALP or CRU data (Tab. 1). The uncertainty derived here in the relatively 
short period of instrumental observations affects the reconstructed millennial-long Alpine 
temperature amplitude in the order of the total warming trend measured for the 20th century. 
These regional-scale results further diminish, when extended networks of larger-scale are 
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compiled (Esper et al. 2005b). 
We herein suggest to (i) scale instead of regress (ii) over the maximal period of 
instrumental/proxy overlap, which best captures the full range of temperature variability 
without underestimations, such as those resulting from regression, (iii) apply the HISTALP 
grid that is more regional in scope, (iv) use summer instead of annual temperature means, 
since the proxy is dominantly weighted towards growing season, and (v) perform MXD 
measurements that reveal slightly more stable growth/climate response patterns. 
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Introduction 
Cedrus atlantica ring width data from the site ‘Col du Zad’ southeast of the main range of the 
High Atlas (Fig. 1) are included in several regional and larger scale palaeoclimatic analyses 
(e.g. Chbouki et al. 1995, Glueck and Stockton 2001, Mann et al. 1999, Stockton 1988, 
Verstege et al. 2004). Ring width data recorded at this site – and basically at all cedar sites in 
Morocco – correlate with precipitation variation during winter and the vegetation period, 
allowing for reconstructions of the North Atlantic Oscillation via its fingerprint on regional 
winter rainfall in Morocco (e.g., Cook et al. 2002). Col du Zad is of particular interest, since 
individual cedar trees reach ages of 1000 years and more, making this site valuable for 
millennium long reconstructions of precipitation variability, and via synoptic relationships for 
long-term temperature estimations. 
In an effort to survey the potential of using further measurements in addition to ‘traditional’ 
ring width data (TRW) for palaeoclimatic studies, we here assess the climatic signal of 
multiple tree-ring parameters recorded from Cedrus atlantica at Col du Zad: maximum 
latewood density (MXD), minimum density (MID), latewood width (LWW), and earlywood 
width (EWW). We present a comparison of these parameters and correlate them with 
regional temperature and precipitation data. The capability of Cedrus atlantica TRW 
measurements for long-term climate reconstructions is demonstrated by estimating October-
September precipitation variations over the past 900 years using a combined 150+ core 
sample dataset integrating series from the sites Col du Zad and a nearby cedar site Tizi n’ 
Tarhzeft, hereafter referred to as Col and Tiz, respectively. 
 
Material and Methods 
Col (32°58’N, 5°04’W) and Tiz (33°06’N, 4°54’W) are located in the Middle Atlas at ~2,150 m 
a.s.l. (Fig. 1). Tree coverage, influenced by the dry climate in the rain shadow of the first 
Middle Atlas ranges north of the sampling sites, ranges from 35% at Col to less than 10% at 
Tiz. 106 core samples from about 70 trees and 57 core samples from about 40 trees were 
taken at Col and Tiz, respectively. Maximum and mean lengths of the tree-ring series are 
1024 and 299 years for Col, and 848 and 371 years for Tiz (Verstege et al. 2004). 
We selected 20 core samples from 10 trees in Col to measure high resolution (10 µm) 
density variations over the past ~200 years using a Walesch-2003 X-ray densitometer 
(Schweingruber et al. 1978). Selected trees represent different age classes, i.e. young and 
old cedars were considered. High resolution density profiles were then utilized to derive five 
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tree-ring parameters TRW, MXD, MID, LWW, and EWW (Schweingruber 1983) for 
comparison with regional climate data. 
 

 
Figure 1: Map showing the tree-ring sampling sites Col and Tiz (circles), and the instrumental climate 
grid point location (star) in the Middle Atlas, Morocco. 
 
Tree-ring data were standardized by calculating residuals from 300-year fixed splines (Cook 
1985), after stabilizing the ‘spread-versus-level relationship’ of individual measurements 
using a data adaptive power transformation to avoid potential end-effect problems in 
resulting chronologies (Cook and Peters 1997). Since little to no power was found for the 
MXD and MID density parameters, effectively no transformation occurred in these 
measurements. Chronologies were calculated using the arithmetic mean, and the 
chronologies’ variance stabilized using a method outlined by Osborn et al. (1997). See also 
Frank et al. (2005), this volume. Signal strength of the arithmetic mean timeseries was 
estimated by calculating interseries correlations (RBAR) over 50-year intervals lagged by 25 
years along the chronologies (Wigley et al. 1984). 
To estimate the climatic signal in the proxy data, we correlated each parameter chronology 
with gridded observational temperature and precipitation data over the 1901-2000 period 
(Mitchell et al. 2004). The grid-point closest to the tree-ring sites at 32°50’N/5°50’W was 
considered (Fig. 1). 
 
Results 
Long-term negative trends in fitted growth curves (Fig. 2, 300-year splines), likely related to 
the aging of cedar trees, are similar between TRW, LWW and EWW. They, however, appear 
on differing levels related to the varying mean widths recorded for these parameters (Tab. 1, 
0,73 mm for TRW, 0.13 mm for LWW, 0.60 for EWW). Visual inspection of the detrended 
measurement series indicates high common variance in TRW and EWW, and less common  
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Figure 2: Standardized tree-ring series and 300-year fixed spline growth curves used for detrending. 
Shown are the results for the 20 core samples from Col for A, TRW, B, MXD, C, MID, D, LWW, and E, 
EWW. 
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variation in LWW (Fig. 2), with rich inter-annual to inter-decadal variability seen in all three 
width parameters. 
 
Table 1: Col multiple tree-ring parameter growth statistics from 20 core samples (10 trees) spanning 
1776-2001. ‘Mean’ is the arithmetic mean over all 3,341 tree-rings. AC (raw) and AC (detr) are the first 
order autocorrelations of the raw and 300-year spline detrended data, respectively. RBAR (raw) and 
RBAR (detr) are the interseries correlation of the raw and detrended data, respectively. AC (chron) is 
the first order autocorrelation of the spline detrended chronology calculated over the 1901-2000 period 
of overlap with instrumental data. 
 

 
 

 
In comparison, the 300-year splines fitted to the density data indicate positive (MID) and no 
long-term trends (MXD). Detrended MXD data exhibit high variance between single series 
relative to the variations of the mean curve, i.e. increased spread between detrended 
measurements. The detrended MID data, however, behave different from all other 
parameters. These data show less decadal scale variation, accompanied by remarkably 
positive extreme values (pointer years). These findings, i.e., the differing low frequency 
biases in raw measurements (removed by 300-year spline fits), the higher low frequency 
loading of the standardized width parameters TRW and EWW, and the reduced common 
variance in the density parameters and LWW, are confirmed by the first order 
autocorrelations and RBAR statistics averaged over the individual measurement series (Tab. 
1). 
Interestingly, the chronologies of the width parameters TRW, EWW, LWW correlate >0.90 
over the well-replicated 1801-2001 period (Fig. 3a), indicating little independence between 
these measurements. These high inter-parameter correlations occur even though the 
common variance in the detrended LWW data is lower than in the TRW and EWW data (Fig. 
3b). The width parameter chronologies (TRW, EWW, LWW) are also similar to the MXD 
results (Fig. 3a) with correlations over the 1801-2001 period all >0.65. The comparison of 
multiple parameters further reveals that only the MID data shows somehow different 
information. MID variations correlate negatively with all other parameters. The lowest but still 
significant correlation (-0.50) is found between the MID and MXD chronologies (1801-2001 
period). Common variance in the MID data is higher than in the MXD data (except for one 
segment centered around 1860, Fig. 3b). 
With respect to the limited independence between these various tree-ring parameters, it is 
not surprising that the correlations with monthly and seasonal temperature and precipitation 
data show similar patterns (Fig. 4a). Overall, temperature has no significant impact on any of 
the considered parameters. February precipitation sums correlate significantly with all 
parameters, and May and June sums with MID. MID correlations are opposite to the results 
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obtained from all other parameters. These patterns are also valid for the seasonal 
precipitation records (Oct-Sep, Feb-Apr, Dec-Jul) that overall indicate the highest diagnostic 
skill of the tree-ring parameters (with the sign of the MID correlation again reversed). Highest 
correlations are found between MID and October-September (-0.54) and December-July (-
0.55) precipitation sums. Visual inspection of the fit with October-September precipitation 
(Fig. 4b) indicates that both inter-annual and decadal scale variations are well captured in the 
MID data. This seems surprising, since MID generally appeared to possess lowered loading 
in the decadal scale frequency domain (Fig. 2). 
 

 
 
Figure 3: Tree-ring chronologies and common variance statistics. A, 300-year spline detrended TRW, 
MXD, MID, LWW, and EWW tree-ring chronologies and sample replication (bottom). B, Interseries 
correlations (RBAR) calculated for 50-year segments lagged by 25 years. 
 
The correlation between MID and MXD data (r = -0.50, 1801-2001 period; Fig. 5) was rather 
unexpected, since no such relationship is reported for tree-ring data from high latitude, 
temperature sensitive sites (Briffa et al. 1998, Schweingruber et al. 1996). For the Moroccan 
data, it basically indicates that low MID values, seemingly caused by high precipitation sums 
(Fig. 4), are linked with high MXD values. The relationship is stronger in the higher frequency 
than in the lower frequency domains, i.e. is -0.59 for 10-year high-pass and -0.45 for 10-year 
low-pass filtered data, both calculated over the 1801-2001 period. 
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Since low MID values are indicative for wide earlywood cells, the MID data significantly 
correlate with the TRW (-0.64) and EWW (-0.64) chronologies, calculated over the 1801-
2001 period. This dependency is again well known from high latitude tree sites 
(Schweingruber et al. 1996). 
 

 
 
Figure 4: Climate signal of multiple tree-ring parameters, and MID versus precipitation comparison. A, 
Pearson correlation coefficients between Col tree-ring parameters (TRW, MXD, MID, LWW, EWW) 
and temperature and precipitation data. Climate data represent the closest grid point provided by the 
Climatic Research Unit (Mitchell et al. 2004). Temperatures are monthly mean values, and 
precipitation monthly and seasonal sums. Horizontal lines indicate (maximum) p<0.01 significance 
levels, corrected for lag-1 autocorrelation considering the October-September climate data. For tree 
site and grid point locations see figure 1. B, Visualization of the fit between December-July 
precipitation and (inverse) MID data. 
 
To demonstrate the potential of these additional tree-ring parameters (particularly MID), for 
estimating past climate variability, a long-term reconstruction of October-September 
precipitation sums back to AD 1100 is shown (Fig. 6a). This record represents a combination 
of 157 TRW series from Col and Tiz, regressed against observational grid point data 
(Mitchell et al. 2004). The model explains 36% of the variance of instrumental data during the 
1902-2000 period of overlap (r = 0.60). Linear regression, as applied here to transfer the 
proxy data into precipitation estimates, reduces the models’ variance in the order of the un-
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explained variance (Fig. 6b), i.e. there is a tendency that the model underestimates the ‘true’ 
variance of precipitation sums over the past 900 years (Esper et al. 2005).  
 

 
 
Figure 5: Comparison of the 300-year spline detrended MXD and MID chronologies. Data are 
normalized over the 1801-2001 period (correlation is –0.50). Bold curves are 10-year smoothed 
values. MID is inverted. 
 
The precipitation reconstruction also seems to be biased by an increase in variance back in 
time. This change in variability appears, even though the variance of the TRW chronology 
was stabilized using the method outlined by Osborn et al. (1997). These variance changes 
are in part related to the decrease in sample replication back in time (minimum replication in 
AD 1100 is 3 core samples), accompanied by an increase in interseries correlation as 
expressed by the RBAR measurements (Fig. 6a). For details on this issue see Frank et al. in 
this volume. 
 
Conclusions 
The analysis of multiple tree-ring parameters from Moroccan Cedrus atlantica trees, 
including TRW, MXD, MID, LWW, and EWW, revealed little additional potential to estimate 
long-term climate variations that would exceed the existing evidence based on TRW only. 
This conclusion largely stems from the limited independence between several of the tested 
parameters, namely TRW, LWW, and EWW. For MXD, common variance is much lower than 
reported from temperature sensitive high latitude sites (e.g. Briffa et al. 1998). Also, the 
climatic signal (here only significant with precipitation) does not reach the strength as found 
in TRW data. The MID data, however, seems to provide additional information on past 
precipitation variations. This occurs despite the fact that the standardized MID series show 
little lower frequency variability, and reduced signal strength statistics in comparison to TRW 
and EWW. Due to the nature of MID data, the correlation with precipitation is opposite to 
TRW measurements. To robustly estimate the potential of MID for climate reconstructions, 
more data from ecologically differing sampling sites in the Middle and High Atlas would need 
to be measured. This current analysis suggests that such an effort would be worthwhile. 
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Figure 6: Long-term precipitation model. A, October (previous year) to September precipitation 
reconstruction back to AD 1100 utilizing 157 ring width measurements from Col and Tiz. 
Measurements were detrended using a data adaptive power transform, and residuals from 300-year 
fixed splines calculated. The precipitation model is the variance corrected arithmetic mean of these 
index series regressed to grid point precipitation data over the 1902-2000 period, with 1902 
considering the October to December rainfall sums recorded in 1901. Interseries correlation (RBAR) 
calculated over 50-year segments lagged by 25 years, and core sample replication are shown at the 
top and bottom, respectively.  B, Visualization of the fit between the model and observational data in 
the 20th century. Correlation is 0.604. 
 
MID data also seem to be related to MXD data, a novel finding not reported from other 
density analysis (Schweingruber, pers. comm.). While this seems to be an interesting 
feature, we do not have a physical explanation for this dependency. The association between 
MID and MXD is mainly driven by the higher frequency, inter-annual component, and the 
level of correlation (-0.50 over the 1801-2001 period) seems to be robust enough to further 
investigate the association between these parameters. 
The capability of cedar trees for climate reconstruction is revealed by a long-term 
precipitation model using TRW data. Artifacts resulting from changes in sample replication, 
inter-sample cross-correlation, and variance changes in the detrended single measurements, 
make this reconstruction to indicate an increase in precipitation variability back to AD 1100 
(see Frank et al., this volume). The model also indicates that no long-term, centennial-scale 
precipitation variation is reconstructed over the past 900 years. This characteristic is likely 
related to the individual spline detrending procedure that removes lower frequency variation 
from the TRW data (Cook et al. 1995, Esper et al. 2003), i.e., the model as presented here 
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does not allow for an evaluation of potential centennial scale variation, as, for example, 
recently reconstructed in Europe, the US, and Central Asia (Cook et al. 2004, Treydte et al. 
2005, Wilson et al. 2005). These issues demonstrate the profound impacts that methodology 
can have on resulting reconstructions. More data and tests using differing detrending 
methods would be necessary to explore the low frequency spectrum of long-term 
precipitation variability in Morocco. 
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Introduction 
In dendrochronology it is common practice to create a mean-value function as the best 
estimate of the trees’ signal at a site. This averaging process helps eliminate noise particular 
to individual trees and cores thereby increasing the signal quality. The variance of the mean-
value function, however, depends upon the number of series averaged together and their 
interseries correlation (Wigley et al. 1984). As the number of single series rarely remains 
constant in dendrochonological or more generally climatic investigations, simple averaging 
routinely produces changes in variance that are solely a by-product of changes in the 
number of series. This issue extends into a wide variety of fields; relevant examples from 
global change studies include the construction of instrumental averages with diminishing 
numbers of stations and spatial representativity back in time (Jones et al. 1999), averages of 
proxy networks for climate reconstruction (Esper et al. 2002), and in the construction of 
individual tree-ring chronologies (e.g., Esper et al. 2005, this volume). 
Osborn et al. (1997) theoretically provided and experimentally tested a correction procedure 
to eliminate variance changes resulting from changing sample replication.  The basic 
correction centers around the use of the effective independent sample size, Neff, which 
considers the sample replication at every time and the mean interseries correlation 
(hereafter, rbar) between the samples. This is defined as: 

Neff =
n(t)

1+ (n(t) −1)r
 

where n(t) is the number of series at time t, and r is rbar. Multiplication of the mean 
timeseries with the square root of Neff at every time t theoretically results in variance that is 
independent of sample size. This result can then be further scaled by the square root of 
1/rbar to yield an estimate of the mean series in the original units. In the limiting cases, when 
the rbar is zero or unity, Neff obtains values of the true sample size and unity, respectively. 
Osborn et al. (1997) extend this basic correction procedure with examples showing 
possibilities and methods to account for temporal and frequency dependence in rbar. 
Temporal dependence in rbar may arise from changes in the spatial density of series being 
averaged together, for example. 
In this paper we intend to revisit this topic from a more applied perspective. Specifically, our 
motivation comes from evaluating the final chronology for the Morocco dataset (see Esper et 
al. 2005, this volume) corrected with the commonly applied variance stabilization routine 
incorporated into the program ARSTAN (Cook 1985). After the application of the 
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“Briffa/Osborn” correction, the variance of this chronology was observed to still increase back 
in time (Esper et al. 2005, this volume). Corresponding to this increase in variance is an 
increase in the rbar, which is to a large extent a likely consequence of the higher percentage 
of correlations computed between cores collected from the same trees (see figure 6 in Esper 
et al. 2005, this volume). We hypothesize that the correction procedure used in ARSTAN, 
which does not consider time-dependent changes in the rbar, is limited by this trend in 
correlation. To more completely assess and potentially improve upon this situation, we 
developed a routine, following the guidelines of Osborn et al. (1997), to allow for time 
dependent changes in correlation to be considered in the variance stabilization. We test and 
compare this time dependent rbar correction method, with the uncorrected average and the 
sample size correction method that uses a single time independent rbar value (as in 
ARSTAN). 
This paper contains two major themes. In part 1, synthetic datasets are introduced to 
demonstrate the effects of changing sample size and correlation on the computation of mean 
chronologies. For each dataset, three mean-value functions and running standard deviations 
of these mean-value functions are presented. In the second part, we look at the Morocco 
dataset and evaluate its characteristics with the same array of computations. Results lead us 
to explore some of the characteristics of the basic tree-ring data from Morocco. We close 
with a brief discussion and conclusion.  
 
Data 
For this study we utilize a set of three synthetic datasets composed of white noise. These 
datasets possess varying correlation structures and varying sample replication (Fig.1) to 
allow evaluation of the influence of these features on computation and correction of mean-
value functions. The individual series within these datasets have constant variance and no 
autocorrelation apart from that resulting from chance alone. These three “Cases” should a) 
illustrate how and when variance inflation occurs and b) how the different variance 
corrections can or cannot account for the time dependent changes in sample replication and 
correlation. In Case 1, a dataset with nearly time stable correlations, yet decreasing sample 
size is studied. In Case 2, a dataset with constant sample replication and increasing rbar 
back in time is studied. For Case 3, the two basic characteristics of Cases 1 & 2 are 
combined, for a synthetic dataset that possesses diminishing sample replication and 
increasing rbar values back in time. This third case most closely mimics the sample 
replication and rbar characteristics of the Morocco dataset. It should be noted however that 
as these datasets are generated from a random normal distribution with independence 
between neighboring observations, they do not fully capture the characteristics of real tree-
ring data. Nevertheless, we do believe they represent a good basis for demonstrating and 
testing some of the features relevant to the computation and variance correction of a mean-
value function. 
The Morocco dataset is a collection of Cedrus atlantica samples taken from living trees in 
2002. The individual series, after applying an adaptive power-transformation (Cook and 
Peters, 1997) and detrending with a 300-year spline, are the basic data utilized in the 



 58

calculations herein. These data and their treatments are the same as those used for the final 
chronology shown in Esper et al. 2005 (this volume), although in closing we briefly detail 
some of the attributes of the raw and ratio detrended Morocco data. The reader is referred to 
the Esper et al. 2005 publication (this volume) for more details and information about these 
data. 
 

 
 
Figure 1: Sample replication (A) and rbar computed in 50-year running windows (B) for the three 
synthetic datasets. Case 1:stable rbar, decreasing n; Case 2: increasing rbar, constant n; Case 3: 
increasing rbar, decreasing n. 
 
Methods 
For all datasets we computed mean time series with a) no sample size correction, b) with the 
basic correction for sample size that utilizes a single mean estimate of the rbar, and c) a 
correction that considers both the sample size and temporal dependence of rbar. Herein, we 
refer to these chronologies as: UNCORRECTED, MEANr corrected, and RUNNINGr 
corrected. The MEANr corrected version, following Osborn et al. (1997) should be rather 
similar to that used in ARSTAN, although there is a range of possibilities in exactly how rbar 
is determined. For the RUNNINGr correction, we utilized a 50-year window to estimate the 
rbar at every time t. Rbar is computed as the average Pearson correlation, of all pairs that 
share at least 25 years of data, within a given window. This diverges from the Osborn et al. 
(1997) approach, wherein for every time t, the rbar was determined as the average 
correlation among all data pairs with data during time t, computed over their maximum period 
of overlap. That is, in the Osborn et al. (1997) approach, the rbar only changes when sample 
replication changes, and the period of rbar estimation occurs over the period of maximum 
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common overlap and not confined within a running window as in our approach. With the 
RUNNINGr correction, additional ambiguity exists in the window size used for computation. 
The final UNCORRECTED, MEANr, and RUNNINGr corrected series are evaluated by 
simply plotting the resulting chronologies, and by plotting running standard deviations of the 
mean-value functions computed within 50-year windows.  
 
Results 
Variance adjustments in synthetic datasets 
Figure 2 shows the final chronologies and running standard deviation for Case 1 which has a 
decreasing sample replication and a nearly constant rbar of about 0.2. A clear increase in 
variance is observed in the UNCORRECTED mean, when the sample replication drops from 
50 to 10 and then again from 10 to 3. The UNCORRECTED mean is rather insensitive to the 
change from 100 to 50 series and reflects the asymptotic nature of Neff for larger sample 
sizes. The MEANr and RUNNINGr chronologies are quite similar and neither shows an 
increase in variance. Periods when the MEANr chronology has greater variance than the 
RUNNINGr chronology, correspond to time periods when the running rbar is greater than the 
mean rbar (Fig. 1b).  
 

 
 
Figure 2: Mean value functions (A) and their running standard deviation (B) computed for the Case 1 
synthetic dataset. The times corresponding to replication changes are indicated as vertical dashed 
lines in B. 
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Figure 3: Mean value functions (A) and their running standard deviation (B) computed for the Case 2 
synthetic dataset. 
 
For the Case 2 dataset (Fig 3.), where sample size remains constant and rbar essentially 
increases monotonically (Fig. 1b), the UNCORRECTED and MEANr corrected chronologies 
are identical, with both possessing substantially greater variance towards the higher rbar 
values back in time. In contrast, the variance of the RUNNINGr chronology remains 
reasonably stable over the entire chronology, with deviations representing only the stochastic 
nature of this dataset. This demonstrates the ability of the RUNNINGr correction to “follow” 
changes in the underlying correlation structure and subsequently mitigate or eliminate these 
biases during the computation of the mean-value function. It should be noted, that the time 
dependent correlation demonstrated by Osborn et al. (1997) would produce the same results 
as the UNCORRECTED and MEANr corrected versions here, because using their 
methodology the correlations are computed over the period of individual series overlap, 
which in this case does not change. However, Case 2 (constant replication, increasing rbar) 
is perhaps not very realistic for real data characteristics and is used here primarily to 
illustrate the systematic changes that result from changes in rbar alone. 
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Figure 4: Mean value functions (A) and their running standard deviation (B) computed for the Case 3 
synthetic dataset. The times corresponding to replication changes are indicated as vertical dashed 
lines in B. 
 
In Case 3, as could be inferred, a mixture of the attributes of the mean value functions from 
Cases 1 and 2 are observed (Fig.4). The variance of the RUNNINGr corrected chronology 
remains rather stable, as this method successfully considered the time dependent changes 
in rbar and sample replication. Both the UNCORRECTED and MEANr corrected 
chronologies show a noticeable increase in variance roughly corresponding to the time when 
replication drops from 100 to 50 series. It is however likely that the majority of this increase in 
both series is due to the somewhat steeper increase in correlation at about this time, rather 
than the decrease in sample replication.  In comparison to Case 1, the difference between 
the variances of the UNCORRECTED and MEANr corrected chronologies in Case 3 is 
smaller between 1300 and 2000. This is a result of the greater insensitivity to changes in 
sample replication for higher rbar values (Osborn et al. 1997), which are on average higher 
for Case 3 than for Case 1. During the earliest period, the variance of the UNCORRECTED 
chronology shows substantially inflated values, in comparison to the MEANr and RUNNINGr 
corrected chronologies. In this example, based on the differences between the standard 
deviation for the different computations during the early portion of the record, it can be 
estimated that during this early time period, about one third of the standard deviation 
increase in the UNCORRECTED chronology results from the increase in correlation over the 
course of this series, and about two-thirds from sample replication changes. Interestingly at 
around 1400 where the difference in variance between the MEANr corrected and RUNNINGr 
corrected chronologies is greatest, rbar reaches a local maximum value (Fig. 1b), which 
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results in a decrease in Neff, and hence also the standard deviation for the RUNNINGr 
corrected series. 
 
Variance adjustments in Cedrus atlantica (Morocco) 
We applied the same basic procedure as described above to the Cedrus atlantica dataset 
(see Esper et al. 2005, this volume), with results shown in Figure 5. The raw tree-ring data 
were subjected to a power-transform to eliminate the heteroscedastic behavior of the raw 
ring width series (Cook and Peters, 1997) and detrended by taking residuals between the 
power-transformed data and 300-year-spline fits to eliminate the age-trend. As is 
conventional for tree-ring indices, the detrended series were rescaled automatically in 
ARSTAN to have a means near unity. However, it is important to note the variance 
corrections outlined here assume the individual series to have a mean of zero. To approach 
this condition, we simply subtracted 1 from all series, resulting in series that are centered 
approximately around zero. Also included for comparison is the “Briffa/Osborn” variance 
adjusted version of the Morocco dataset as computed in ARSTAN. To account for the 
different scalings applied in our calculations and those from ARSTAN, all series were 
normalized with respect to the 20th century.  
 

 
 
Figure 5: Mean value functions (A) and their running standard deviation (B) computed for the Morocco 
dataset. Also included is the ARSTAN computed correction. For more details and plots showing 
sample size and interseries correlations, the reader is referred to Esper et al. (this volume). 
 
The UNCORRECTED, ARSTAN and MEANr corrected versions are nearly identical back to 
1400. Prior to this time the UNCORRECTED variance splays apart from the other series, 
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with substantial differences during the first hundred or so years. The ARSTAN and MEANr 
corrected chronologies are nearly identical, with only slight computational differences present 
during the early portion of the records. The RUNNINGr corrected chronology possesses the 
smallest trend in variance, indicating the utility of this method for consideration of the 
increase in rbar (and decrease in replication) back in time. However, in contrast to the 
synthetic dataset cases shown above, even the RUNNINGr chronology possesses a 
noticeable trend in the variance. Although mitigating the variance increase, this result largely 
refutes our initial hypothesis that the RUNNINGr correction procedure would eliminate the 
variance trend in the final Morocco chronology, which we assumed was primarily a 
consequence of the rbar increase towards the early portion of this dataset. 
In an attempt to understand the source of this variance increase, we computed running 
standard deviations for the individual series of the Morocco dataset (Fig. 6). It is evident that 
the average of the individual standard deviations increases back in time. In all likelihood, this 
tendency explains most of the variance increase still present in the RUNNINGr computed 
version of the Morocco chronology. None of the correction methods applied are able to “see” 
or cope with this apparent variance nonstationarity of the individual series. 
 

 
 
Figure 6: 50-year running standard deviations for the individual series from the Morocco dataset, along 
with their mean. 
 
To explore if the variance of the individual series may increase with decreasing biological 
age, as is done for Regional Curve Standardization (Briffa et al. 1992, Esper et al. 2003), we 
aligned the data by cambial age (although pith-offset data were not used) and again 
computed the running standard deviations and their mean (Fig. 7). To test the influence of 
the detrending method, we also detrended the raw tree-ring series using ratios from 300-
year-splines instead of power-transformation with residuals. The means from the age-aligned 
raw and ratio detrended running standard deviations are also shown in figure 7. The 
standard deviation of the raw series shows the most pronounced trend with biological age. 
This tendency diminishes with the power-transformed series, and is essentially non-existent 
with the ratio detrended series. It appears from these results, that these age-related 
tendencies in variance, as measured here, are not fully removed by the spread versus level 
calculations used in the adaptive power transformation, yet are removed by the ratio 
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detrending. It thus seems likely, that the biological age-related tendencies in the variance 
structure of the power-transformed/residual detrended tree-ring data play a central role in the 
variance increase found even in the RUNNINGr corrected Morocco mean-value function.  
 

 
 
Figure 7: 50-year running standard deviations for the age-aligned individual series from the Morocco 
dataset, along with their mean. Also shown are mean standard deviations for the age-aligned raw 
data, and 300-year-spline ratio detrended data. 
 
 
Discussion and conclusions 
Using the synthetic data we demonstrated how an increase in variance can occur from both 
decreasing sample replication or increasing rbar. Both the MEANr and RUNNINGr variance 
stabilization methods mitigated variance inflation due to changing sample size, however only 
the RUNNINGr method can eliminate variance changes resulting from fluctuations in the 
interseries correlation. 
However, with the real dataset, the situation turned out to be more complicated. Although we 
hypothesized, due to increasing interseries correlations back in time, that the RUNNINGr 
correction would eliminate the increase in variance found in the Morocco dataset after using 
the “Briffa/Osborn” correction method in ARSTAN, this was not the case. The RUNNINGr 
correction mitigated this variance inflation in comparison to the MEANr correction, however, 
the final RUNNINGr corrected chronology still showed a variance increase. This result was 
unexpected after tests with the synthetic data. The primary source of this variance increase 
appears to be that after detrending with a power-transformation and a 300-year spline the 
variance of the single series (as measured by 50-year running standard deviations) showed 
a biological age-related component. The greater variance at younger biological ages and the 
underlying age-structure of this dataset are likely to contribute to the variance trend for all 
computations and corrections of the mean chronology. Further exploration of this issue is 
required to more completely understand the origin of this tendency, and to determine if it is 
unique to this perhaps unusual dataset composed of multi-centennial to millennial length 
tree-ring series. More efforts to understand the characteristics of ring-width series that make 
them more or less susceptible to variance nonstationarities in general or after power-
transformation are also required. 
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For brevity we have not digressed even further by showing figures for the Morocco dataset 
detrended with the ratios method. However, these results (not shown), indicate that the 
uncorrected chronology possesses a strong increase in variance back in time, which is 
greatly reduced if the MEANr correction is applied and essentially eliminated if the 
RUNNINGr correction is performed. If the only criteria for chronology development were the 
presence of a relatively constant variance, we could suggest at this point that the ratios 
detrending might be more suitable for this dataset. However, this dataset, with long-lived 
trees that often possess exceptionally narrow outer rings, is particularly susceptible to index 
value inflation from detrending curves that enter “the danger zone” (Cook and Peters, 1997). 
More efforts are needed to untangle costs and benefits in detrending with the power-
transformation in comparison to ratios for this dataset, and to understand more generally if 
other tree-ring sites share these same attributes. For the Morocco dataset presented, with 
the methods tested, it appears that while the RUNNINGr correction perhaps performed best, 
the variance structure of the final chronology is still not completely optimal. Exploration of 
other variance stabilization methods, including an empirically based spline correction (which 
is also an option in ARSTAN) could be considered. In any case, we can recommend 
inspection of the individual series variances (perhaps after age-aligning) to determine if there 
are trends or artifacts that will influence the variance of the underlying chronology. More 
generally these same issues were seen to effect the variance corrections applied in 
developing regional means of tree-ring data, when the chronologies themselves were not 
computed with sample size corrections (Osborn et al. 1997). Similar considerations are 
easily relevant for the computation of hemispheric-scale temperature reconstructions. 
From the synthetic cases, with more stable individual variances, the RUNNINGr correction 
produced results most consistent with the expectation of constant variance in the mean-value 
function. Only RUNNINGr types of corrections can mitigate variance artifacts resulting from 
temporally changing interseries correlations. However, when rbar fluctuates randomly, as in 
Case 1 presented above, it is possible “overkill” to apply the RUNNINGr correction, when the 
MEANr correction would perhaps be justified. Variance corrections similar to the RUNNINGr 
approach used here might be helpful in the computation of gridded or large scale 
instrumental mean datasets. These datasets not only rely upon fewer and fewer stations 
back in time, but the locations of the earliest remaining stations tend to be more concentrated 
in certain areas such as Central Europe or Eastern North America. The RUNNINGr 
correction applied herein seems to have an additional interesting attribute: during times with 
greater correlation the variance is diminished. This has implications for the reconstruction of 
climatologically extreme periods (e.g. the early 19th century in Europe), which are probably 
not only imprinted on proxy series themselves, but also on the correlation of the individual 
series. This correction might help mitigate non-linearities resulting from strong pointer years. 
It is an objective in dendroclimatology for the variance properties of the mean-value function 
to most closely represent those of the instrumental target data. In this regard, some success 
was met using a network to look at the variability of extreme events in the Alps (Frank et al. 
2005). To better approach this condition, following the work of Osborn et al. (1997), we have 
shown herein that corrections for sample size are often needed. Additionally, we have shown 
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examples in which the correction methods routinely applied are additionally complicated by 
time dependence of rbar and by variance non-stationarity of the raw data. The application or 
omission of variance adjustments to the mean-value function of time series often has non-
negligible consequences. These considerations become critically important in 
paleoclimatology during the early periods of instrumental or proxy records when sample 
replication is lowest and spatial, biological, ecological, and sampling representativity are 
most likely to be unique. 
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Introduction 
A comparison of dendrochronological data from different sources mostly deals with various 
problems. Due to missing standards in respect to sampling strategies, ecological site 
conditions, statistical and indexation methods, etc., interregional differences in tree-ring 
chronologies need not be the results of changing ecological or climatological forcings. This 
problem can be solved by excluding all the aspects influenced by varying strategies and 
methods. Additionally, more than one tree species should be investigated to find out their 
common/true climatological signals. By using a unique statistical homogenization and a bio-
geographical stratification of all data big datasets make it possible to reconstruct climatic 
influences as well in temperate zones (Schweingruber and Nogler 2003).  
The main objective of this network analysis is the evaluation of the potentials of tree-ring 
analytical investigations in the temperate midlatitudes of Europe for reconstructing the 
climate conditions of historical time periods. Therefore we analyse the interannual 
climate/growth-relations of Central European tree rings in a dendroclimatological network 
combining tree-ring data from 377 sites with climatological data. Additionally the network 
includes modules to edit and to analyse the data, and to present the results. 
 
Data and methods 
This dendroclimatological network includes more than 1.25 million values of tree-ring width of 
the principal forest tree species (see Tab. 1) in Central Europe (defined as the area from 5° 
to 15°E and 42.5° to 52.5°N) from 377 sites (Fig. 1).  
The network combines the tree-ring data with climatological data (temperature, precipitation, 
and air pressure expressed by the North Atlantic Oscillation (NAO). Temperature and 
precipitation values are gridded data in a spatial resolution of 10 minutes for the time period 
from ad1901 to 2000 (Mitchell et al. 2003). 
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Figure 1: Sites of tree-ring width chronologies in Central Europe. 
 
The NAO is represented by three indices: PON and GIB for the air pressure gradients 
between the Icelandic climatic stations [Akureyri (65.7°N/18.1°W) or Stykkisholmur 
(65.0°N/22.8°W)], and Ponta Delgada (37.7°N/25.7°W) at the Azores (van Loon and Rogers 
1978, Rogers 1990) and Gibraltar (36.1°N/5.1°W) in Southern Spain (Jones et al. 1997), 
respectively (Neuwirth et al. 2004). The third NAO index is called PAE and describes the 
minima and maxima in the air pressure field between 70° and 20°N as zonal mean values 
(Glowienka-Hense 1990, Paeth 2000). The PAE-index takes into account the spatial 
movements of the air-pressure centres. The common overlap of all datasets determines the 
investigation period of this study from ad1901 to 1971. 
The raw tree-ring widths of all dendrochronological sites were checked for their suitability by 
the dendrostatistical parameters like Gleichläufigkeit GLK (Schweingruber 1983), interseries 
correlation rxy (Fritts 1976), and signal strength parameter NET (Esper et al. 2001). After 
building sitewise mean curves for the 377 sites the calculation of pointer values expressed by 
z-transformations according to Cropper (1979) leads to time series illustrating the anomalies 
against the mean radial growth for every site. The resulting z-transformed Cropper values Cz 
are grouped into weak (Cz > 1), strong (Cz > 1.28), and extreme (Cz > 1,645) pointer values. 
The chosen thresholds correspond to the probability, that the pointer year event is rarer than 
33%, 20%, or 10% respectively. 
Using the multivariate techniques factor-, cluster-, and discriminance analysis the 377 sites 
were reduced to 59 clusters combining all sites with similar growth anomalies over the 
investigation period.  
Temperature and precipitation anomalies were derived from the long time mean of the period 
ad1901 to 1971 for every month from September of the year before to August of the year of 
tree-ring growth. The NAO indices represent anomalies and will be used after a z-
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transformation. The synthesis of the climatological interpretation of extreme growth values 
with the results of correlations between climatological and tree-ring datasets is the base of 
the analysis of climate/growth-relations follows from the synthesis of. 
 
Results 
Radial growth 
The mean radial increment derived from all 7,708 Central European trees during the 
investigation period is 1.42 mm/a. Fir, spruce, and beech are the fast growing species (Tab. 
1). In this dataset three species - larch, mountain pine and stone pine - are only located in 
high mountain regions above 1500m a.s.l.. Larch and mountain pine grow less than 0.9 
mm/a. Additionally, the high mountain species show with more than 0.44 mm/a the largest 
variances in radial growth while the other species spread with less than 0.4 mm/a around the 
mean.  
Gleichläufigkeit GLK (Schweingruber 1983), signal strenght parameter NET combining the 
variance v with GLK (Esper et al. 2001), and Pearsons coefficient of correlation t-value 
(Schönwiese 1992) give an impression about the quality of the site chronologies. All values 
are better than the defined thresholds (GLK > 70%; NET < 0.8, t > 10). Therefore the mean 
curves represent the common signals of the single tree curves for all species. Regarding the 
three parameters in detail we find out that the mountain pine chronologies have the lowest 
and beech the highest common signals.  
 
Table1: Statistical features of central European tree-ring width from ad1901 to 1971 as mean over all 
tree sites and seperated into species. 
 
Abbreviations:  
ABAL = Abies alba, fir;    LADE = Larix decidua, larch;  
PCAB = Picea abies, spruce;   PICE = Pinus cembra, stone pine;  
PISY = Pinus sylvestris, Scots pine;  PIUN = Pinus uncinata, mountain pine;  
FASY = Fagus sylvatica, beech;   QUSP = Quercus petraea & Qu. robur, oak;  
YRG = yearly radial growth;    v = varinace; 
GLK = Gleichläufigkeit;    NET = signal strength parameter; 
t-value = coefficient of correlation;   AK 1 = autocorrelation lag 1 
               after Pearson 
 

 tree species 
 all ABAL LADE PCAB PICE PISY PIUN FASY QUSP
number of 

sites 377 76 17 129 27 22 21 38 47

YRG 1.42 1.82 0.88 1.48 1.16 0.99 0.76 1.63 1.30
v 0.39 0.38 0.44 0.37 0.44 0.43 0.45 0.37 0.35

GLK 0.77 0.78 0.79 0.76 0.78 0.76 0.70 0.80 0.76
NET 0.62 0.60 0.65 0.61 0.67 0.67 0.75 0.57 0.56

t-value 13.2 13.0 16.2 12.4 11.9 15.4 10.1 13.4 13.9
AK 1 0.63 0.68 0.56 0.65 0.62 0.64 0.65 0.57 0.56
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The autocorrelation of lag 1 separates the species into two groups. Deciduous species 
(larch, beech and oak) show significant smaller autocorrelations than the other species. 
Tree-ring growth of evergreen trees depend more on the conditions during the year before 
than the others. 
 
Pointer values 
Figure 2 shows the masterplot of central European pointer values calculated on the base of 
59 dendroclusters (black bars in figure 2).  

Figure 2: Central European masterplot for the period ad1901 – 1971 derived from 59 dendroclusters 
(black) and 377 sites (white). 
 
There are 12 years with Cz-values above the threshold 1 and also 13 years with values lower 
than -1. The positive pointer values are classified into 4 weak (1916, 1961, 1967, and 1969), 
6 strong (1904, 1927, 1943, 1946, 1951, and 1958) and 2 extreme (1932 and 1955) pointer 
years. For the negative growth reactions we can find out 7 weak (1909, 1913, 1930, 1942, 
1954, 1957, and 1965), 4 strong (1922, 1934, 1956, and 1968) and 2 extreme (1929 and 
1948) pointer years. Comparing this with the masterplot deviated from the 377 sites, (white 
bars in figure 2) there is no important difference between both plots. In all years the black 
and white bars tend into the same direction with nearly the same values. Therefore we can 
conclude that there is no modification by using the dendroclusters as calculation base. 
Valuable advices about growth determining factors can be obtained either by differentiating 
the various ecological sites, in the following expressed by elevation zones, or by regarding 
the species specific growth reactions (Neuwirth 2005). The subtraction of z-transformed 
Cropper values Cz averaged over the sites with elevations lower than 750m a.s.l. from the 
means of the sites above 1500m a.s.l. leads to a modified masterplot (Fig. 3). 
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Figure 3: Masterplot for the period ad1901 - 1971 of the residuals from the z-transformed 
croppervalues of the high- (>1500m a.s.l.) and the low- (<750m a.s.l.) elevated sites in Central 
Europe. Emphasized are years with extreme pointer values (grey), species specific pointer values 
(white), and elevation depending pointer values (hatched bars). 
 
Positive pointer years in the highlands and negative pointer values in the lowlands result in 
positive orientated bars, whereas negative highland values and positive lowland values lead 
to negative orientated bars. If high and low elevated sites have nearly the same values the 
residual bars are located nearby the zero line.  
In the years ad1911, 1913, 1921, 1926, 1933, and 1964, the strongest differences between 
low and high elevated sites can be found (hatched bars in figure 3). In these years, the signs 
of pointer values are changing with the elevation gradient. In 1911 and 1964 the differences 
are so decisive that in highlands as well as in lowlands, the pointer values are above the 
thresholds 1 and -1 respectively. The four extreme central European pointer years (1929, 
1932, 1948, 1955) show nearly the same values in all elevation zones resulting in bars (grey 
in figure 3) near by zero. In 1922 and 1946, larch trees show opposite growth in respect to 
the other species, just as oak in 1927. Because of the small elevational spectrum of larch 
(only high elevated sites) and oak (mostly in lowlands) in this dataset the individual growth 
reactions of this species dominate the differences between high and low elevated sites (white 
bars in figure 3). In 1968 beech, fir, spruce, and larch show negative growth anomalies. Oaks 
and the pine subspecies have no significant reactions. Therefore the highest Cropper values 
are located in elevations between 750 and 1500m a.s.l., the main area of fir and spruce. The 
resulting residual bar is dominated by the negative reactions of low elevated beechs.  
For each year pointer values are found which have at least regional and/or species specific 
relevance. Their spatial distribution is illustrated by yearly maps created by using a GIS with 
an interpolation between the 8 neighbours of every site. The maps for every year of the 
investigation period are published on the internet (Neuwirth 2005) and exemplary in Neuwirth 
et al. 2003. The maps classify the years into four groups: years with (i) positive and (ii) 
negative growth reactions in nearly the whole investigation area; (iii) years with balanced 
portions of positive and negative growth anomalies; and (iv) years with growth reactions only 
in small regions or at several sites. In spite of the similarities in the group internal growth 
patterns the geographical position, the elevation and the leading species of the 
dendroclusters are not enough to explain the reasons for the spatial distributions of pointer 
values. At least we have to take into account the climatological forcings. 
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Climate/growth relations 
The analysis of climate/growth relations consists of a synthesis of the climatological 
interpretation of pointer values and the results of correlations between climatological and 
tree-ring datasets, always differenciated in species specific relations. All important individual 
results are combined in one diagram (figure 4) showing the climatological forcings for 
positive and negative growth reactions for each tree species in their elevation zones. To 
demonstrate how to read figure 4, we present the example of fir in their upper elevation zone. 
Between 1250 and 1750m a.s.l. positive growth reactions result from small winter 
temperatures above average and strong precipitations in May above average. In contrast, 
negative growth reactions are caused by cold winter temperatures and/or slightly 
temperatures in the summer months below average. Regarding the species seperatly we can 
summerize the following facts: 

− the sensitivity of fir against strong winterly coldness, 
− the positive influence of moist summerly conditions for spruce radial growth, 
− the positive correlations of beech to increasing summer temperatures, especially above 

500m a.s.l., 
− the inferior sensitivity of mountain pine against climatic forcings, 
− the high negative influence of temperatures in the autumn of the year before on stone 

pine, 
− the strong sensitivity of scots pine against summerly dryness, 
− the high correlation of larch tree-ring growth with summer temperature. 
 
Regarding figure 4 the reciprocal influence of temperature and precipitation on tree-ring 
growth in nearly all elevations is clearly recognizable. Growth reactions are neither 
monocausally related to temperature in high elevations nor to precipitations in low elevations. 
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Figure 4: Schematic illustration of climatic conditions as deviations in respect to the mean from 1901 
to 1971 and corresponding growth anomlies of tree species in their elevation zones. Autb = Autumn of 
the year before; Wi = Winter (DJF); Sp = Spring (MAM); Su = Summer (JJA); Gs = growing season; ☼ 
= temperatur;  = precipitation; +, - = positive, negative anomalies; ( ) = weak; bold = strong; - - = 
extreme. 
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Figure 5: Monthly frequencies of significant correlations between the five climatic indices and the 29 
dendrogroups. 
 
Figure 5 illustrates the frequencies of the climate/growth relations in sequences from 
September of the year before to August in the year of tree-ring building. The frequencies are 
calculated for dendrogroups defined as the means of species specific means of 
dendroclusters in the five chosen elevation zones. Precipitation-related influences (Fig. 5B) 
are mainly concentrated on the months from May to August. They change from positive 
correlations in May to negative correlations in autumn. In contrast the temperatures correlate 
in winter exclusively and in summer mostly positive to radial growth. In comparison NAO 
indices cause less influence on interannual tree-ring growth (5A). For PAE and PON we do 
not find significant correlations to more than 10 dendrogroups. Only the GIB index, which is 
derived from the closer to Central Europe located station Gibraltar, correlates in March 
negative to more than a quarter of the dendrogroups and in April to more than a third of 
these groups. Additionally, the GIB index is significantly correlated to radial growth of 10 
dendrogroups in August, six times positively and four times negatively. Combining a positive 
NAO index with mostly zonal atmospheric mean streams, we can conclude moist air masses 
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over Central Europe (Hurrell et al. 2004). In April, these convective air masses are warmer, 
and in August colder than the surrounding ais masses. 
 
Conclusion 
Due to the similar editing and preparation of all datasets the presented results demonstrate 
the suitability of tree-ring widths for comparisions of growth reactions between different tree 
species and different regions. The results proof that tree-ring widths in the moderate mid-
latitudes are also usefull for climatological interpretation of pointer values. Growth anomalies 
are a suitable parameter to explain the relative yearly changing growth patterns related to the 
modifying influence of climatic forcings. This can be explained by the optimal adaption of 
trees to their specific ecological site conditions. 
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Introduction 
Not many geographical or other studies in Slovenia discuss correlations between the climate 
and the growth of trees. The problem of establishing the upper tree- and forest-line was 
studied by Lovrenčak (1977, 1987), Gams (1977), and Plesnik (1971). Levanič (1996) 
studied the dendroclimatology of European silver fir on the Dinaric high plateau in central 
Slovenia, and Ogrin (1989, 1991 and 1998) mainly studied dendroclimatology of the Alpine 
and the sub-Mediterranean regions in Slovenia. 
The Sub-Mediterranean and the Alpine regions are most suitable for dendroclimatological 
investigations in Slovenia since they have certain limiting conditions for the formation of 
radial increments. Sub-Mediterranean Slovenia is typified by its deficit in humidity in summer 
months, which is also partly due to prevailing karstic features of the surface. These 
conditions are more or less clearly reflected in radial increments of trees, confirmed by the 
previous studies. Thus, the need for further investigations became evident because a climate 
signal registered in the width of annual rings is indistinct in many places, or deviates from a 
general scheme of radial increment formation in similar conditions elsewhere in the world 
(Aloui, 1978, Berger et al., 1979, Seue, 1973, etc.). The formation of radial increments 
strongly depends on various stress situations, as well as on the local, also non-climatic 
conditions which cannot be sufficiently comprised in dendroclimatological methodology. 
 
Study area 
The term 'sub-Mediterranean Slovenia' denotes the south-west region of Slovenia, which lies 
under the Alpine-Dinaric barrier and opens towards the Adriatic, from which the mitigated 
Mediterranean influence spreads. The region is composed of flysch and carbonate rocks in 
which limestone prevails. The climate becomes more severe the further one gets from the 
sea. Average temperatures in January are higher than 0°C (by the sea, > 4°C), and in July, 
higher than 20°C. Annual precipitation by the sea is 1000 mm, and 1600 mm  in  the foothills 
of the Dinaric barrier. The majority of precipitation falls in autumn, while the smallest amounts 
fall in winter and summer when droughts are frequent, owing to high temperatures and the 
karstic surface. Forest vegetation is thermophillic (submediterranean) and low forests prevail, 
consisting mainly of oriental hornbeam and oaks (pubescent and durmast oak). Besides, 
non-autochthonous forests of black pine with which the barren karstic areas were afforested 
also occur frequently. 
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Figure 1: Geographical position of the investigated area with marked sampling locations. 
 
Material and methods 
The trees that were sampled for the investigation grow in different growing conditions. In sub-
Mediterranean Slovenia, samples were taken from flysch areas (Bržanija, Brdo, Plasa, 
Topolovec), and also from karstic areas (Socerb, Petrinje, Lipa-Komen). The locations on 
flysch have better growing conditions; soil is up to 30 cm deep, loamy and not so dry. 
Bržanija is slightly different; samples here were taken from a marl slope which is exposed to 
soil solution. On the marl bedrock of the slope, after the afforestation with black pine a 
hundred years ago, only 10 cm of soil of poorly weathered pine needles accumulated. The 
sampled trees from the Kras grow on limestone plateau which are covered with up to 10 cm 
deep non-continuous rendzina, out of which the parent material sometimes protrudes. 
Samples of oaks (durmast oak and pubescent oak) were taken at the locations of Brdo, 
Plasa and Topolovec, and samples of black pine at Bržanija, Plasa, Socerb, Petrinje and 
Lipa-Komen. 
Mature trees, with no visible mechanical or other damage and unobstructed crowns were 
sampled, growing on rather isolated sites (mainly 10 to 20 trees on each location). Most of 
the samples were taken by means of increment borer. We bored to the center of the trunk at 
standard breast height, from two opposite sides, parallel with the terrain contours. Trees 
were felled only at Brdo, Topolovec, Plasa and Lipa-Komen.  Air-dried samples were planed, 
and the width of tree-rings was measured by means of magnifying lens, with the accuracy of 
1/100 mm.  
Synchronicity of radial increments was established by means of cross-dating, and as a result 
of anomalies, 6 samples were excluded from further analysis. In making cross-dating we 
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made use of the so-called leading chronologies. Then followed the dating and 
standardization by means of which the biological trend of growth was eliminated. Applied 
was the "corridor method". Local index chronologies were made for each site, and from them, 
regional chronologies were made for individual tree species.  
The tree-ring climate signal for both local and regional chronologies was established by 
means of correlation. In this process, the 13-month period was made use of, from September 
of the previous year when the beginning of future increment was formed, to September of the 
respective vegetation period. Correlations for monthly and seasonal values, for the 
vegetation period (April - September), and yearly values were calculated separately. 
Correlations of greater than +0.25, or smaller than - 0.25, were taken as significant. As the 
source of climatic data, meteorological stations located close to and having similar positions 
to the sampling locations were used: Kubed (262 m) and Komen na Krasu (289 m).   
 
Results and discussion 
Local and regional chronologies 
The samples represent all growing conditions of parent material, exposure to sun, and 
landform features at individual locations. Thus, the average growing conditions of each 
location are reflected in the local chronologies. Only undamaged and moderately damaged 
trees were used in making chronologies; the samples of trees with intense decline in 
increments or missing tree-rings were eliminated. From the samples of sub-Mediterranean 
Slovenia, four local chronologies for black pine and three for durmast oak were made. The 
pine chronologies are about 40 years long, mainly comprise the period after the World War II. 
The oak chronologies are of similar length, with the exception of that from Topolovec, which 
is almost 100 years long, covering the period 1888 to 1985. The regional chronologies were 
made for the time for which the climate data were available, so that they are 30 to 40 years 
long. Thus, the regional chronology for black pine is 38 years long, consisting of the period 
from 1951 to 1988, and regional chronology for oak is slightly shorter, 31 years, made for the 
time between 1955 and 1985. 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2: Regional chronologies of tree-rings indexes 
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Climate dependence of tree-ring width 
Correlations between the tree-ring widths and temperature and between the tree-ring widths 
and precipitation were analyzed for individual local chronologies, as well as for the average 
regional chronologies, separately for each tree species. The whole complexity of 
relationships between the factors determining radial increments, and the climatic and non-
climatic factors are clearly evident in the local chronologies, so that the climate signal 
registered in the width of tree-rings is often unclear and concealed. The results of regional 
chronologies evidently show the influence of the so-called mesoclimate, (which is the 
outcome that we wished to reach with our investigation). These results are discussed below.  
 
Black pine 
It is evident from the results of correlation analysis (Fig. 3) that during the period of winter 
dormancy and at the beginning of the vegetation period (spring), the formation of radial 
increments is being stimulated by above-average temperatures (winter: r = 0.4970; spring: r 
= 0.2846; March: r = 0.5544). Average winter temperature in the area of sampling locations is 
approx. 3.5°C, and average summer temperature, 10.8°C, which is, according to Fritts 
(1976), lower than the optimum temperature for photosynthesis, being 15-20°C for the tree 
species of moderate climate. However, higher-than-average temperatures in the remaining 
months and seasons impede the formation of radial increments. The negative impact of the 
above-average temperatures in summer (r = -0.388) and during the entire vegetation period, 
from April through September (r = -0.4829) are clear. In the areas where samples were 
taken, the average summer temperatures are about 20°C, and about 16.5°C in the 
vegetation period. Higher temperatures in these two periods cause high evapotranspiration, 
which is "felt" by plants as drought, owing to deficient soil moisture. Potential 
evapotranspiration in sub-Mediterranean Slovenia is higher than precipitation in July and 
August, and because of the karstic surface, drought can occur as early as June, and may 
last until the end of September. 
Above-average temperatures in the autumn of the previous vegetation period (September: r 
= -0.289; October: r = -0.2976; November: r = -0.3535) can be shown to be unfavorable for 
incremental growth. Firstly, higher autumn temperatures can prolong the formation of tissues 
which use up the nutrition reserve prepared for the growth in spring; and the second 
explanation is that higher autumn temperatures postpone the preparation of wood to winter 
(Fritts, 1976). This increases the sensitivity of tissues to damage caused by cold, and exerts 
negative influence on the growth in the following season. 
A picture of the influence of precipitation is less involved. All statistically relevant correlation 
coefficients are positive and refer to precipitation in the vegetation period (July: r = 0.2972; 
September: r = 0.3881; summer: r = 0.3225; vegetation period: r = 0.3713). Also statistically 
relevant is the correlation coefficient referring to the annual amount of precipitation (r = 
0.3413) which means that black pine in sub-Mediterranean Slovenia forms wider tree-rings in 
the years with above-average precipitation, especially in the vegetation season. 
A cause of the need for more abundant precipitation in sub-Mediterranean Slovenia can not 
be searched in small amounts of precipitation. This need originates in rather high 
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temperatures, and even more in karstic features of the surface and shallow soil cover that 
can only retain little moisture, which eventually causes drought. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Correlation coefficients of black pine in sub-Mediterranean Slovenia 
 
Oak 
The results for the oak chronologies show similar responsiveness to that of black pine, 
except that the response to precipitation is stronger at oak. The above-average precipitation 
is stimulative for the formation of radial increments in all seasons (year: r = 0.2898). If the 
influence of precipitation is ranked by correlation coefficients, it becomes evident 
precipitation in the vegetation period (r = 0.6654) and summer (summer: r = 0.5592; July: r = 
0.3372; August: r = 0.5002) is most influential on the radial increment. In oak, as in pine, it is 
important that the above-average precipitation falls during the autumn-winter months of the 
previous year (October: r = 0.3193; November: r = 0.2207; December: r = 0.2956). 
Correlation between the precipitation and the width of tree-rings is proportional. The above-
average precipitation results in greater soil moisture which reduces the drought stress.  
In comparison with black pine, temperature correlations for oak are weaker. The highest 
values are reached with winter temperatures. Higher temperatures in this season, especially 
in February, exert negative influence on the formation of radial increments (winter: r = -
0.3003; February: r = -0.3371). This is just the opposite of black pine at which higher winter 
temperatures have positive influence on the formation of radial increments. One of the 
possible explanations for this correlation is that winter in sub-Mediterranean Slovenia is the 
season with the smallest precipitation amount, 250-300 mm, and February with only 80 mm 
is the driest month. Thus, higher temperatures in this season increase evapotranspiration 
which, together with deficient soil moisture, results in drought stress. According to Fritts 
(1976) and Pilcher and Gray (1982), higher temperatures can also directly influence the 
increased respiration which causes that plant consumes a part of its nutrition reserves as 
early as winter, which is later manifested in form of reduced increment.  
In contrast to winter, a warmer spring or an earlier beginning of the vegetation period is 
manifested in wider tree-rings (March: r = 0.2739; April: r = 0.2865; spring: r = 0.2485). 
Except for the August temperatures (r = -0.2752), the above-average temperatures in 
summer do not exert any more significant influence on oak. 
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Figure 4: Correlation coefficients of oak in sub-Mediterranean Slovenia  
 
Conclusions 
By means of average regional chronologies which were made from local chronologies within 
an individual climate type, a climate signal registered in the width of tree-rings can 
adequately be discovered under the condition that trees are climatically sufficiently sensitive, 
or an element exists within the climatic complex representing the most favorable conditions 
for the formation of radial increments. Of the three main climate types in Slovenia, the sub-
mediterranean, the mountainous and the moderate-continental (Ogrin, 1996), the climate 
signal recorded in the width of tree-rings is most easily discernible in the sub-mediterranean 
and also in the mountainous climates. 
In sub-Mediterranean Slovenia, the restricting factor of radial increment formation occurs in a 
form of drought which is further intensified by karstic surface at certain places. Thus, radial 
increments of oak and black pine are in positive correlation with precipitation, particularly in 
the vegetation period, and in negative correlation with higher temperatures in the same 
period. The importance of precipitation in the vegetation period is more explicit in the case of 
oak, since as much as 44% of radial increment variance can be assigned to it. The 
conditions at the end of the previous vegetation season are an important influence on growth 
(preparation for winter), with a wetter than the average autumn with below average 
temperatures resulting in the largest subsequent rings. In favorable conditions, pine begins to 
assimilate as early as the end of winter (February), and responds favorably to a warm winter.  
A warmer spring is favorable for both the tree species studied. 
In comparison with the studies which were made in the areas with  true Mediterranean 
climate, where the precipitation amount is smaller, temperature higher and summer drought 
more explicit, the statistically relevant correlation coefficients for Slovenia are rather low 
(most of them up to ±0.4). Also the percentage of variance in radial increment assigned to 
climate is low. It is slightly higher than 30% for black pine, and 47% for oak.  By comparison, 
Aleppo pine growing in the surroundings of Marseille in southern France, shows as much as 
68% of radial increment variance can be accounted for by climate (Munaut, 1982, in: Hughes 
et al. 1982). 
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Introduction 
Using the results of climatic models, some authors state that recorded global warming is 
directly related to the increased concentration of greenhouse gases in the atmosphere 
caused by the anthropogenic activity. Quantitative estimations indicate an increase in the 
average annual temperature in Northern Hemisphere by 0.5-0.6°C (Mann et al. 1998, Jones 
et al. 2001). According to calculations based on climatic models, the strongest warming 
should be observed in the high latitudes of the Northern Hemisphere, with an increase of 3-
4°C (Kelly et al. 1982, Budyko and Israel, 1987). However, data obtained from analyses of 
the radial growth of trees from the sub-Arctic area of Eurasia, an area closely tied to 
strongest temperature changes, do not show significant changes in climatic conditions (Briffa 
et al. 1998, Naurzbaev and Vaganov 2000). There is also the unresolved issue of the range 
of natural climate fluctuations, i.e. the amplitude of near-surface air temperature changes in 
the high latitudes of the Northern Hemisphere during the Holocene. Tree-ring chronologies 
serve as a reliable instrument for the reconstruction of natural temperature fluctuations in the 
high latitudes over millennial time scales. Compared to the other indirect sources of climate 
information, these tree-ring chronologies have important advantages: Firstly, climatic 
information is distinctly recorded in annual tree-rings (Briffa et al. 1998, Naurzbaev and 
Vaganov 2000, Naurzbaev et al. 2001). Secondly, at the northern boundary of the Eurasian 
forests, trees reach a maximum age of 1216 years and the net of dendro-climatic “stations” 
evenly distributed over a vast territory of Siberia permits spatial and temporal reconstructions 
of temperature variation (Vaganov et al. 1999, Sidorova and Gerasimova 2005); and finally 
dead trees, preserved in permafrost, offer the opportunity of obtaining tree-ring chronologies 
over longer Holocene time scales (Shiyatov 1986, Vaganov et al. 1996, Vaganov and 
Naurzbaev 1999, Hantemirov 1999, Hughes et al. 1999, Naurzbaev et al. 2002, Sidorova 
2001, 2003, Hantemirov and Shiyatov 2002, Grudd et al. 2002). 
 
Materials and methods  
We developed 2000-year tree-ring chronologies based on the oldest living trees, dead and 
sub-fossil wood well preserved in the Eastern Taimyr [72N – 102E] (Naurzbaev and Vaganov 
2000, Naurzbaev et al. 2002), North-Eastern Yakutia (Indigirka) [70N – 148E] (Hughes et al. 
1999, Sidorova 2001, Sidorova and Naurzbaev 2002) and also used millennia-long 
chronologies, produced by our colleagues from the Yamal [67N – 70E] (Hantemirov 1999, 
Hantemirov and Shiyatov 2002), and Sweden [68N – 20E] (Grudd et al. 2002).  
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To exclude age-dependent variations and to retain the maximally long-term and high 
frequency climatic signal the raw tree-ring width measurements were standardized by 
Regional Curve Standardization and corridor methods (Shiyatov 1986, Briffa et al. 1996, 
Esper et al. 2002).  
 
Results 
Main characteristics of these chronologies are given in the table 1.  
 
Table 1: Statistical characteristics of regional long-term tree ring chronologies 
 

 Standard 
deviation 

Sensitivity Correlation coefficient of low pass 
filtered data (p<0.05) 

Chronologies   Sweden Yamal Taimyr Indigirka 

Sweden 1.28 0.74 1.00    
Yamal 0.73 0.81 0.24 1.00   
Taimyr 1.52 0.80 0.14 0.35 1.00  

Indigirka 1.21 0.80 0.17 0.20 0.25 1.00 
 

All four tree-ring chronologies show a high standard deviation of 0.73 - 1.52 and sensitivity of 
0.74 – 0.81. After RCS standardization (Shiyatov 1986, Briffa et al. 1996, Esper et al. 2002) 
all four tree-ring chronologies are smoothed with a low pass 41-year filter. The chronologies 
show significant correlation coefficients of low frequency variability (long-term) and 
insignificant correlation of high (from year to year) variability. It means that summer 
temperatures on annual basis mainly differ in various sectors of the Subarctic. The more 
careful analysis indicates that the percentage of years with the same warm or cold calendar 
years for the whole northern Eurasia does not exceed 20% for the last two millennia 
(Vaganov et al. 1996, Naurzbaev et al. 2003, Sidorova 2003).  
In an earlier part of the analysis of spatio-temporal variability of tree growth in high latitudes 
of Eurasia it was clearly shown that the local tree-ring chronologies significantly correlate 
within an area of up to 600-800 km in the west-eastern direction. Thus, millennial 
chronologies represent various tree-ring growth and climatic variability for large sectors of the 
Subarctic. Summer temperature variability explains 60-70% of total variability in tree-ring 
indices. 
The combined chronology for Northern Eurasia was calculated as first principal component 
(Fig. 1). 
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Figure 1: Combined northern Eurasia tree-ring chronology 
  
In figure 1, we can see several warm periods (first to fifth century), the Medieval Warm 
Period (the maximum increase during the 10th to 12th centuries) and current warming in the 
middle 20th century and abrupt cooling during the middle of the 16th century and the end of 
the 19th century. The long-term changes in Northern Eurasia have a similar character during 
the last 1250 years (Fig. 2).  
 

 
Figure 2: Range of tree-radial growth changes in the millennia chronologies (b) and variability of the 
tree-ring index chronologies in spatial location (c) for the late Holocene (class. by Lamb 1977) (a) 
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Medieval warming (MWP) lasted from the 10th to the 12th century and the 15th-century 
warming was followed by cooler conditions during the Little Ice Age (LIA) with lowest 
temperatures in the 17th century. The current warming which started at the beginning of the 
XIX century does not exceed the amplitude of the Medieval Warming. In the last century tree-
ring growth is more intensive in the western Subarctic part than in the eastern part. All 
millennial chronologies fixed Medieval Warming, which has two phases - XI, XII and middle 
of the XIII, XIV separated by a short period of growth depression (late XII - middle XIII). The 
radial growth depression was longer in the western part of Eurasia, but more severe in the 
eastern part. Moreover, all chronologies fixed the radial growth reduction in the LIA (early 
XVI - XIX) and before MWP.  
Let us consider the fragments of the combined tree-ring chronology in the early Medieval 
Warming and current warming. The estimates (increase by 0.82 and 0.95 for the last 100 
years) testify that the mean rate of the long-term growth increase is approximately equal in 
both periods but the amplitude somewhat disagrees.  
For each chronology we calculated the response function and developed a temperature 
reconstruction for the last 1000 years. We used data of closely located meteostations for 
each region. In table 2 the main statistical characteristics of reconstruction models for all four 
millennia chronologies are shown.  
 
Table 2: Calibration model results of June-July air temperature reconstruction 
 

Statistics of instrumental series Statistic of reconstruction models Chronologies/ 
meteostations 

Calibration 
period, 
years 

Mean 
temperature, 

°C 

Variance, 
°C 

Correlation 
coefficient for 

index 
chronologies 
and 5-years 

moving 
average series 

F-
statistics 

Synchronism 
coefficient, 

% 

Sweden/ 
Karesuando 

1830-1838 
1951-1980 

11.5 1.71 0.48/0.60 
F1.37 = 

11.3; 
p<0.01 

67 

Yamal/ 
Salekhard 

1883-1995 11.1 1.80 0.60/0.74 
F1.111 = 

63.4; 
p<0.01 

72 

Taimyr/ 
Katanga 

1933-1996 8.8 1.70 0.60/0.66 
F1.62 = 

33.7; 
p<0.01 

63 

Indigirka/ 
Chokurdakh 

1945-1989 7.9 1.54 0.61/0.71 
F1.43 = 

25.2; 
p<0.01 

68 
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The correlation between temperature and tree-ring indices is highly significant and still 
increases after smoothing. It means that agreements of long changes of radial growth and 
summer temperature are higher than in the year-to-year variability. Let us compare the 
quality values of mean summer temperature by results of reconstruction for each century of 
the last millennia (table 3). 
 
Table 3: Quantitative estimates of mean summer air temperature for the last millennia. 

 
Sweden Yamal Taimyr Indigirka Century 

Mean SD Mean SD Mean SD Mean SD 
X 10.2 1.06 10.6 .66 8.6 1.68 8.5 1.38 
XI 11.1 .83 10.6 .60 8.9 1.40 9.6 1.96 
XII 9.7 .82 10.5 .52 9.0 1.61 9.4 1.44 
XIII 9.7 .70 10.4 .44 7.4 1.42 8.4 1.73 
XIV 10.3 .84 10.4 .56 8.1 1.74 8.4 1.51 
XV 11.0 .75 10.6 .67 8.5 1.25 7.9 1.34 
XVI 10.7 1.04 10.3 .45 7.6 1.18 8.1 1.44 
XVII 9.3 .90 10.3 .46 7.3 1.18 8.1 1.45 
XVIII 9.8 1.04 10.4 .47 8.2 1.23 7.6 1.10 
XIX 10.7 1.15 10.1 .49 7.8 1.51 7.4 1.00 
XX 11.1 .85 11.0 .78 8.9 1.28 8.0 1.02 

Mean 10.2  10.5  8.2  8.3  

(tmax tmin) 1.8  0.9  1.7  2.2  

  
From this table we can see that the range of summer air temperature changes was about 
2°C, the only exception being Yamal. For this region there was defined less temperature 
reduction. The current warming manifests more in the western part of Eurasia and less in the 
eastern part. The MWP shows higher values of temperatures in the eastern part of Eurasia 
and approximately equal values in the western part in comparison with the current one. The 
difference in average temperature of current and Medieval Warming compared to Little Ice 
Age is not so large -1.5°C and is heterogeneous in space: higher in the eastern part and low 
in the west.  
We compared our Eurasian average chronology with the well-known large-scale Mann’s 
temperature reconstruction from the last IPCC report (Mann et al. 1998) (Fig. 3).  
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Figure 3: Comparison of Eurasian (1) and large-scale temperature (2) reconstructions  
 
The reconstructions differ markedly in their amplitudes (0.6°-0.8°C for the Northern 
Hemisphere and 2.5°-3.0°C for Northern Eurasia). The curve for Northern Eurasia, however, 
does not show an abrupt temperature increase in the last century as seen in the hemispheric 
reconstruction. The significant synchronism between the two curves is noted in decadal to 
century temperature fluctuation. Also years and periods are revealed indicating synchronous 
volcanic activity: 1259, 1600, 1641, 1812-1815, 1912, 1960 (Briffa et al. 1996, Sidorova and 
Naurzbaev 2000). 
So, an integral estimation of tree-ring growth spatial-temporal conjugation was carried out 
based on a tree-ring width network of the subarctic zone of Siberia, Ural and Scandinavia for 
the last 2000 years. Phase and amplitude disagreements of the annual growth and its 
decadal fluctuation in different subarctic sectors of Eurasia changed by synchronous 
fluctuation when century and longer growth cycles were considered. Long-term changes of 
radial growth indicate common character of global climatic variation in the subarctic zone of 
Eurasia. Medieval Warming occurred from Xth to XIIth centuries and XVth century warming are 
changed by Little Ice Age with the cooling culmination taking place in the XVIIth century. 
Current warming started at the beginning of the XIXth century and presently does not exceed 
the amplitude of medieval warming. The tree-ring chronologies do not indicate unusually 
abrupt temperature rise during the last century, which could be reliably associated with 
greenhouse gas increasing in the atmosphere of our planet. The modern period is 
characterized by heterogeneous warming effects in the subarctic regions of Eurasia.  
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Introduction 
When one thinks of forests or woodlands the Arabian Peninsula is not an area that 
immediately comes to mind, though in fact the region offers a high variety of botanical 
landscapes, many of which are wooded. The most spectacular Arabian woodlands are those 
dominated by species of Juniperus, which can be found at the higher altitudes of the northern 
mountains of Oman (Juniperus excelsa) and atop the great mountain spine that runs from 
the southern Jordanian border to Aden's doorstep. From the border with Jordan at about 29° 
latitude to Taif at about 22°, Juniperus phoenicea can be found and it overlaps along 30 km 
along the Taif escarpment with Juniperus procera, which extends southwards into the 
mountains of Yemen (Fig. 1). 
In the Asir Mountains of Saudi Arabia these juniper woodlands can be found at altitudes as 
low as 1700 m a.s.l.. There is no upper tree line since the maximum altitude of the Arabian 
mountains is 3700 m a.s.l.. Elsewhere within their range these junipers grow as high as 4500 
m a.s.l. (Esper 2000). The density of the woodlands varies from a maximum of about 200 
trees per hectare, in the very open juniper woodlands of Oman, to as high as 4000 per 
hectare in Asir (Fisher 1997).  
Despite their differing densities and species compositions and the fact that in Saudi Arabia 
and Yemen the woodlands have been heavily impacted by human activities, juniper 
woodlands throughout the Peninsula have one thing in common: at the lower altitudes they 
are all exhibiting extensive dieback and there are few signs of regeneration. In some areas 
this is so extreme that the woodlands look like a cemetery for trees (Fig. 2). 
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Figure 1: Juniperus procera in healthy condition near Jabal Soudah, 2830 m. 
 
 

 
 
Figure 2: Massive forest decline at Jabal Al Qahar, 1840 m. 
 
The widespread nature of the phenomenon, occuring in both the west and east of the 
peninsula and affecting three species of Juniperus, indicates that localised influences, such 
as pathogen attack (Hajar 1991) are probably not the ultimate cause of dieback. Available 
evidence indicates a hydrological and/or climatological cause (Fisher 1997). However our 
present knowledge of the regional climate is poor, with climate data leading no farther back 
than to 1978. 
 
Objective 
The objective was therefore to identify whether climate could be the ultimate cause of the 
dieback, which affects juniper communities all over the region, applying tree-ring analysis. 
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Tree-ring chronologies have rarely been constructed for arid or tropical regions, and except a 
study by Fisher and Gardener (1998), never for trees on the Arabian Penninsula. This is due 
to the fact that in most regions there is no climate sufficiently seasonal for the formation of 
clear annual growth rings. Our study area, the high mountains of Asir and Tihama around 
Abha in SW Saudi Arabia (Fig. 3), seems to be suitable for dendroclimatological 
investigations, as winter temperatures fall low enough to ensure a cessation of growth and 
hence the production of a clear growth ring in the wood (Fig. 4). The rainfall pattern is 
characterised by a major precipitation maximum during spring months and a minor 
monsoonal influenced summer maximum with September and October beeing generally very 
dry (mean annual precipitation 386 mm). 
 

 
 
Figure 3: Map of the Asir region with the position of sample sites and climate stations. 
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Figure 4: Climogram for the meterological station at Abha (see figure 3 for location). The black line 
indicates mean monthly temperature, the grey line mean monthly total precipitation with humid periods 
indicated by vertical shading and dry periods indicated by point shading. Meterological data is 
available only from 1978. 
 
As species of Juniperus are known to be difficult subjects for dendrochronology, regarding 
dating and cross-matching problems (Esper 2000), whole trunk sections rather than cores 
are required for satisfactory chronology development. With many canopies already beeing 
dead a large number of trunk sections could have been taken. Crossmatching with cores 
obtained from living trees and trunk sections from older buildings should allow the creation of 
a centennial chronology, on which comparisons with the recent climate can be carried out.  
  
Sampling Sites and Methodology 
Four tree-ring sites were sampled. Two of the sites are on the top of Jabal Soudah (3015 m 
a.s.l.). The other two sites lie on the southern and northern slope of Jabal Tallan in the hilly 
Tihama (Fig. 3). Elevation of the sampled sites ranges from 1780 to 2940 m a.s.l.. At each 
tree-ring site a number of samples were taken within a uniform topographic area (Tab. 1). 
 
Table 1: Site data for the sampled tree-ring sites in the Asir region. 
 

Site 
name 

Latitude Longitud
e 

Elevation 
(m) 

Exp. Dec. 
 

Time 
span* 

Length No. of 
samples 

No. 
of 

cores 

No. of 
cross-

sections 
Soudah 2000 18 ° 17’ N 42° 22’ E 2870-2910 Plain 0-8° 1900-2000 101 23 23 0 
Soudah 2003 18 ° 17’ N 42° 22’ E 2930-2940 Plain 0-3° 1933-2002 70 23 23 0 
Tallan North 17° 24’ N 43° 10’ E 1780-1980 NW 10-36° 1850-1994 145 43 0 43 
Tallan South 17° 24’ N 43° 10’ E 1900-1970 S 14-20° 1950-2002 53 22 22 0 

* with at least ten samples 

 
Trunk sections and cores were sanded for microscope examination and measured using 
standard techniques.  Tree ring widths were measured along one to four radii of the trunk 
sections, depending on the irregularity of the stem. The time series were carefully 
crossmatched using TSAP® crossdate functions. The single tree-ring series were 
standardized using a unweighted 21-year moving avarage to remove any age-related trend 
in the series. By this technique the width of each ring is divided by the value of the regression 
line for that year, producing a tree ring index, which varies around the value 1 (Cook and 
Kairiukstis 1990). The standardized single series were then averaged to produce the site 
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tree-ring chronology. To examine the quality of the site chronology, Pearson correlation 
coefficient, t-values according to Baillie and Pilcher (1973) and gleichlaeufikeit were 
calculated between each single series and the site chronology. Threshold values used for 
single series elimination are >3 (t-values) and 60% (gleichlaeufigkeit). 
To document anatomical features of the sampled juniper wood, anatomical wood preperation 
techniques according to Schweingruber (2001) were used.  
A meteorological station in Abha (2190 m a.s.l.; 18°23’ N / 42°60’ E) with precipitation 
records since 1978 was selected to test the climate/tree-ring relations (Fig. 4). 
 
Results and Discussion 
Trees of Juniperus procera in the Asir mountains have clear rings which can be dated.  
The maximum number of tree-rings counted were 260. The avarage age ranges from 51 
years at Tallan South to 138 years at Soudah 2003. Avarage growth rates are influenced by 
local site ecology and values vary between 0.99 mm/yr to 1.27 mm/yr. 
Unfortunately, juniper trees tend to grow irregularly, often with star shaped and twisted stems 
as well as strip bark growth forms (Fig. 5). Variability in the formation of rings around the 
circumference of the trees made cross-matching of cores extremly difficult. As seen in the 
cross-sections, the amount of locally absent rings was high (up to 18%). Even with cross-
sections, cross-matching between trees was difficult because of the occasional formation in 
juniper wood of a second, relatively narrow growth ring in a single year. More difficulty was 
found due to the high incidence (up to 12%) of intra-annual boundaries (false rings), which 
are thought to be built during extreme climate events like droughts. 
 

 
 
Figure 5: Cross-section of a sample with  typical irregular growth form. The black line indicates the 
measured radius. Jabal Tallan, 1770 m a.s.l.. 
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Table 2: Chronology data for the tree-ring series of the four sites. 
 

Chronology 
name 

No. of 
samples 

No. of tree-
rings 

Mean 
correlation 
among radii 
(PEARSON) 

Variance 
(%) 

Soudah 2000 18 1518 0,21 64 

Soudah 2003 14 1906 0,14 64 

Tallan North 20 2773 0,15 76 
Tallan South 15 820 0,09 81 

 
The avarage correlation coefficient between trees for each site demonstrates a low growth 
signal among trees (Tab. 2). A comparison between the four chronologies is shown in figure 
6. The correlation between Tallan North and Tallan South is r = 0.26, N = 100, p ≤ 0.05. 
There was also a significant correlation between Tallan North and Soudah 2000 (r = 0.18, N 
= 135, p ≤ 0.05). 
However correlation between the site chronologies was higher between 1980 and 2000. 
Tallan North and Tallan South correlates significantly with r = 0.45, Tallan South and Soudah 
2000 with r = 0.64 and Tallan North with Soudah 2000 with r = 0.44 (N = 21; p ≤ 0.05).  
 

 
Figure 5: The four site chronologies for 1900-2000, produced by averaging the standardized tree-ring 
widths of 18 trees from the site ‘Soudah 2000’ (thin grey line), 14 trees from the site ‘Soudah 2003’ 
(bold grey line), 20 trees from the site ‘Tallan North’ (bold black line) and 15 trees from ‘Tallan South’ 
(thin black line). All tree-ring series are smoothed by a unweighted 9-year moving average. 
 
We therefore suggest that there is a common signal in the tree-ring series, but with 
increasing age the tree rings are not properly dated, due to difficulties in the identification and 
dating of false and missing rings.  
Climatic influence on the growth of trees must be the major focus of future work. Correlations 
between the tree-ring chronologies of Asir mountains and precipitation data from the weather 
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station in Abha must be calculated. As variance is high for all of the site-chronologies, new 
tree-ring series for climate reconstruction should be built, using trunk-sections from living 
trees of known age. This was not possible in the area of study (Asir Nationalpark) but should 
be possible in other areas of SW-Arabia, including Yemen. 
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Introduction 
The climate of the northern West Siberian Lowlands is influenced by extremely cold winters 
and short vegetation periods in summer (Franz 1973). The local vegetation grows on 
permafrost soils with an observed active layer of 40–200 cm. The relief is formed by 
thermokarst. In summer the formation of thermokarst depressions is initiated by a thawing of 
the ice-rich upper part of permafrost (Agafanov et al. 2004). Hence, at specific ecological 
sites, temperature seems to be the dominant growth-limiting factor. 
The West Siberian Lowlands as a part of Siberia comprise a very large area (Wein 1999), 
which is relatively unexplored referring to climatic conditions until now. 
This is an attempt to find a relation between tree-ring growth of recent Pinus sibirica trees 
and climate data, and to reconstruct the climate of the northern Westsiberian Lowlands back 
into the 16th century. The prime aim is the analysis of the influence of precipitation and 
especially temperature on recent trees. The results point to the high potential for climate 
reconstructions derived from trees of Western Siberia. 
 
Study area 
The study sites are located in the northern Taiga of the West Siberian Lowlands near the 
towns Muzhi and Vanzevat on the banks of the rivers Ob and Synja. At 3 locations named 
Vanzevat (Ob), Synja (Synja) and ObNord (Little Ob, northern border area of growth of Pinus 
sibirica) 234 cores of Pinus sibirica trees have been taken. The study sites Synja and 
ObNord are about 35–40 km away from Muzhi (65°24'N, 64°00'E). Vanzevat is located 140 
km southeast of Muzhi and 250 km south of Salekhard (66°30'N, 66°40'E). The elevation is 
approximately 20-30 m a.s.l.. The vegetation period at these locations is about 1 to 4 
months. The mean annual precipitation in the area ranged between 1933 and 1988 from 300 
to 700 mm. Since 1879 the coldest month measured in Salekhard was January in 1885 with 
a mean of -34.1 degrees centigrade, and the annual average of temperature has been varied 
between -1 and -8 degrees centigrade. This is the reason why in years with extreme winters 
and short vegetation periods the trees build tree-rings with only some 1/100 mm.  
The water temperature of the 2 rivers is different and influences the air temperature at the 
study sites. In mid of September 2002 the Ob temperature near Azovy (a village 20 km  east 
of study site Synja) amounted to 8.8 °C, the temperature of the Synja water at study site 
Synja only 4.6 °C. The cause of this difference is that the river Ob has its origin in the warmer 
south, while Synja, a tributary of the river Ob, has its origin in the colder Ural mountains.  
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The predominantly occuring coniferous tree species in the study area are Pinus sibirica, 
Picea obovata and Larix sibirica. 
 
Methods 
The trees 
Former examinations showed that Pinus sibirica trees are very suitable to reconstruct 
temperature and precipitation. The local Pinus sibirica trees reach a height of about 15 m 
and a stem diameter of 40 cm. These trees sometimes can either be very young or many 
hundred years old (for example: location Synja, tree syn36, diameter 35 cm, age: 84 years; 
location Vanzevat, tree Ob207, diameter 32 cm, age 488 years). 
The oldest trees have been found at the southern most location Vanzevat. Most of the 
samples have been taken at this site (95 cores of 89 trees). The tree-ring statistics for the 
three study sites derived from MS Excel outputs are listed in table 1. 
After preparation and sanding the ring widths of the samples were measured with a precision 
of 0.01 mm with LINTAB. The tree-ring data series of the three locations have been 
combined to mean series and related to climate data after finishing crossdating, indexation 
and elimination of outliers (Cook 1990, Fritts 1976, Schweingruber 1983) with TSAP (Rinn 
1996). 
 
Table 1: Statistics for the three site chronologies 

 

 Vanzevat Synja ObNord 

Number of samples 95 66 73 

Number of trees 89 58 39 

Average annual increment 
[1/100 mm/a) 42 69 55 

Average age 256 146 162 

Standard deviation 19 32 22 

Thinnest treering [1/100 mm] 1 4 3 

Widest treering [1/100 mm] 419 496 400 

Oldest tree 488 282 255 

Youngest tree 73 49 81 

Period AD 1512-1999 AD 1721-2004 AD 1748-2002

 
 
Meteorological data 
The meteorological data are taken from 2 climate stations in Muzhi and Salekhard. The data 
from Muzhi are monthly temperature data and precipitation data from 1933-1990 or 1933-
1988 respectively. The meteorological data from Salekhard are monthly temperature data 
from 1879-1989. For correlation with the study sites Synja and ObNord the data of the very 
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close station Muzhi have been used. For correlation with Vanzevat the combination of 
temperature data from both stations guarantees the proximity to the sampling place. 
 
Climate–Growth relations 
The study was focused on the analysis of the interannual relationships between the 
chronology and the meteorological dataset (monthly, summer periods, annual values). To 
avoid fluctuations and irregularities the chronologies have been standardized and smoothed 
by calculating an 11 year moving average. In the same way the temperature and 
precipitation data of Muzhi and Salekhard have been smoothed. 
By means of regression analysis the relation between the chronologies and meteorological 
dataset can be described. The kind of relation is expressed as an equation. By converting 
the treering data with this equation it is possible to reconstruct the temperature and the 
precipitation of the last centuries. The standardised treering series of study site Vanzevat 
(Fig. 1) have been used to reconstruct the average temperature of the months June, August, 
September, October, November from 1512-1999 (Fig. 5).    
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Figure 1: Local Pinus sibirica chronology (black graph, standardised 11-year moving average) and 
sample size (grey graph) from Vanzevat AD 1512-1999. 
 
Results 
The locations ObNord and Synja are situated in a relatively short distance to Muzhi and to 
each other. There are strong relationships between tree-ring growth and the average 
temperature of the months April, May, June, July, August and October or April to October 
respectively. For the location Vanzevat, the most southern and farthest location from Muzhi 
and Salekhard, a strong relationship between tree-ring growth and the average of the months 
June, August, September, October and November could be found out (Fig. 2). In figure 1 the 
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standardised mean Vanzevat-chronology is presented. From the selected cores of 89 trees, 
a comprehensive local chronology spanning the time period AD 1512-1999 was developed. 
The low number of single series forming the chronology from AD 1512-1600 is the cause for 
the unusual and restless course of the graph in the 16th century (Fig. 1). 
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Figure 2: Monthly coefficients of correlation for temperature and tree-ring growth at the three study 
sites. The left part of the diagrams covers the period January to December. The small letters a, amjao, 
amjjaso and amjjao represent the annual value and the averages for the periods April, May, June, 
August, October and April to October and April to October except September at Synja and ObNord. 
The only difference at Vanzevat is that “jason” represents the average for the period June, August, 
September, October, November. 
 
The largest difference between Vanzevat and the other two locations is the low correlation of 
September and November at Synja and ObNord and the high correlation of September and 
November at Vanzevat. The reason for an excellent correlation of November is a higher 
temperature of the Ob water. Besides, Vanzevat is the southern most located study site. 
Thus the vegetation period of the trees on the Ob bank at Vanzevat takes longer.  
As figure 2 illustrates, the highest correlation between tree-ring growth and temperature 
exists at study site Vanzevat both for single months and for the average for the period June, 
August to November (R=0.91). At the study sites Synja and ObNord the correlations are 
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high, too, but not as marked as at Vanzevat. In both diagrams of figure 2 the negative 
correlation of July and especially March is discernible. 
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Figure 3: Monthly coefficients of correlation for precipitation and tree-ring growth at the three study 
sites. The left part of the diagrams covers the period January to December. The small letters a, jjas 
and jjaso represent the annual value and the averages for the periods June to September and July to 
October. 
 
Relating to the connections between tree-ring growth and precipitation the situation in 
Vanzevat is almost vice versa (Fig. 3): The correlation coefficients are predominantly 
negative. For example for annual precipitation and precipitation in October the correlation is 
significantly negative (R=-0.93; R=-0.74). In contrast, the correlation for the other two sites is 
partly high positive, especially for Synja (period July-October: R=0.90). For ObNord the 
highest correlation is in September and the period June to September (R=0.80; R=0.66). The 
reasons for the contradictions of the Vanzevat correlations to the Synja and ObNord 
correlations relating to precipitation could not be found until now. Besides, the short 
chronology of precipitation (AD 1933-1988) related to tree growth means a higher probability 
of error than the chronology of temperature (AD 1879-1989).  
Figure 4 illustrates the relation between tree growth and the average of temperature of Muzhi 
and Salekhard showing the linear regression, the equations of regression and the regression 
coefficient for the periods 1879-1933, 1934-1989 and 1879-1989. It proofs that the high 
regression coefficient between tree-ring growth and temperature at study site Vanzevat 
exists not only from 1879-1989 (R2=0.82), but also from 1879-1933 (R2=0.85) and 1934-1989 
(R2=0.79). 
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Figure 4: Regression of ring widths of the Vanzevat chronology related to the combined temperature 
data of Muzhi and Salekhard of the average for the period June, August, September, October, 
November from 1879-1933, 1934-1989 and 1879-1989. 
 
The equations in the three diagrams are similar. The equation for the regression of 1879-
1989 was used to reconstruct the temperature of the average for the period June, August, 
September, October, November for study site Vanzevat since AD 1512 (figure 5). As the 
reconstruction shows, the minima in the first half of the 16th, the second half of the 19th and 
the second half of the 20th, the maxima in the 17th and the first half of the 20th century are 
discernible. 
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Figure 5: Reconstructed temperature from 1512-1999 for the average of the period June, August, 
September, October, November for study site Vanzevat. 
 
Anyway there is an evidence for the two minima in the second half of the 19th and the 20th 
and the maximum in the first half of the 20th century in the temperature recording of the two 
research stations (Fig. 6). 
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Figure 6: Recorded and reconstructed temperature compared from 1879-1989 for the average of the 
period June, August, September, Oktober, November.  
 
Conclusion 
Our results of dendroclimatological analyses in the West Siberian Lowlands confirm the 
strong climatological influence on recent tree-ring growth. The study has demonstrated that 
Pinus sibirica can be used for dendroclimatological investigations. While the relation between 
tree growth and temperature was distinct at all study sites, it was not between tree growth 
and precipitation. Further studies need to focus on both tree-ring data of other study areas 
and precipitation data of other climate stations to get a clear idea of the influence of 
precipitation on recent trees. Thus, a dense network of sites is necessary. However, it was 
revealed that tree growth at the study sites is influenced more by temperature than by 
precipitation.  
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Introduction 

Glaciers play a prominent role in climatic research, since they are important monitoring 
agents and their fluctuations carry information on past climates. Dendroglaciology allows 
dendrochronological techniques to be applied to the reconstruction of glacier fluctuations 
(Schweingruber 1988, 1996, Luckman 1995). In Southeast Alaska, glaciers extended into 
forested areas enabling dendrochronological techniques to be applied to the reconstruction 
of glacial dynamics in two ways: (1) Advancing glaciers in the past tilted and overran trees 
whose remnants, sub-fossil wood, allow former glacial advances to be dated. (2) Retreating 
glaciers leave bare areas that are rapidly reforested due to the favorable climate. Tree rings 
provide a precise  date for advance or, in this case, for retreat when terminal moraines 
became ice-free.  
The Eagle, Herbert and Mendenhall Glaciers are all part of the Juneau Icefield located in the 
Juneau area, Southeast Alaska (Fig. 1). In a previous study, Lacher (1999) found that the 
forefields of the Herbert and Mendenhall Glaciers have several well-developed, densely 
vegetated terminal moraines dating back to the Little Ice Age ca. 1750 to 1960 AD. He 
collected subfossil wood and built floating chronologies, but these chronologies could not be 
linked to recent chronologies and thus they could not be calendar dated. To continue this 
work, we sampled living trees from different stands near the Eagle Glacier and also subfossil 
snags in the forefields of all three glaciers. Furthermore, in situ stumps that were rooted in a 
lower soil level were collected in the riverbeds of the Mendenhall and Herbert Rivers. Our 
objectives are: (1) to reconstruct fluctuations of Eagle glacier, (2) to establish continuous 
tree-ring chronologies for the last millennium and (3) finally to gain insight into the climatic 
history of the region. Here, we report the dating of glacial stands in the forefield of Eagle 
Glacier.  
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  View from southwest 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Location of the site. 
 
Material and methods 
Mapping: The positions of lateral and terminal moraines were mapped by following the 
moraine walls with a field GPS. All GPS data were plotted on an orthophoto to determine the 
exact positions of the moraines. We separated the forefield into three segments suggested 
by its topography: (A) west of the river, (B) in between river and hill slope, and (C) east of the 
hill slope (Fig. 2). To reconstruct the retreat of the glacier we estimated the distances 
between all moraine walls and the oldest terminal moraine (representing the maximum 
extension of the Little Ice Age) along a line in each of the segments. 
Sampling: On 23 different moraines tracts, a total of 370 trees were sampled: in front of, on 
and behind every moraine wall. Two increment cores (at ca. 180°) from Sitka spruce (Picea 
sitchensis) were taken at a height as close as possible to the germination point, but without 
root disturbance. After air-drying, the cores were mounted on wooden blocks and polished 
with progressively finer sandpaper. Annual ring widths were measured to the nearest 1/100 

Eagle Glacier 

Herbert Glacier Mendenhall Glacier 

Juneau 

Juneau 
Anchorage 

Southeast-Alaska 



 109

mm using the TSAP tree-ring measurement system (Rinn 1996). The core pairs of every tree 
were crossdated to detect missing or false rings.  
Dates of glacial stands assigned by tree rings remain uncertain until corrections can be made 
for pith errors, sampling height, and the local ecesis value (Sigafoos and Hendricks 1961, 
Smith et al. 1995, Villalba and Veblen 1997). The ecesis value, or the time lapse between 
surface stabilization and the germination of the first seedling, was estimated as 5 to 8 years 
for Sitka spruce in the Juneau area (Lawrence 1950, Lacher 1999). Our own observations 
confirm this value also for the Eagle Glacier region.  
Sampling-height errors arise when the first growth rings are lost due to sampling above 
rooting system crowns (McCarthy et al. 1991). In order to calibrate the missing years, 12 
Sitka spruce saplings of 140 cm height were cut at the germination point level. They were 
then divided into 10 cm-length segments; ages for all segments were determined by counting 
the annual rings. Using these results, the ages of all increments cores were corrected for the 
number of missing years estimated from the coring height and a site chronology was built for 
every moraine.  
 

 
 
Figure 2: Moraines in the forefield of the Eagle Glacier. The years given are the estimated dates of ice 
retreat. (Orthophoto USFS, 1996) 
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Results and discussion 
Our results show that the maximum extension of Eagle Glacier in 1775 (Fig. 2) is slightly 
earlier than the maximum advance in 1785 estimated by Lawrence (1950) in a previous 
study. However, Lawrence only investigated the west, orographic right side of the river, 
where we found the oldest tree germinated between 1783 and 1786 (including ecesis value). 
In our study, the oldest moraine was formed in the intermediate segment only accessible by 
boat.  
The retreating Eagle Glacier provides a series of 11 well-developed stands (Fig. 2). In the 
18th century it left two terminal moraines, and in the 19th century six small ones. Three 
moraines were formed in the 20th century. A lake emerged after 1932, and a second one 
after 1948. We have two confirmations of our age determinations: a map published by A. 
Knopf in 1912, showing the ice margin in 1909 and a map published by D.B. Lawrence in 
1950, showing the ice margin in 1948.  
According to our study, advances among all land-terminating Juneau Icefield glaciers parallel 
the Neoglacial maximum of Eagle Glacier. The Taku and Herbert Glaciers were the first to 
retreat after 1750/51, followed by the Mendenhall (1754/55), Twin Lakes (1775/77), and 
Gilkey Glaciers (1783) (Heusser and Marcus 1964, Lacher 1999, Lawrence 1950). These 
data illustrate a general condition of recession beginning in the mid 18th century; the high 
synchronicity between the retreats of the different glaciers implies a major shift in climate 
affecting the Juneau Icefield at that time (Motyka and Begét 1996). 
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Figure 3: Recession pattern of Eagle Glacier, reconstructed separately for the segments A, B and C. 
The approximate distance between the dated moraines and maximum extension have been measured 
on the orthophoto. 
 
Our estimates of moraine ages contain uncertainty because: (1) we cannot exclude not 
having sampled the oldest tree and (2) the error associated with the increasing ‘root-
undisturbed’ sampling height becomes higher with increasing tree age. However, two aerial 
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photographs support our findings, one taken by the U.S. Navy in 1929, and the other taken 
on behalf of the U.S. Forest Service in 1962. 
Our reconstruction of the withdrawal of the Eagle Glacier shows that the recession rate has 
strongly accelerated over time. While the glacier retreated 500 m from 1775 to 1850, by 1950 
it had melted another 1250 m thereby loosing about 10% of its length. This retreat pattern 
corresponds with many other land-terminating, maritime influenced glaciers around the Gulf 
of Alaska (Wiles and Calkin 1994). It in turn suggests that there has been a general warming 
in this region during the last decades.  
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Introduction 
A vast number of dendroecological and dendroclimatological studies have been carried out 
on tree species close to the upper tree line in many different mountain regions (e. g. Wilson 
and Luckman 2003, Bräuning and Mantwill 2004). High mountain ecosystems above the 
upper tree line, however, are still poorly investigated from a dendroecological point of view, 
although the potential suitability of dwarf shrubs for dendroecological investigations has been 
demonstrated (Schweingruber 1996, Schweingruber and Dietz 2001). So far, only very few 
studies exist have been carried out on growth-ring formation of dwarf shrubs (Warren-Wilson 
1964, Shaver 1986, Woodcook and Bradley 1994, Petersdorf 1996).  
In this study, we aim to verify the variability of growth reactions of dwarf shrubs and the 
impact of environmental factors on growth and ring widths. The investigations were carried 
out at multiple spatial scales along micro-topographic, altitudinal, and macro-climatic 
gradients as part of a long-term project on ecosystem analysis in Central Norway (e.g. Löffler 
2003, Löffler and Wundram 2003). In general, micro-topography has significant impact on 
site conditions in high mountain ecosystems. Vegetation is affected by complex spatio-
temporal temperature gradients along micro-topographical gradients (Löffler 2003) mainly 
depending on relief-related snow cover distribution (Walker et al. 2001). Thus, investigations 
at a micro-topographic scale are necessary in order to study tree-ring formation in alpine 
regions.  
However, several technical obstacles have to be overcome when measuring dwarf shrub 
growth rates. Eccentric positions of the pith, extremely asymmetric trunk geometry and many 
discontinuous rings cause severe problems for proper ring-width series cross-dating.  
 
Study area 
Central Norway shows a clearly defined oceanic-continental gradient represented by the 
western and eastern slopes of the Scandes Mountains. The study area in the Vågå/Oppland 
region (61° 53´ N; 9° 15´ E) possesses the most continental climate in Central Norway with 
annual precipitation totals of 300 – 400 mm/yr. The western study area in Geiranger/Møre og 
Romsdal (62°03´N; 7°15´E) is climatically characterised by annual precipitation totals of 1500 
– 2000 mm/yr. The alpine belt in the study regions stretches from the upper tree line at about 
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1000 – 1050 m a.s.l. (Vågå) and 840 – 880 m a.s.l. (Geiranger), to the highest peaks, i.e. 
Blåhø (1618 m a.s.l.) and Dalsnibba (1476 m a.s.l.). The altitudinal zonation of the alpine belt 
consists of a lower alpine belt dominated by shrub and heath communities, and a middle 
alpine belt dominated by patchy grass vegetation. The transition zone between the alpine 
belts is found at 1350 m a.s.l. in the East and 1150 m a.s.l. in the Western region. One study 
site in each altitudinal belt and climatic zone was chosen as a representative topographic 
section for Central Norway (Fig. 1). 
 

Figure 1: Location of the study area in Central Norway and scheme of investigated altitudinal belts.  
 
Methods and Material 
The different dwarf shrub species selected for dendroecological analyses where those that 
exhibited clearly visible, countable and measurable annual growth rings and occur along all 
examined gradients. Three species were found to be appropriated: Empetrum 
hermaphroditum, Loiseleuria procumbens and Betula nana. The maximum age of the 
analysed individuals was found to reach 85 years. So far, preliminary results were obtained 
from the continental study area for Empetrum hermaphroditum. Within each study site, 12 to 
15 individuals of the three indicator species were collected along several north-south 
exposed transects representing the micro-topographic gradient. Samples were taken from 
the ridges, the south-facing slopes, the depression between slopes and the north-facing 
slopes. The four site types represent different snow cover regimes and micro-climatic 
conditions (Löffler 2003).  
Micro-environmental records were collected at each sample site comprising data on relief, 
soil properties, and vegetation structure. Long-term climate data have been recorded by 
climate stations on ridges and by data logger in depressions and south-facing and north-
facing slopes directly within each study site. 
Complete dwarf shrub individuals including their woody root and branch systems were 
collected in the field. Digital photos were taken of the complete morphological structure 
before samples were sectioned for laboratory analyses. Altogether, 55 base sections were 
investigated. Microtome sections of 12 - 15 µm thickness were cut from the whole diameter 
using a sledge microtome. Digital microphotographs were taken from the stained micro-
sections for tree ring detection and measurements. Since the growth rates of the investigated 
dwarf shrubs are generally very small, magnified prints of the digital wood-anatomy photos 
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were produced. Manual tracings of tree-ring borders helped to detect discontinuous rings and 
frost rings. Ring widths were measured on the prints along two radii which showed minimal 
disturbance by scars and discontinuous rings. The measurement of ring width and the 
localization of missing rings in the tree-ring curves was accomplished using the LignoVision 
and TSAPWin (RINNTECH) programs.  
Due to obstacles within the synchronisation process calculations of area increments were 
applied in order to improve chronology building. These determined the area of each growth 
ring by covering the whole cross-section and thus they integrate asymmetric annual 
increments and discontinuous rings. Furthermore, the geometrical decrease of ring widths 
with increasing stem diameter is eliminated and the ecological signal can be strengthened 
(LeBlanc 1996). This method has so far only been applied to a few samples. 
 

 
 
Figure 2: Derivation of area increments calculated by using the real perimeter progression of tree 
rings. A digital micro-photo; B tracings of tree-ring borders by hand and transformation into vector 
based polygons; C area calculations using ArcGIS; D area increment curve (shaded area) plotted 
together with the ring width curve of the same cross-section (black line). Both curves are z-
standardised. 
 
The raster-based digital wood-anatomical images were photo-analytically transformed into 
vector-based polygons by using ERDAS IMAGINE 8.5. The tracings of whole cross-sections 
were corrected manually. Then, the total areas of all tree-ring polygons were calculated and 
plotted as a tree-ring curve using ArcGIS. Problems occurred when a cross-section was 
incomplete or of bad quality due to twisted growth of the stem segment and it was difficult to 
assign visible ring structures to the correct tree ring in cases of very short diameters resulting 
from eccentric growth. However, these parts of a growth ring only contribute a very small 
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portion to the total tree-ring area and are thus negligible. Growth curves were z-standardised 
for comparison of ring widths and area increments. 
 
Results and Discussion 
Asymmetric geometry including lobes and eccentric piths are conspicuous features in most 
of the Empetrum hermaphroditum cross sections (Fig. 3 A). The shortest radius of prostrate 
stems is always oriented towards the upper side and discontinuous and absent rings are very 
common occurrences (Fig. 3 C). Kolishchuk (1990) and Woodcock and Bradley (1994) 
confirm that this is also the case with other dwarf shrub species. No indications of reaction 
wood occur in any of the analysed cross sections.  
 

 
 

Figure 3: Wood anatomy of Empetrum hermaphroditum: A lobate growth and eccentric pith; B frost 
ring (black arrow); C discontinuous rings (black arrows).  
 
Frost rings are more frequently found on south-facing slopes than on the ridges and thus can 
be related to micro-site differences (Woodcock and Bradley 1994). The uneven distribution of 
frost rings at different site types can be an indication of physiological adaptation to seasonal 
and daily temperature gradients of individuals growing under different ecological conditions 
(Schweingruber 2001). In general, cell structure damage is mostly restricted to the beginning 
of a new ring (Fig. 3 B) and can thus be assigned to the occurrence of late frost events after 
melting of the protective snow cover.  
Annual increments are in general very low and vary between 0.08 mm/yr on summer-warm 
and winter-snow protected south-facing slopes and 0.05 mm/yr on snow-free ridges. 
Empetrum is in general a semi-ring porous species. The latewood often consists of only two 
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or three rows of wood fibres. When comparing the wood anatomy of individuals from the 
south-facing slope and ridge we found that the latewood part of the growth rings was often 
reduced or even absent in the individuals from the ridge. As a consequence, the wood 
anatomy of individuals from ridge sites appears diffuse porous (Fig. 4).  
 

 
Figure 4: Comparison of wood anatomical features between the ridge (a) and south-facing slope (b) in 
the lower alpine belt. Differences in diameter (right part of the figure) due to different site conditions 
are represented by cross sections of two almost even aged individuals.   
 
Our first attempts at chronology building suffered from common wood-anatomical 
characteristics of dwarf shrubs (including discontinuous rings, complex lobate geometry and 
minimal ring widths), responsible for highly individualistic growth. Thus, cross dating of ring 
widths are often only possible within individuals, rarely between neighbouring individuals. 
Area increment calculations helped to detect discontinuous rings in some cases, but the 
studied examples show that annual growth variability is similarly reproduced by ring widths 
and area increments.  
 
Conclusion and Outlook 
Different individuals of Empetrum hermaphroditum show highly individual growth histories. 
Thus, cross dating is a challenging task. As preliminary calculations of area increments 
indicate, individualistic growth forms and growth-ring formation do not only cause dating 
difficulties. Other cross dating problems are missing rings and growth variability occurring 
partially or along the entire plant as noted by Kolishchuk (1990) with regard to prostrated 
shrubs. Thus, serial sectioning will be used in the future as a tool to improve synchronicity. 
For this purpose, several representative individuals at each site need to be analysed and a 
greater number of cross-sections made along stems and branches. Highly replicated ring-
width curves of these individuals will then be able to serve as reference curves for the 
remaining individuals in their respective habitats and these should help in the building of site 
chronologies.  
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However, despite problems with cross dating, differences in site conditions are reflected in 
wood anatomy (frost rings, earlywood/latewood portions) and growth rates. Further analyses 
are required to verify the preliminary results of area increment calculations and to test the 
serial sectioning method in order to develop local site chronologies.  
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Introduction 
One of the most fundamental dendroecological techniques for identifying disturbance events 
in tree ring time series is the analysis of releases (Lorimer and Frelich 1989). Traditionally, a 
release has been defined as an event where the percent growth change in radial growth 
exceeds a given minimum threshold, such as 50 or 100 percent, which in some criteria must 
be maintained for a certain length of time such as five or ten years (Lorimer and Frelich 
1989, Nowacki and Abrams 1997). Thus, releases rely on the assumption that the magnitude 
of percent-growth change corresponds to the magnitude of a canopy disturbance. However, 
the relationship between percent-growth change and canopy disturbance is complicated by a 
number of interrelated and confounding variables such as crown size and position; gap 
proximity, size, and duration; prior growth rate; age and diameter; species, and climate 
(Nowacki and Abrams 1997). 
To better describe the effects of and interactions among variables that could potentially affect 
the magnitude of a growth pulse following the release of a tree’s canopy, Black and Abrams 
(2003) quantified relationships among tree age, size, canopy class, radial growth rate, and 
percent growth-change in eastern hemlock (Tsuga canadensis L.). A new set of release 
criteria were developed based on the finding that growth rate prior to a growth pulse was the 
most fundamental predictor of the maximum possible magnitude of the change pulse, when 
expressed in terms of percent growth change. In summary, young, small, and suppressed 
trees were found to be capable of extremely large pulses in percent-growth change in 
comparison to their older, larger, dominant counterparts. In addition, smaller, younger, and 
suppressed trees also showed slower radial growth rates. Radial growth rate appeared to be 
closely related to the magnitude of percent-growth change pulses. Indeed, when percent-
growth change is graphed against average radial growth over the past ten years, percent 
growth-change values extend to a well-defined boundary that declines exponentially across 
increasing rates of prior growth (Black and Abrams 2003). An important aspect is that 
eastern hemlock of almost any age, size, and canopy class demonstrates percent growth-
change pulses that reach this upper boundary. Slow-growing trees, which tend to be small 
understory individuals, reach the boundary with large pulses in percent-growth change. Fast-
growing trees, which tend to be large dominant individuals, can reach the boundary with only 
modest pulses in percent-growth change. To incorporate the effects of prior growth into 
release criteria, each percent growth-change pulse is scaled in terms of its maximum 
possible value, as predicted by level of prior radial growth. This should better compensate for 
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differences among age, size, and canopy classes and allow for more direct comparisons of 
release events across all phases of a tree’s lifespan. 
In this study, the interactions among prior growth, age, and size are explored in eleven tree 
species representing a wide variety of ecological strategies and forest types throughout 
North America. We show that prior growth strongly influences maximum percent-growth 
change in all eleven species, and that the consistent relationships between prior growth and 
percent growth change suggest that boundary-line release criteria may be developed in all 
species. Releases could be better standardized by uniformly expressing them as a 
percentage of their maximum value predicted by species and prior growth rate. Such 
standardized releases would facilitate comparisons of disturbance history among species 
and among stands, increasing the power of release criteria to establish landscape-level 
patterns of disturbance. 
 
Methods 
Species were selected to represent a diversity of habitats in North America, ranging from the 
boreal forests of Canada to the mountains of the Desert Southwest. In total, nearly 1.3 million 
growth increments were included from 258 stands from the NOAA International Tree Ring 
Data Bank (Tab. 1). Eastern species include Tsuga Canadensis (hemlock), Picea glauca 
(white spruce), Picea mariana (black spruce), Quercus alba (white oak), Quercus prinus 
(chestnut oak), Pinus strobes (white pine), Quercus macrocarpa (bur oak), Quercus stellata 
(post oak), and Pinus echinata (shortleaf pine), while western species include Pinus 
ponderosa (ponderosa pine) and Pseudotsuga menziesii (Douglas fir). Percent growth 
change was calculated for each series of tree ring measurements following the technique of 
Nowacki and Abrams (1997) in which percent growth change for a year is equal to (M2 – M1) 
/ M1 where M1 equals average growth over the prior 10 years and M2 equals average growth 
over the subsequent 10 years. The effects of growth history on maximum percent growth 
change were better quantified for each species by plotting percent growth change against 
prior growth. Prior growth was defined as the average raw growth over the ten years prior to 
a given growth increment. Thus, the prior growth value for the 1990 growth increment of a 
given tree would be the tree’s average raw growth between 1980 and 1989. The relationship 
between prior growth and percent growth change was plotted for every growth increment of 
every tree, with the exception of the first and last ten years of growth in which percent growth 
change could not be calculated. The upper threshold of the relationship between prior growth 
and percent growth change was then quantified by calculating a boundary line. For each 
species, a boundary line was constructed by first dividing the data set into 0.5 mm segments 
of prior growth. Then within each segment, the percent growth-change values of the top ten 
points were averaged. The top ten points in each section ensured an equal sample size 
across all prior growth classes, and limited the analysis to the few points that represented 
true maximal releases. To quantify the boundary line linear, power, logarithmic, and 
exponential curves were fitted to all positive segment averages, and the function that yielded 
the highest R2 value was selected (Black and Abrams 2003). 
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Table 1. Number of sites and total number of growth increments for each species. % of max sites 
refers to the percentage of sites in which percent growth change values come within at least 90% of 
the value of the boundary line. Max age indicates the approximate age at which trees consistently fail 
to reach the boundary line. 
 

 N N growth boundary line % of max max 
      
Species sites increments equation sites age 
      
Pinus echinata 22 74,925 y = 998.65 e-1.0237x 33 150 

      

Pinus strobus 12 72,714 y = 501.96 e-0.664x 47 250 

      

Pinus ponderosa 23 157,243 y = 665.97 e-0.9354x 43 250 

      

Picea glauca 32 102,306 y = 649.97 e-1.0798x 17 200 

      

Picea mariana 26 49,007 y = 407.92 e-1.4679x 19 250 
      
Tsuga canadensis 25 180,708 y = 974.54 e-1.1202x 30 400 
      
Pseudotsuga menziesii 25 172,372 y = 569.80 e-0.928x 36 300 
      
Quercus macrocarpa 38 92,092 y = 511.27 e-0.7018x 34 50 
      
Quercus stellata 23 169,333 y = 948.45 e-1.6188x 39 150 
      
Quercus prinus 8 35,337 y = 742.83 e-0.9445x 29 200 
      
Quercus alba 24 164,876 y = 527.22 e-0.787x 38 200 

 
Age and size–specific variations in growth rate and percent growth change were explored for 
each species as a way to validate whether the prior-growth boundary line applies to all 
phases of a tree’s development. Age of each growth increment was estimated by counting all 
preceding growth rings, while radius was estimated by summing the widths of all preceding 
growth rings. Growth increments were assigned radius classes in 50 mm increments (0-49.9 
mm, 50-99.9 mm, etc.) and age classes in 50 year increments (0-49 years, 50-99 years, 
etc.). All growth increments were plotted with respect to age or radius class, prior growth, 
and percent growth change. If all age and radius classes approach the upper threshold of 
percent growth change values, all classes are capable of maximum percent-growth change 
as predicted by prior growth. If any age and radius classes fall short of the threshold, the 
effects of prior growth on maximum percent-growth change do not adequately explain 
percent growth change differences among age or radius classes.  
 
Results and Discussion 
Prior growth is an important determinant of maximum percent-growth change for all surveyed 
species. In all eleven species, maximum percent-growth change diminishes at a negative 
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exponential rate with increasing levels of prior growth (Fig. 1). Negative exponential 
boundary lines appear to be a good fit to the data and all have high R2 values, ranging from 
0.92 to 0.99 (Fig. 1, Tab. 1). 
 

 
Figure 1: Relationship between percent growth change and prior growth for four North American tree 
species. A boundary line summarizing maximum values of percent-growth change is also shown. 

 
The only potential exception is shortleaf pine in which a power function of y = 242.21 x–1.2434 
had an R2 of 0.97. This is negligibly better than the fit of a negative exponential function (R2 = 
0.96), so for consistency the negative exponential function was chosen to represent the 
boundary line. Overall, the boundary lines closely follow the upper threshold of maximum 
percent-growth change for all species (Fig. 1). In each case, data from several sites 
approach the boundary line of each species, ranging from a minimum of 17% of all sites in 
black spruce to 47% of all sites in white pine (Tab. 1). Furthermore, sites that approach the 
boundary line occur across very broad geographic regions for many species. For the 
ponderosa pine these include sites from New Mexico to South Dakota to Oregon and 
California. Representative trees for Douglas-fir were sampled in New Mexico, Arizona, 
Wyoming, and Washington. Sites that approach the white oak boundary line are located in 
Kentucky, Illinois, Pennsylvania, and Minnesota while sites that approach the post oak 
boundary line are located in Texas, Oklahoma, and Kansas. In a more detailed evaluation, 
white oak sites from the eastern portion of its range (Pennsylvania, New Jersey, Ohio, and 
Virginia) approach the boundary line (Fig. 2 A) as do sites from the western portion of its 
range (Missouri, Iowa, and Minnesota) (Fig. 2 B). Also, Douglas-fir sites from the Cascade 
Mountains of the Pacific Northwest (Oregon, Washington, and Canada) approach the 
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boundary line (Fig. 2 C) as do sites from the mountains of Arizona, New Mexico, and Mexico 
(Fig. 2 D). Site-specific differences may exist, yet on a broad scale, a single boundary line 
appears to apply to a wide region. More detailed studies in which specific site conditions are 
known will be required to test whether certain site conditions correspond with failure of trees 
to attain the boundary line. If indeed site-specific differences are detected, these findings will 
have implicating for all release criteria, not just the boundary-line approach.  
 

 
Figure 2: Relationship between prior growth and percent growth change for Douglas-fir and white oak 
sites. A) Eastern portion of white oak’s range include Ohio, Pennsylvania, and Virginia. B) Western 
white oak sites include Minnesota, Iowa, and Missouri. C) Northwest Douglas-fir sites are located in 
the Cascade Mountains or Washington, Oregon, and Canada. D) Southwestern Douglas-fir sites are 
located in Arizona, New Mexico, and Mexico. The species-specific boundary line is shown for both 
species.  
 
In many species, declines in raw growth and percent growth change result in the failure of 
large or old trees to reach the prior-growth boundary line (Tab. 1, Fig. 3). Perhaps the only 
true exception is eastern hemlock in which almost all age and radius classes approach the 
upper threshold of maximum percent-growth change as predicted by prior growth. Even trees 
as large as 80 cm in radius and as old as 400 years can approach this upper boundary of 
maximum percent-growth change (Tab. 1) (Black and Abrams 2003). Thus eastern hemlock 
trees of almost any age are capable of showing full releases, and the entire series of tree-
ring measurements for each tree may be included in analyses of disturbance history using 
the boundary-line approach. All other species, however, consistently fail to reach the 
boundary line after a given age (Tab. 1, Fig. 3). This phenomenon is clearly shown when 
percent-growth change values of older trees are plotted with respect to the boundary line 
(Fig. 3). Failure to reach the boundary line often becomes increasingly severe with increasing 
age, as shown here for shortleaf pine, post oak, eastern white pine, and white spruce (Fig. 
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3). Overall, approximate age at which trees begin to consistently fail to reach the boundary 
line varies considerably among species (Tab. 1). Douglas-fir fails to reach the boundary line 
at the comparatively old age of 300 years. Yet considering the large maximum ages of this 
species, a substantial proportion of an old-growth tree would not be showing full release. The 
most extreme example of all species is bur oak, which consistently fails to reach the 
boundary line by as early as 50 years in age (Tab. 1).  

 
 
Figure 3: Relationship between prior growth and percent growth change in the oldest 50-year age 
classes of four species. Each species’ boundary line is shown. 
 
The reason as to why older trees fail to reach the boundary line is not immediately clear. 
These failures could be the result of physiological or morphological factors in which the tree 
is no longer able to vigorously exploit resources freed by disturbance. Or these older trees 
simply do not experience such a large increase in resources as compared to their younger 
counterparts. A disturbance may increase light levels by a factor of ten for a suppressed 
understory tree, but only expose a relatively small portion of the crown to light in a mature 
overstory tree. No matter the exact reason for these age-related failures, caution must be 
used when using older, larger trees. At this time, age or size limits may be necessary for 
reconstructing disturbance history. In the future, age-specific boundary lines may be 
developed after more experimental work has been conducted. But for now, growth 
increments formed after a certain age (or size) should be dropped from analysis. These age 
restrictions would apply not only to boundary line release criteria, but any release criteria 
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developed to date. The strength of the boundary-line release criteria is that they can help 
compensate for many age-related differences in release response, as is shown the most 
dramatically in eastern hemlock. Before trees reach the age at which they no longer reach 
the boundary line, releases may be expressed as a fraction of maximum potential value, as 
predicted by the boundary line. Thus boundary line release criteria will better standardize all 
releases within and among species and sites. 
In conclusion, prior growth is clearly an important factor in determining the potential 
maximum percent-growth change and should therefore be included in release criteria. The 
prior-growth boundary-line provides a novel technique that can be applied to a wide range of 
species, as indicated by the diversity of species in this study. Not only could this provide 
more accurate estimates of the number and magnitudes of disturbance a tree experienced, 
but it also serves as a standardized framework of release criteria that can be applied to a 
wide range of species and forest types. All releases are expressed in terms of maximum 
potential as predicted by species and level of prior growth. So doing would reduce 
differences in maximum percent-growth change among individuals growing at different levels 
of prior growth, and would also standardize among species with different levels of maximum 
percent-growth change. This standardization would allow for better direct comparisons of 
disturbance histories among stands, and even for fine-scale studies of disturbance history in 
multi-species stands. Age and size may still influence maximum percent-growth change in 
that intolerant species are most likely to have severe reductions while tolerant species may 
show little or no change. For the present, older and larger trees may have to be eliminated 
from samples until the mechanisms behind these reductions are experimentally verified. Yet 
despite these complications, incorporation of prior growth into the release criteria will improve 
the accuracy of identifying disturbance events and estimating the magnitude of those events. 
For these reasons we believe the boundary-line technique will serve as a valuable tool for 
release calculations. 
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Introduction 
Dendrochronology in tropical areas has made substantial progress during the last years, as 
documented in several overviews (Wimmer and Vetter 1999, Roig, 2000a, Worbes 2002). 
Several studies reported about occurrence and climatological explanation of annually formed 
tree rings in neotropical wood species (e.g. Devall et al. 1995, Tomazello Fo et al. 2000, Roig 
2000b). Thus, there are new perspectives to close important gaps in paleaoclimatic 
information in the inner tropical regions that exist between tree-ring chronologies in Mexico 
(Stahle et al. 1998, Biondi 2001, Cleaveland et al. 2003) and the southern Andes (e.g. 
Villalba et al. 1997, Roig et al. 2001). 
The study area is located at ca. 4°S in the province of Loja (southern Ecuador), in the 
Podocarpus National Park. The climate shows a high spatial variability due to the complex 
topography of the area that drastically modifies the general climatic conditions (Richter 
2003). Along a east-west transect over the eastern Andes (Cordillera Real), the average 
annual rainfall varies from ca. 2200 mm (Zamorra, 970 m a.s.l.) in the eastern foreland, ca. 
2500 mm (San Francisco, 1800 m a.s.l.) in a valley in the central Andes to 835 mm in the 
intra-andine basin of Vilcabamba (1570 m a.s.l.) to the west of the mountain chain (Hagedorn 
1991). In the same direction, the seasonality of the rainfall distribution increases: perhumid 
conditions prevail on the eastern side of the Andes, whereas in Vilcabamba, which lies on 
the leeward side of the Andean chain, only 3 months per year (February-April) show humid 
conditions. Besides an east-west gradient, altitude has a strong impact on average 
temperature and on the amount of rainfall. At the upper timberline at approx. 3200 m 
elevation, more than 7500 mm of annual precipitation occur, in addition, approx. 2750 mm of 
water input by cloud and fog have to be taken into account (Bendix et al., 2004, Fabian et al. 
2005). 
 
Detection of growth dynamics 
The first task was to realise a wood anatomical screening of approx. 250 different tree 
species that occur in the area to select some target species which form clear anatomical 
growth boundaries. As examples of such tree species we show photographs of Cedrela 
montana and Tabebuia chrysantha (Fig. 1). Several cores of Cedrela montana were 
measured to compare the inter- and intra-tree variability of these growth zones. Two radii of 
Cedrela allowed crossdating (Fig. 2). The two cores show a Gleichläufigkeit (sign-test) of 
94% and a t-value (Baillie and Pilcher) of 8.9. Crossdating was not achieved yet between 
different trees, although some growth similarity was observed. 
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Figure 1: Macroscopic images of Cedrela montana (upper photo) and Tabebuia chrysantha (lower 
photo). Both species exhibit clear anatomical growth zones. 
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Figure 2: Synchronisation of growth zones within two radii of Cedrela montana  
 
One study site where growth dynamics of selected species are studied in detail is located on 
the western declivity of the Podocarpus plateau at an elevation of 2100 m. The site is located 
in a transition zone between tropical humid evergreen cloud forest and semi-deciduous 
forest. Growth dynamics in tree species without distinct ring boundaries has often been 
studied by the so called ‘pinning-method’, a controlled wounding with needles (e.g. Nobuchi 
et al. 1995). To achieve a higher temporal resolution and a better control of the seasonal 
formation of different anatomical types of wood tissues, we collected small wood samples in 
two-week intervals with an increment puncher (Forster et al. 2000). Microsections with a 
thickness of 20 μm are produced, stained with solutions of safranin and astrablue and 
photographed. In addition, we installed dendrometers to register stem swelling and shrinking 
in 30 min. intervals.  
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Figure 3: Comparison of climate data (precipitation daily sum and relative humidity daily mean), wood 
anatomy (microscopic images of biweekly increment puncher samples) and cambial activity (increase 
of girth recorded by dendrometer) of one Alnus accuminata tree in 2004. The white arrows indicate 
corresponding continuous lines on all samples. 
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A climate station measuring temperature, relative humidity and precipitation was installed in 
a distance of ca. 1 km. The pioneer species Alnus acuminata has been successfully used for 
ecological tree-ring studies on fire and landslide dynamics in subtropical Argentina, an area 
that shows distinct hygric seasonality (Grau et al. 2003). 
Three tree species are abundant at the study plot and were selected for dendrometer 
measurements. The first is the pioneer species Alnus acuminata (Alnaceae). Further species 
are Cedrela montana (Meliaceae) and Prumnopitys montana (Podocarpaceae). To 
disentangle wood formation in relation to climate seasonality and girth changes, analyses of 
micro-sections, growth information from dendrometers and climate data have been 
combined. An example of this approach for Alnus acuminata is shown in Fig. 3 from growth 
season of 2004. 
Alnus did not show formation of new cells during a relatively dry period without rainfall 
around 1st of May 2004. Probably as a reaction to the early June rainfall, new cells were 
formed between June 16th and July 16th. The pronounced band of thick-walled wood fibres 
serves as a marker in the two successive microsections. Between mid June and end of 
September, almost no rainfall occurred and relative humidity was rather low. Alnus did not 
exhibit formation of new cells. After the rainfalls during October, Alnus shows a swelling of 
the stem which is registered by the dendrometer. Then, according to the dendrometer and 
climate data, new wood tissue was formed consistently.  
To discern seasonality in tropical woods, as many information as possible on the temporal 
succession of formation of different tissues is necessary. Visual control of the formation of 
different cells in the increment puncher cores combined with continuous measuring of 
cambial activity by dendrometer and climate data may help to achieve this goal. 
This example illustrates how information about growth seasonality and its relation to local 
climate can be achieved by a combination of wood anatomy and growth measurements. 
Unfortunately, it requires regular maintenance of all instruments which is difficult at remote 
places under humid tropical conditions. Longer periods of overlapping information of all 
studied parameters are required to fully clarify the seasonality of wood formation at this site. 
This basic information about tree growth behaviour in a tropical mountain climate may then 
be used to interpret growth variations found on long increment cores. Finally, we hope to be 
able to construct tree-ring chronologies that provide new information on climate history in a 
region that is still largely devoid of high-resolution paleoecological data. 
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Introduction 
The Douglas fir (Pseudotsuga menziesii Franco) belongs to the most abundant foreign trees 
planted in Poland. This tree species was introduced to Poland in the 1840s (Szymanowski 
1960), and in Western Poland (earlier Prussia) it appeared prior to 1880 (Tumilowicz 1970). 
The Douglas fir is appreciated for its rapid growth, high productivity (higher than the species 
naturally occurring in the area), as well as high resistance for pests and diseases 
(Mejnartowicz 1997). 
The first Polish studies on the acclimatisation of Douglas fir in the region date back to the 
1920 (works of Tyniecki, Sokołowski, Schappach, see Tumilowicz 1967, Suchocki 1926). 
These studies focussed on the inventory of existing planted areas, usefulness of seeds from 
various regions of Northern America to be planted in Poland, and evaluation of the suitability 
of the timber as a material for sawmills. First attempts to determine the impact of climatic and 
soil conditions on growth of this tree species were made by Borowiec (1965), Tumilowicz 
(1967), as well as Birot and Burzynski (1985). These studies demonstrated that the highest 
negative impact on radial growth of Douglas fir trees was due to low winter temperatures and 
early-spring frosts. Based on the analysis of the climatic conditions in Poland (the ratio of the 
total precipitation to the average monthly temperatures), Borowiec (1965) determined the 
most suitable areas for planting Douglas fir, among others the Pomerania and Baltic Coast 
regions. 
The investigations presented here were based on the fact that various tree species react on 
changing climatic conditions in different ways. Determination of predominating factors 
influencing formation of annual growth rings at trees could enable reconstruction of climate 
beyond the period of instrumental records as well as prediction of dimensions of radial 
growth in the near future. 
 
Study area 
Western Pomerania is located in north-western Poland between Baltic See, Szczecin Bay 
and Odra Valley. All investigated plots are between 53°57’ to 52°56’ northern latitude and 
14°11’ to 15°46’ eastern longitude, at elevations from 5 to 120 m a. s. l. The prevailing tree 
species are: Pinus sylvestris L., Quercus robur, Q. petraea and Fagus sylvatica. The climate 
in the area (based on stations: Swinoujscie, Resko, Szczecin and Gorzow Wlk.)  can be 
described as transitional between maritime and continental (with Atlantic Ocean and Baltic 
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See influence). Mean annual temperatures range between 7,8 to 8,5°C and total precipitation 
between 532 and 683 mm. Maximum mean temperature is 18°C in July and minimum mean 
temperature may fall down to -9,7°C. Maximum total precipitation 70 to 80 mm are recorded 
in July, minima of about 30 mm in February and March (Tab. 1).  
 
Material and methods 
Field work was carried out in the forest areas directed by the Regional Direction of National 
Forests in Szczecin and in the Wolin National Park in the years 1998 to 2002. Altogether 16 
research sites were established for Pseudotsuga menziesii Franco. The plots that met the 
methodological criteria were selected for further analyses and the choice had been 
determined by the existence of long-lived trees of the analysed species. Core samples - the 
basic research materials were taken from 225 trees.   
For every sample tree-ring width were measured with 0.01 mm accuracy. Individual 
dendrograms were dated a chronology was built following the classical methods of 
dendrochronological crossdating, presented in numerous publications (Schweingruber 1989, 
Cook and Kairiukstis 1992, Kaennel and Schweingruber 1995). Thereafter, using Arstan 
(Holmes 1983, 1994), the chronology was indexed eliminating long-term trends (e.g. age 
trend) and accentuating the year-to-year variability in widths of the tree rings. 
The resulting chronology was used as a basis for dendroclimatological analyses such as 
response function and pointer years. The response function analyses were based on 
meteorological data (average monthly air temperatures and total monthly rainfall witch was 
examined for 16-month intervals: from June of the previous year to September of the 
analysed year in the period of 51 years: 1948-1998) and the indexed values of the tree-ring 
widths. Except for the current vegetation season, the analyses also included the impact of 
thermal and pluvial conditions of the preceding summer, autumn, and winter on formation of 
growth rings at the analysed trees (analysis of periods of 16 months: from July of the 
previous year to September of the current one (Blasing et al. 1984). The years in which over 
90% of the analysed trees exhibited similar growth trends were defined as pointer years. 
When increments were narrower than the previous year, the pointer years were negative, 
and contrariwise – positive. Analysis of meteorological conditions and the relationships 
between the annual increments and climate was carried out for the pointer years, which had 
been determined with the program TCS (Walanus 2002). 
 
Douglas fir chronologies 
16 local chronologies of Douglas fir resulted from various habitats of Western Pomerania. 
The local chronologies were constructed based on 186 individuals selected from 225 
sampled trees (Tab. 2). Average replication of the chronologies was, the highest 15 - for the 
chronology DG1 from Mysliborz Lakeland - and the least 10 individual trees for the research 
plots LP2, RY3, WNP4 and WNP5. The longest sequence spans 107-years (chronology 
WNP2 from a site in the Wolin Island), representing the period 1894-2000, and the shortest 
63-years (RY2 from Gryfice Plateau). Average ring width for all local chronologies of Douglas 
fir (Pseudotsuga menziesii) amounts to 3.07 mm, significantly higher than the corresponding 
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value for Scots pine from Western Pomerania (Cedro 2004). The widest rings (4.04 mm) 
were noted in trees from site WNP6 (Gryfice Plateau), and the narrowest (1.55 mm) in trees 
from site DG2 (Mysliborz Lakeland) located southernmost (Tab. 2). No distinct relationship 
between the average ring widths and the duration of the chronology was observed, which 
may be due to relatively uniform ages of the analysed trees. 
Exeptionally high values of convergence and similarities in local dendrograms for 
Pseudotsuga menziesii indicate predominating influence of environmental factors on the 
cambial activity and formation of tree rings. The local chronologies established, together with 
results of convergence, gave rise to construct a standard chronology for Douglas fir from 
Western Pomerania, labelled PZjedlica. The standard consists of 65 trees (out of 186 
investigated trees) displaying the highest similarities of dendrograms (t-values  > 6.0, Tab. 3). 
The regional chronology PZjedlica spans 109 years, between 1894 and 2000. 
 
Results 
Analysis of pointer years was carried out for 65 individuals of Pseudotsuga menziesii forming 
the regional chronology (PZjedlica) and for those forming the local chronologies. In case of 
the regional chronology, 19 pointer years (9 positive and 10 negative, Fig.1) were 
determined.  
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Figure 1: Pointer years determined from growth sequences of regional chronology of Douglas fir for 
Western Pomerania (PZjedlica). 
 
Negative pointer years occurred in years with frosty and cold winters, with very low values of 
January and February temperatures. Also temperatures of March were of similar significance 
for annual growth in the forthcoming vegetation season. Years with cold winters and summer 
draughts marked deep minima in dendrograms and often continued in the following years. In 
positive pointer years winter temperatures were predominating; positive temperatures in 
January and February followed by early spring resulted in formation of wider growth rings. 
The amount of rainfall in the vegetation season turned out to be of lower importance. In some 
years (1936, 1948, 1957, 1988, and 1997) decrease of ring widths was noted, in spite of 
shortage of rainfall in spring and/or summer months.  
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Table 1: Air temperatures in the period 1948-1998 (in Celsius degree); A – mean monthly 
temperature, B – minimum monthly temperature, C – maximum monthly temperature. Precipitation in 
the period 1948-1998 (in mm); A – mean monthly rainfall, B – minimum monthly rainfall, C – maximum 
monthly rainfall. 

 
TEMPERATURE   I II III IV V VI VII VIII IX X XI XII I-XII 

  A -0,6 -0,2 3 7,6 12,8 16,2 17,8 17,1 13,6 9 4,2 1 8,5 

Szczecin B -8,8 -7,5 -0,9 3,8 10 13,9 15,2 14,7 11,2 6,2 0,2 -6,3 7,1 

  C 4,8 6,4 7,5 10,2 16,4 19,3 22,3 20 16,3 11,7 7,4 4,8 10,1 

  A -0,2 0,1 2,8 6,5 11,3 15,2 17,2 17,1 13,8 9,4 4 1 8,2 

Swinoujscie B -6,2 -7,5 -1,2 3,8 8,9 13,6 14,5 14,7 11,4 6,7 0,8 -5,2 6,9 

  C 4,8 6,1 6,2 9,2 13,9 16,8 19,9 20,6 16,6 11,9 7,2 4,7 9,8 

  A -1,1 -0,7 2,3 6,8 12,1 15,4 17 16,6 12,8 8,5 3,7 0,4 7,8 

Resko B -9,1 -9,6 -1,7 3,6 9,2 13,5 14,2 13,9 10,1 5,3 -0,3 -6,9 6,3 

  C 4,3 5,9 6,9 9,8 15,9 17,9 21,4 19,7 15,4 11,2 6,6 4 9,5 

  A -1,3 -0,6 3 7,8 13,1 16,4 18 17,6 13,6 8,8 3,6 0,3 8,4 

Gorzow Wlk. B -8,7 -9,7 -1,1 4,4 9,8 14,2 14,8 14,7 10,9 5,6 -0,5 -7,2 6,7 

  C 4,2 5,5 7,3 11,4 16,5 19,6 22,3 20,9 16,3 11,4 7,1 3,9 9,9 

PRECIPITATION   I II III IV V VI VII VIII IX X XI XII I-XII 

  A 35 29 32 37 51 60 69 57 43 37 41 41 532 

Szczecin B 0 4 5 5 12 8 5 7 4 0 9 6 347 

  C 83 76 96 106 128 133 137 141 124 90 104 90 716 

  A 41 30 34 39 47 57 57 56 50 44 47 47 551 

Swinoujscie B 0 4 4 4 7 9 0 7 2 0 7 8 377 

  C 78 66 94 118 120 146 135 106 158 109 128 123 763 

  A 51 39 45 45 54 67 82 72 61 53 54 58 683 

Resko B 1 7 6 7 7 16 9 12 6 0 11 8 441 

  C 129 85 105 132 122 195 173 173 150 204 121 130 953 

  A 36 30 32 38 51 64 71 56 42 37 41 43 541 

Gorzow Wlk. B 1 4 7 6 11 7 2 9 3 1 6 4 337 

  C 116 65 81 88 121 134 195 150 114 114 114 104 752 

 
In most cases, however, tree-ring widths were determined by thermal conditions. Results of 
dendroclimatical analyses (response function) for Douglas fir are presented in Table 3. The 
coefficients of linear correlation (k) and multiple regression (r) indicate that radial growth 
were mostly influenced by temperatures of winter months (January, February) and the 
beginning of spring (March). 
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Table 2: Statistical data for local measured and index chronologies of Douglas fir from Western 
Pomerania 

 
No. Lab.  No. of Time  No. of Mean Std. Mean 1st order   Index Chron.   

  code years span samples RW (mm) Dev. sens. Autocor. Median Mean sens. Std. dev. 
1st. order 
autocor. 

1 DG1 78 1922-1999 15 3,87 1,8 0,3 0,67 1,02 0,23 0,2 -0,12 

2 DG2 75 1925-1999 11 1,55 0,84 0,28 0,64 1,02 0,21 0,18 0 

3 LP2 91 1911-2001 10 1,86 1,04 0,35 0,06 0,99 0,29 0,24 -0,04 

4 RES1 68 1934-2001 14 2,48 1,13 0,27 0,64 1,01 0,24 0,22 -0,05 

5 RES4 65 1937-2001 11 2,85 1,07 0,27 0,52 1,04 0,24 0,22 0 

6 RY2 63 1940-2002 11 3,01 1,16 0,23 0,67 0,97 0,2 0,18 0,09 

7 RY3 88 1915-2002 10 2,41 1,03 0,26 0,69 0,99 0,23 0,2 -0,13 

8 T1 78 1923-2000 11 3,68 1,62 0,29 0,59 1,01 0,26 0,21 -0,19 

9 T2 82 1919-2000 13 3,95 1,75 0,26 0,66 1,03 0,22 0,21 -0,05 

10 T5 79 1921-1999 12 2,28 1,13 0,3 0,7 0,97 0,24 0,22 0,02 

11 WNP1 98 1903-2000 11 3,68 1,55 0,24 0,72 1 0,21 0,19 0,03 

12 WNP2 107 1894-2000 13 3,16 1,2 0,25 0,64 0,99 0,2 0,18 0,01 

13 WNP3 101 1900-2000 11 2,82 0,13 0,26 0,71 1 0,22 0,19 -0,07 

14 WNP4 89 1912-2000 10 3,92 2,02 0,27 0,73 0,99 0,24 0,2 -0,08 

15 WNP5 96 1905-2000 10 3,51 1,52 0,29 0,69 1,02 0,26 0,22 -0,05 

16 WNP6 89 1912-2000 13 4,04 2,24 0,3 0,75 1,02 0,26 0,23 -0,07 

Mean   84   12 3,07 1,33 0,27 0,63 1 0,23 0,2 -0,04 

 
 

Table 3: Convergence of Douglas fir local and the regional chronology (PZjedlica) measured with “t” 
and “Gl” value 

Gl/t DG1 DG2 LP2 RES1 RES4 RY2 RY3 T1 T2 T5 WNP1 WNP2 WNP3 WNP4 WNP5 WNP6 PZjedlica

DG1 X 10,1 7,7 7,6 5,1 5,4 8,6 8,9 8,8 11,7 7,2 10,1 10,6 10 11,4 9 12,6 

DG2 77 X 8,7 4,2 3,7 4 6,1 6,1 4,8 7,4 3,7 5,4 5,6 7,3 5,3 4,9 8 

LP2 73 70 X 5,6 3,9 4,9 6,8 8,6 8,1 8,4 5,2 9,7 8 5 8,9 7,3 10,9 

RES1 67 59 67 X 10,4 7,5 8 7,5 8 7,2 8,1 12,3 9,1 5,7 9,8 7,9 11,5 

RES4 68 63 64 72 X 6,4 5,6 6,9 6,7 6,6 5,8 8,1 6 4,4 7,2 5 9,1 

RY2 74 70 71 83 80 X 4,2 5,1 5,9 5 4,3 5,1 4,9 5,6 6 4,5 6,3 

RY3 72 68 70 69 63 70 X 10 8,7 9,6 8,4 11 11,5 8,7 10 11 10,8 

T1 75 70 77 71 73 73 76 X 15,7 15,3 7,3 10,9 10,3 8,9 9 7 15,4 

T2 74 74 77 73 76 73 69 82 X 14 9,8 11,9 11,5 7,9 13 9,7 16,5 

T5 76 75 78 69 72 71 69 82 85 X 7,1 11,6 10,6 8,9 10,3 9,4 20,2 

WNP1 68 64 70 74 66 67 75 73 77 70 X 12,7 11,7 8 12,2 8 7,9 

WNP2 71 61 76 83 71 74 74 81 73 74 78 X 16,8 7,9 15,5 11,7 15,2 

WNP3 73 65 74 73 64 68 74 74 76 73 78 81 X 9,9 11,6 13,7 12,9 

WNP4 75 77 73 72 69 80 76 79 75 75 74 78 77 X 8,6 8,1 9,1 

WNP5 73 65 71 77 70 73 68 73 77 75 81 78 75 72 X 11,2 12,7 

WNP6 74 70 75 71 66 75 75 73 77 71 73 78 80 80 80 X 12,5 

PZjedlica 77 72 86 79 80 80 70 86 84 88 75 84 76 77 81 79 X 
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Table 3: Response function results for Douglas fir: Pearson correlation coefficient and multiple 
regression coefficient for air temperature and rainfall. Significant results for α = 0.05: (+) positive, (-) 
negative. 
 
     C O R R  E A T I O N   C O E F F.  C O R R  E A T I O N    C O E F F. 
    T E M P E R A T U R E           R A I N F A L L     

No. Lab. Code VI VII VIII IX X XI XII I II III IV V VI VII VIII IX VI VII VIII IX X XI XII I II III IV V VI VII VIII IX

1 DG1                 + +         +                                   

2 DG2  -  -     + +  -                          

3 LP2  -       + +                  +     +    

4 RES1 +  -      +    -        +      -   +    +    

5 RES4 +        +    -              - +         

6 RY2 +   -                        -   +      + 

7 RY3   -     + + +                  +     +    

8 T1         + +             +     +         

9 T2         + +  -              - +         

10 T5         + +  -                +         

11 WNP1        + + +             +     +         

12 WNP2 +        +                  - +         

13 WNP3 +      +  + +                  +         

14 WNP4  - -      + +                         -   

15 WNP5   -      + +        +         +         

16 WNP6                 + +                     +     - +             - 

                                  

     R E  G R E S S I O N  C O E F F.  R E G R E S S I O N  C O E F F. 
    T E M P E R A T U R E           R A I N F A L L     

No. Lab. Code VI VII VIII IX X XI XII I II III IV V VI VII VIII IX VI VII VIII IX X XI XII I II III IV V VI VII VIII IX

1 DG1   -         +   +     -     +     +   -   +   - +     +   +     

2 DG2   -  -       + + - -  - +     +           +         -   

3 LP2   - - -       + +      +              + + + + +   -   

4 RES1          +   + + - -    -    +      -   +     + + - + 

5 RES4 +    -   +   + + - -    - +    +   - + +   + + +  + 

6 RY2 + -  -   + - +    - +              -   +         - + 

7 RY3   - -     +   + +                              +    

8 T1   -  -       + +             - +     +     +        

9 T2      -     + + +  -               - +   + + +      

10 T5      -       + + - -    -      +   - +   + + + +  - 

11 WNP1          + + + +  -           +   - + +            

12 WNP2 +            + +    -     +        - + + +          

13 WNP3   -  -     + + +            + - +     + + +       -   

14 WNP4      -       + +  -        +  -   +    +              

15 WNP5      -     + + +  -          - +     +     +        

16 WNP6       -       + + +   -                 +     - +   +         - 

 
In all analysed occurrences of Douglass fir in Western Pomerania have been influenced 
mostly by the thermal conditions of February. The years with mild winters and early, warm 
spring have been marked by wider growth rings in the following vegetation season. The 
response function indicated lower influence of rainfall than of air temperatures. January 
revealed negative February and March positive relationships. High amounts of total monthly 
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rainfall in February and March are connected with predomination of western circulation 
pattern in the region. Frequent atmospheric low pressure systems, bringing humid and mild 
Atlantic air masses, result in an increase of both air temperatures and rainfall, which in turn 
leads to higher cambial activity in the forthcoming vegetation season. On the other hand, 
rainfall in summer months of a current growth season seems to have no significant influence 
on tree growth. 
The high values of determination coefficient (r2 = 63% in average, minimum 50% in the plot 
WNP4, maximum 75% in the site WNP6) indicate significant influence of the climatic factors 
on annual growth of Douglas fir in Western Pomerania. 
 
Discussion 
Dendroclimatological studies on the Douglas fir in Poland performed by Feliksik and 
Wilczynski (1997, 1998a, 1998b, 1999, 2001, 2004a, 2004b) revealed similar relations 
between climatic factors and annual increment as of the Douglass fir from the Western 
Pomerania; predominating impact of winter thermal conditions, particularly February. Tree 
growth positively correlates with temperatures of February (Feliksik and Wilczynski 1997, 
2004a, 2004b), and of January, February, and March in the vicinity of Bielsko-Biala (Feliksik 
1999). Except for the response function analysis these authors also compared average 
indexed dendrochronological curves of the analysed sites (including the research plot near 
Gryfice) with average temperatures for the period December-April, and noted almost total 
convergence of both (Feliksik and Wilczynski 1997, 2004a). Similar results were obtained for 
the Karkonosze Mts, NE Poland (Feliksik and Wilczynski 1998a, b), as well as for the 
Silesian Beskid Mts (Feliksik and Wilczynski 2001). In the last region the authors analysed 
annual growth rings of several species of foreign and native coniferous trees with response 
functions. Three of the analysed species: Picea abies L., Pseudotsuga menziesii, and 
Chamaecyparis lawsoniana revealed high sensitivity on the temperatures of winter and early 
spring (January, February and March), Larix kaempferi did not. Douglas fir, similarly to Picea 
abies L. and Chamaecyparis lawsoniana, reacted positively on high rainfall in the summer 
season (June, July). 
Dendroclimatological studies on the Douglas fir growing in natural habitats in North America 
have been led by numerous researchers, which may be related to the wide range of this tree 
species. The relationships determined between ring width and climatic factors mostly depend 
on climate and habitat type; for example growth of Pseudotsuga menziesii in New Mexico 
and Colorado (steppe habitats) mostly depends on the amount of rainfall during vegetation 
season (Cleaveland 1986). In SW Canada the correlation of climatic parameters and ring 
widths of earlywood, and latewood, based on 40 chronologies for Douglas fir, demonstrated 
the predominating role of the atmospheric precipitation for tree-ring formation. Development 
of earlywood depends on the rainfall in the previous summer, while latewood formation 
depends on the rainfall in June and July of the current vegetation season. Air temperatures 
are of lesser importance – correlation coefficient values are negative, especially between 
May and July, when high temperatures enlarge the evapotranspiration and water stress 
(Watson and Luckman 2002). 
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Introduction 
Siberian larch growing at the edge of its proliferation possesses various adaptive properties 
that allow it to exist successfully in the extreme natural and climatic conditions 
(Gorchakovskiy and Shiyatov, 1985). Quite successive existence of larch at the Polar Urals 
is possible because of several biological and morphological adaptations. Biological 
adaptations include the short period of auxiblasts growth (14-28 days), dominant 
development and substantial life duration of brachiblasts (up to 100 years), and the high 
content of protective metabolites (Iroshnikov, 1984). Morphological features of coniferous 
species growing in boreal areas (including Siberian larch) are the ability to exist in a number 
of life forms (stem, bush, creeping) and to change the growth form under the change of 
environmental conditions (Gorochkevich and Kustova, 2002).  
There is large number of trees that changed several growth forms in the course of their 
lifetime in the ecotone of the upper forest bound at Polar Urals. Most often, these are the 
multistem trees that are generated by forming several vertical stems from the creeping form. 
Such trees can serve as climate change indicators.  
The purpose of this paper is to study the effect climate has on form genesis and growth 
characteristics of the multistem Siberian larch trees. 
Major research goals: 

- reveal the dates of forming stems and changing growth form; 
- examine, whether the growth form change causes a change of tree growth 

characteristics (axial and radial growth). 
 

Materials and methods 
The research is performed in the forest-tundra area (100-300 meters above sea level) at the 
eastern macroslope of Polar Urals. 
The selection of model trees was performed based on a route method. Individual trees of a 
group of several stems which originate from a single base, which first grew plagiotropically 
and then orthotropically were selected as model trees. 
The cross-sections of 35 Siberian larch (Larix sibirica Ledeb.) stems, belonging to six 
multistem trees are used for analysis. For each stem the morphological parameters are 
described, including growth form, vitality, stem height and diameter, crown shape and size. 
Average stem height was 3 meters, diameter at base was 15 cm. 
Cuts were made at three main levels (Fig.1) – at the base of a horizontal stem (О), in the 
point of transfer to vertical growth (А), and at the height of a vertical stem equal to OA. 
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Figure 1: Illustration of levels at which cross-sections have been taken for growth analysis 
 

Specimen dating and growth analysis were performed using dendrochronological methods.  
 
Results and discussion 
Figure 2 illustrates the dates of appearance and of life form change of the larch model trees 
over time. For convenience of analysis growth start dates are smoothed by decades. The 
smoothed curve demonstrating dynamics of summer months’ thermal mode for the analyzed 
period is also drawn. 
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Figure 2: Dates of appearance of the life form change for the Siberian larch model trees and changes 
of summer months’ thermal mode 

 
The growth of horizontal stems started in 18th and 19th centuries. Before the beginning of the 
20th century most trees were creeping. In the 1920s the growth form for the majority of 
studied trees became multistem. 
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To reveal dendroclimatic relations the analysis of summer months’ thermal mode effect on 
the frequency of tree growth start and life form change dates is undertaken. Analysis does 
not demonstrate a relation between the frequencies of horizontal stem growth start dates and 
average summer temperatures of vegetation season. It is possible that the appearance of 
such trees was affected by other climatic factors, such as the amount of precipitation or the 
snow accumulation conditions. Regretfully, there is no reconstruction of these factors for the 
examined period. Nevertheless, a direct statistical relation exists between the dynamics of 
average summer temperature, and the frequency of years with growth form change for the 
trees (r=0.68).  
According to literature data the 18th and 19th centuries at the Urals are characterized by 
adverse thermal conditions (Graybill and Shiyatov, 1992) and humidity (Mazepa, 1999). In the 
early 20th century a substantial thermal mode improvement occurred. 
The obtained results demonstrate that the change of larch growth form occurred because of 
the improvement of the environmental conditions and is probably related to climate warming 
in the beginning of the 20th century. The transition to orthotropic growth form caused a 
change in stem characteristics, including axial and radial growth. Average axial growth of 
orthotropic stem parts substantially increased compared to plagiotropic parts (see figure 3) – 
from 1 to 4 centimeters per year. Obtained differences are statistically significant (Т=5,2; 
p=0,000003%).  
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Figure 3: Average axial growth of horizontal (plagiotropic) and vertical (orthotropic) stem 
 

Analysis of radial growth for cross-sections taken at different basic heights (Fig. 4) 
demonstrate the increase in radial growth. Average tree-ring width increased by 0,08 mm, 
while going from О to ОА. Obtained differences are statistically significant (Т=2,5; 
р=0,013%).  
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Figure 4: Average radial growth at different stem heights 
 
Conclusion 
Improvement of the thermal mode at the beginning of the 20th century caused the growth 
form change from plagiotropic to orthotropic for the studied samples of Siberian larch in the 
ecotone of the upper forest boundary at Polar Urals. Axial growth rate and radial growth for 
orthotropic stem parts are substantially higher than the corresponding characteristics of 
plagiotropic parts. 
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Introduction 
Kyrgyzsian walnut forests are characterized by a remarkable biodiversity and a worldwide 
exceptional volume expansion. Beside the walnut (Juglans regia), the forests consist of 
various fruit species, which contribute to the enormous genetical diversity.  
Due to the political circumstances since the beginning of the nineties the ecological balance 
of the forests is endangered. The political breakdown of the Sovjet Union 1991 leads to 
various socio-economical changes. One of the consequences is an increase of human 
influence on walnut forests. The local population depends on the agricultural sector; the 
forest regions are intensively farmed. Walnuts are harvested, firewood is lumbered and large 
areas are changed into pasture for cattle. The ecological consequences are a loss of forest 
area, a decrease of forest stand density, a loss of the genetical diversity and a loss of 
generative regeneration which leads to an ageing of the forests. Additionally, the forests lose 
their function as a shelter which leads to soil erosion, debris flows and floods. Further 
increase of utilisation pressure can end up in a breakdown of the ecosystem (Gottschling et 
al. 2005).  
How the human activities in this region influence the forests is analysed within the research 
project “The Impact of the Transformation Process on Human-Environmental Interactions in 
Southern Kyrgyzstan” supported by the VW-foundation. Dendroecological analyses are 
made to find out how Kyrgyzsian walnut trees naturally grow, to what extend the 
climatological forcings influence tree-ring growth and how the anthropogenic utilisation 
changes the tree growth. Up to now the natural growth dynamics are investigated. The main 
subjects are: 

• Age distribution: How old are Kyrgyzsian walnut forests? 
• Analysis of growth variability   i) internal site investigation   ii) comparison of the sites 

 
Material 
For the dendroecological analyses tree cores from 20 sampling sites were taken.  
The study sites are located in Southern Kyrgyzstan and belong to the Tien Shan Mountains, 
Fergana Range. The ecological conditions of the sampling sites differ in topographic 
characteristics such as elevation, exposition, inclination, and micro-relief, as well as in 
composition of species. Additionally, the degree of human influence varies between the sites, 
from non-utilised natural sites to completely farmed forests. In order to analyse the natural 
growth variabilities, four sampling sites are selected. The ecological settings are listed in 
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table 1. In all sites Juglans regia is the dominant tree species. The selected sites differ 
mainly in elevation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: map of Kyrgyzstan; with research area, Source: Microsoft Encarta   
 
The Sary Tasch sites and Arpa Tökty belong to the lower forest step (1000-1400m.a.s.l.) and 
Daschman belongs to the middle forest step (1400-1750m a.s.l.). Further details about the 
classification of walnut forests depending on elevation can be found in Gan 1992 and Kolov 
1997.  
 
Table 1: Settings of investigated sites 
 

Site location Geogr. Coordinates Elevation Exposition Inclination 
Daschman 41.3409 N 

73.0237 E 
1730m a.s.l. N 26° 

Arpa Tökty 41.4049 N 
73.0791 E 

1370m a.s.l. NNO 17° 

Sary Tasch 
(1) 

41.3124 N 
73.1020 E 

1260m a.s.l. N 26° 

Sary Tasch 
(2) 

41.3138 N 
73.1048 E 

1160m a.s.l. NNW 4° 

 
In total, 81 walnut trees were sampled: 15 trees in Daschman, 18 in Arpa, 20 in Sary 1 and 
28 in Sary 2.  
 
Methods 
The dendroecological analysis and interpretation follows conventional procedures. Ring 
width measurement was made by using a LINTAB measuring device including the program 
TSAP (Rinn 1996). Synchronisation of the tree-ring curves was carried out with TSAP and 
COFECHA software (Holmes 1999). Mean Gleichläufigkeit (GLK) (Schweingruber 1983), 
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interseries correlation rxy (Bahrenberg et al. 1992) and NET (Esper et al. 2001) were 
calculated to describe the internal site homogeneity. NET characterises the signal strength 
by calculating the coefficients of variation and Gegenläufigkeit. Due to the low number of 
sample depth before 1900, the time interval chosen for the comparison of the sites 
comprises the period between1900 and 2003. Some cores which consist of less than 50 
rings were eliminated from the dataset.  
The raw series (in mm) were standardized by a 5-year moving average and ratios were 
calculated to investigate the interannual signal. Event and pointer years were analysed 
following the method outlined by Schweingruber et al. (1990). Comparisons to further 
analyses in Kyrgyzstan and Pakistan (Esper 2000) were made to find out teleconnections. 
The 25-year moving average was calculated to search for the common signal between the 
four sites on a decadal to multi-decadal scale.  
 
Results and Interpretation 
Age distribution: 
Daschman represents the longest cores going back to AD 1746 (Fig. 2). The mean segment 
length is 166 years, with a variation between 25 to 258 years. In contrast Arpa, whose 
longest core goes back to AD 1769, is characterized by the lowest mean segment length of 
all sites which is only 86 years. Sary 1 can be described by going back to AD 1866 and a 
mean segment length of 92 years. Sary 2, which has the highest sample depth, goes back to 
1850 and has a mean segment length of 107 years.  
  

 
 
Figure 2: Age distribution and mean segment length of each site 
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Analysis of growth variability: 
The internal site comparisons demonstrate a high level of similarity. The calculated statistical 
parameters are shown in Table 2. The mean GLK is very high and the significance in each 
site lies above the 95% level. Each NET value represents high signal strength, being below 
the defined threshold 0.8 (Esper et al. 2001). 
 
Table 2: Statistical internal site comparison 
 
Site Mean GLK Interseries correlation rxy NET 
Daschman 80 0.50* 0.73 
Arpa 77 0.41* 0.71 
Sary 1 79 0.52* 0.70 
Sary 2 80 0.45* 0.66 

  
The mean tree-ring growth of Daschman, Sary1 and Sary2 is close to 1.5 mm/y. This value is 
very similar to European mean tree-ring growth which is described (defined) by 1.4 mm/y 
(Neuwirth 2005). In contrast to the other sites, Arpa has an exceptional high mean tree-ring 
growth of 2.4 mm/y. Thus, ring growth does not decrease with raising elevation. The 
ecological conditions in Arpa seem to be best for tree-ring growth in this region.  
Comparing the different sites a site specific growth depression in Daschman for the period 
between 1917 and 1941 can be found. Ring growth of all individual series decreased during 
this strong depression (Fig. 3); the vertical ring growth dispersion is very low. The following 
increase of growth is not made by each series. To get detailed information about the 
interannual signal contained in the data, the 5-year moving average is calculated. Describing 
the ratios from the moving average, the dispersion of the values during the growth 
depression does not differ from the rest.  
The years 1917/1918 can be defined as the beginning of the growth depression in 
Daschman. Regarding the increments of these years in all sites, they are characterised by 
small values and are therefore defined as pointer years. Other site overlapping negative 
pointer years are: 1912, 1931, 1932, 1947, 1965 and 1986. Positive pointer years are: 1972, 
1995 and 2000. Comparison with further tree-ring analyses (Juniperus spec.) in Kyrgyzstan 
and Pakistan made by Esper (2000) confirm teleconnections. The years 1917 and 1965 in 
his data are defined as strong negative pointer years. Additionally, a one-year shift to our 
data exists in the years 1911, 1946 and 1948, which will be analysed in later investigations.     
The 25-year moving average is calculated to find out the similarities in the decadal to multi-
decadal scale. Apart from the influence of the growth depression on the moving average  
in Daschman, Arpa, which has no growth anomaly in the described time period, shows the 
same curve depression (Fig. 4). 
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Figure 3: a) Daschman: grey: raw series, black: mean curve, dark grey: 5-year moving average; b) 
ratios from the 5-year moving average, grey: each series, black: mean curve 
 
The whole curve progressions of Daschman and Arpa are very similar, but on a different 
level. Sary 1 and Sary 2 have similar curve progressions, too, whereas their behaviour in the 
time interval 1917-1941 differs from the other curves. All curves have an increase in the 
fifties ending up in peaks which vary in time. Since the end of the sixties, the curves rise 
temporally delayed.  

 
Figure 4: Calculated 25-year moving averages from the different sites 
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Conclusions and outlook 
Our first results of dendroecological analyses in walnut forests in southern Kyrgyzstan 
confirm natural growth similarities between the different sites. Two groups of especially high 
similarities were found: Arpa – Daschman and Sary1 – Sary2. This grouping occurs due to 
the different levels of elevation. Arpa belongs to the lower forest step but due to its location in 
a v-valley, special climatological conditions are caused which are typical for the middle forest 
step. Hence, from a climatological point of view Arpa and Daschman belong to the middle 
forest step, whereas Sary1 and Sary2 belong to the lower forest step. The dividing line of 
elevation lies at the border of these elevation steps, which means at approximately 1400m 
a.s.l.. Therefore, we can interpret that elevation is more important for growth variabilities than 
exposition and inclination.    
In later investigations, climate data will be used to estimate the influence of different climate 
forcings on tree-ring growth. These analyses will deliver further information for interpreting 
the growth depression in Daschman and the shift in time of the pointer years 1911/1912 and 
1946/1947/1948. Additionally, tree-ring growth under anthropogenic influence will be 
investigated and compared with different natural growth behaviours in order to extract the 
ecological consequences of the increased utilisation pressure. These further analyses must 
be carried out under consideration of the above described different levels of elevation.  
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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. 
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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. 
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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 %. 

 
Acknowledgements 
I am grateful to Ms Eberling and Mr Meinhard, both Umweltbundesamt Messstelle 
Schauinsland, for providing the climate data of the measurement station Schauinsland and to 
Felix Baab and Albert Fehrenbach, both Institute for Forest Growth University Freiburg, for 
the continuous maintenance of the field measurements.   
 
References 
Abetz, P., Künstle, E., Wolfart, A. (1993): Jahresgang des CO2-Gaswechsels und der Trans-

piration von solitären Fichten in den Hochlagen des Südschwarzwaldes in kontrollierter 
Standortsluft mit und ohne Ozonbelastung. KfK-PEF 101: 155 p. 

Anders, S., Beck, W., Lux, W., Müller, J., Fischer, R., König, A., Küppers, J. G., Thoroe, C., 
Kätzel, R., Löffler, S., Heydeck, P., Möller, K. (2004): Auswirkung der Trockenheit 2003 



 164

auf Waldzustand und Waldbau. Eberswalde, Zwischenbericht, BMVEL 533-7120/1, BFH 
Hamburg: 109.  

Deslauriers, A., Morin, H., Urbinati, C., Carrer, M. (2003). Daily weather response of balsam 
fir (Abies balsamea (L.) Mill.) stem radius increment from dendrometer analysis in the bo-
real forests of Québec (Canada). Trees - Structure and Function 17: 477-484. 

Dietrich, H.P., Raspe, S., Schubert, A. (2004): Trockenheit 2003 war nicht die einzige Ursa-
che für starke Zuwachsverluste. Beobachtungen zur Reaktion von Baumkronen, Belau-
bung und Durchmesserzuwachs der Waldbäume im Jahr 2003. LWF-Aktuell 43: 14-16. 

Kölling, C., Walentowski, H., Borchert, H. (2005). Die Buche in Mitteleuropa: Eine Wald-
baumart mit grandioser Vergangenheit und sicherer Zukunft. AFZ/Der Wald 60: 696-701. 

Künstle, E. (1995): Beginn, Verlauf und Ende des Dickenwachstums von Solitär-Fichten auf 
dem Schauinsland bei Freiburg in den Jahren 1989 bis 1993. Forstliche Forschungsbe-
richte München 153: 24-39. 

Mäkinen, H., Nöjd, P., Saranpää, P. (2003): Seasonal changes in stem radius and production 
of new tracheids in Norway spruce. Tree Physiology 23: 959-968. 

Merriam-Webster Online (2005): http://www.m-w.com/ (information retrieved July 10 2005). 
Mitscherlich, G., Moll, W., Künstle, E., Maurer, P. (1966): Ertragskundlich-ökologische Unter-

suchungen im Rein- und Mischbestand: VI. Zuwachsbeginn und -ende, Stärkeänderung 
und jährlicher Durchmesserzuwachs. Allgemeine Forst- und Jagdzeitung 137: 72-91. 

Rennenberg, H., Seiler, W., Matyssek, R., Geßler, A., Kreuzwieser, J. (2004): Die Buche 
(Fagus sylvatica) - ein Waldbaum ohne Zukunft im südlichen Mitteleuropa? Allgemeine 
Forst- und Jagdzeitung 175: 210-224. 

Thornthwaite, C.W., Mather, J.R. (1955): The water balance. Publ. in Climatology - Drexel 
Inst. of Tech., Lab. of Climatology, Vol. 8, No. 1: 104 p. 

Thornthwaite, C.W., Mather, J.R. (1957): Instructions and tables for computing potential 
evapotranspiration and the water balance. Publ. in Climatology - Drexel Inst. of Tech., 
Lab. of Climatology, Vol. 10, No. 3: 308 p. 

Zweifel, R., Item, H., Häsler, R. (2000): Stem radius changes and their relation to stored wa-
ter in stems of young Norway spruce trees. Trees - Structure and Function 15: 50-57. 



 165

Dendroecological analysis of the influence of strong winds and 
snow accumulation on the growth of trees at the treeline in 

Vitosha Mountain, Bulgaria 
 

M. Panayotov & S. Yurukov 
University of Forestry, Dendrology Department, Kl.Ohridski 10 Blvd., Sofia, Bulgaria 

Email: mp2@abv.bg 
 
 

Introduction 
As in other parts of Europe, the treeline position in the Bulgarian mountains has been 
affected by human action in the past. In certain regions such as the highest parts of Vitosha 
Mountain overexploitation and fires have destroyed a large part of the coniferous forests. In 
the 1940s their restoration has been started by afforestation. The forest authorities have 
taken the decision to use tree species that were found elsewhere in the Bulgarian subalpine 
forests.  The most commonly used species were Macedonian pine (Pinus peuce Griseb.), 
Bosnian pine (Pinus heldreichii Christ), Scots pine (Pinus sylvestris L.), Norway spruce 
(Picea abies (L.) Karst.) and to a limited extent the dwarf form of Mountain pine (Pinus mugo 
Turra ssp. mugo).  
Currently the condition of these species enables a study of the differences in their resistance 
to the limiting factors at the treeline.  
The natural treeline of Vitosha Mountain is situated below the potential thermal treeline, 
which is marked by the position of the 10°C July isotherm (Dakov et al. 1980). For Vitosha 
Mountain this isotherm lies at approximately 2000m a.s.l. whereas the treeline is at 1850m 
a.s.l. This is a clear sign that there are other limiting factors besides temperature. Vitosha 
Mountain is the second windiest mountain in Bulgaria and is characterized by large snow 
accumulations as a result of wind transport activity (Vekilska 1966). Stem deformations 
observed in afforestations suggest that these two factors (i.e. wind and snow accumulation) 
may be of primary importance. 
An obstacle to the research on the relative importance of limiting factors in the region is that 
forest managers do not have accurate data from observations in these forests. This 
necessitates the use of methods which allow restoration of past events and collection of 
information about their influence. Dendroecological methods are particularly useful because 
they provide the possibility to analyze the effect of natural conditions on tree growth and, 
specifically, on the structure of tree rings (Fritts 1976, Schweingruber 1996) 
 
Study Area  
The chosen study site is the treeline that borders with a wide treeless platеau near Aleko hut 
at an altitude of 1850 m a.s.l. Three plots with area of 2000 m2 have been set in Pinus peuce 
forests (Fig.1) The first plot (plot N1) was set in an afforestation that is isolated in front of the 
treeline forests and thus is exposed to the action of winds from all directions. The second 
one is at the treeline (plot N2) and the third one is in the forest stand behind the treeline (plot 
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N3). The trees in all of the plantations are at about the same age (approximately 60 years). 
Because of their proximity, plots are exposed to similar general climate conditions. 
Therefore, this design allows the responses to other limiting factors that act locally to be 
distinguished. The region is generally flat and exposed to strong winds. The mean annual 
temperature is 2.58°C. It ranges from a mean monthly temperature of -6.04°C in January to 
+11.54°C in August. Prevailing strong winds are Northwestern, Western and Southwestern.  
 

 
 
Figure 1: Study area and position of the study plots  

 
 
Methods 
In order to obtain more information about the influence of strong winds and snow 
accumulations on the growth of trees at the Vitosha Mountain treeline, and test whether 
these could be the most important limiting factors, we have chosen to use dendroecological 
analysis. 
In the study plots, H, Dbh and crown dimensions of the trees have been measured. In the 
treeline sites, trees have been separated in the following groups according to their stem and 
crown state: 

1. trees with normal stems and crowns; 
2. trees with normal stems and crowns, but with broken tops; 
3. trees with broken stems (Figure 2a); 
4. trees with strongly bent stems (Figure 2c); 
5. trees that were bent near the base of the stem and have horizontal growth (Figure 2b) and 
6. trees with inclined stems; 

In the treeline sites (plots N1 and N2) coordinates of the trees were recorded and digital 
maps were built with the use of ArcGIS 8.3 software package. 
Cores for dendroecological analysis were taken from trees of the different groups. The 
directions of the extraction of the cores were from (a) the side of bending and from (b) the 
opposite side. A total of 90 trees were sampled, 58 of which had stem deformations. 
Ring widths were measured in the Dendrochronology laboratory at the University of Forestry 
in Sofia. Special attention was paid to rings with a structure that differed from the normal one. 
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This was done because such rings might be very helpful in crossdating procedures and could 
carry valuable information about the growth of the tree (Fritts 1976, Schweingruber 1996) 
 

 
Figure 2a Figure 2b Figure 2c 

 
Figure 2: Tree with a stem that was broken twice (2a); tree with a stem that was bent near the base 
and had consequent horizontal growth (2b) and tree with a strongly bent stem 2c) 
 
The tree ring series were crossdated using the COFECHA software and visual clues in the 
ring structure (e.g. dated frost and light rings). 
Cores that showed strong correlation were used for the composition of chronologies after a 
standardization procedure. For this process we used a modified exponential curve from the 
type y=aexp(-bx) + c  (Cook et al. 1990). After the composition of the chronologies that carry 
the common signal of the climate influence, these chronologies were compared to the growth 
curves of trees with broken tops or stem damage. Thus we determined periods of stress, 
serious stem deformations, and the influence of top breakage on tree growth. Special 
attention was paid to the initiation of periods with formation of reaction wood for more than 
one year, which is considered an attempt by the tree to regain its vertical growth orientation 
after bending (Kwon et al. 2001). Data from plots with a significant number of trees with such 
response in a certain year were compared with climate data for winter precipitation to test for 
a possible relationship. 
In 2003 and 2004, after storms, regular observations were carried in the plots in order to 
obtain more precise information for the influence of strong winds and snow accumulations. 
To obtain information for the snow accumulation and distribution in the winter of 2004 we 
carried out regular measurements of snow depths in plot N1 with the use of avalanche probe. 
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Results and discussion 
Results from measurements of snow depths  
The results from the measurements of snow depths in plot N1 in the winter of 2004 are 
shown on figure 3. 
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Figure 3: Snow depths in plot N1 in the winter of 2004. 
 
As it can be seen from the figure above, at the beginning of the period of snow accumulation 
(09.01.2004), the snow cover is almost evenly distributed within the plot and in front of it. The 
next measurements show that there is a tendency of increase of the snow depth in proximity 
to the front edge of the plot and a slight decrease in the first 10m in the forest. Then at about 
15m behind the front edge snow depths increase sharply to reach a maximum depth at a 
distance of about 25m behind the forest edge. The maximum snow depth, which was 
measured at the beginning of March, was 220cm. At the same time the snow depth on the 
flat plateau, 20m in front of the forest edge, was 50cm. This shows that snow transportation 
by wind plays a major role in distributing snow accumulation on Vitosha Mountain. Our 
results also show that snow accumulation is strongly influenced by the existing forest stands 
or groups. 
  
Distribution of the trees in the plots according to their stem and crown form 
As it has been shown on Figure 4 there is a zone with increased concentration of trees with 
broken, bent or horizontal stems and of dead trees in the middle of plot N1. Therefore we 
called that part of the plot “Mortality and disturbance zone”. There is a relationship between 
the position of this zone and the distribution of snow accumulation. As discussed above, the 
snow depths start increasing sharply 15 m behind the front edge of the afforestation, which 
coincides with the border of the “Mortality and disturbance zone”. 
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Figure 4: Map of the trees, stem, and crown deformation zones in plot N1 
 
Almost the same distribution is observed in the other treeline plot – plot N2. Here, there is 
also a zone with increased concentration of trees with damaged stems and crowns, which 
starts at approximately 15m behind the forest edge. 
It is known that dense forest borders decrease the speed of wind (Somerville 1980). Most 
probably, this causes increased snow deposition at a certain distance behind the edge. Snow 
loaded trees are more subject to stem damage during events of strong winds (Petty and 
Worrell 1981, Peltola et al. 1999). This, together with the large snow accumulations, explains 
the existence of the “Mortality and disturbance zones” in the plots. 
Trees with broken tops are more frequently found at the forest edges (Figure 4). During field 
inspections, it was observed that very strong winds sometimes cause the breakage of the 
last 3 or 4 years of vertical increment. Thus, it is not surprising that there is an increased 
frequency of trees with broken tops in parts of afforestation characterized by highest wind 
speeds. Strong winds, or the combination of strong winds and snow or rime frost 
accumulation might also have caused the stem breakage of trees at the forest edge when 
they were younger. This is consistent with the existence near the forest edge of trees with 
stems that were broken once at height of up to 3m and then were successfully substituted by 
lower branches. 
 
Influence of climate events on tree ring structure  
During the observations and measurements of the tree rings, 13 types of tree ring structure 
were described which can be classified as differing from the normal one. Most frequent, and 
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therefore important for the current research, were frost rings, light rings and rings with 
different types of reaction wood.  
Frost rings were first described by Ratzburg in 1871 (ex Schweingruber 1996). Usually their 
formation has been associated with events of spring frosts or water stress (Stockli 1996).  In 
the study site the frost rings formed in 1952, 1955 and 1962 were very frequent. The 1952 
frost ring has a wide zone of distorted cells and is found in 80% to 85% of the cores from the 
different plots. The 1955 frost ring is less distinct with narrower zone of distorted cells and is 
found in 50% to 85% of the cores. The 1962 frost ring is quite peculiar. It has most probably 
been formed after a late frost event, which was caused by an unusually cold storm event at 
the beginning of June 1962. Thus, the beginning of the ring has normal cells, followed by a 
very dark layer of thin, crushed cells and a wide zone of distorted cells. This frost ring is 
found in 85% to 92% of the cores. The recurrence of these rings was very helpful for the 
crossdating of the samples, especially in cases of dead trees and trees with missing rings. 
Several different types of reaction wood were observed in the samples. Reaction wood 
formed in a narrow band or at the end of the ring was considered a sign of mechanical 
influence on the tree during the growing period (Kwon et al. 2001, Dunker and Spiecker 
2004). It had most probably been caused by strong wind. Reaction wood formed at the 
beginning of the tree ring or in the whole ring was considered a sign of mechanical influence 
on the tree during the autumn and winter period. Therefore it had probably been caused by 
strong winds or snow accumulation. A special case with Pinus peuce wood is the presence 
of large quantities of resin in some rings (“rings with resin spills”). This has also most 
probably been caused by mechanical damage or injury of the tree, since it is known that after 
such events some coniferous trees tend to produce more resin in an attempt to protect 
themselves from further damage (Schweingruber 1996). In plot N1, about 23% of the trees 
with damaged stems had initiated the formation of reaction wood in the entire ring in 1963 
(Figure 5). These years coincide with the beginning of the period with highest winter 
precipitation recorded by the adjacent Cherni vrah weather station (Figure 6). 
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Figure 5: Initiation of periods with reaction wood in lee side cores from plot N1 
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Figure 6: Average winter (December to March) precipitation (showed with columns) and winter 
temperatures (showed with line) recorded at the Cherni vrah weather station 
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In plot N2 the highest number of trees (40% of tested trees) that initiated the formation of 
reaction wood in the entire ring was also in 1963 (Figure 7). In plot N3, which is in the forest 
stand and is protected from higher snow accumulations due to wind transport, trees with 
reaction wood in the whole ring were just a few and there were no distinct years or periods 
with increase of this type of ring structure. This suggests that the observed situation in the 
treeline plots is closely related to the influence of extreme weather events such as strong 
gales, big snow and rime accumulations.  
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Figure 7: Initiation of periods with reaction wood in lee side cores from plot N2  
 
It can be hypothesized that during the early development of the forest, when the trees in the 
“Mortality and disturbance zones” were small, their crowns and stems were damaged by 
large snow accumulations and strong winds. This disturbance has influenced their 
consequent development and these trees have grown inclined or even horizontally. The 
altered growth form has most probably been the reason for further damage in later years. 
Many of the trees in the “Mortality and disturbance zone” have been broken or bent 
repeatedly. This has caused the death of some of them, or at least has been the most 
important disturbance factor that has made the surviving trees susceptible to secondary 
fungal attacks. Currently, the existence of empty spaces at distances of one to two tree 
heights behind the forest edge contributes to additional snow accumulations and further stem 
damage of living trees. 
 
Influence of top breakage on tree growth 
Some studies (e.g. Larson 1964, Giertych 1964) show that cambial activity is dependent on 
the auxin production by the tree’s apical meristems (ex Fritts, 1976). Thus, it could be 
expected that after top breakage, a tree would decrease its radial growth for a certain period 
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of time. Keller and Lenz have observed this in a study of lopped spruce trees in 1970 (ex 
Schweingruber 1996). 
The comparison of the individual growth curves of trees with broken tops (e.g. last 3 or 4 
years of vertical increment) from plots N1 and N2 with the mean growth curves from trees 
with normal stems, showed that there is no serious radial growth decrease after the top 
breakage of Pinus peuce trees. We also did not find special reactions in the rings as 
indicators of the breakages, which is a further sign that they did not cause serious stress to 
the whole trees. This could be explained by the increased viability of young trees and the fact 
that Macedonian pine tends to rapidly substitute the broken top by a vertically orientated 
growth of a side branch (Dimitrov 1980). 
 
Conclusions 
The following major conclusions can be made from our results: 
• Although Pinus peuce is one of the best-adapted species for the harsh growth conditions 

at the treeline zone in the highest Bulgarian mountains, some extreme climate events 
might have profound effect on the growth of certain individuals. In the region of Aleko hut 
in Vitosha mountain such events appear to be the strong winds and the large snow 
accumulations caused by wind transportation. 

• In regions with strong winds and possibility for snow transportation it is not advisable to 
create afforestations with sharp forest edges, since this may be the reason for significant 
damage to the trees in a zone that begins at approximately 15m behind the forest edge.  

• The breakage of the top of young Pinus peuce trees does not lead to a serious decrease 
in radial growth. 

• Dendroecological methods might serve as a valuable tool in obtaining information for past 
events and their influence on the growth of trees, especially where there is limited 
historical information. 
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Introduction 
Treeline fluctuations were investigated vigorously during the last decades. In this context, 
dendrochronological and dendroecological methods were made use of relatively early (i.e. 
Kullman 1979, Treter 1984). The work of Müterthies (2003) showed the potential of 
dendrochronological methods in a vegetation ecological approach. In this paper we present a 
research program based on a combination of dendroecology with remote sensing, soil 
science, vegetation science and human geography. We have used this set of methods to 
study the influence of land use change and climate change on fluctuations of the upper 
treeline in central Norway. Climate and land use are supposed to be the superior factors 
influencing the position of the upper treeline. Both parameters have changed significantly in 
time. In central Norway, the annual mean temperature has increased during the last century 
by 0.08° per decade at most (Førland et al. 2000). The change of land use led to an 
extensification of less productive land like mountain areas. We assume that both, climate and 
land use changes led to a rise of the upper treeline. However, the exact extent of the 
influence of each factor is unknown. The qualitative and quantitative estimation of the impact 
of particularly temperature and land use on the treeline is the aim of the TRELAN – project, 
which started in 2002. 
 
Study region 
Four study areas were chosen along a climate gradient stretching from the western, oceanic 
part near Bergen (Bergsdalen, 60° 30´ N; 5° 50´ E) across two study areas in a transition 
zone (Gudmedalen, 60° 45´ N; 7° 5´ E and Geiranger, 62° 03´ N; 7° 15´ E) to the most 
continental area in the east (Vågå, 61°53´N, 9°15´E) (Fig. 2). According to the oceanic – 
continental climate differentiation and a subsidiary mountain mass elevation effect Betula 
pubescens s.l. dominated treelines rise from app. 700 m at Bergsdalen to app. 1050 m a.s.l. 
at Vågå. 
 
Methods 
We used tree-ring widths to obtain specific information about the age structure of forests 
stands at the upper treeline and to indicate possible responses to changing environmental 
conditions during the last century. Dendroecological methods were embedded in detailed site 
mapping including vegetation, soil, and winter snow depth. This data set was accomplished 
by results from bitemporal aerial photo interpretation, meteorological measurements, and 
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inquiries about the history of land use. All methods were applied using a nested hierarchical 
design at four spatial scales along different gradients in central Norway (Fig. 1).  
 

 
 
Figure 1: Mapping and analysis approach at different spatial scales. 
 
Mapping Methods 
In each study area, we investigated the upper treeline along an altitudinal gradient stretching 
from dense forest to the low alpine belt. Several representative study sites were selected, 
each comprising wooded and unwooded plots. The study sites were mapped and structured 
according to vegetation types, topography, and growth forms of trees. Increment cores of all 
present woody plants were collected. 
 
Dendroecological Methods 
Trees with a trunk diameter above 5 cm were drilled at the trunk basis, parallel and 
perpendicular to the slope and the length of the aslope trunk from the root to the drill-point 
was recorded. Cross-sections were taken from smaller trunks. Circumference and vertical 
height above ground were measured. Polycormic trees were sampled at different trunks. 
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Furthermore, we collected saplings. The cross-sections and increment cores were mounted 
and polished in the laboratory before tree rings were counted by using a stereomicroscope. 
To increase the contrast of the wood we used white chalk to fill the vessels as suggested by 
Iseli and Schweingruber (1989). Then, ring width was measured with a precision of 0.01 mm. 
 
Remote Sensing 
The development of the treeline was estimated by using bitemporal aerial photo 
interpretation. Since only limited aerial photos for the study areas were available, those of 
1992 and 1993 were compared with the earliest photos existing (Vågå 1964, Geiranger 
1976, Gudmedalen 1969, Bergsdalen 1972). Scales of the aerial photos differ from 1:15,000 
to 1:40,000. The photos were transformed into orthophotos using a digital elevation model. 
Forests, solitary standing trees and woodless areas were distinguished. By comparison of 
the earliest and latest photos, the development of treeline was reconstructed. These results 
were combined with the dendroecological results of age structure.  
 
Inquiries 
We carried out inquiries about the current and the historical land use. Quantitative data about 
the numbers of grazing animals and the period when mountain summer farms had been 
utilised were obtained from official statistics (local and national scale), reports (e.g. 
landbruksplan), and archives. Inquiries of local administrative authorities (community) led to 
contact locals with relevant knowledge, e.g. farmers and landowners. The latter were 
interviewed by an informal and semi-structured approach about the present and former ways 
of land use (cp. Lundberg 2000).  
 
Climate Analyses 
Climate data derived from official meteorological stations in the valleys were analysed in 
terms of temperature and precipitation trend during the last decades. Moreover, these data 
served as a comparison with the ring width of trees.  

 
Figure 2: Map of the study region in central Norway and the location of the four study areas 
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Results and Discussion 
We present the results by the example of the Gudmedalen area. The comparison of the 
aerial photo interpretation (1976 – 1992) revealed differences between the northern and the 
southern slope (Fig. 3). Only in the southern part of the area serious treeline changes 
occurred. The age determination of Betula pubescens trees at five study sites indicated a 
rising upper treeline in the southern part of the study area. Two distinct age classes were 
distinguished: old trees (average age 127 years) and only young trees (max. 47 years). This 
age structure indicated a recent rise to be interpreted as a regeneration process: old trees 
were found all over the treeline ecotone and form the present treeline, whereas young trees 
almost exclusively germinated between the older individuals (Fig. 3). Concerning the effect of 
changing climate on the treeline this rise might be interpreted as an effect of increasing 
temperature. Results of the trend analysis of climate data confirmed this hypothesis by a 
slightly significant increase of annual mean temperature (0.028°C/year, p = 0.5). But, intra-
annual calculation of temperature trends showed an increase of temperature only in winter 
months.  
 

 
 
Figure 3: Comparison of bitemporal aerial photos and age structure of trees in the study area. 
 
However, as the results of our inquiries proof, the local rise of the treeline has to be 
explained by changes in land use. While the northern part of the study area was continuously 
grazed by app. 300 goats, summer farming ceased in the southern part after 1953. 
Additionally, in the 1930s the former forest was rooted out apart from some solitary trees. 
Both incidents, abandoning and rooting could still be retraced today. As indicated by the age 
structure, old trees found in the area were left from the clear-cut, while young trees started to 
regrow in the former forest after abandonment by the summer farmers. Consequently, the 
recent dynamics of the treeline in this area were interpreted as a result of land use change. 
This finding generally holds true also for the other study regions. Moreover, similar results 
were published by Hofgaard (1997) and Löffler et al. (2004) for other areas in central 
Norway. Hofgaard (1997) even denied the sensitivity of anthropogenic treelines to recent 
climate changes. To test this hypothesis, we are currently working on the development of a 
local Betula pubescens tree-ring chronology covering approximately the last century.  
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Introduction 
Mangroves are (sub)tropical forests occurring in the intertidal areas of coastal shorelines 
protected from wave action. This saline habitat implies that these trees experience a 
perpetual physiological drought. Consequently, mangrove trees are at risk of drought-
induced cavitation. A question which immediately presents itself is “How do mangroves 
safeguard the water transport under these stressful conditions”. This question can be dealt 
with by studying xylem anatomy. In particular, vessel density and diameter are frequently 
mentioned in relation to cavitation susceptibility. High vessel density creates a redundancy in 
the transport system which increases the conductive safety. According to the air-seeding 
hypothesis, the advantage of small vessels is a high cavitation resistance due to the 
association with small pit pore diameters within a species (Tyree and Sperry 1989, Lo Gullo 
and Salleo 1990, 1993).  
This study focuses on the mangrove species Rhizophora mucronata (Rhizophoraceae) from 
Kenya, in which annual growth rings were recently detected (Verheyden et al. 2004). The 
rings are formed by a gradual change in vessel density. A zone of low vessel density is 
produced during the rainy season (earlywood), while a zone of high vessel density was found 
to be associated with the dry season (latewood) (Verheyden et al. 2004). It is important to 
note that the identification of annual growth rings now enables us to account for the inter- 
and intra-annual variability when studying vessel characters in mangroves (see Verheyden et 
al. 2005). Although salinity is a determining factor for the regulation of the water transport in 
mangroves (Naidoo 1985, 1986, Clough and Sim 1989, Zimmermann et al. 1994, Ball et al. 
1997), the influence of salinity on vessel density and diameter remains to be demonstrated.  
 
Aims and methods 
The aim of this study was to investigate the relationship between vessel features, in 
particular vessel density and diameter, and site-specific environmental conditions. Fifty wood 
discs from eight sites in Gazi Bay (39°30’E, 4°25’S), Kenya, differing in salinity (Salinity 
category 1-6, covering a salinity range from 26.4 to 49.2) and inundation class (class 1-4) 
were considered. In addition to vessel density, both tangential and radial diameter were 
measured directly on the sanded stem discs making use of digital image analysis software 
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(AnalySIS Pro v.3, Soft Imaging System GmbH, Münster, Germany). Moreover, inter-annual 
variability was excluded by focusing on one distinct year and intra-annual variability is 
considered by separating the early- and latewood (Fig. 1) (except for SAL5, in which growth 
rings were too narrow to differentiate early- from latewood). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Wood anatomical measurements were carried out at three positions, chosen along a radius 
of high, moderate and slow growth rate. At each position two quadrats (size is exaggerated for clarity) 
covering earlywood (E) and latewood (L) of the year 1998 were studied. Scale bar: 1cm. Specimen 
number Tw56722, part of the Tervuren wood collection. 
 
The effect of growth rate on the vessel features was examined by comparing vessel 
characters with ring width along three different radii per specimen. Finally, results were 
statistically analysed making use of a “repeated measures analysis of variance” and a t-test 
for dependent samples, carried out in STATISTICA 7.0 (StatSoft Inc., Tulsa, USA). 
 
Results and discussion 
The effect of salinity 
A major correlation was observed between vessel density and salinity (Fig. 2), both in rainy 
(ANOVA: F=3.45, p<0.05) and dry season (F=3.24, p<0.05). In Fig. 2, (as well as in Fig. 3, 
see further) the use of the average of the three positions was appropriate since the analysis 
of variance did not show a growth rate effect for either salinity or inundation class, 
irrespective of vascular traits (rainy season: F=2.57/0.69, 0.11/0.095, 1.52/1.87; p=ns; dry 
season: F=1.35/0.52, 0.018/0.088, 0.36/0.078; p=ns, for respectively vessel density, 
tangential and radial vessel diameter). In addition, vessel density and seasons were shown 
to be tightly coupled (t=13.31, p<0.0001). A strong evaporation results in an increasing 
salinity, which leads to a higher vessel density at each site (Fig. 2).  
In this way, the findings of the previous study on R. mucronata carried out at one site 
(Verheyden et al. 2005) are validated. It is hypothesized that the adjustment in vessel density 
allows R. mucronata to withstand the negative effects of a spatial as well as a temporal 
varying salinity, regarding an adequate water balance. Although water is not a limiting factor 
in the mangroves, the salt concentration causes a serious stress by creating a physiological 
drought (Clough and Sim 1989). 
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Figure 2: Mean vessel density in relation to salinity for both rainy season (dark bars) and dry season 
(light bars). * This category represents the annual average vessel density since growth rings were too 
narrow to differentiate between dry and rainy season (see also Aims and Methods). Error bars 
correspond to standard deviations. 
 
Consequently, the water transport in mangroves is at risk of drought-induced cavitation. A 
high vessel density offers a double advantage with respect to conductive safety. First, when 
the same number of vessels is cavitated, a higher percentage of the transport system 
remains functional in high vessel density compared to low vessel density wood (Baas et al. 
1983, Villar-Salvador et al. 1997). Second, a high proportion of vessels are in contact with 
each other via intervessel pits since vessels do not follow a straight line but twist along their 
path (Kitin et al. 2004). Therefore, embolized vessels can be circumvented by means of the 
high number of alternative routes for the water transport. 
In contrast to vessel density, tangential vessel diameter was found to be extremely constant. 
Neither salinity (F=0.41 and 1.28, p=ns, for rainy and dry season respectively), nor seasonal 
fluctuations (t=1.85, p=ns) turned out to have any impact. Moreover, the striking similarity 
between the frequency distributions for different salinity categories, stress the invariable 
nature of the tangential vessel diameter (Fig. 3a).  
Interestingly, although not statistically significant (F=1.11 and 2.04, p=ns for rainy and dry 
season respectively), radial diameter does show a tendency to be smaller at sites with a high 
salinity (Fig. 4). This declining trend is supported by a slight shift in size distribution towards 
narrower vessels when salinity is increased (Fig. 3b). A difference between dry and rainy 
season was recorded but is not well expressed (t=-2.5, p<0.02). 
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Figure 3: Frequency distribution of (a) tangential and (b) radial diameter of wood samples originating 
from sites with contrasting salinity (SAL2-SAL5) and inundation classes (class 1-class 4). Dark bars: 
SAL2, inundation class 1. Light bars: SAL5, inundation class 4. 
 
Several studies report a link between drought and narrow conduits (e.g. Lo Gullo et al. 1995, 
Villagra and Roig Juñent 1997, Arnold and Mauseth 1999, Corcuera et al. 2004, Stevenson 
and Mauseth 2004), which was not found here. The presence of two diameter classes in the 
xylem vessels is a frequent observation of the arid flora (Baas et al. 1983, Baas and 
Schweingruber 1987, Villagra and Roig Juñent 1997) for it combines an efficient (large 
vessels) with a safe (small vessels) water transport system (Mauseth and Stevenson 2004). 
However, as the unimodal diameter distribution (Fig. 3) demonstrates, the absent trend with 
salinity and inundation class can not be attributed to the interference of a vessel dimorphism. 
Longer and wider vessels are usually produced in the lower parts of a tree with age, to 
maintain a favourable water balance when growing and increasing its leaf surface (Tyree and 
Ewers 1991, Hudson et al. 1998, Cruiziat et al. 2002). Mangrove trees, with the smallest 
average diameter (SAL5, Fig. 3-4), are noted to have the highest cambial age. Vessel 
diameter is therefore shown to be influenced by salinity more then by age.  
 

a

b 
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Figure 4: Mean radial vessel diameter in relation to salinity for both rainy season (dark bars) and dry 
season (light bars). * This category represents the annual average radial vessel diameter since growth 
rings were too narrow to differentiate between dry and rainy season (see also Aims and Methods). 
Error bars correspond to standard deviations.  
 
The increased vessel density with salinity and inundation class, not coinciding with a 
pronounced decrease in vessel diameter, indicates a lack of a trade-off between conductive 
safety and efficiency. According to the air-seeding hypothesis, small vessel diameters can be 
associated with small pit pore diameters within a species, and thus to cavitation resistance 
(Tyree and Dixon 1986, Tyree and Sperry 1989, Lo Gullo and Salleo 1991, 1993). Therefore, 
declining vessel dimensions with an increase in water stress were expected. However, only a 
marked increase in vessel density was recorded, which possibly balances out the greater 
susceptibility to cavitation due to the almost steady diameters. However, the relationship 
between vessel and pit pore diameter is still subject of investigation, and cavitation 
susceptibility is generally dependent of the pore diameter of the pits (Sperry and Tyree 1988, 
Tyree and Sperry 1989, Jarbeau et al. 1995, Cruiziat et al. 2002). In this context, a varying 
pit pore diameter, independent of vessel diameter, is proposed as an alternative explanation 
for the quasi-invariable vessel size.  
 
The effect of inundation class 
With respect to inundation class a positive relationship was found with vessel density 
(F=7.91, p<0.002 and F=7.51, p<0.01 for rainy and dry season respectively); similar to our 
findings for the salinity-effect. The highest vessel density occurred at inundation class four 
(Fig. 5), which can be explained by the associated poikilohaline conditions. The exposure to 
cavitation associated with a fluctuating salt concentration exceeds the one resulting from a 
constant salinity, of the average and in some cases even the maximum salinity value of the 
fluctuation (Lin and Sternberg 1993, Yáñez-Espinosa and Terrazas 2001).  
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Figure 5: Mean vessel density in relation to inundation class for both rainy season (dark bars) and dry 
season (light bars). * This category represents the annual average vessel density since growth rings 
were too narrow to differentiate between dry and rainy season (see also Aims and Methods). Error 
bars correspond to standard deviations. 
 
The positive trend in vessel density with inundation class is interrupted at inundation class 
three (Fig. 5). It is assumed that the low vessel density is a reflection of the low salinity 
(SAL1 and SAL2) at these sites. Concerning vessel diameter, only annual averages of radial 
diameter are significantly smaller at higher inundation class (F=3.36, p<0.02). However, a 
pronounced shift in size distribution is observed when SAL2 and SAL5 are compared (Fig. 
3b), which can most likely be ascribed to the interplay with contrasting inundation classes 
(class 1 and 4).  
 
Conclusion and perspectives 
There has been much interest in the ecology of mangroves in general, but their hydraulic 
architecture received less attention. The plasticity in vessel characters of R. mucronata in 
response to the prevailing climate conditions was reported earlier by means of a time series 
analysis (Verheyden et al. 2005). In the present study, these findings have been validated on 
a larger sample size, representing different environmental conditions. In particular, the 
seasonal difference in vessel density was confirmed and the relation between salinity and 
vessel density was demonstrated. In addition, the absent growth rate effect strengthens its 
potential as an environmental proxy. Finally, our results are especially motivating for future 
studies concerning intervessel pits. We suggest variability in pore diameter can offer an 
explanation for the almost invariable nature of vessel dimensions. Investigation of the pits is 
unfortunately a delicate one. Several artefacts have to be taken into consideration (Choat et 
al. 2003, 2004), which may however not be a drawback but may encourage further efforts.   
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Introduction 
Current state 
Scots pine (Pinus sylvestris L.) is one of the most widely distributed tree species in Europe, 
and the Balkan Peninsula is its southern tree limit. In Bulgaria pine stands cover one sixth of 
the woodland and more than 50 per cent of the land occupied by coniferous forests. It is also 
the main species that has been used in the large scale afforestration for the last 50 years. 
However, nowadays many of these plantations are affected by the widespread forest decline, 
and more than 20 per cent of them have already degraded. Unfortunately, the causes 
leading to the declining health condition of pine plantations are not fully clarified. Some of the 
scientists attribute it to fungal diseases, others – to insect infestations but most of them 
suppose that abiotic factors and mainly the ongoing climate change is the trigger leading to 
the worsening of plantations’ condition (Innes, 1993). 
The most precise way to investigate the influence of the variety of environmental factors on 
trees is by considering the dimension of time. The environmental situation is shown in true 
light only by tree rings (Schweinguber, 1996), which makes dendrochronological methods the 
most suitable for studying the impact of the factors affecting tree health. 
 
Objective and research tasks 
The objective of this study is assessing the state and dynamics of the condition of Scots pine 
plantations in Vitosha Mountain and evaluating the impact of climate conditions. For this 
purpose, several research tasks were planned to be achieved: 

1. To establish mean index series for the radial increment of several pine plantations and to 
assess the impact of climate conditions, mainly mean monthly temperatures and monthly 
precipitation, 

2. To analyze the dynamics of the mean indices during the growth periods of the stands 
and to ascertain the effect of the tree age, altitude and slope exposure on the health 
condition of the stands, and 

3. To build models for the radial increment of the sites that show similar changes in the 
established series. 

 
Materials and methods 
Objects of this study are pine plantations in Vitosha Mountain which is located in the centre 
of the Balkan Peninsula near Sofia, the capital of Bulgaria. It has an area of 311 km2 and an 
unusual, dome like shape which makes it suitable for studying the impact of the slope 
exposure on tree growth. 
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Samples were taken from seven pine plantations at different ages and growing under 
different ecological conditions. On the eastern slope at 1200 m altitude three stands were 
sampled, each at different age – 50, 70 and 90 years old. Samples were also collected from 
stands on the other slopes of the mountain at the same elevation and also from one stand at 
1600 m altitude. 
Twelve to seventeen trees per sample site were sampled and one or two cores per tree were 
extracted. Dendrochronological methods, as described by Fritts (1976), Cook and Kairiukstis 
(1990), were used for sampling the trees, processing and cross-dating the cores. Tree-ring 
widths were measured by using a tree-ring measuring table with Dendrostat computer 
program in the University of Forestry, Sofia. Exponential, modified exponential and power 
functions were used for detrending the increment series. For better visual analysis the mean 
index chronologies were smoothed with five-year moving average curves and were plotted 
on joint graphs. 
After the autocorrelation of each index series was removed, a multiple regression analysis 
was performed for assessment of the climate impact on tree growth. As predictors in the 
model the following variables were used: mean monthly temperatures and monthly 
precipitation over a period of twelve months – from September of the previous year to August 
of the current year. Climatic data was provided for the Cherni Vrah meteorological station 
which is the nearest available for all of the stands. The period from 1955 to 2003 was used 
for developing the models because this is the common time span for the mean index series. 
For building a model which can be used for prediction of the current year health condition of 
the trees, stepwise regression was used. The variables, which are used as predictors in such 
models, must precede the period of the growth season (Mirtchev et al. 2000). So the 
following variables were used: mean index for the previous year and mean monthly 
temperatures and monthly precipitation from September of the previous year to March of the 
current year. 
 
Results and discussion 
By cross-dating the cores, one missing and several partially missing rings were found which 
shows that the environmental conditions in the studied sites rarely became so unfavorable 
for Scots pine trees to cease their radial growth. 
For establishing mean index series, between 20 and 30 cores per site were used. The 
calculated chronology signal (Expressed Population Signal) for the different stands has 
values between 0.85 and 0.92 which shows that the number of sampled trees was sufficient 
for establishing mean index series. 
The multiple regression analysis, where monthly precipitations and mean monthly 
temperatures were included as predictors together, showed that there is a strong climatic 
signal in all of the series. The coefficients of determination (R2) vary from 0.45 for the 
Northern site to 0.63 for the Southern site (Tab. 1). 
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Table 1: Coefficients of determination from multiple regressions with both mean monthly temperatures 
and monthly precipitations as predictors  
 

Study site East, 
1200 m a.s.l., 
90-year-old 

East, 
1200 m a.s.l.,
70-year-old 

East, 
1200 m a.s.l.,
50-year-old 

East, 
1600 m a.s.l.

North West South

R2 0.60 0.62 0.54 0.62 0.45 0.62 0.63 

 
In order to determine which climatic factor has greater effect on the increment of the trees, 
multiple regression analyses were performed separately with the mean monthly 
temperatures and with the monthly precipitations. Again, great difference between the 
reactions of the separate sites was not established (Tab. 2). Almost all index series showed 
greater correlation with the mean monthly temperatures than with the monthly precipitations. 
The age of the trees does not modify the climate-growth relationship. Minor differences were 
established for trees growing on differing slopes of the mountain. The Southern plantation is 
the most influenced by the temperature variation, and showed the same dependence upon 
both of the factors. Unlike it, the Northern plantation is the least influenced by the 
temperature variation, and has the highest difference in the dependence upon these factors. 
The absence of great differences in the impact of the two factors on the different sites is 
probably due to the fact that these plantations are neither at the high nor at the low tree line 
of the Scots pine distribution. 
 
Table 2: Coefficients of determination from separate multiple regressions with only precipitations or 
only mean temperatures as predictors 
 

 East, 
1200 m a.s.l.,
90-year-old 

East, 
1200 m a.s.l.,
70-year-old 

East, 
1200 m a.s.l.,
50-year-old 

East, 
1600 m a.s.l.

North West South 

R2 (T) 0.40 0.45 0.32 0.44 0.37 0.44 0.37 

R2 (P) 0.22 0.28 0.30 0.32 0.14 0.33 0.37 

 
Through the graphical analysis of the smoothed index chronologies for the stands at different 
ages, several differences between them were established (Fig. 1). The two longer 
chronologies have a common stress period from the beginning of the 40-s to the beginning of 
the 50-s of the last century. Then an improvement in their condition is observed until the 
beginning of the 90-s when the index series steadily drop below average. The indices of the 
youngest trees vary around one during the 70-s, and after the beginning of the 80-s they 
reach their lowest level. The great differences between the sites are found when the stands 
reach an age of about 50 years. At that age their indices generally reach their highest values: 
for the 90-year-old stand – in the 60-s, for the 70-year-old stand – in the 80-s and for the 50-
year-old stand – at the end of the century. It is very interesting that in spite of the unfavorable 
climatic conditions during the last decade that affected the two older stands, the youngest 
stand is in good condition. Clearly, Scots pine trees in this area are most vital at 50 to 60 
years of age, when they are less affected by the adverse influence of the environmental 
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factors. After this period, they gradually become more vulnerable to adverse influences. This 
fact can be used in forestry practices for determining the age at which Scots pine trees have 
to be felled. 
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Figure 1: Mean indices dynamics of pine trees at different ages growing at 1200 m altitude on the 
eastern slope of Vitosha Mountain 
 
The morphological analysis of the temperature-precipitation regime confirmed the 
conclusions made by the regression analyses. The established stress periods for the pine 
plantations at lower elevations, during the 40-s and after the 80-s of the last century, 
correspond to periods with mean monthly temperatures above average (Fig. 2). There is not 
clearly visible relationship between the dynamics of the mean indices and monthly 
precipitations, with the latter being above average for the first period and below average for 
the second one. 
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Figure 2: Monthly precipitation and mean monthly temperature dynamics for the Cherni Vrah 
Meteorological Station 
 
The mean index series of the stand at high altitude, together with the series of the stand at 
low altitude at the same age are shown on Figure 3. It is noticeable that the two curves have 
opposite trends, with the periods below one for one of the chronologies corresponding to 
periods above one for the other. At 50 years of age only, both of the stands are in good 
condition, and the indices for the stand at a higher elevation reach their higher values. This 
shows that although the two stands are affected in the same degree by the climatic factors, 
as established by the regression analyses, the way in which they exert influence on them is 
probably opposite. 
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Figure 3: Mean indices dynamics of 70-year-old pine trees growing at different altitudes 
 
The index chronologies for the western and southern stands have the same pattern as these 
for the eastern stands at 1200 m altitude. Nevertheless, the series for the stand on the 



 193

northern slope resembles more the one from the stand at a higher altitude. During the 40-s 
and after the 90-s its indices are above the average and between these periods they are 
below the average. 
The same results were established using correlation analyses between the mean index 
series of the different stands. All of the chronologies, except the one at a higher altitude and 
the one on the Northern slope, have high correlation coefficients, raging from 0.39 to 0.66 
(Table 3). At the same time the two remaining index series have high correlation, with r being 
0.56. These results allowed the mean indices for these two groups to be averaged for the 
further analysis. 
 
Table 3: Correlation matrix for the mean index series of stands at 1200 m altitude at Eastern, Western 
and Southern slopes 
 

Study site East, 
90-year-old 

East, 
70-year-old 

East, 
50-year-old 

West South 

East, 90-year-old 1 0.57 0.41 0.57 0.62 

East, 70-year-old  1 0.52 0.50 0.39 

East, 50-year-old   1 0.62 0.50 

West    1 0.66 

South     1 

 
In forestry and forest protection practices it is useful to have a model for predicting the 
increment of the trees for the next growth period. The most valuable models are those that 
include just several variables as predictors which are from the period before the growth 
season. Because of that, stepwise regression analysis was performed with the two built 
mean index series as dependent variables and the climatic factors until the beginning of the 
growth period as independent variables. Sufficient significance level (below 0.05) had only 
the increment of the previous year and the mean temperatures for two months for both of the 
chronologies and the precipitation for one month for the chronology of the lower sites. The 
models can be expressed as: 
 
I1 = 0.623 + 0.576 x PrI1 – 0.03 x TOctober + 0.038 x TMarch + 0.001 x PDecember 
and 
I2 = 0.843 + 0.516 x PrI2 + 0.021 x TJanuary + 0.035 x TMarch , 
 
where I1 is the index for the radial increment of the trees growing on eastern, southern and 
western slopes of the mountain; I1 is the index for the radial increment of the trees growing at 
1600 m elevation and trees growing on the northern slope of the mountain; PrI1, PrI1 are the 
indices for the radial increment of the previous year; T is the mean monthly precipitation for 
the previous October and the current January and March and P is the mean precipitation for 
the previous December. 
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The coefficients of determination for the models are high – 0.69 for I1 and 0.59 for I2. 
However, these models can be used only for Scots pine trees, growing in the region of 
Vitosha Mountain. That is why, for prediction of the increment of the plantations in different 
areas, other models must be established. 
 
Summary 
The influence of the temperature-precipitation regime on the radial increment of Scots pine 
plantations in Vitosha Mountain is strong. However, at the studied sites the temperature 
affects the variability of the mean index series in a greater degree than the precipitation 
does.  
The chronologies of trees at different ages, growing at similar ecological settings are well 
correlated among each other and show common stress periods for the stands. The trees are 
also identically affected by the climatic factors. However, differences in the trends of the 
radial increment at around 50 to 60 years of age of these trees were established. This shows 
that pine plantations in this region are most vital at this age, and prematurely felling of the 
trees is not needed. However, to determine the right age at which trees must be felled in 
different areas, such analyses must be done. 
The relief is also an important factor, affecting the health condition of pine trees in the studied 
area. Trees growing at different elevations have opposite trends in their health condition. The 
periods of good health condition for the trees growing at a lower elevation correspond to 
periods of bad health condition for the trees growing at a higher elevation. The slope 
exposure also affects the health condition of the trees. Although tees growing on the Eastern, 
Western and Southern slopes of Vitosha Mountain have common stress periods, the ones 
growing on the Northern slope of the mountain differ from them and have a common signal 
with trees at a higher altitude.  
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Introduction  
Alpine areas are highly affected by various geomorphic processes, such as landslides or 
debris flows. Most of these processes can cause severe damage to existing infrastructure in 
the affected areas. Due to the effect of global change (IPCC 2001a,b) the potential risk of 
natural hazards occurring in alpine areas is expected to increase to an even higher risk-level 
than it has been recorded for the last century (PLANAT 2004). These global changes also 
have distinct influences on fluvial processes in torrents causing erosion on slopes and 
riverbanks even in forested areas. 
In the last decades the Swiss federation has subsidised forest management procedures 
along mountain torrents which are characterised by intensive erosion and accumulation. 
Slow continuous as well as dramatic discontinuous erosion of forested riverbanks frequently 
cause structural destabilisation and finally the affected trees fall over. These fallen trees hold 
the potential to lead to a blockage of the fluvial system and in severe cases can cause dams 
to collapse resulting in a severe flooding or even debris-flow surges. Consequently, 
frequently a risk for a potential thread to 
human live and infrastructure caused by 
erosive processes exists and hence needs 
to be estimated (Böll et al. 1994). Based on 
the risk potential strategies need to be 
considered and expected costs calculated to 
evaluate the best solution for a cost-effective 
integral risk management (Wilhelm 1999, 
Böll et al. 1994, BUWAL 1994a,b 1998). It is 
common policy in Switzerland to find the 
most cost-efficient strategy to protect 
threatened areas against potential natural 
hazards. However, both politicians and 
foresters need to decide which protective 
actions at what risk level they should take 
(Böll 1997, Böll et al. 1999, BUWAL 2001). 
These protective actions in forests along 
alpine torrents have so far mostly 
concentrated on cutting down bigger trees 
growing along the riverbanks of the torrents 
to lower the risk of uprooting due to 

Figure 1: Typical situation along the riverbank 
of the study site Steinibach 
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erosional events (Wasser and Frehner 1996). These actions also aim to reduce the risk of 
deadwood and consequential blockages within the torrents which might ultimately cause 
catastrophic flood waves in the case of a bursting dam. However, sparse knowledge exists 
about the effects of these forest management actions on the drainage zones of mountain 
torrents and the potential of the torrents to become a hazard. As the forest actions are very 
cost-intensive it is important to know, if they are necessary and efficient. In addition, new 
tools need to be developed to more precisely estimate the risk potential of threatened 
regions in order to supply politicians and foresters with more data and thus help them during 
the decision process. 
The project presented here aims to evaluate the influence of riverbank erosion to the quantity 
of driftwood in alpine torrents. For the first time, a central focus is set on the analysis of wood 
anatomical features of exposed roots of deciduous trees for the reconstruction of erosional 
processes. Dating the time of root exposure along riverbanks in combination with common 
dendrogeomorphic analysis techniques applied to tree trunks allows the reconstruction of 
erosion dynamics also leading to a potential destabilisation of adjoining trees. 
 
Study area 
The project started with an evaluation of potential mountain torrents in Swiss alpine areas 
according to basic requirements such as high recent fluvial dynamics, the occurrence of 
exposed roots and forested riverbanks. Preferably, the forests examined should comprise a 
mixture of conifers and deciduous trees. Two mountain torrents were selected, the 
"Brüggenwaldbach" (Gersau, Canton of Schwyz), managed for several decades and the 
"Steinibach" (Flühli, Canton of Luzern), unmanaged for more than 50 years, to also evaluate 
the effects of different forest management procedures (fig. 1 and 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Location of the study sites Brüggenwald-bach B (Schwyz), and Steinibach S (Luzern), in 
Switzerland. 
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Both torrents had caused damage to infrastructure through various flooding events in the last 
decades. Although both torrents have mostly steep slopes on both sides of the torrents 
(figure 1) and similar geological and climatic site patterns they show differences regarding 
the channel geometry, flooding potential, drainage areas, topography of riverine forests and 
structure of these forests (i.e., distribution of diameter and height, different species 
composition).  
 
Material and Methods 
At each torrent a sector spanning 1 km along the river banks was selected for 
comprehensive analyses. Within this sector detailed geomorphic mapping (scale 1:1000) 
was conducted. Besides the general dimensions of the riverbed specific zones showing signs 
of accumulation and erosion were documented as well as specific characteristics of the 
surrounding area such as slope angle and density of forest cover. Trees showing exposed 
roots obviously influenced by erosional processes along the riverbanks were of special 
interest for the analysis of the erosion dynamics at the sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All locations showing exposed roots within the sector were documented in detail. The 
geomorphic mapping (scale 1:100) included the measurement of profiles and a precise 
documentation of the position of the exposed roots related to the recent soil surface. Site 
locations containing exposed roots of both coniferous and deciduous trees were preferred 
because the anatomical reactions after exposure are already known for conifers (Gärtner et 
al. 2001) and hence can act as a reference during dating of the angiosperm root. Finally, disc 
samples were taken from the roots and their respective position was marked in the 
documented profiles. At each position two discs were sampled, one for macroscopical 
analysis of ring-width variations and the second for preparing micro slides to analyse 
anatomical variations (Gärtner 2003). 
The surfaces of all discs were treated with a belt sander (400 grain) to prepare for general 
macroscopic analysis and to define the positions most suitable for the micro sections used 
for the following wood anatomical analysis (figure 3). The micro sections were cut with a 

Figure 3: Sanded disc of a root, rectangle 
indicates the location of micro section 
sampling 

Figure 4: Micro section taken from a root 
showing cell measurements by WinCELL 
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sledge microtome at a thickness of approximately 15µm, stained with Safranine and Astra 
blue and finally fixed in Canada balsam (Schweingruber 1978).  
Finally micro photos were taken from the slides for further digital imagery. Cell dimensions 
(e.g., cell lumen, cell wall thickness) were measured using WinCELL software (figure 4) and 
following the measurement routines established for coniferous earlywood root cells (Gärtner 
2003). Mean values of the various cell dimensions were calculated for each tree ring visible 
in the micro sections. The analysing procedure started with roots of coniferous trees followed 
by roots of angiosperms. 
 
Preliminary Results and Discussion 
Some of the exposed roots of coniferous trees analysed showed an abrupt reduction of cell 
lumen in the earlywood from one to another year. In addition, small scars and callous tissue 
also often appeared in the same year or in the year before (figure 5). This distinct change in 
cell size can be attributed to a sudden exposure of the root due to an intense erosional event 
at the specific location.  
Based on former studies of anatomical changes of exposed roots it is known, that continuous 
erosion causes a continuos lowering of soil surface and with this a continuous reduction of 
cell sizes over many years, until a reduction of about 50% is reached once a large part of the 
root is exposed (Gärtner et al. 2001, Gärtner 2003). 
In addition, the scars occurring in the previous year indicate, that the position of the root in 
the year before the event was near the soil surface. This information helps reconstructing the 
position of the soil surface before the exposure of the root (Gärtner et al. 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Micro section taken from a root disc (see figure 4) with an overlaying graph showing annually 
measured averages of the lumen area of earlywood cells. Note that the graph has linear annual steps 
(x-axis) as scaled below, due to the slide, which shows a normally grown ring width pattern without a 
scale). 
 
From 1984 to 1994 the rings of this root (figure 5) consist of large cells with small cell walls 
and a large cell lumen in the earlywood. The ring boundary zones contain hardly more than 
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one row of latewood cells, which are flattened in radial direction, cell walls display only minor 
thickening. From 1996 onwards, the ring structures exhibit a more stem like structure, that is, 
cell sizes are reduced to about 50% with a continuous change of the cell dimensions at the 
earlywood / latewood boundary and a very distinct latewood portion. Consequently it can be 
determined, that the ring 1996 was formed after root exposure. Combining these findings 
with the reconstructed position of the former soil surface and the geomorphological mapping 
of the location, it is possible to determine local erosion rates since 1996. 
A comparable procedure was then applied to various deciduous species. The anatomical 
structure of deciduous trees is more complex than the structure of coniferous trees and 
several cell types assume different functions. The analysis concentrated on possible 
variations in the anatomical structure of vessels and fibre cells as well as on differences in 
earlywood and latewood. So far, best results are found for ash (Fraxinus excelsior L.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Top: Micro section taken from an exposed ash root. Lower left: Detail of the micro section 
near the centre. Right: Detail of the micro section near the bark. Note that the overall structure 
appears darker near the bark.  
 
In figure 6, the presented micro section of an exposed root of an ash tree shows a change in 
the overall structure. The appearance of the outer rings is darker than near the centre of the 
root. In the innermost part of the root the fibre cells have thin cell walls and big cell lumen 
areas. In addition, it is very difficult to differentiate between earlywood and latewood. In the 
outer part of the root the cell lumen area is reduced and cell walls are thickened, hence the 
generally darker colour. In addition, the intra-seasonal structural variations within one ring 
are more distinct because last cells formed appear denser at the end of each ring. In contrast 
to the innermost rings, an obvious change from earlywood to latewood is detectable. 
Furthermore, differences in regard to the vessel characteristics between the inner- and 
outermost rings are also discernible. Large vessels seem to concentrate along the tree-ring 
boundary in the earlywood part. Within the innermost rings the number of vessels is higher 
and the cell lumen area is bigger compared to the outermost part. Near the bark the 
latewood is dominated by small vessels which are missing in the inner part of the root.  

1986 1993
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To investigate these observations further sectors of about 0.5 mm2 including one full tree ring 
with latewood and earlywood were selected. In these sectors the areas covered by fibre cells 
and vessels were measured separately (figure 7).In a second step only vessel lumen area 
was measured separated into latewood and earlywood zone.  
All these measurements reveal similar trends with abrupt changes of the cell lumen area 
(figure7), a reaction comparable to that found in coniferous roots. Figure 7 illustrates several 
reactions, e.g., the variations of the fibre cell dimensions (black graph)indicate that two 
reductions, the first in 1986 / 1987 and a second in 1993, have occurred. These reactions are 
paralleled by the values for the vessel lumen area (grey graph) which also suggests two 
lumen area reductions, one in 1987 and a second in 1993. The graphs are similar to the 
ones shown for the coniferous roots. After 1993 the reduction in cell size is about 50% which 
strongly suggest that 1993 indicates the first ring after root exposure. Nevertheless, further 
analyses need to be conducted to define more comprehensively the specific wood structural 
anomalies occurring during and after angiosperm root exposure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: The Graph shows annual mean values of vessel and cell lumen area measured by WinCELL. Both 
vessel and cell lumen area show a distinct reduction of cell size of about 50%.  
 
Generally, the results imply that it is possible to determine wood anatomical reactions in 
roots of broadleaf species due to root exposure. These reactions of roots can be used as a 
new dating tool to reconstruct the exact year of exposure and hence of erosional processes 
in vegetation zones dominated by angiosperms. Due to the complex and specialised 
structure of angiosperm wood it might also hold more information than coniferous wood and 
thus might deliver further details on the processes of root exposure and the different erosion 
processes (continuous or discontinuous erosion). 
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Introduction 
One of the main factors conditioning gully erosion is the quantity and intensity of 
precipitation. According to (Stankowianski 2003) gullies are formed during periods of 
extensive forest clearance and expansion of farmland, but the triggering mechanisms of 
gullying are extreme rainfall events. Therefore, deforestation and the introduction of 
cultivated plants in areas covered with dust sediments are the only important factors causing 
gully erosion (Fanning 1999).  
Studies of gully erosion rate are often based on the comparison of gully lengths on maps 
produced in different centuries or on aerial photos (Daba et all. 2003). Another method of 
measuring the rate of gully erosion includes continuous monitoring of headcuts (Malde, Scott 
1976). Also a dendrochronological method has been used for estimating the rate of gully 
erosion, using in addition to root exposures, corrasion scars on exposed roots or on above-
ground parts of fallen trees, exposed and dead root ends, root suckers, stems, branches and 
leading shoots of fallen trees and the age of trees within a gully (Vandekerckhove at all. 
2001). 
A tree ring analysis reflects geomorphic processes in the past, but it is concentrated mostly 
on the stem, and only to a lesser extent on roots (Alestalo 1971, Shroder 1980). There are 
few studies of erosion intensity conducted on the basis of exposed roots. They frequently 
only measure the length of an exposed part of the root and indicate its age, which allows one 
to estimate erosion volume (Carrara and Carroll 1979, Hupp 1990). An exception are studies 
conducted out in southern Spain, where, based on dendrochronological root analysis, the 
time of erosion episodes has been indicated together with an estimation of the rate of gully 
erosion (Vandekerckhove et al. 2001).  
Research has been conducted for some time on the possibility of determining an erosion 
episode based on anatomical changes occurring in root wood after exposure (Gärtner et al. 
2001). The research has shown that cells within tree rings become more numerous and 
smaller after exposure. One can clearly see the division into early wood and late wood within 
tree rings originating after exposure. In the process of exposure roots are often wounded. 
Scars frequently occur on the boundary between exposed and unexposed tree rings. They 
document one erosion episode that has led to their exposure. These anatomical changes in 
root tree rings allow one to date erosion episodes. 
The aim of this study is demonstrate the possibility of dating gully erosion events by means 
of anatomical changes in tree rings in exposed roots and reconstructing the conditions of 
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incision occurring in the permanent gullies of the Proboszczowicka Plateau in southern 
Poland.  
 
Study area  
Studies were carried out on the Proboszczowicka Plateau, the northern part of which belongs 
to the Silesian Upland and the southern part of which falls in the Silesian Lowland (Fig. 1). A 
dense network of permanent gullies 10-15 meters deep dissects large areas of the summit 
surface at 270-300 above m. s. l. This gully network has been formed in loess sediments. 
 

 
 
Figure 1: Location of study area and sampling sites. 
 
The gullies in the area where research was conducted are covered with forest as opposed to 
the extensive areas of summit plateau used for agriculture. Arable land in the area under 
consideration constitutes 88% of the surface area, whereas forests only comprise 11%. In 
the gullies the predominant tree is mainly beech (Fagus sylvatica). 
Average annual precipitation in the area studied amounts to about 680 mm. Maximum 
frequency of occurrence of storms in the area studied occurs at the beginning of June as well 
as at the end of June and early July. The biggest monthly precipitation reported in Leśnica is 
considerable and amounts to 200-260 mm in July (the precipitation gauge in Leśnica is 
situated about 1.5 km away from the gully studied). Daily precipitation exceeds 30 mm 
several times per decade; in the years 1970-2000 daily precipitation exceeded 60 mm as 
many as four times (Fig. 4).  



 205

During heavy downpours the run-off intensifies, which leads to the occurrence of new 
incisions in gullies. Erosion not only initiates dusty sediments, but also causes transportation 
and deposition of the limestones and dolomites underneath them.  
The Commune of Leśnica, which covers the area of research, already had the character of 
an agricultural settlement similar to nowadays at the beginning of 13th century. On the basis 
of studies conducted in adjacent loess areas, one may assume that the change to agriculture 
occurred much earlier, since the land was already used in Neolithic times and deforestation 
relating to this was already occurring (Klimek 2002).  
The research was conducted in a 900 m long gully whose upper part is narrow and V-
shaped. The valley is wide, flat-bottomed and possesses terraces in the lower part (Fig. 1). 
Samples were collected at 7 sites. Three sites were located in the bottom of the upper part of 
the valley, two on each slope and two at its mouth (Fig. 1).  
 
Material and methods  
The height, width and length of incisions were measured by means of a rod and a measuring 
tape, while in the upper course and at the mouth cross-sections were made of the whole 
valley. Next, 10 cm fragments of exposed beech tree roots were collected by means of a 
handsaw. In 7 sites, 53 samples were collected from 28 roots. Between 1 and 3 samples 
were collected from each root, depending on the individual circumstances. In favourable 
conditions two samples were collected in places were the root connects with the soil and a 
third one from the middle of the exposed part of the root. In addition, samples were collected 
in places were roots were wounded. In order to date the initiation of incision, and not its 
deepening or extension, samples were collected from halfway through the length of exposed 
roots located in the surface parts of incised gully at sites number 1-5. The height of the root 
outcrop above the gully bottom and the distance from the beginning of the incision was also 
measured. All samples were cut with knives in order to show the structure of the wood in root 
cross-section. The moment of exposure was identified afterwards by means of a binocular 
microscope on the assumption that it is indicated by an obvious decrease in cell size and 
increase in their number, as well as a division of cells into early wood and late wood within 
each tree rings occurring after exposure. The exposure time was calculated by counting the 
number of tree rings with anatomical changes. In addition scars occurring on the boundary 
between anatomical differences in root wood of were noted. They confirmed the year in 
which exposure of the roots occurred (Schweingruber 1996). In the case of 22 root samples, 
the number of tree rings after exposure was difficult to calculate by means of a binocular 
microscope. Microscopic sections were prepared from these samples in order to better show 
the wood structure of the roots. Slices of wood 15-20 µm thick were cut by means of a 
microtome and the number of tree rings occurring after exposure was then calculated under 
the microscope. 
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Results and discussion 
Erosion dating based on the time of root exposure in the sites studied  
The oldest exposure of roots in site 1 was reported in the upper part of the incision. Roots 
were exposed here from 1981 to 1984, whereas 1.5 m lower down the exposure of roots 
occurred in the years 1992-1997. Halfway through the incision it becomes older again: the 
exposure of root number 9 was dated to 1984 (Fig. 2). At the moment of collection of the 
samples, roots nos. 2 and 7 were dead, other roots were alive. Roots nos. 3 and 4 had 
erosion wounds. 
Site number 2 is an incision running down the slope between espaliers of trees and along its 
gradient. In total 4 roots were sampled originating from different places in this incision. The 
exposure of roots in the lower part of the incision occurred in the years 1981 and 1984, 
whereas the exposure of roots in the upper parts of the incision occurred in the years 1998 
and 2000 (Fig. 3). All of the roots examined were alive. Roots nos. 10 and 12 had wounds.  
There is an oval niche at site 3 which is 0.5 m deep and has a diameter of 3.5 m. In total 2 
roots were dated here: one of them situated within the niche was exposed in 1991. The other 
one, situated 2 m above the niche was exposed in the years 1999-2000 (Fig. 3). The roots 
were alive and did not have any wounds.  
A 150-year old beech tree grows at site number 4, on the left hand slope and 2 m above the 
bottom of the valley. Roots are exposed at soil level within the bastion. They grow back into 
the soil below the place where they are partially exposed. At this site 3 roots were dated, all 
of them were partially exposed in the years 1994-1995 (Fig. 2). They were alive and did not 
have any wounds. 
The incision at site 5 is situated in the bottom of the valley, about 10 m below the bastion. In 
total 4 roots exposed in the middle part of the incision were dated from this site. They were 
exposed at different times in the years 1982-1994 (Fig. 2). Roots nos. 15 and 16 were dead, 
but root no. 17 was alive. The roots had no wounds. 
A beech tree growing on a slope about 200 m from the valley mouth was undercut at site 6. 
The niche is located 2.5 m above the bottom of the valley; it is 1.2 m deep, 2.5 m high and 
about 4 m long. Below the niche there are 2 terrace levels: 0.5-0.8 m and 1.2-1.7 m. In the 
niche 3 roots were dated which were exposed in the years 1984-1989 (Fig. 3). They were 
alive, root B4I had wounds. 
At site number 7, situated on the left slope 120 m away from the mouth of the valley, there is 
an incision in the shape of a longitudinal niche. Below the niche there is a 1-1.5 m terrace. In 
the incision 5 roots were dated, the oldest of them, exposed in the years 1974-1978, are 
located in the middle part of the exposure. Roots on the sides of the exposure are younger, 
uncovered from sediments in the years 1988, 1990 and 1994 (Fig. 3). Apart from roots B6 
and B10, all of the roots examined are alive and have no wounds. 



 207

 
 
Figure 2: The years of root exposure at sites nos. 1,4 and 5. 
 

 

 
 

Figure 3: The years of root exposure at sites nos. 2, 3, 6 and 7. 
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Precision of dating of erosion episodes by means of exposed roots  
In order to verify the accuracy of dating erosion events by determining the moment of 
exposure of roots, a figure has been developed to present the highest daily precipitation in 
the years 1946-2000 as recorded at the precipitation recording station in Leśnica. Following 
this, the timing of those events responsible for modelling the valley profile was documented 
dendrochronologically and added to the figure (Fig. 4). The years in which extreme rainfall 
events were reported are frequently not the same as the years in which markers of root 
exposure were reported. One of the reasons may be the fact that the data from the 
precipitation gauge describes daily precipitation of varying intensity. Some of the extreme 
precipitation episodes represent heavy local downpours of short duration e.g. a rainstorm in 
1991, whereas some are continuous rainfall affecting extensive areas with long duration e.g. 
rainfall in 1997. The course of a precipitation event has a significant effect on gully erosion; 
that is why daily precipitation with a similar daily size does not necessarily have a similar 
impact on gully form (Starkel 2002).  
The time of root exposure as identified from the analysis of anatomical changes within its 
tree rings is not always the same as the actual year of the exposure of that root. Tree rings 
are shaped in a moderate climate in the period from May to August (Krąpiec, Zielski 2004). 
When a root is exposed at this time, anatomical changes are visible in the area of a tree ring. 
If the root exposure occurred from January to August, the tree ring may be changed in the 
same year as the exposure occurred. If the exposure occurred between September and 
December, the tree ring with anatomical changes will appear the following year. A marker of 
exposure may be thus recorded in roots one year after an erosion episode. 
In the area being studied roots frequently include signs of exposure over one year after an 
extreme rainfall event (Fig. 4). This results from the fact that subsequent rainfall episodes 
may not be as intense to erosion continue as the one that initiated the incision. This is why 
numerous signs of erosion appear in several years following major rainfall episodes in spite 
of the fact that at that time no precipitation with high intensity was reported. Such a situation 
can be clearly seen in the case of a downpour in 1991, after which, in the years 1992-1995, 
as many as 12 roots were exposed (Fig. 5).       
The moment of exposure can be dated precisely provided that a root is damaged by material 
being transported during a downpour. Such situations were observed in the case of roots 
nos. 3 and 4 at site 1, root no. 10 at site 2 and root B4I at site 6. All of the damaged roots 
indicated the year 1984 or 1997 as the moment of exposure.  
The course of erosion may also be determined by comparing markers regarding exposure 
from the middle part of the exposed part of the root and the part adjacent to the soil. If the 
marker is identical, then the exposure occurred as a result of one episode. If the time of 
exposure recorded in the part of the root adjacent to the soil is younger, then the exposure 
occurred as a result of at least two erosion episodes. It appears from the research conducted 
that roots could have been exposed as a result of several erosion episodes, as in case of 
roots B4I and B4II at site 6 exposed in the years 1984, 1989, 1983, and 1986, respectively. 
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Figure 4: Comparison of root exposure dating and big daily rainfall events recorded at the Leśnica 
gauge in 1949-2000. 
 
Reasons for erosion in the gully 
The results obtained prove that intense erosion occurred at the beginning of 1970s in the 
gully studied. At the same time, the number of precipitation episodes has decreased since 
the 1970s, but they have become much more intense with time. This explains the revival of 
erosion processes in the gully studied. 
The markers obtained by means of dating roots point to at least several erosion and 
deposition episodes shaping the valley under consideration. They may be divided into 4 main 
groups. In the first group there are 9 markers coming from the years 1974-1983. Probably 
the erosion the roots document took place in 1971. As many as half of the roots are dead, all 
of them document exposure in the years 1981-1983, and thus it was a relatively long time 
after a major precipitation episode in 1971 (Fig. 4). Therefore, they may be roots 
documenting erosion relating to a rainfall in 1971 or demonstrating an even older major 
precipitation episode. The second group of markers covers 10 roots exposed in the years 
1984-1990. They are the effect of erosion relating to an intense rainfall in 1984. The third and 
the largest group of roots, including 12 markers, represents the years 1991-1996. They 
document a major rainfall episode in 1991. The last group constitutes 6 markers 
documenting the intense rainfall of July 1997.  
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It seems from root dating that the incision in the valley studied was shaped mainly during the 
extreme rainfall events in 1971, 1984, 1991 and 1997. A secondary role in shaping the valley 
studied was played by other precipitation episodes during which the total precipitation was 
50% smaller than in the years with extreme rainfall events e.g. 1973, 1977, 1980, 1981, 
1985, 1986, 1995, 1996, and 2000. It is surprising that there are no markers regarding 
erosion older than 1970. The years 1950-1960 had many large precipitation events, although 
there were not as many as within the last 35 years. Perhaps the relatively small number of 
sites resulted in no roots documenting erosion in that period being found. It is also possible 
that roots were exposed in the 1950’s, but died since that time.  
 
Course and rate of erosion  
Erosion in the bottom of the upper part of the valley (sites 1,4,5) was most intense in the 
years 1981-1989 and 1992-1995 (Fig. 2). The precipitation episodes of 1971, 1984 and 1991 
mainly account for the origin of incisions. The incision in the upper part of site 1 is older and 
is likely to have occurred during intense rainfall in 1971. In the middle part, the incision is 
younger and was initiated in 1991. Further down, halfway through the incision, it becomes 
older again and root no. 7 indicates erosion in 1984. Parts of roots nos. 3 and 4 which were 
collected from below sediments had wounds covered with earth dating from 1984 and 1997 
respectively. This proves that those parts of the roots were initially exposed and later 
covered with earth again. Site 1 is located at a point where there is a significant increase in 
slope gradient below the boundary between a head valley and the beginning of a V-shaped 
gully. There is therefore a higher likelihood of erosion on this boundary between two forms of 
valley. It seems from the dating evidence that this occurs alternately with the deposition of 
material coming from the deforested summits. This alternate occurrence of erosion and 
deposition in the incision does not permit one to estimate the rate of erosion. However, we 
may state that this takes place slowly taking into account the small gradient of the bottom of 
the gully examined, so that the material can be transported for small distances. Roots at site 
number 5 included markers regarding exposure in the years 1982-1989 and 1993-1995. This 
site was composed of incised rocks in the bottom of the gully lying under dust-like material. 
This means that the incision was formed during precipitation episodes in 1971 and 1991, 
similar to the incision at site 1. Those episodes are responsible for the incision of the rocky 
foundation at this site. At site no. 4 roots were exposed during rainfall in 1991. Their location 
about 2 m above the bottom of the gully indicates high flow dynamics during the precipitation 
in 1991.   
The incisions are relatively young at sites nos. 2 and 3, located on the valley slope. The vast 
majority of roots have given markers dating from 1998-2000 (Fig. 3). The incision at site 
number 2 was initiated in the lower part of the site and afterwards retreated. The lower part 
of the incision originated in 1984, whereas the upper part developed after rainfall in 1997. It 
is likely that the incision could also have been initiated during a precipitation episode in 1971 
since the exposure of one of the roots in the lower part of the incision was dated to 1981. At 
a distance of about 5 m, the maximum age difference identified between roots is 19 years. 
This means that the incision retreats at least 2.6 m/year−1. At site no. 3, the exposure of roots 
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in the niche took place as a result of a precipitation episode in 1991. Roots in the incision 
above it were exposed after extensive rainfall in 1997. This implies that the niche occurred as 
a result of a tree falling, which, at a later date, caused the erosion above the site. Erosion at 
site no. 4 amounted to 3 m/year−1. The results obtained enable one to conclude that the rate 
of erosion is much faster in the area of very steep slopes than in the bottom of the upper part 
of the valley.  
At sites nos. 6 and 7 situated at the mouth of the valley erosion markers are generally older 
than in the upper part of the valley (Fig. 3). The undercutting at site no. 6 was formed during 
a precipitation episode in 1984. The undercutting at site no. 7 is the oldest one in the middle 
part of the valley and a precipitation episode in 1971 was responsible for its origin or 
deepening. It form was also further developed during freshets in 1984 and 1991. The 
distribution of areas of undercutting at a height of even 3 m above the valley bottom proves 
the existence of a water level at least this high during the precipitation episodes which 
modelled those incisions. Such a high water level in the valley results from catching 
significant amounts of water from the higher parts of the gully. A very small number of 
markers of erosion of areas of undercutting from the most recent precipitation episodes and 
terrace levels in the bottom of the valley prove that it was deepened during older erosion 
episodes, e.g. 1971 and 1984. 

 
Conclusions 
Erosion started in the valley studied within the last 35 years. That erosion has resulted from 
the occurrence of extensive precipitation episodes taking place since the 1970s. The 
observed erosion contributes to the deepening and headcut retreat of the valley, as well as to 
the origin of new incisions on slopes. 
The bottom of the upper part of the valley was mainly formed during extensive precipitation 
episodes in 1984 and 1991. Sediments are being eroded there and the incisions thus formed 
may be filled with sediments again. The rate of bottom erosion in the upper parts of the valley 
is relatively slow. The slopes of the valley examined were intensely incised during rainfall in 
1997, however, erosion was initiated during earlier precipitation episodes. The incisions on 
the slopes retreat with a rate of at least 2.5-3 m/year−1. Erosion occurred at the mouth of the 
gully during extreme rainfall events in 1971, 1984 and 1991. The valley has deepened as a 
result of the incision of the bottom of the valley within the last 35 years. This has resulted in 
areas of undercutting becoming inactive. 
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Introduction 
There are three basic methods of estimating lateral erosion rates of a riverbed. The first of 
them is to compare large-scale maps and aerial photos from different periods. The second 
method consists of measuring distances from poles or marked trees to a riverbed. The poles 
or marked trees are stably located up to several or tens of meters from a riverbed. When a 
riverbed moves horizontally, the distance from poles/marked trees to a riverbed changes. 
Thus measurement of the distance from poles/marked trees to a riverbed repeated at equal 
time intervals permits the determination of erosion rates in the riverbed. The third method 
involves geomorphological mapping of particular sections of a riverbed, repeated at equal 
time intervals (Florek 1978). A new fourth method is described in this article. This method 
consists of estimating lateral erosion rates of a riverbed based upon anatomical changes in 
exposed roots.  
In moderate climatic conditions, mountain rivers are supplied by precipitation and snowmelt. 
The Bilá Opava valley is V-shaped (Fig. 2), has steep slopes and an impermeable valley 
floor. As a result, there are brief freshets with high water levels during rainfall, during which 
bottom and lateral erosion occurs. During exceptional floods, discharge can be 150 times 
greater than during periods of mean flow (Klimek 2005). Floods on the High Jesenik area 
occur with a more or less constant frequency – about one flood per two years (Gába, Polách 
1998). During flooding, spruce (Picea spp.) growing in the bottom of the Bilá Opava valley 
are undercut, and their roots are partly exposed. Roots and trunks are wounded by rocky and 
coarse woody debris flowing within the river during floods. Therefore, erosive events are 
recorded as scars on roots and trunks. 
The aim of this study is to determine erosion rates in the upper regions of the Bilá Opava 
River and compare these erosion rates with precipitation and flood data. 
Samples of exposed roots were collected in order to determine their dates of exposure.  
In this research, anatomical changes of exposed roots were analysed. This method permits 
the estimation of the dates of erosive events (Gärtner et al. 2001). These dates were 
compared with recorded precipitation and flood data. 
 
Study area 
The High Jesenik is a mid-mountain massif in the Eastern Sudetes Mountains in the Czech 
Republic (Fig. 1). The High Jesenik massif is dissected by deep, V-shaped valleys (Fig. 2) 
formed by tributaries of the upper Odra River and upper Morava River. Between the valleys 
are dome-shaped ridges (Praded 1492 m a.s.l., Keprnik 1423 m a.s.l.). There are variable 
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thickness slope regoliths on the valley slopes. Slopes regoliths are a product of weathering of 
rocky outcrops during the last glacial period (Klimek 2004). Slope regoliths in the valley 
bottoms are undercut during floods. When this occurs, the material from slope regoliths is 
added to the fluvial system and results in the formation of gravel and boulder bars.  
Average precipitation in the High Jesenik massif reaches 1400 mm/year. The majority of this 
precipitation is connected with summer rainstorms. The intensity of precipitation can reach 
260-300 mm per 5-12 h (Štekl et al. 2001). Heavy rainfall triggers floods. During floods the 
speed of running water in the river and intensity of erosion increase.  
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Figure 1: Location of study area. 
 
The study area is located in the upper Bilá Opava Valley, between the sources of the Bilá 
Opava River and the community of Karlova Studanka. The sources of the river are located 
about 1360 m a.s.l., on the southern slopes of Praded mountain. Within 4.1 km of the reach 
of the Bilá Opava River studied, the gradient is about 100 m/km. The Bilá Opava valley is 
covered by spruce (Picea spp.) except for the highest parts of the Praded and Petrovy 
peaks. 
Nine sites were sampled in the bottom of the Bilá Opava Valley, along the Bilá Opava River 
(Fig. 1). 
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Figure 2: The cross-section through the Bilá Opava valley. 
 
Methods 
Transversal cross-sections of the riverbed were measured in the reaches studied. Next, 
samples of exposed roots were collected using a hand-saw. Distances from roots to the river 
channel and the difference in height between the root and the mean water level were 
measured. Samples of the roots were collected at a distance of up to 12 m from the river 
channel and from 0.2 to 3.6 m above the mean water level. Only samples of exposed roots, 
whose ends were in the soil, were collected. All of the roots were alive. The longer the 
exposed root was, the more samples were collected from it.  
One sample was taken at the beginning of the exposed part of the root (closest to the trunk), 
and one at the end of the exposed part of the root (closest to the tip). The rest of the samples 
were taken between the beginning and the end of the exposed part of the root at regular 
intervals. Samples from particular roots were collected at distances of 10-60 cm from each 
other, depending on the root length (Fig. 3). All samples collected were about 7 cm long.  
A total of 74 samples of exposed roots were collected from 19 roots (17 spruce roots, 2 
beech roots) from 9 trees (each tree representing a separate sampling site). 
All samples were cut into cross-sections 1-2 cm thick. These cross-sections were then cut 
with an upholsterer’s knife to expose the wood structure. Samples were then analyzed using 
a binocular microscope. The analysis was to estimate the number and calendar dates of tree 
rings with anatomical changes (Fig. 4), as well as to estimate the number of tree rings that 
covered individual scars (that is, the number of years since the wound event). The 
anatomical changes investigated in exposed roots were (Fig. 4):  

- increase in the width of tree rings 
- increase in the width of late wood in relation to early wood  
- decrease in the size of cells 
- scars in the root wood  
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Figure 3: Example of an exposed root sampling site. 
 
 

A
B C  

 

Fig. 4: An example of a slice of the root with anatomical changes. A) Fragment of the spruce root 
cross-section (sample 5A) with narrow latewood (marked with black arrows) before exposure. B) 
Fragment of the spruce root cross-section (sample 5A) with a considerable increase in the width of 
tree rings following exposure – indicated by a bracket. Exposure date marked with an arrow. C) 
Fragment of a spruce root cross-section (sample 5A) with a wide area of latewood – after root 
exposure. 
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The number of tree rings with anatomical changes marks the date the erosive event 
occurred. A microscope (Evolution ME 200B) with an attached digital camera permitted the 
taking of photographs of the root samples as well as a more precise estimate of tree rings in 
difficult cases (in which thin sections prepared using a sledge microtome were analysed). 
The date of exposure was recorded and rate of lateral erosion estimated as follows: The 
horizontal distance between fragments of root exposed at different times was determined. 
Next, the distance was divided by the difference in the date of root exposure, for example 50 
cm/5 years = 10 cm/year. Only one sample from a particular sampling site was used to 
estimate the rate of lateral erosion. 
The exposure and wound dates of roots so determined were correlated with their location in 
the longitudinal profile of the river. These dates were also correlated with their height above 
mean water level in the river. 
Dates of root exposure and wounding were compared with precipitation and flood data. Flood 
data for the High Jesenik is comprised of a composite of archive data (Gába, Polách 1998) 
consisting of data from historical sources, museums, communal archives, meteorological and 
climatological annuals, for example. This data spans the period from 1472 AD to 1997 AD. In 
this article, data from 1900 to 1997 was used. 
Precipitation data – maximum monthly precipitation – came from the Karlowice gauge 
station, situated about 15 km east of Karlova Studanka. These data span the period 1976 to 
1997. 
 
Results 
From all 74 samples, 68 dates of exposure and wounding of roots were determined. 
Particular roots may simply be exposed (i.e. Sample 1A), or exposed and wounded 
simultaneously (i.e.  Sample 1B), or exposed and wounded later during the next erosive 
event (i.e. Sample 3A) (Tab. 1). 
Dates of root exposure and injury span almost the entire 20th century and the beginning of 
the 21st century. In this period, there were at least 35 erosive events in the Bilá Opava 
section under research (Tab. 1). The dates of root exposure and injury are not evenly 
distributed in time. More events are dated to the second half of the 20th century. The largest 
number of determined dates – 17 in total – comes from the year 1997. In July of this year 
there was a catastrophic flood in Central Europe (This flood covered a large part of Poland, 
Germany and the Czech Republic). The number of exposure dates from other years is 
considerably less and fluctuates between 1 and 4 (in 1990). 
There is a connection between the date of exposure or root injury and root location along the 
longitudinal slope of the river. Most of the 1997 dates were recorded on sampling sites 1-6 
(Tab. 1). The bottom of the Bilá Opava valley in this section is very narrow – not wider than 
20 m. In many sites along this section the width of the bottom of the valley is the same as the 
width of the channel and amounts to only several meters. Thus the erosional force of the 
river is great. Within sampling sites 7-9 only three 1997 dates were recorded. Within these 
sampling sites the bottom of the valley is wider than 100 m, so the erosional force of the river 
during flooding is diffuse.  
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Table 1: Dates of exposure and wounding of roots on particular sites and their height above mean 
water level. 
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1A O,2 1997 
1B 

0,6 
0,4 S 1997 

1.1A 0,8 1997 

1 

1.1B 

SPRUCE 

0,5 
0,8 1967 

2A 0,8 1912 2 2B 
SPRUCE 0,7 

0,8 1957 
3A 1,5 1991, S 1997 
3B 1,3 1991, S 1997 
3C 

0,7 

1 1986, S 1997 
3.1 0,35 1,3 S 1949, S 1951, 

S 1990, S 1997 
3.2A 0,8 1931, S 1997 
3.2B 

0,7 
0,8 1958, S 1997 

3 

3.3 

SPRUCE 

0,2 0,7 S 1964, S 1995 
4A 1 1988 
4B 1 1990 
4C 

1,5 

1 1992, S 2002 
4.1A 0,5 1961 

4 

4.1B 

SPRUCE 

0,5 
0,4 S 1957, S 1969 

5A 0,8 1989 
5B 0,65 1997 
5C 

1 

0,5 1997 
5.1A 0,8 1997 
5.1B 0,8 1997 

5 

5.1C 

SPRUCE 

1,1 

0,8 1997 
6A 1,3 1982 
6B 1,1 1983 
6C 

1,2 

0,8 1983, S 1994, S 2000 
6.1A 1 1974 
6.1B 0,9 1973 

6 

6.1C 

SPRUCE 

0,8 

0,8 1977 
7A 0,7 NO INDICATION 
7B 0,7 NO INDICATION 
7C 

0,8 

0,7 NO INDICATION 
7.1A 1,7 1973 

7 

7.1B 

BEECH 
 

0,7 
1,45 1977 

8A 3,5 1982 
8B 3,4 1997 
8C 3,2 2003 
8D 3 1997 
8E 2,6 S 1976, S 1987, 

S 1992 
8F 2,2 1983, S 1991, S 1997 
8G 

3 

1,8 NO INDICATION 
8.1A 3,5 1980 

8 

8.1B 

SPRUCE 

0,8 
3,4 1986, S 1994 

9A 3 1980, S 1981 
9B 2,75 1979 
9C 

0,6 

2,5 1978 
9.1A 2,5 1998 
9.1B 2,2 NO INDICATION 
9.1C 

0,6 

2 NO INDICATION 
9.2A 3,5 1990 
9.2B 3,5 1990 
9.2C 3,5 S 1979, S 1985 

9 

9.2D 

SPRUCE 

1,1 

3,5 1973 
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There is no correlation between the date of exposure or wounding of the root and root height 
above the mean water level in the river (Tab. 2). 
The height of the exposed roots above mean water level can be classified according to the 
water level during floods. The highest water level during floods – from 3.2 to 3.6 m above 
mean water level – took place in the years: 1973, 1979, 1980, 1982, 1985, 1986, 1990, 1994 
and 1997. Root exposure and wounding in 1997 took place at almost all elevations above the 
mean river level – from 0 to 3.2 m (Tab. 2). 
Exposed and wounded roots located highest above mean water level are on study reaches 8 
and 9 – along the lower course of the Bilá Opava River. This is probably a result of the 
increase of the height of the flood wave down river during floods.  
Roots growing on the channel can be wounded multiple times (e.g., sample 3.1 was 
wounded 4 times). The oldest date of exposure is 1912 for sample number 2. This root is 
located about 1 m from the channel and indicates the long-term horizontal stability of the 
riverbed. On the other hand, it seems that spruce tolerate the erosional activity of the river 
well. Spruce growing near the channel often envelope big boulders they are growing upon 
within their roots (fig. 3). Therefore, they are rarely undercut and felled into the channel.  In 
the course of the study, the rate of lateral erosion of the river was determined for sampling 
sites 2,3,4,5,6 and 7 and fluctuated between 0.55 cm/year and 10 cm/year. The rate of 
lateral erosion was not determined for sampling sites 1,8 and 9. The exposed roots at the 
sampling site 1 were parallel to the riverbed.  On sampling sites 8 and 9 the exposed roots 
were on a slump between a river terrace and gravel and a boulder bar at a distance of about 
12 m from the river channel. 
 
Table 2: Dates of exposure and wounding of the root and their height above the mean water level in 
the river. 
 
HEIGHT ABOVE 
MEAN WATER 
LEVEL [M] 

DATE OF EXPOSURE AND WOUNDING OF ROOT SAMPLES  

(3,4-3,6) 1973, 1979, 1980, 1982, 1985, 1990, 1990 
(3,2-3,4) 1986, 1994, 1997 
(3-3,2) 2003 
(2,8-3) 1980, 1981, 1997 
(2,6-2,8) 1979 
(2,4-2,6) 1976, 1978, 1987, 1992, 1998 
(2,2-2,4) - - - 
(2-2,2) 1983, 1991, 1997 
(1,8-2) - - - 
(1,6-1,8) 1973 
(1,4-1,6) 1977, 1991, 1997 
(1,2-1,4) 1949, 1951, 1982, 1990, 1991, 1997, 1997 
(1-1,2) 1983 
(0,8-1) 1973, 1974, 1986, 1988, 1990, 1992, 1997, 2002 
(0,6-0,8) 1912, 1931, 1957, 1958, 1964, 1967, 1977, 1983, 1989,1994, 1995, 1997, 1997, 

1997, 1997, 1997, 1997, 1997, 2000 
(0,4-0,6) 1961, 1997 
(0,2-0,4) 1957, 1969, 1997 
(0-0,2) 1997 
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Comparison of exposure dates and wounding of roots in relation to flood and 
precipitation data 
Double tree rings can appear within tree stems, e.g. caused by heavy ground frost shortly 
after the beginning of vegetation growth period. A missing tree ring can be the result of very 
unfavourable conditions, e.g. extremely cold winters or insects outbreaks (Krąpiec, Zielski 
2004). The roots growing under ground are in great part isolated from external influences. 
However, tree rings are created simultaneously in the trunk and in the roots. So double and 
missing tree rings can appear in the root tree rings. Exclusion (or confirmation) of the 
appearance of double or missing tree rings is only possible by analysing annual tree rings in 
the trunk. However in the course of these researches only roots were analyzed. Thus the 
comparison of exposure dates and wounding of roots with flood and precipitation data was 
done assuming ± 1 year accuracy (Tab. 3).  
Table 3 shows the comparison of dates of root exposure and injury with archival flood data in 
the High Jesenik area (Gába, Polách 1998). Fig. 5 shows the comparison between dates of 
exposure or wounding of roots and precipitation data – maximum monthly precipitation –  
from the rain gauge station in Karlovice. 
In total 32 dates only correspond with flood data (Tab. 3), 2 dates only correspond with 
precipitation data (Fig. 5), and 2 dates correspond with both of these sets of data (Fig. 5). 
 
Table 3: Comparison between dates of exposure or wounding of roots and flood data in the High 
Jesenik area. 

 

SAMPLE 
NUMBER 
 

DATE OF 
EXPOSURE  
AND/OR DAMAGE 

FLOOD DATA (FROM 
 GÁBA, POLÁCH, 1998) 

2A 1912 1911 
3.2A 1931 1931 
2B, 4.1B 1957 
3.2B 1958 

1958 

3.3 1964 1965 
1.1B 1967 1966 
6.1B, 7.1A, 
9.2D 

1973 1972 

8E 1976 
6.1C, 7.1B 1977 
9C 1978 

1977 

1A, 1B, 1.1A, 
3A, 3B, 3C, 
3.1, 3.2A, 3.2B, 
5B, 5C, 5.1A, 
5.1B, 5.1C, 8B, 
8D, 8F  

1997 1997 
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Figure 5: Comparison between dates of exposure or wounding of roots and precipitation data from the 
rain gauge station in Karlovice. Dates in black rectangles match flood data (see Table 3). Other dates 
which only match precipitation data – are: 1980 (samples 9B, 9.2C, 9A, 8.1A, 9A), 1998 (sample 
9.1A). 
 
In all, 36 dates (52,9 %) of exposed and wounded roots corresponded with flood and 
precipitation data. The rest of the events – 32 dates (47,1 %) – have no correspondence with 
extreme flooding or precipitation records. The conclusion can be drawn that local, 
unrecorded floods were also significant for the transformation of the Bilá Opava channel.  
 
Conclusions 
1. The dendrochronological method used in this study enabled investigations to be made on 

the erosion rates in rivers. 
2. This method has the following limitations: 
- It is not always possible to estimate the date of exposure with precision to one year. 
- Ambiguity exists in estimating the year of occurrence of erosive events. This results from 

the lack of production of tree rings from September to April. For example, both the 
exposure of the root between September and December in the year 2004 and exposure of 
the same root between December 2004 and April 2005 will be recorded in the wood 
structure in the year 2005. 

- Gradual changes in wood structure are more difficult to interpret than rapid changes in 
wood structure. 

- Precision in the reconstruction of the erosive events in time and space depends on the 
number of samples of roots collected. The larger the number of samples collected, the 
more precise the reconstruction. 

3. This method provides the following opportunities: 
- When the root net is dense, a large number of samples can be collected within in a small 

distance. This allows precise reconstruction of the history of root exposure. 
- All roots were investigated from transversal cross-sections in contrast to sampling with 

increment cores. This method is better able to avoid errors from missing or wedging rings. 
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- Scars within the root mark the time of exposure of the root beyond a shadow of doubt. 
- Several erosive events can be recorded in one root. The older and longer the root is, the 

more dates can be recorded in its structure. 
4. Dates of exposure of roots noted in the Bilá Opava valley span almost the entire 20th 

century and the first years of the 21th century. This exposure is often caused by intense, 
dynamic floods. Through the decades the frequency with which flooding occurs is more or 
less constant. Most of the dates identified came from the year 1997 – in all 17 dates. 

5. The riverbed is fairly stable on all of the sections studied in this research.   
6. In the Bilá Opava valley, local floods significantly influence the geomorphological 

processes in the riverbed.   
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Introduction 
Debris flows are one of the most frequent mass movements in the alpine environment and 
represent an important element of geomorphological hazards. Thus, dating the past events is 
important to estimate the evolution of their intensity and frequency (Corominas and Moja 
1999, Santilli 2005). Classical dendrogeomorphological methods usually employ the analysis 
of corrasion scars, reaction wood and abrupt growth changes (Gärtner et al., 2003, Alestalo, 
1971, Heikkinen 1994, Hupp 1984). However, while the first two types of signals are easily 
recognizable, growth variations are often more difficult to be interpreted. 
In fact, the accumulation of sediments at the tree base due to depositional processes 
determines a change of the environmental conditions influencing the dimensions of annual 
growth rings masking the physiological age trend (for a quantification of the abrupt growth 
changes see, e.g., Z'Graggen 1987). Generally, when a considerable part of a tree stem is 
buried its radial growth abruptly slows down (Shroder 1978, Heikkinen 1994). However, 
when the burial is limited, growth can also increase if the tree benefits from a reduced 
competition for light, water and nutrients thanks to the destruction of other specimens, or the 
possible richness in nutrients coming from the deposited sediments (Heikkinen 1994). 
Moreover, also the decomposition of the buried herbaceous vegetation can release nutrients 
beneficial for the roots (Alestalo 1971). 
The dating of depositional processes based on the interpretation of the ring-width variations 
is therefore often difficult just for the variability of the responses. Moreover, it is sometimes 
difficult to determine if some variations in the radial growth are really caused by 
geomorphological processes or by other factors (Heikkinen 1994). Hence, it is necessary to 
compare the radial growth of the affected trees with the one of undisturbed trees growing in 
the same area on a site, where the analysed process is definitely not present (Alestalo 1971, 
Gärtner et al. 2004). Finally, growth changes are not always so abrupt to be clearly identified 
and dated, since sometimes only gradual variations occur that cannot easily be recognized 
or quantified. 
The presented work studies the Val Paolaccia fan, in the Valle del Gallo (upper Valtellina, 
Central Italian Alps), where both dendrochronological and geomorphological researches 
have been carried out on several fans occupying the valley bottom (Santilli et al. 2002, 
Santilli and Pelfini 2002, 2005, Pelfini and Santilli 2003, Santilli 2005, Pelfini et al. 2005a, b). 
This fan is characterized by some weak debris flows covering the vegetation and the tree 
stem bases with a gravel layer few tens of centimetres thick, without however causing 
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damages or inducing the development of compression wood. Consequently this situation 
makes it difficult to date some of the landslide events, since no clear suffering of the 
influenced trees is visible. Our aim is to study the effects of the burial of the stem base on 
radial growth and to use this response as a complementary dating method to the use of 
scars and compression wood for the reconstruction of the chronology of debris flows that 
affected the Val Paolaccia fan. 
Also sheetfloods characterize the studied fan. They deposit silt layers few centimetres thick 
without causing mechanical damages to the trees. In this case, the analysis of the radial 
growth alterations has allowed us to date some sheetfloods, although different possibilities of 
the trees reaction to this disturbance have been identified (Pelfini et al. 2005a). 
 
Study area 
The Val Paolaccia fan (Fig. 1-2) is located at the head of the Valle del Gallo, connected with 
the Passo di Fraele (1952 m), which constitutes the watershed with the contiguous Valle di 
Fraele. The southern portion of the fan is turned towards the latter and it has been stable for 
a long time, while the northern one, facing towards the Valle del Gallo, is affected both by 
debris flows and by sheetfloods. A mountain pine forest (Pinus montana Miller) dominates 
the vegetation of the studied valley. 
The fan has a maximum radius of approximately 1400 m and it extends until the base of the 
opposite slope at an altitude between 2050 and 1930 m. Normally, water flows on the 
surface only in the apex part. A single big main channel (A in Fig. 1) exists. It is delimited by 
numerous areas and terraces of various ages and with a various degree of vegetation cover. 
This channel, which is narrow and deep in its upper part, considerably widens in its distal 
part, where there are also groups of trees (Fig. 2) with a buried stem base. 
From the hydrographical left of the main channel, a lateral channel (B in Fig. 1) originates 
and big trees grow on a debris surface. 
The analysis of the aerial photos and field observations show that the activity of this fan has 
been rather intense in recent times, since several areas have been covered by debris layers 
some centimetres to few decimetres thick. These debris flows did not manage to destroy 
even very small trees, which are frequently found only partially buried. Moreover, the 
formation of some small erosion channels uncovered the herbaceous vegetation present on 
the original soil in a decomposition stage. 
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Figure 1: Location of the study area and morphologic outline of the Val Paolaccia fan. The grey circles 
indicate the position of the trees sampled for the debris flow dating. The X indicates the erosion of the 
cart-road showed in figure 8. 



 226

 

 
 
Figure 2: Panoramic view of the Val Paolaccia fan (photo by Santilli 1998) 
 
Methods  
In order to analyse the effects of the stem base burial on the radial growth, to be used as a 
debris flow dating method, a study along the lateral channel of the fan (B in Fig. 1) has been 
carried out. This channel does not cut the fan surface and it is not delimited by banks. It 
represents the new path of debris flows which have recently affected part of the forest 
previously undisturbed with the deposition of 20-30 cm of gravels. In fact, it is not visible in 
the aerial photographs of 1981 (flight TEM 1 Regione Lombardia). Debris simply overlap the 
herbaceous vegetation and the soil of the fan surface and cover the stem bases of the trees, 
many of which, however, survived the events and still show a vertical stem without clear 
damages. The surface is made of debris with no herbaceous vegetation which is a probable 
sign for a recent deposition. Locally, where the debris layer has been eroded, the dry 
herbaceous cover on the old surface can be seen. In this channel 24 trees have been 
sampled (called Series cm0, Fig. 1) taking three cores from every specimen approximately 
one meter from the ground. 
Moreover, a marginal zone of the main channel (D in Fig. 1) has been identified, too. This 
zone is characterized by trees with buried stem bases as well, but they grow on a debris 
surface partially covered by herbaceous vegetation. Also in this case it is a debris 
accumulation, 10-20 cm thick, of recent deposition covering the base of the pine forest. 
However, this surface can be considered older compared with the lateral channel (B). 23 
trees (called Series cm1, Fig. 1) have been sampled taking two cores from each specimen in 
this area. 
The growth curves of all samples have been constructed measuring the ring width with 
program TSAP (Rinn 1996) and through image analysis by using software WINDENDRO. 
Cross-dating has been executed with program COFECHA (Holmes 1983). Individual 
chronologies of the single trees and a mean chronology of the population have then been 
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obtained. In this case the comparison of the mean chronologies, besides that of the 
individual ones, is justified since all the trees belonging to each of the two groups have been 
involved in the same event and therefore they should supply similar responses. 
All the single tree curves and the mean chronologies have then been compared with two 
reference chronologies, one built in stable areas of the same fan (called Series 200, Fig. 1) 
and the other built outside the fan, on a slope not affected by debris flows (called Series 
400). Chronology 200 is made up of 45 samples taken from 18 trees and spans 217 years 
from 1785 to 2001. Chronology 400 is composed of 59 cores extracted from 30 trees and 
spans 138 years from 1864 to 2001. The reference chronology built on the fan has been 
used to have a longer curve, since the trees living on the slope are decidedly younger than 
those living in the lateral channel (B). 
Other comparisons have been made taking into consideration the growth variation 
percentage of each year compared to the average of the four previous ones (modified from 
Schweingruber et al. 1986), in the period 1960-2001, and the mean ring width relevant to the 
years following the identified variation compared to that of a same number of years 
preceding the event. 
Once the effects of the burial on the mountain pine growth have been established, the 
sequence of debris flows occurred on the Val Paolaccia fan has been reconstructed. The 
dendrochronological dating has been carried out by sampling about 200 trees, 167 of which 
have been used, located along the main channel (Fig. 1). In particular, besides the 
alterations of the radial growth, based on the analyses of Series cm0 and cm1, the 
development of compression wood and the presence of corrasion scars have been 
examined. The accuracy of the dating of many samples has been verified through cross-
dating with the reference chronologies. 
Finally, an old cart-road dismantled by debris flows at the fan border has been analysed (E in 
Fig. 1). Four sections of exposed roots and five cores from stems of as many trees fallen 
from the banks of the formed channel have been taken in order to establish the age of the 
latter. 
 
Results and discussion 
Comparison between Series cm0 and reference chronologies 
The mean chronology cm0 (Fig. 3) covers the period from 1783 to 2001. The curve shows 
oscillations synchronised with those of the reference chronologies. However, in 1991, it 
shows an increase contrasting with the decrease in the reference chronologies and this trend 
lasts until 2001. 
The comparison of the growth variation percentages of every year with the average of the 
four previous ones (Fig. 4) indicates that, starting from 1960, they agree until 1990. For this 
year, all the chronologies show substantial reductions. On the contrary, in 1991, while the 
reference curves still endure reductions of approximately -20%, the decrease of chronology 
cm0 is only -3.4%. 
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The mean ring width in the period from 1991 to 2001 compared with the one in the period 
from 1980 to 1990 shows that the reference chronologies respectively decreases from 670 to 
520 and from 560 to 510 microns, while Series cm0 increases from 530 to 720 microns. 
Results obtained indicate that the lateral channel (B) of the fan, which surely originated after 
1981, was formed by a debris flow happened in the dendrologic year 1991 and that the burial 
of the stem base of trees which are not bent or wounded by the debris flows has caused an 
increase in the radial growth. 
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Figure 3: Comparison between chronology cm0 and reference chronologies. The number of trees 
composing the mean cm0 is also shown. 
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Figure 4: Comparison between the growth variation of one year and the average of the 4 previous 
years of chronology cm0 and of the reference chronologies. 
 
Comparison between Series cm1 and reference chronologies 
Also in the second analysed case (D area, Series cm1 in Fig. 1) the same comparison 
analysis has been carried out, but without having any information from the aerial photos. 
The chronology cm1 (Fig. 5) spans the period from 1738 to 2001 and shows oscillations in 
phase with those of the reference chronologies until 1990, when the curve shows an 
increase in contrast with the decrease in the reference curves. This growth release lasts until 
1995. 
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The comparison between the growth variation percentages of every year with the average of 
the four previous years (Fig. 6) shows that both the chronologies agree until 1989, while in 
1990 Series cm1 endures a variation of +14.0%, while the reference ones reduce (-22,4% for 
Series 200 and -8,7% for Series 400). 
The mean ring width in the period from 1990 to 2001 compared with the one of the period 
from 1978 to 1989 shows that the reference chronologies respectively decreases from 660 to 
530 and from 550 to 510 microns while Series cm1 increases from 370 to 670 microns. 
Therefore, we can deduce that the debris flow which has affected area (D) occurred in the 
dendrologic year 1990, confirming, moreover, the type of reaction of the trees to burial. 
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Figure 5: Comparison between chronology cm1 and reference chronologies. The number of trees 
composing the mean cm1 is also shown. 
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Figure 6: Comparison between the growth variation of one year and the average of the 4 previous 
years of chronology cm1 and of the reference chronologies. 
 
Chronology of debris flows in the Val Paolaccia 
The abrupt radial growth releases, emerged from the analysis presented above, have been 
used for the dendrochronological reconstruction of the other debris flows occurred on the Val 
Paolaccia fan, together with the other types of damage and disturbance caused by these 
processes and more easily recognizable (scars and compression wood). 
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Altogether, 35 possible debris flows occurred between 1875 and 2001 have been dated (Fig. 
7), among which are also two events happened in 1990 and 1991, almost certainly 
corresponding to the ones dated with Series cm0 and cm1. 
Since the characteristics of the debris and the vegetative cover indicate a more recent 
surface of the lateral channel (B) comparing to area (D), we can deduce that the first one has 
been affected by other debris flows (e.g. in 1997, 2000 or 2001). This can be suggested also 
by the fact that while the chronology cm1 shows a positive growth variation from 1990 to 
1995 followed by a decrease, the growth release in the Series cm0 lasts until 2001. 
Debris flows have repeated at 1 to 8-year intervals (3.5 years on average) and are grouped 
in time so that more events which have followed after 1-2 years are spaced out by some 
years of stasis. 
Among all the identified debris flows, the one happened in 1951 particularly stands out. It has 
been recorded by 44 trees (about a quarter of the total), confirming itself as the event of 
greatest intensity among the dated ones. Moreover, the 1951-event has been identified in 
other fans located in the Valle del Gallo (Santilli 2005), too. Other debris flows with strong 
intensity occurred in 1899, 1917, 1948 and 1977. 
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Figure 7: Chronology of the debris flows dated on the Val Paolaccia fan 
 
Debris flows and processes of erosion at the fan border 
The lateral channel (B) previously analysed meets one of the cart-road crossing the Val 
Paolaccia fan (C in Fig. 1). Starting from this point, the cart-road has been dismantled and 
dug from the erosion activity of debris flows to form a small channel that reaches the fan-toe. 
An analogous situation can also be found on the northern margin of the fan, on the 
hydrographical right of the main channel. In fact, some lateral flows have reached a cart-road 
(E in Fig. 1, Fig. 8) which is abruptly dug and forming a channel whose filling material is 
currently found on the pasture located at the fan margin. Also in this case the activity is very 
recent, since the accumulated material is not visible on the aerial photos of 1981, and it was 
observed in small part in 1999 and then progressively in a more extended way in 2002 and 
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2004. The recent activity of the channel is also documented from the freshness of the roots 
still exposed (Fig. 8). 
The analysis of the exposed roots along the channel (Fig. 9) reveals the presence of 
corrasion scars on the upper part caused by the dismantling of the cart-road, while very wide 
rings, partially made of compression wood, have formed on the lower part since 2001. 
The samples taken from the stems of the trees fallen from the channel sides show 
compression wood starting from 2001 (one tree), from 2002 (three trees) and from 2003 (one 
tree). 
Therefore, the erosion event which caused the formation of this channel occurred in 
dendrologic year 2001 and in the following years some trees living on the banks tilt towards 
the channel, consequently beginning to produce compression wood. A debris flow happened 
in 2001 is also documented along the main channel (Fig. 7). Moreover, since the situation 
observed in 2004 is different from the one of 2002, we can deduce that the channel has also 
been active later on, probably in 2003. 
 

 
 
Figure 8: Erosion channel formed in 2001 connected with an old cart-road (X in Fig. 1). Roots, still in 
life position, are visible (photo by Santilli 2002). 
 

 
 
Figure 9: Sections of exposed mountain pine roots. The scars caused by the erosion have stopped the 
growth of the upper part. On the lower part we can see some very wide rings which have developed 
as a result of the exposure (photo by Santilli 2004). 
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Conclusions 
Abrupt radial growth releases identified in the studied trees represent a useful dating method 
for low-energy debris flows which have deposited only thin debris layers without causing 
clear mechanical damages to the trees. The reasons of this positive growth reaction of the 
mountain pine can be attributed to the nutrients contribution both from the debris material, 
which is of carbonatic type, and from the buried herbaceous vegetation, which is later 
mineralized. Moreover, the inter- and intra-specific competition is also reduced. 
However, it is better to analyse a great number of samples affected by the same event, since 
trees do not always react in the same way. Reactions depend on the entity of the burial that 
can vary locally, on the season in which it happens and on the individual sensitivity of each 
tree, and can even happen with delay from the time of disturbance. 
The use of this method in addition to the other dendrochronological dating methods allowed 
us to reconstruct the detailed sequence of debris flows which have been affecting the Val 
Paolaccia fan since 1875. The event happened in 1875 is also the most ancient debris flow 
among those dated in the Valle del Gallo up to now. In regard to this, the potentialities of the 
mountain pine in this area are remarkable, if we consider that many trees analysed on the 
Val Paolaccia fan date back to the 18th century. 
Finally, it has been documented that cart-roads crossing the fan constitute a line of 
weakness, a discontinuity in the pine forest that can become a line of preferential outflow for 
the debris flows, which can take material from the road itself and transport it to the fan 
border. A similar erosion process is also attributable to the sheetfloods coming from the Val 
Paolaccia itself. They have originated peculiar erosion morphologies characterized by small 
watersheds meeting in the Valle del Gallo torrent. 
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Introduction 
Calendar dates for archaeological monuments and environmental reconstruction in Northern 
Siberia are an important application of dendrochronology to the history of Siberia.  Historical 
monuments from the northern taiga of Western Siberia represent a unique source of 
knowledge about people’s past life in the harsh environment of the Russian North. Shiyatov 
and Hantemirov (2000) studied historical settlements, Nadym and Yarte IV in Western 
Siberia; they found that a great number of trees and other woody plants were used in their 
construction. Timber from these settlements was used to define building-period dates and 
the tree species used in construction were identified. This work revealed that long tree-ring 
chronologies could be developed from tree-ring series constructed from historical timbers 
from northern settlements. Tree-ring chronologies provide a proxy record of past climatic 
conditions (Kolchin 1963, Bailie 1982). However, there a limited number of long tree-ring 
chronologies from the northern part of Western Siberia exist. We believe that historical 
timbers, recovered from high latitude settlements especially those near the Russian Polar 
circle, are a great source of tree rings for developing long tree-ring chronologies. The subject 
of this paper, the Voykar settlement from North-Western Siberia, supplies one such 
chronology.   

 
The Ust-Voykar settlement 
The Voykar settlement, situated on the west bend of the Gornaya Ob River (65°41'N, 
64°41'E), is one of the largest and best-known settlements of the XVI – XIX centuries. There 
are various myths and legends attached to the historical events that happened in this 
settlement. It was a trade centre for the native "Ostyak" and "Samoed" tribes from the vast 
territory of Siberia and a centre for the collection of tribute by the Russian Government. 
Voykar is an exceptional settlement because of its location on the crossroads between the 
Russian West and the Ural region and North, East and South Siberia. The main migratory 
flows passed through Voykar. The first written record mentioning the settlement dates to the 
end of the XVI and the beginning of the XVII century (a letter of AD 1601 describes a siege of 
the town of Berezovo in AD 1595). Besides this letter, there are census records from the 
XVIII-XIX centuries. These records show that the Voykar settlement was a well-developed 
and flourishing town as far back as the 17th-18th Centuries, with the town only being 
abandoned at the beginning of 20th century. Today, the settlement is completely overgrown 
by grass and there are no accurate dates for its foundation or rebuilding phases. 
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The settlement, built on permafrost, is situated on the southern shore of Voykar lake 
(65°41'N, 64°41'E) on the northern taiga (Fig. 1). In 2003 the Yamal Archaeological 
Expedition carried out an excavation at this place. At the beginning of the excavation, the site 
looked like an 11-m high by 200-300 m diameter overgrown grass hill surrounded by a stand 
of spruce (Picea obovata Ledeb) established in the middle of the XIX century.  Surrounding 
this hill is a mixed forest of larch (Larix sibirica Ledeb.) and pine (Pinus sibirica Du Tour). 

 

      
 
Figure 1: Research area 
 
The Expedition identified a large number of construction timbers from which wood samples 
were taken for tree-ring analysis. The study’s aims were as follows: 
- To develop three tree-ring chronologies based on living trees, growing around of the site; 
- To determine the species of collected archaeological samples;  
- To establish calendar dates for the settlement’s main buildings; 
- To develop a long tree-ring chronology by overlapping tree rings from historical timbers 

with living trees.  
 

Materials and methods 
Living trees 
We collected 18 cores from living spruce (termed the ELM chronology) and 12 cores from 
living larch (termed the LMY chronology) during the summers of 1997 and 2000. The trees 
grow on the southern side of Voykar Lake mixed with wild rosemary, sphagnum and 
pleurotium within 5-10 km of the Voykar site.  
 
Archaeological wood 
About 250 cross-sections were collected from 14 Voykar constructions and loose logs during 
two seasons of settlement excavation. From each construction not less than 5 wood samples 
were taken. Most of the samples were taken from fences, wattle fence posts and planking. 
Walls of buildings have few logs, because houses had only 1-3 or 1-3 joists per floor. The 
timbers were all well preserved in the permafrost. Bark rings were present in most samples 

Ust-Voykar 
settlement 

Voykar Lake 
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allowing precise identification of felling dates. All constructions were located at different 
heights on different parts of the Voykar hill. 
 
Methods 
We identified the tree species used in constructions at the Voykar settlement based on well-
known anatomical features of spruce, larch, pine and birch (Benkova and Schweingruber 
2004).  
Numbers of tree rings in each cross section varied from 30 to 240 and it was possible to 
cross-date most of the samples found during the two years of our excavations. Samples 
were ‘polished’ using a blade and measured along two radii to reveal partial or false rings. 
Samples were dated with TSAP software (Rinn 1996) and the COFECHA program provided 
quality control for the calendar dates supplied by our new chronologies: generalised master 
chronologies were constructed using the ARSTAN negative exponential curve method 
(Holmes et al. 1986).  
Samples from the Voykar settlement were crossdated with our living-tree chronologies. The 
spruce and larch master chronologies, 300 and 450-years-long respectively, were based on 
trees growing within a 5 km radius of the excavated site.  In addition, earlier samples were 
cross-dated with a1000-year-long larch master chronology constructed from buried wood 
from the South Yamal peninsula by Hantemirov (1995). 

 
Results 
Tree species of archaeological timberwood samples 
Micro-anatomical examinations of the wood show that most of the ancient samples were 
spruce and larch, with spruce being the most common species in this archaeological 
monument (Fig. 2). 
 

 
Figure 2: Ratio of tree species used for construction of the Ust-Voykar settlement 
 
A total of 111 spruce samples were collected. Spruce was used to provide fences, banks, 
wicker-fence posts and floors. Spruce logs were found to be particularly abundant around 
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constructions. Unfortunately, these samples usually possessed few rings (<50) and many 
knots so they could not be cross-dated with any confidence.  
 Fifty-seven larch samples made up one third of all the samples collected over the two 
excavation seasons. Most of the larch samples (41) were taken from constructions, with this 
species used for main walls and floors in houses in the Ust-Voykar settlement. Sometimes 
larch logs were found mixed with spruce logs in fences. 
A few floorboards in Voykar buildings were of Siberian pine, but pine wood was badly 
preserved. Unfortunately, we could not cross date even well preserved floor samples with 90-
150 tree rings since the pine ring series showed very low sensitivity. It is a well-known fact 
that Siberian pine growing in the high latitudes of the Polar Urals is hard to cross-date 
(Shiyatov 1986). Consequently, individual pine chronologies are lacking from the dating 
result in this article. 
Plenty of birch posts were found around later constructions in the top strata of our excavation 
site. However, birch was not used for main constructions i.e. houses and only a few posts 
were found in a wicker-fence. Unfortunately, the birch posts only had from 4 to 20 tree rings, 
so it was impossible to obtain tree-felling dates and, consequently, birch could not be used in 
further analysis. Thus, neither the pine nor the birch samples could be used and only the 
most numerous species, spruce and larch, were selected for further analysis. 
Most settlement constructions were either of larch or spruce. Samples of other species such 
as birch or pine were seldom employed; although a mixture of species was present: for 
example, in wicker-fences and in-fillings requiring regular renovation.  

 
Statistical characteristics of tree ring series 
Numbers of tree rings in our archaeological wood samples varied from 30 to 150, with an 
average of about 90 rings (Tab. 1). The modern larch tree-ring widths, within 3 km of the site, 
are narrower than those found in the larch used for construction in the archaeological 
monument. A comparison of the coefficient of sensitivity between the archaeological and 
living trees shows that the average value of sensitivity of the ring series constructed from the 
archaeological samples is low compared with the sensitivity of living larch growing around 
Voykar Lake. Comparison of the median and maximum values of the coefficient of sensitivity 
shows that living larch trees are characterised by high sensitivity, because these two values 
are closely related. By contrast, there is a big difference between the median and maximum 
values of the ring series from the archaeological samples (the median value is 1.7 times less 
than the maximum one). However, mean and median values are equal meaning that half the 
samples are characterised by low sensitivity (below 0.28). This suggests that the larch trees 
used in the constructions were probably not growing in the vicinity of the settlement, but were 
brought from other areas characterised by more favourable conditions for larch growth.  
By contrast, spruce rings from the archaeological timbers share very similar statistical 
characteristics, both as regards tree-ring width and series sensitivity, with the rings of living 
trees. The sensitivity of most spruce samples both from archaeological and living trees is 
low, with this being typical for the area. (Shiyatov 1986). This means that people used local 
spruce trees for building the settlement. Although most of the samples of spruce and larch 



 240

had enough rings for the construction of time series and show typical averages for this area 
and adequate coefficients of sensitivity for cross dating, the sensitivity of almost half the larch 
samples and most of the spruce samples is low; with this consequently reducing confidence 
in cross dating. 
 
Table 1: The statistical characteristics of individual chronologies of samples. Med is median value. 
PAC1 is pooled auto correlation of the 1st order. 
 

Tree-ring width, mm Sensitivity Ident Total time 
span 

Yrs Mean 
years Mean Med Min Max Mean Med Min Max 

PAC1 

LMY 1538 1999 462 267,2 0,39 0,32 0 2,93 0,42 0,41 0,31 0,54 0,58 
ELM 1717 1996 280 167,8 0,76 0,72 0,05 4,34 0,27 0,27 0,17 0,43 0,58 
Larch 1111 1886 810 88,15 0,63 0,58 0 3,4 0,29 0,28 0,17 0,48 0,72 
Spruce 1171 1887 716 87,5 0,61 0,56 0,06 3,4 0,25 0,24 0,14 0,43 0,72 
 
 
Cross dating of archaeological samples 
Calendar dates for tree ages were established with the help of TSAP and COFECHA 
software. Ninety four out of 111 spruce samples were successfully cross-dated, with a dating 
success of 82 % (it should be noted that 74 of the samples were from different 
constructions). The dating success of the larch samples reached 90 %: with the life span of 
57 larch samples limited to 50 years: 41 of these samples were from constructions. 
 

 
Figure 3: Life span of trees 
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The results of dating are shown in figure 3. Mass tree felling for settlement construction was 
carried out at the beginning of the XV century (flooring and fence posts located at the bottom 
of the research hill were cut in 1412); throughout the XVII and half the XVIII centuries (1600 
to 1730). One construction framework was found at ground level 10 m from the 
archaeological monument for which the trees were felled in 1850. In addition, logs dated of 
the second half of the XIX century are trees with the latest felling dates being 1886 and 1887 
(spruce and larch respectively). But these logs do not belong to any constructions of the 
settlement. Trees from the top strata of the excavated site were felled in the XX century.  
It was possible to develop and extend the spruce and larch tree-ring chronologies using the 
archaeological wood (fig. 4). The larch chronology covers 810 years, and the spruce 
chronology 716 years extending from the 12th to the 19th centuries. Comparisons of these 
chronologies with living tree chronologies show good agreement.  
The constructed tree-ring chronologies were overlapped with the chronologies from the living 
trees growing around of the Voykar settlement. The larch chronology, including living trees, 
covers 888 years with the archaeological samples prolonging the chronology by 427 years. 
The age range of the spruce chronology, including both living and archaeological samples, is 
825 years. Thus, the spruce chronology is extended by 546 years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Averaged spruce and larch tree-ring chronologies 
 
Micro anatomical analysis of the most recent ring structures shows that trees used in the 
construction of this archaeological monument were felled in different seasons.  All the wood 
used for large constructions such as house walls had completely-formed latewood rings 
under their bark. Thus, the wood for the main walls of the Ust-Voykar settlement was cut 
during autumn or winter, between August and May.  
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Timber for flooring, fences, and wicker--fence posts was cut at the beginning of summer. 
These samples have a few earlywood cells in their last tree ring and latewood cells are 
absent. 
The generalised characteristics of all 14 constructions at this site are combined in Table.2. 
Most of the excavated constructions were built in the XVII century, a period according to the 
chronicles during which Voykar was intensively expanded and developed. New constructions 
were built every 20-30 years, with intensive building continuing until 1730. In future 
excavations it is hoped that we will find even more and earlier constructions. 
 
Table 2: Calendar dates of Voykar settlement constructions. C. - number of construction, L - Larix, P - 
Picea, B- Betula, S - summer (June-July), W- winter (August-May). 
 

 Name of construction Tree species Felling year Season of 
tree felling 

1 Fence P 1412 S 
2 Flooring L 1412 S, W 
3 Filling of C.7 L, P 1542 S 
4 Wall C.5 L 1600 W 
5 Bank C.6 P 1640 S 
6 Filling of C.4 L 1640 W 
7 Wicker- fence C.4 L, P, B 1645 S, W 
8 Framework C.7 P 1652 S 
9 Framework C.6 L 1676 W 
10 Fence P 1678 S 
11 Filling of C.6 L 1701 S 
12 Filling of C.8 L, P, B 1730 S 
13 Flooring P 1799 W 
14 Framework on the 

ground 
L 1850 S 

 
 
Conclusions 
1. Four species including spruce, larch, Siberian pine and birch were used to build the Ust-

Voykar settlement, with locally grown spruce being the most commonly used while larch 
was used more sparingly.  

2. Chronologies were constructed for spruce and the larch, 825 and 880-years-long 
respectively. There were insufficient samples of Siberian pine and birch with enough tree 
rings for the development of chronologies. . 

3. The settlement was established at least 200 earlier than is recorded in the chronicles. The 
oldest construction was found at the bottom of the hill. The settlement was regularly rebuilt 
every 20-40 years from 1412 to 1880. 
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Introduction 
We propose an experimental method, using curvilinear regressions, called corridor method, 
for dating and building a global useful signal based on oak ring widths in northern and 
eastern France. The resulting signal seems to be more useful than others to progress in the 
domains of ancient climate and ancient environments: dendrodating, dendroclimatology, 
dendroecology and, of course, human history (Lambert, 2002, Houbrechts and Lambert, 2004, 
Durost, 2005). However, we were lead to adapt or reconsider several basic mathematical 
functions, meteorological indexes or common dendrochronological definitions. 
 

 
 
Figure 1: Contributing laboratories. The map gives a first idea of the concerned area. 
 
We are currently working towards the publication of a large Data Base (web-DB). A first 
element of this DB can be consulted on the website of the ChronoEcology laboratory (French 
keywords: chrono-Ecologie, dendrochronologie). A discussion has opened about the 
participation of private contributors to such a public DB. The private contributors to this note 
agreed to show a part of their data without rights (money) and to justify explicitly their own 
dating procedures. 
 
Data sources and dating method 
Data source 
A set of 142 synchronized historical site oak chronologies gave information about the last 
1000 years. Another group of 74 site chronologies related to the late prehistoric and roman 
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periods. The studied area which lies within the points 51°N-3°E, 50°N-7°E, 45°N-6°E, 45°N-
0°E corresponds to low altitude countries, under 500m, and covers a global area of about 
300 000 km2. 2500 years of chronologies were rebuilt with 500 missing years from the early 
medieval period. The oldest ring dates back to 546 BC, the latest ends the system at 1995 
AD. The missing years are precisely between 194 AD and 671 AD. We will show how the 
resulting signal, obtained by the corridor method, is interesting for engaging climatologic 
researches on large areas. The material comes from 9 laboratories based in France, 
Belgium, Switzerland and Germany (Fig. 1 and acknowledgments). Samples come from living 
trees, old buildings and archaeological excavations. About 5000 trees (4.781) were selected 
from an original set of 10000 dated oaks. The average age of samples is about 90 years. 
The average depth of the resulting chronology is around 80 rings by year. The main 
prehistoric and roman sites, which provided more than 50 samples, are Tours (F-37), La-
Pacaudière (F-42), Rouen (F-76), Brognard (F-25) (Durost, 2005). The most interesting 
medieval and modern sites  are cathedrals of Paris (F-75), Beauvais (F-60), Amiens (F-80), 
Auxerre (F-89), Laon (F-02), Poitiers (F-88), abbay of Fontevraud (F-49), Landevennec (F-
29), towns of Liège (B), Autun (F-71), Cluny (F-71) (Lambert, 2002, Houbrechts and Lambert, 
2004). A site chronology was first built for each site for a given period. In a second phase, the 
signals of nearby locations were grouped to create coherent local chronologies. 
The properties of the two resulting data basis are listed below. 
 
Reference system 
Part 1: historic periods 

Name: HistoricOaks-20050126 
Period: from 672 AD to   1995 AD; duration: 1324 years 
Location: North of France, South of Belgium, West Switzerland 
Source: 9 laboratories; woods: several materials 
Last version from: Laboratory of Chrono-Ecology (LCE-CNRS) 
Registration:  26 January 2005 by Georges Lambert (GL) 
Components: 142 chronologies; 2529 samples. 

 
Part 2: prehistoric and roman periods 

Name: ClassicOaks-20050101 
Period: from -546 (BC) to 193 AD; duration: 739 years 
Location: North of France, West Switzerland 
Source: 7 laboratories: woods: archaeological excavations 
Last version from: Laboratory of Chrono-Ecology (LCE-CNRS) 
Registration: 01 January 2005 by Sébastien Durost (SD) 
Components: 74 chronologies; 1252 samples. 

 
Method: computing the corridor index 
The raw data calibration by the corridor method is obtained after three steps (Fig. 2). The first 
step computes a triple polynomial regression, which draws for each tree a curving corridor 
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which follows the main movements of the growth. The first regression of computing data 
gives the trend of each series. The polynomial degree of the regression is chosen either by 
the operator or by the computer. The same degree is used for computing a regression with 
the lowest data (under the trend) and thus we draw the "floor" of the corridor. The last 
regression repeats the same operation with the highest data, which stands up the trend, and 
draws the "ceiling" of the corridor. 
The second step modifies the corridor to give it the shape of a rectangle and at the same 
time, each point of the data series moves to keep its relative position between the top and 
the bottom of the corridor (morphing). Usually, choosing lower degrees for the polynomials is 
the best solution. Degrees between 3 and 6 are generally chosen. The computer program 
proposes to take degree 3 as default option. This degree 3 is a good tool for erasing the 
senility effect. However we must search for sufficient stability of the global signal in order to 
later apply calculations as the correlation coefficient (for instance). Therefore, the user is 
often led to raise the starting degree. However, we must be careful not to suppress all 
movements from the series: a minimum flexibility is necessary in order to get interesting 
information from the resulting calibrated series. 
 

 
 
Figure 2: Dendrochronological data calibration by the corridor method using polynomial regressions 
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The third step is the computing of the dendrochronological average from a set of several 
individual calibrated series. A useful property of the resulting series is that it is comparable 
with other source series, which are not (or not yet) calibrated. In theory, this calibration 
authorizes mixing both raw data (if it is regular enough or does not show too much noise) 
with other indexed series to build experimental local averages. The global signal obtained is 
stable enough to allow a wide range of computations. 
 
Consequences for dating 
Significant changes were made compared to previous chronological propositions. About 40% 
of the original series was discarded because the dating could not be verified by the new 
calculations. Many of these series are too short or have problematical noise. A great part of 
this discarded series was probably correctly dated but we could not confirm the date through 
the mentioned method above.  
The re-update was made in each local group. Some dates were changed. A new chronology 
is accepted as a new component of the system if it yields a set of pertinent correlations with 
the previously integrated items. Figure 3 shows correlations between a new eligible item and 
a potentially contemporary series, which has already been dated (chronology Cluny-GL51: 
Cluny is a well known medieval site in Burgundy; GL=operator’s identifier; 51=version or 
number); the best correlations are grouped in the left part of the fan. Then, the set of 
resulting chronologies shows best correlations between contemporary sites, as the old data 
bank did. 
The correlating system becomes coherent on a large geographical scale. Very good 
correlations through wide areas can be exhibited whatever the period (Fig. 3).The accuracy of 
a group of chronologies of a given century is expressed, through another method, by a 
symmetric matrix, which shows the correlations between all components. 
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Figure 3: The new site chronology Cluny, version 51 –built or (re)built by GL - has to demonstrate his 
ability to be accepted in the existing reference system. 
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Figure 4: Matrix of inter-correlations between the site chronologies which pass through the 18th 
century. 
 
The Student t is the used value for building the matrix. As for the fan graphic, the minimum 
shown t value corresponds to the theoretical risk 0.999. The best coefficients give a dark box 
in the figure (Fig. 4) and the lowest give a light box. 
 

 
 
Figure 5: Prehistoric et historic bar of subjective credibility of the reference system Hist20050126 
 
Finally, thousands of wood chronologies were connected for a 2500 years period except for 
the late Roman and Merovingian times for which we got some chronologies, still floating 
though. The credibility of the resulting system is summarized in the next figure (Fig. 5). 
 
Climatic signification of the resulting signal 
Aim 
The goal was to find a method to build multi-proxy charts or matrices through time for trying 
meteorological or climatic reconstructions with the growth index discussed above. Therefore, 
we had to find a method which allowed the association of dendrochronological data, 
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meteorological data and, later, other information such as historical precisions for example. 
The necessary starting condition was to find enough sites or better, sectors - which group 
several sites - for a sufficiently long period (minimum 500 years) and for each sector to be 
able to build comparable data. It is very rare to find long ring chronologies and long enough 
meteorological records for the same location. The dendrochronological information in 
particular is spread over a large area but the internal structure of this area changes with time: 
buildings or sites used several times rarely give data over a long time and none of them give 
information for the whole of the period in question. Precise maps of known areas change 
from a century to another. As a result, site chronologies are not adequate to work from with 
such a process.  We were therefore led to consider theoretical spaces, which yield 
dendrochronological and meteorologicalrecords. The previous discussion showed that the 
dendrochronological growth index is stable information through a relatively large area around 
a given point, so it authorizes us to try to create regrouping sectors. Starting from 
phytoclimatic studies (Choisnel et Payen 1989, Emberger 1930), we divided the French territory 
into 42 "natural" sectors and built an elementary geographical model. Our research sector 
encompassed about 30 of these sectors. In a second step, we built a new 
dendrochronological average chronology for each sector, which is a chronology that 
summarizes all the data of the sector. In a third step, a global regional chronology was built 
from the sector chronologies – not from the original samples. This regional chronology will 
provide some parameters for the following computing. Meanwhile, we collected as much 
meteorological data as we could from the stations which are - or were - located in the sector. 
After applying the dendrochronological methods, we summarized and averaged it to get a 
global yearly data for the sector: temperatures, precipitations and climatic indexes. This step 
in the collection of the meteorological data from a lot of little temporary old stations put to us 
the questions of data choice (not all compiled data is reliable) and of missing data 
reconstruction. Here we will ignore this point as it requires a long explanation. This way, we 
will be able to collect dendrochronological and meteorological data to build mixed charts for 
each sector and a global chart for a global zone: the North and East of France. In such a 
situation, the use of the response function poses a lot of questions. Before introducing these 
computations, we made a survey of the potential information located in the 
dendrochronological calibrated signal, compared with the meteorological information of the 
sector. Below are our findings for one of these sectors. 
 
Tree ring and meteorology in middle Saône basin 
We chose the middle Saône basin as the experimental sector and the 20th century as the 
experimental period. Six meteorological stations of the sector were selected: 
1. Chalon-sur-Saône (F-71), 
2. Bourg-en-Bresse (F-01), 
3. Dijon (F-21), 
4. Dole (F-39), 
5. Lons-le-Saunier (F-39), 
6. Besancon (F-25). 
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This way a coherent area of about 90 000 Km2 was delimited. The last 120 meteorological 
years were re-built and we kept the synthetic trimester data of rains and temperatures. Thus, 
for precipitations and temperatures, we got respectively 4 annual series, one per season in 
which the autumn of the previous year is taken as the start of the concerned year (biological 
year: In the charts the autumn of the year 1900 i.e. is the period October-December 1899). A 
yearly meteorological index (ED7) derived from the bio-climatic index of Emberger (Emberger 
1930, Lacoste and Salanon 1999) was added as a ninth climatic vector. This index expresses 
the notion of dryness and includes somehow the tree adaptation capacity through the winter. 
And, in order to introduce a meteorological index that does not include a division we tested 
an index, called GL2, which simply adds autumn temperature average, winter temperature 
average, spring precipitations and summer precipitations, after having made an elementary 
reduction. This index expresses the most part of the atmospheric energy usable by the tree 
during the biological year. 
The ED7 and GL2 indexes are computed as follows, 

ED7 = k* ln(som.p )/(som.t -win.t )*(som.t +win.t ). 
GL2 = red. aut.t +red.win.t +red.spr.p+red.som.p 

with: 
ln = natural logarithm; 

for the global period (1879-1993): 
per.aut.t = average of autumn temperatures 
per.win.t = average of winter temperatures 
per.spr.p = average of spring precipitations 
per.som.t = average of summer temperatures 

for each year: 
aut.p  = autumn precipitation average (previous year), 
win.p  = winter precipitation average, 
spr.p  = spring precipitation average, 
som.t  = summer temperature average, 
aut.t.  = autumn temperature average, 
win.t  = winter temperature average, 
spr.t.  = spring temperature average, 
som.t  = summer temperature average, 
k = arbitrary factor for convenience (here k=100), 

and 
red. aut.t = aut.t / per.aut.t (previous year), 
red.win.t = win.t / per.win.t, 
red.spr.p = spr.t / per.sprt.t, 
red.som.p = som.t / per.som.t 
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The middle Saône basin (sectors 18 and 25: between 47.50N-5E, 47.40N-6.50E, 46N-5E, 
46N-4.40E) lays under low altitudes (under 500 m) seven dendrochronological stations were 
selected: 

1. Area of Luxeuil (F-70), 
2. Chaux forest, between Dole and Besancon (F-39), 
3. Oussières, old trees (F-39), 
4. Several points in the West-Jura, in the South of Lons-le-Saunier, called "Petite Montagne" 

(little mountain, F-39), 
5. Citeaux, forest in the South of Dijon (F-21), 
6. La Ferté, forest in the South of Chalon-sur-Saône (F-71), 
7. Forests in the neighboring of Cluny (F-71). 
 

 
 
Figure 6: Dendrochronological signal and meteorology in the middle Saone Valley. 
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The "middle Saône-Valley" room, which represents about 20% of northern France (as 
defined above), is considered as a representative container of the global climatic energy on 
which the 300 living trees of the corpus depended (Fig. 6). 
 
The resulting chronology is called SaoneValley20050801 (version of 08 August 2005, 
abbreviated below as SVoaks). Computations were drawn for the period 1879 AD - 1993. 
The correlations (r) between the oak chronology and the fifth meteorological data are 
summarized with a few numbers: 
 
1879-1993: 

r (SVoaks, automn prec ) = 0,01 
r (SVoaks, winter prec ) = 0,06 
r (SVoaks, spring prec ) = 0,17 
r (SVoaks, summer prec ) = 0,31 
r (SVoaks, automn temper ) = 0,09 
r (SVoaks, winter temper ) = 0,1 
r (SVoaks, spring temper ) = 0,16 
r (SVoaks, summer temper ) = 0,13 

 
Such results are not satisfactory. Only one correct correlation is given with the summer 
precipitations. We had hoped to find better correlations, especially with the climatic factors 
from spring and summer. A lot of other computations show that in this sector and for this 
period there are no direct correlations between spring and summer temperatures and the 
global growth of the oak. However, the indexes as ED7 and GL2 deliver better results: 
 
1879-1993: 

r (SVoaks, ED7 ) = 0.37 
r (SVoaks, GL2 ) = 0.36 

 
Combinations between factors give better results than direct correlations. At this point, we 
wanted to know what happens for typical years known for notable events like a hard winter or 
severe summer dryness. To choose the potentially most symptomatic years, we did not 
consider meteorological facts,- which are too diversified to allow an easy choosing 
procedure, but we looked at a dendrochonological indicator: the event year which carries a 
positive or a negative sign. 
 
Event or signed years 
The notion of dendrochronological event years or positive or negative signed years comes 
from old German researches (Huber and Giertz-Siebenlist, 1969) and is frequently used as an 
auxiliary of the dating procedures. An event year is defined, in a lot of woods - here, in a lot 
of site chronologies - by the common sign of growth difference (positive or negative) between 
the studied year and the previous one. If the minimum growth of 75% of a group of trees falls 
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between the years y-1 and y, B. Huber marked the year y as a characteristically negative 
year (a negative signed year) and, symmetrically, if the growth gets up in a minimum of 75% 
of the trees between the years w-1 and w, then year w is a positive characteristic year (a 
positive signed year). As other authors who tried to put the arbitrary floor of 75% in a 
probability evaluation (Schweingruber and coll. 1990), we used the probability notion to 
compute an event index, but starting from a floor of 70%. And, other change of usual, the 
synthetic chronology SVOaks was built with site chronologies as individuals (not with the tree 
chronologies). The Saône Valley chronology, calibrated by the corridor method, showed 62 
event years in the period 1879AD-1993 (54%) in which we saw the known dry summers of 
1904, 1911, 1959, 1976 (Fig. 6). The correlations computed with the meteorological data, 
only for the event years, gave the following results: 
 

r (SVoaks, autumn prec ) = -0,08 
r (SVoaks, winter prec ) = 0,21 
r (SVoaks, spring prec ) = 0,21 
r (SVoaks, summer prec ) = 0,43 
r (SVoaks, autumn temper ) = 0,13 
r (SVoaks, winter temper ) = 0,12 
r (SVoaks, spring temper ) = -0,32 
r (SVoaks, summer temper ) = -0,21 

 

 
 
Figure 7: Event years of the classic period (400 BC – 150 AD) in northern France 
 
The precipitations of the current year work as a positive factor of the tree ring growth. Instead 
we are led to consider a signed narrow ring as a sign of a potential dryness. There is but a 
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question about the negative correlations given by the spring and summer temperatures. Of 
course summer temperatures which are too high probably indicate dryness and in this case, 
a negative correlation between ring width and temperature is understandable; but according 
to the previous computations carried out on the whole period, it seems that in this sector of 
the Saône Valley the spring and summer temperatures do not influence directly the making 
of the current tree ring. The next correlations with indexes ED7 and GL2 show that we can 
be more optimistic. The correlations between tree growth and the combined meteorological 
indexes ED7 and GL2 clearly show that working with combined meteorological factors is 
better and the relationships between the ring growth and the immediate meteorology work 
efficiently: 
 
62 event years between 1879 and 1993 give: 

r (SVoaks, ED7 ) = 0.46 
r (SVoaks, GL2 ) = 0.47 

 

 
 
Figure 8: Event years of the late medieval period in northern France. 
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Figure 9: Event years of the modern and contemporary periods in northern France 
 
Such good correlations encouraged us to look at the situation in other countries. In the 
direction of the historians, we note that most of the negative signed years (narrow ring) 
indicate, more or less, dryness. Negative event years highlight bad vegetal production, 
potentially bad harvests. This may be related to potential nutritional and social human 
problems. On the other hand, a global narrow ring is a possible indicator of good vintages in 
the northern half of France (Fig. 7, 8 and 9). 
 
Then, for each event year, we thought about a mapping of the phenomenon. But, we had first 
to find a method for modeling the tree response of event years like 1904, 1911, 1959, 1976, 
etc.  
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Fig. 10: Event index computing 
 
Maps for prognostics back in the history: mapping the event years  
We then looked at what happens over a large area with the event years. The starting model 
included 30 forests, more than 500 trees spread over 300 000 km2 and the application field 
was the data basis HistOaks20050126 and ClassicOaks20050101. In order to be concise, 
we will only consider small rings. 
 
Process 
The trees of each site did not all respond in exactly the same way to hydric stress. For each 
year, the response of each region was evaluated according to the average size of the ring 
width and to the percentage of sensitive trees which show a typical narrow ring. All other 
trees were ignored. An index of this type of response was computed, associating both points 
of view. For the whole region, ring widths of the event years were divided into 10 classes 
(factor b); for each sector the Gauss value provided by the significant part of the trees 
contributing to the signature were also divided into 10 classes (factor a). The product of both 
results, ei = a*b/100, gives a number between 0 and 1 (Fig. 10). It is used as a percentage or 
a precise colour (or a shade of gray) for representing on a map the response degree of a 
sector. Here 0 is white (no tree response, neutral situation) and 1 totally black (best 
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sensitivity: sector with the narrowest rings). Four years (1959 (AD), 1976, 1928 and 1952) 
known for their summer hydric deficit and which give a very narrow ring on oak trees are 
shown (Fig. 9). The resulting maps are quite different from each other. Each year gives a 
typical image. Such an image is the result of global meteorological conditions which were 
interpreted by the trees over a 500 km area.  
 

 
 

Figure 11: Initial territorial partition, potential stable biotopes 
 
We think that a precise map could describe a global precise meteorological situation. The 
more extreme the meteorological conditions are - especially during spring and summer -, the 
stronger the relationship between them and map types are. Our goal is to classify these 
maps and to try and compare them over the time. Recent well known mapped situations 
could be used to explain historic or prehistoric years which are represented by the same type 
of map. Thus, for example, the 15th century is globally a bad century for trees - and harvests 
– (Fig .8) and the exact opposite situation seems to characterize the first century before 
Christ (Fig. 7). The necessary condition is being to have got over the time 
dendrochronological information in comparable geographical sectors. 
Taking phytogeographical studies as a basis, we divided the French territory into 42 areas. 
Each area represents a balance between several environmental parameters: latitude, 
altitude, distance from the ocean and geological ground. All the trees and woods of all the 
periods of each area were collected to build a regional chronology. 27 sector chronologies 
were re-built:  zones 1-2, 5-18, 20-22, 24-29, 33 and 37. The Saône Valley region, which we  
previously discussed, groups sectors 18 and 25 (Fig. 11). As explained above, the event 
index values were computed and recorded in a 27-column chart. The year 1026 AD was 
taken as the starting point, the year 1995 as the ending point (970 years). Note however that 
not all chronologies are complete for the whole period and this work is a first draft. 
 
First results 
The chart was sorted according to the average value index of each year. Then the most 
typical 80 years were returned ahead in the chart and led to a factor analysis. To solve the 
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problem created by the missing data (no event years), a special linear distance was chosen 
instead of the classic Correlation coefficient r. The plot obtained shows a central group 
surrounded by scattered points (Fig.12). 
 

 
 
Figure 12: Factor analysis of 80 historical event years 
 
20th century years fill the right part of the scatter plot. This is probably a wrong effect due to 
the set of living trees, which is making the best network of the basis. Nevertheless the points 
scattering shows definite evidence of the quality of the stress changes with the sector and 
the year. In fact, the most marked years (by the narrowest rings) tend to regroup around the 
center of the graph. Generally they are the warmest and driest years of the period. The right 
of the graph probably indicates the warm section and the left section indicates the colder part 
but still dry enough. We defined six temporary areas of sensibility within the plot. The maps, 
drawn from samples of zones I, II and III, show the diversity of the tree responses through 
the landscape. Such responses are possibly representative of cyclic or repeated climatic 
conditions. Zones IV to VI relate to more special or individual years and especially some 
parts of the original chart, which does not contain enough data. 
The year 1976, marked by a strong spring-summer warm dryness, yielded laboriously a very 
narrow ring in all the territory. But the dryness of 1959 did not hit with the same strength the 
rings in the eastern part of the country. It looks as though the plain between Bordeaux and 
Paris recorded the worst climatic impacts. 1952 gives another view in which western 
countries clearly escaped the stress. Then, each map is linked to a particular meteorological 
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situation (Fig. 13), in which the dominant position of clouds and dominant direction of the 
winds work efficiently or not.  We think that some types of map suggest the main direction of 
the winds in summer and then the positions of the anticyclones of the northern hemisphere 
around the Greenwich line. We will explain this later in another paper. 

 
 
Figure 13: Narrow oak rings and dryness in France in the last century. 
 
Conclusion: sensitive years 
At this point, we are not able to lead the demonstration at this end because we did not get 
enough woods: treating 2500 years in such a small area as northern France would require 
about 10000 trees correctly chosen. Except for short periods (late roman /early medieval) 
they are in the backgrounds of our laboratories! We can however put forward a hypothesis 
about the weather of some past years, which concerned the life of the most important sites 
we had to study. The last figures (Fig. 14 and 15) show, firstly, noteworthy historic (event) 
years and secondly, other event prehistoric years about which we only know the figure. It is 
more difficult at this point and stage of this research, which requires lengthy controls of a lot 
of small sites, to draw complete maps of the historical period. Nevertheless we produced 
some maps, which suggest dendrochronological situations that would be workable. The year 
1137, well known for its very narrow ring (sometimes invisible on the samples!) tends to 
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show a comparable situation to 1976. Potentially, the same climatic situation could be 
applied to year 1676. The meteorology of the summer of that year is described in ancient 
texts as exceptionally hot and dry. Year 1419 shows a situation similar to 1959. As a 
paradox, data from the late prehistory (late Gallic and early roman period) gives more results. 
Numerous excavations about this period delivered a lot of woods which were recently re-
studied (Durost 2005). Samples of maps show the dendrochronological potential of these 
periods: The year 76 before Christ is probably the driest one in the Gallic period (as1976). 
 

 
 
Figure 14: Medieval and modern narrow rings 
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Figure 15: Late prehistoric narrow rings 
 
But a suite of such years has been noted during the 300-year period before Christ and the 
whole of Gaul, which stretched under temperate climate. This leads us in two directions: 
firstly, that the human impact on trees, even on trees located in neighboring areas of human 
societies and used by men, is less than we thought – this is a subject for researches in 
archaeology - and, secondly, that the global climatic factors worked differently compared to 
the 20th century. 
We give at the end a summary of years, which could be discussed with Historians (Fig. 16). 
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Figure 16: Ancient negative event years: dark = probable hard summer dryness; grays : opened 
hypothesis for discussion. 
 
Acknowledgments 

Centre Européen d'Archéométrie de l'Université, Liège (B); 
Firm CEDRE, Besançon (F); 
Firm Dendronet and Labor für Holzanalyse Singen-Böhlingen (D) 
Laboratoire d'Archeosciences de l'Université de Rennes 1 et CNRS, Rennes (F) 
Laboratoire de Chrono-Ecologie de l’Université de Franche-Comté et CNRS, Besançon (F) 
Laboratoire de dendrochronologie du Laténium, Neuchâtel (CH); 

and 
André Billamboz, D-LBW, Hemmenhofen (D); 
Frédéric Guibal, AO des Compagnons du Devoir du Tour de France et CNRS, Aix-en-
Provence (F); 
Mrs Yvonne Trenard , CTB, Paris (F). 
Basic calendar : Ernst Hollstein 1980, Rheinisches Landesmuseum,Trier (D). 

 
References 
Baillie, M.G.L., Pilcher, J.R. (1973): a simple Cross-dating Program for Tree-ring Research. 

Tree Ring Bulletin 37: 1-12. 
Choisnel, E., Payen, D. (1989) : L’agrométéorologie. In Brunn, A., Stephan, J.-M., Bonton, 

J.-C. (Eds) : Le Grand Atlas de la France Rurale. INRA, SCEES, JP de Monza, Paris: 
410-425. 

Durost, S., (2005): Dendrochronologie et dendroclimatologie du second age du fer et de 
l’époque romaine dans le nord et l’est de la France. Thesis, Besançon, manuscript, 297 
p. 

Emberger, L. (1930): La végétation de la région méditerranéenne. Essai de classification des 
groupements végétaux. Revue générale de Botanique 42: 641-721. 



 264

Hollstein, E. (1980): Mitteleuropäische Eichenchronologie. Trierer dendrochronologische 
Forschungen zur Archäologie und Kunstgeschichte II. Philipp von Zadern, Mainz. 273 p. 

Houbrechts, D., Lambert, G.-N. (2004): Les arbres, témoins du temps qui passe. In Le 
Temps des Datations, Pour la Science, Dossier hors-série, janvier/mars: 70-75. 

Huber, B., Giertz_Siebenlist, V., (1969): Unsere tausendjährige Eichen-Jahrringchronologie 
durchschnittlich 57 (10-150) fach belegt. Aus der Sitzungberichten der österreich. 
Akademie der Wissenschaften, Mathem. naturw. K1, Abt 1/78, Heft 1-4: 37-42. 

Lacoste, A., Salanon, R. (1999): Eléments de biogéographie et d'écologie - Une 
compréhension de la biosphère par l'analyse des composantes majeures des 
écosystèmes. Nathan, Paris. 300 p. 

Lambert, G.-N, (2002): Datation dendrochronologique des charpentes, crédibilité et 
précision. In Patrick Hoffsummer et Jannie Mayer  2002, éd.: Les Charpentes du XIème 
au XIXème siècles. Typologie et évolution en France du Nord et en Belgique. Centre des 
Monuments Nationaux, Cahiers du Patrimoine, Editions du Patrimoine, série "Monum". 
Paris: 85-98. 

Schweingruber, F.H., Eckstein, D., Serre-Bachet, F., Bräker, O.U. (1990): Identification, 
presentation and interpretation of event years and pointer years in dendrochronology. 
Dendrochronologia 8: 9-38. 



 
 
 
 
 
 

SECTION 6 
 
 
 
 

ISOTOPES 



 266

The potential of stable isotopes to record aridity conditions in a 
forest with low-sensitive ring widths from the eastern Pre-

Pyrenees 
 

O. Planells1, L. Andreu1, O. Bosch1, E. Gutiérrez1, M. Filot2, M. Leuenberger2, G. Helle3 
& G.H. Schleser3 

1University of Barcelona, Department of Ecology. Diagonal 645, 08028 Barcelona, Spain 
2University of Bern, Climate and Environmental Physics Institute. Sidlerstrasse 5, 3012 Bern, Switzerland 

3Forschungszentrum Juelich Gmbh, Institute of Sedimentary Systems, ICG-V. 52425 Juelich, Germany 
Email: octaviplanells@ub.edu 

 
 

Background and objectives 
The Mediterranean climate has a marked seasonality characterized by relatively cold winters, 
humid springs and autumns, and dry summers. The low water availability due to summer 
drought made species to develop special mechanisms for adaptation during their process of 
evolution. Independently, summer droughts have an unfavourable effect on tree growth. 
However, owing to topography, droughts are less frequent in some mountainous 
Mediterranean areas, and consequently plant growth is not that much limited in these areas 
by the lack of water. Tree rings of old trees are excellent climatic archives since they are 
sensitive to numerous environmental variables. The oldest trees around the Mediterranean 
basin are located close to the altitudinal tree line, far away from direct human activities. 
In the present work, three different tree-ring chronologies covering 400 years were 
investigated with regard to ring widths (RW), δ13C and δ18O. The corresponding trees 
originate from of an old sub-alpine forest that is not limited by summer droughts (Vigo et al., 
2003). More specifically, the aim of this investigation was to (1) study whether stable 
isotopes of that region record climate variations, (2) explore whether a particular 
meteorological quantity is specifically recorded, and (3) estimate the climatic content of ring 
widths (RW) in relation to stable isotopes. 
 
Study site 
The study site is an east-facing sub-alpine forest of Pinus uncinata located in the Massís del 
Pedraforca, eastern Pre-Pyrenees (Fig. 1). P. uncinata forms the sub-alpine forests in the 
Spanish Pyrenees ranging from 1600 to 2500 m a.s.l. Previous studies performed at lower 
altitudes in the same mountain area (1680 m a.s.l.) showed a negative response of tree 
growth to July temperature, indicating a growth limitation by drought (Gutiérrez 1991). This is 
in contrast to the study site in this work (>2100 m a.s.l.), where rainfall is higher due to the 
advection of humid air masses coming from the Mediterranean Sea (annual precipitation 
higher than 1000 mm, June-September higher than 300 mm, mean annual temperature 
around 7 ºC). 
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Latitude 42º 14' N 
Longitude 1º 42' E 
Altitude 2120 m a.s.l. 
Aspect 90º 
Slope 36º 
Substratum Limestones, marls 
Soil  Entisol, 20-50 cm depth 
Forest ecological type Oromediterranean subalpine conifer forest 
Vegetation Juniperus communis, Pulsatilla alpina, Euphorbia sp. 

 
Figure 1: Map and description of the main features of the studied P. uncinata stand in Massís del 
Pedraforca mountain. 
 
Methods 
The individual power-transformed RW measurements were detrended by negative modified 
exponential or linear fitting in order to remove non-climatic trends related to tree age. 
Autocorrelation was also removed to get independent values and to enhance the climatic 
signal. The master chronology was computed with a biweight robust mean (Cook and 
Kairiukstis 1990). 
For isotopic analyses, the whole annual rings from 4 trees (2 cores each were taken, 
resulting in 2 samples per year and per tree) were pooled, homogenized, and α-cellulose 
was extracted. δ13C measurements were performed in 2 different laboratories following two 
different methods (combustion and pyrolysis). Although both types of measurements provide 
series with identical inter-annual patterns, i.e. equal relative variations, there is a shift in the 
absolute values of the series (Knöller et al., 2005). For correction, the difference between the 
means of both series was added to the annual measurements of one series. To remove the 
non-climatic δ13C decrease observed in the raw data due to anthropogenic CO2 emissions 
since industrialization, a correction was applied as suggested by McCarroll and Loader 
(2004). The corrected δ13C series were averaged to reduce inhomogenities of each individual 
record (r = 0.765). Finally, autocorrelation of averaged measurements was removed similar 
to the method for RW (Monserud and Marshall 2001). It was not applied any correction to the 
δ18O series, however autocorrelation was also removed before statistical analysis. 
Calibration of tree-ring proxies and climate was performed by bootstrapped correlation (95% 
significance level) and single Pearson correlation analysis. We used homogenized mean 
monthly temperature and total precipitation of a 25x25 km grid of regional climatic records 
covering the years from 1931 to 2003 (Spanish National Meteorological Institute). The 
relationships between tree growth and climate were computed with variables from July of the 
year prior to tree growth (small letters; Figure 3) to October of current year (capitals). Aridity, 
which was expressed by a certain combination of temperature and precipitation, was one 
particular quantity to look at. Calibration was performed by using a simple aridity index 
expressing the monthly deficit of rainfall versus temperature: 

[ ] ( )[ ]1log10 +−= PStdTStdA  

 where T and P are monthly temperature and precipitation, respectively. P is expressed as 
logarithms to get normalized values (T records are supposed to follow normal distributions). 
Std represents a scaling of both variables, according to, 
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with tx  being the observed value, x  the mean value of the climate records, including all the 

months, and SD its standard deviation. 
 
Results and discussion 
Figure 2 shows the standardized series. The RW chronology is statistically representative of 
the stand since the expressed population signal (EPS; Wigley et al 1984) for the period 
1600-2003 is 0.88 (15 trees / 32 radii cover this whole period). The low mean sensitivity 
index and percent of variance explained by the first eigenvector (0.175 and 36%, 
respectively) point to a low sensitivity of RW to climate. In accordance with this result, 
bootstrapped correlation analysis (Fig. 3) shows only few significant relationships with 
temperature of the previous year (jul = 0.232; oct = 0.281; nov = 0.305), suggesting an 
important role of food storage on tree growth of following years. In addition, RW show some 
significant response to aridity, but values are very close to the significance thresholds (nov = 
0.194; JUL = -0.228).  
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Figure 2: Ring width (top), δ13C (middle) and δ18O (bottom) chronologies of P. uncinata in Pedraforca. 
These are indexed series resulting from the different standardization procedures described in the text. 
The smoothed curves correspond to a 20-year spline fitting. 
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Figure 3: Bootstrapped correlation analysis performed with the different tree-ring proxies and mean 
temperature (top), total precipitation (middle), and aridity index (bottom) from July of the year prior to 
tree growth (small letters) to current year October (capitals). See text for explanation of calculations. 
 
It is noteworthy to mention a slight negative response to current July aridity, which suggests 
a certain tree growth limitation due to summer water deficit. In contrast to RW, δ13C data 
show a major response to summer climate. There is an important and significant positive 
relationship with temperature (JUN = 0.294; JUL = 0.405), and a negative response to 
precipitation (JUN = -0.516; JUL = -0.487). Correlations with summer aridity are even higher 
(JUN = 0.544; JUL = 0.624) and positive. These results are well in line with the Francey and 
Farquhar model of carbon isotope discrimination in plants (1982). This model is related to 
drought severity since it takes into account the stomatal aperture and the intercellular 
availability of CO2 for the enzyme rubisco. According to the model, higher water stress (lower 
precipitation/higher temperature) results in stomatal closure and more positive δ13C, thus 
consistent with a positive sign of the regression equation for temperature and a negative sign 
for precipitation. There are some other relationships between δ13C and monthly variables 
prior to the growing period, but their significance is very low. The role of reserves 
accumulated during the dormancy period could be an explanation of these relationships. 
However, most of them could be reached just by chance since their coefficients oscillate 
close around the significance thresholds. 
Similar results as for δ13C were obtained for δ18O. Temperature has a broader influence in 
terms of number of months exceeding the significance level (MAY = 0.344; JUN = 0.352; JUL 
= 0.340; AUG = 0.256). On the other hand, on a monthly basis, there is only one significant 
relationship with precipitation (JUN = -0.487). Response to aridity is also positive and 
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significant for early summer (MAY = 0.318; JUN = 0.524), indicating a response comparable 
to that of δ13C. However, there are some dissimilarities probably caused by the different 
fractionation processes driving the isotope ratios in tree rings. In contrast to the causes for 
δ13C discrimination, δ18O largely depends on the isotope ratio of soil water (which is related to 
δ18O of rain water, residence time in the soil, evaporation rates, etc.) and the enrichment of 
leaf water due to evapotranspiration (Yakir and Sternberg 2000). In a further step, we looked 
for an optimisation procedure to extract the climatic signal contained in the isotope proxies. 
The similar results obtained with δ13C and δ18O, in terms of response to summer conditions 
and the significance of this response, indicate that a common climatic signal could be 
recorded in both (r = 0.200). The averaging of δ13C and δ18O series could reduce the non-
climatic noise contained in these records, possibly favouring the common climatic variability. 
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Figure 4: (A) Anomalies of June-July aridity and the averaged δ13C and δ18O series from 1932 to 
2003. (B) 20-year smoothing spline of both. (C) Scatter plot and linear regression of the variables 
plotted in A. (D) Reconstruction of June-July aridity covering the last four centuries after the 
verification of the relationship described in C. All the verification statistics (see the table) are significant 
at 95% probability level. (Table) r, Pearson correlation coefficient; RE, reduction of error; sign test, 
disagreements / agreements; t-value of the product means test. 
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The bootstrapped correlation coefficients obtained for the averaged series and the aridity 
index, are also high (MAY = 0.302; JUN = 0.654; JUL = O.501), but not notably higher than 
those obtained for δ13C and δ18O separately. However, after combining the climatic variables 
in clusters of months, the strongest relationship was found for the averaged δ13C and δ18O 
data. Combining June and July, computed as a mean of both months resulted in a very high 
correlation for the aridity index (JUN-JUL = 0.727; Fig. 4). 
The high agreement shown in Figure 4 leaves the average of δ13C and δ18O as the best 
proxy record to reconstruct the summer climate of the sampled area. Strictly speaking is it, 
the trade-off between precipitation and temperature of June and July. The verification of 
these relationships for the sub periods 1932-1967 and 1968-2003 was successful in all the 
statistic tests. According to the relationship established with the instrumental records, the 
reconstructed June-July aridity anomalies show some long-term arid and humid periods. The 
most conspicuous anomaly is the rise of aridity that starts around 1940 and increasingly 
oscillates until the end of the 20th century. Noticeable is also a cool or humid period in the 
first half of the 19th century, and a long interval of climatic stability covering the time period 
from 1740 to 1800. The averaging of δ13C and δ18O does enhance climatic reconstructions in 
this region, but this method may not hold as a general rule, because in other site conditions 
often the two isotopes may not be influenced by the same factors. 
The use of an aridity index, which integrates temperature and precipitation, makes it 
sometimes difficult to discern the causes of these anomalous climatic periods. In the present 
case, the information provided by the individual proxies is rather useful. For example, the 
increase of the late 20th century aridity index is also observed in the individual δ13C and δ18O 
series, being the amplitude of the oscillations slightly smaller in both records (Fig. 2). In 
contrast, the RW series show a slight decrease but with an abrupt decrease at the last 
decade, coinciding with the rise of aridity. RW showed a slight limitation by summer drought 
(Fig. 3). 
Despite the fact that RW of the studied forest are not very sensitive to climate, the decrease 
in mean widths since 1930 to now coinciding with the increase of aridity could be understood 
as an increase in sensitivity to the changing climatic conditions. 
Considering that stable isotopes respond positively to aridity, and RW negatively, coinciding 
trends can provide complementary information. This is e.g. the case of the negative aridity 
anomalies of the mid half of the 19th century. It coincides with notable tree growth 
suppression visible in the RW chronology. This suggests that the limitation of tree growth is 
not due to drought but due to the shortness of cold and wet growing seasons. This approach 
of combined analysis of RW and isotopes for understanding climatic changes would be 
worthwhile to study in more detail in a future study. 
In conclusion, the results shown demonstrate that the information provided by different tree-
ring proxies is complementary and sometimes can be combined to get better and more 
reliable climatic reconstructions. The interpretation of long-term trends and pointer years of 
reconstructions made with single proxies or a set of proxies, can occasionally be improved 
by defining indirect climate quantities such as the used aridity index being a combination of 
two meteorological variables. 
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Introduction 
Within the EU-Project ISONET (co-ordinator: G. Schleser, http://www.isonet-online.de), 16 
partner institutions collaborate to develop the first large-scale network of stable isotopes (C, 
O and H), integrating 25 European tree sites reaching from the Iberian Peninsula and 
southern Italy to Fennoscandia. Key species are oak and pine. The sampling design 
considers not only ecologically “extreme” sites, with a single climate factor predominantly 
determining tree growth, as required for ring width and wood density analyses (Bräuning and 
Mantwill 2005, Briffa et al. 2001, 2002, Frank and Esper 2005a, b), but also temperate 
regions with diffuse climate signals recorded in the ‘traditional’ tree ring parameters. This 
may enable expanding climatic reconstructions into regions not yet well covered. 
In this project we aim to estimate temperature, humidity and precipitation variations with 
annual resolution, to reconstruct local to European scale climate variability over the last 400 
years. Climate variability is addressed on three timescales, namely decade-century, inter-
annual and intra-annual. This strategy allows understanding of both, high frequency (high 
resolution exploration of seasonality signals, and extreme events) and longer-term trends 
(source water/air mass dominance, baseline variability) in site specific and synoptic climate 
across Europe. Here we present results from initial network analyses considering first data of 
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carbon (δ13C) and oxygen (δ18O) isotopes, to evaluate (a) common patterns in these 
networks and (b) their potential for detailed climate reconstruction beyond the information 
commonly achieved from ring width and density analyses. 
 
Material and Methods 
Oxygen isotopes were measured at 18 sites, and carbon isotope analyses at 21 sites 
(several data sets provided independent from ISONET), ranging from the Iberian Peninsula 
and southern Italy up to Fennoscandia, as shown in figure 1.  
Ring widths were measured using a semi-automated RinnTech system with a resolution of 
0.01 mm and cross dated following standard procedures (Fritts 1976). 4 trees per site (2 
cores per tree) were selected for isotope analysis. Criteria for sample selection were low 
numbers of missing rings and regular ring boundaries. Tree rings were then separated year-
by-year using sharp knifes or scalpels (for oak only late-wood was considered). For the 
majority of sites tree-rings grown in the same year were pooled prior to cellulose extraction to 
facilitate the development of this large network (Borella et al. 1998, Leavitt and Long 1984, 
Treydte et al. 2001). Cellulose was extracted following standard procedures (overview in 
McCarroll and Loader 2004) and burned to CO2 or pyrolised to CO, respectively, before 
mass spectrometer analysis (McCarroll and Loader 2004). δ18O values are expressed as 
deviations from the VSMOW and δ13C values as deviations from the VPDB standard (Craig 
1957). 
Carbon isotope records were corrected for the decrease of atmospheric δ13C values due to 
fossil fuel burning since the beginning of industrialisation AD 1850 (Friedli et al. 1986, 
Francey et al. 1999). 
 
Results and Discussion 
In a first step, individual site chronologies of all records were calculated over the common 
period of AD 1913-1994. δ18O means mirror the patterns of δ18O values in precipitation, 
recorded by European GNIP-stations (“Global Network of Isotopes in Precipitation”, IAEA), 
with distinct gradients from lower to higher latitudes, oceanic to continental regions, and low 
to high elevation (Fig. 1). These patterns are related to evaporation and condensation effects 
taking place as air masses move from oceanic source regions to higher latitudes, over 
continental land or from low lands to mountainous regions (Cole et al. 1999, Jouzel et al. 
2000, Siegenthaler and Oeschger 1980, Rozanski et al. 1993). Corresponding mean values 
of the δ13C chronologies reflect local water supply due to the physiological response and 
fractionation of trees under water stress and therefore are related to the regional atmospheric 
moisture distribution (Saurer et al. 1997b, Treydte et al. 2001) (Fig. 1). 
Cluster and Principal Component Analyses (PCA) suggest that both δ18O and δ13C site 
chronologies show systematic spatial relationships independent of species, although the 
inter-site correlations are higher for δ18O than for δ13C. Clusters are identified in western 
central, eastern, and southern Europe. The “network extremes“, namely both Mediterranean 
sites in southern Spain and Italy and the Finnish site do not fit in any clusters, pointing to 
specific climate and/or site conditions. 
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Figure 1: Sites used for preliminary network analysis (left: δ13C, right: δ18O). Light colours: high mean 
isotope values, dark colours: low mean isotope values, dotted signature: missing cellulose values for 
the common period, therefore excluded for comparison of mean values, but used for time series 
analysis. 
 
Most of the δ18O sites show positive loadings on the first principal component (PC1) (again 
except for the above mentioned sites), pointing to a common signal over the network (21% 
explained variance at PC1). In comparison, coherence within the δ13C network is lower, likely 
resulting from differences in local ecological conditions, which have a greater influence on 
δ13C than on δ18O patterns (Saurer et al. 1997a, Treydte 2003). Both, PCA and cluster 
analysis prove the quality particularly of the δ18O network through clear common signals, but 
also point to potential regionalisation of European climate reconstruction.  
Parameter-specific analysis of low-frequency trends, using 200-year splines, suggests 
heterogeneous long-term behaviour in the oxygen records. In contrast, δ13C long-term trends 
are rather common over the network pointing to the dominant impact of decreasing 
atmospheric δ13C values induced by fossil fuel burning since industrialisation (Friedli et 
al.1986, Francey et al. 1999). Correcting the records for this effect leads to heterogeneous 
long-term behaviour similar to the oxygen measurements. Differences could either be due to 
regionally differing low-frequency climatic trends over the study region, individual age-related 
long-term biases in the records, variable physiological response (e.g. reduction of stomatal 
conductance) to increasing CO2 depending on differing site conditions, or currently 
unexplainable noise (Treydte 2003, Treydte et al. 2005). However, this finding has to be 
tested in the future using all records covering the full time span of 200-400 years.  
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After high-pass filtering from 200-year-splines, the oxygen records in particular reveal 
significant variance in the inter-decadal frequency domain. This signal seems to be common 
over the whole network.  
The oxygen isotope network was used for initial climate calibration. Based on calculations 
with a 100-year (1901-2000) monthly European temperature and precipitation 0.5° gridded 
data set (New et al. 2002), months of significant correlation could be identified.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Comparisons between precipitation (a), temperatures (b) and a mean (European) δ18O 
chronology for the 20th century (detrended from 200-year splines); The isotope chronology was 
developed by averaging δ18O measurements from all available sites, the climate records by averaging 
all corresponding grid point data. P JJA mean is the mean summer precipitation from June to August; 
T A-S are the mean temperatures from April to September, both expressed as anomalies with respect 
to their 1971-2000 means.    
 
At the majority of sites, tree ring δ18O correlates positively with temperature and negatively 
with precipitation variations during the summer months. Averaging the δ18O records of all 
sites and correlating them with similarly averaged meteorological data, leads to highly 
significant relationships for June to August precipitation (-0.52) and April to September 
temperature (0.41), indicating the potential for a “European” climate reconstruction. It should 
be noted, that in some cases the meteorological grid points do not ideally represent local site 
conditions. This holds particularly for precipitation conditions at high elevation sites, e.g. in 
Italy. Hence, using local meteorological station instead of grid point data could likely enhance 
the precipitation signal.  
The rather coarse data treatment of averaging all sites and hence ignoring spatial details 
within the network provides already surprisingly good results. Obviously precipitation 

a 

b 
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variability is mirrored particularly in the short-term (year-to-year) domain (Fig. 2a), whereas 
temperature variability is fingerprinted particularly in the decadal scale domain (Fig. 2b). 
Differing temperature and isotope records in the early period (Fig. 2b) could be explained on 
the one hand through a too stiff de-trending of the isotope records, on the other hand through 
decreasing data replication in the instrumental records (Büntgen et al. 2005, this volume). 
Initial comparisons of the mean carbon and oxygen isotope chronologies averaged over the 
whole network (Fig. 3a) indicate significant correlation between these parameters (0.53 for 
the 20th century). This relationship seems to appear mainly between high-frequency 
variations, whereas on decadal scales some differences exist. Correlations between the first 
principal components of the carbon and oxygen data improve this relationship to 0.58.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Relationship between the “European” δ18O and δ13C chronologies; Site data are de-trended 
using 200-year splines (a). The records correlate at 0.53. (b) Replication of the chronologies, and (c) 
moving correlation using 30-year time windows.  
 
Moving correlations over a 30-year time window (Fig. 3c) indicate strongest relationships in 
the 20th century, being the period with highest replication (Fig. 3b). The changing sign of the 
correlation coefficient could indicate some change in the climate system (yet to be explored). 
High-frequency similarity between carbon and oxygen data is explained through variations in 
stomatal conductance, influencing the behaviour of both isotopes, due to the combined effect 
of varying temperature and precipitation conditions, which themselves are inter-correlated. 
Low stomatal conductance during dry/warm weather conditions causes high δ13C values 
through weak discrimination against 13C. Nevertheless transpiration increases compared to 
cool/wet conditions, resulting in higher leaf water enrichment and thus in higher δ18O values 
(Anderson et al. 1998, 2002, Farquhar and Lloyd 1993, Leuenberger et al. 1998, Masson-
Delmotte et al. 2005, Rafalli-Delerce et al. 2004, Roden et al. 2000, Treydte 2003, Treydte et 
al. 2004). Hence, both parameters should be mainly driven by summer moisture conditions. 
 

a 

b 
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Conclusion and Outlook 
Preliminary tree ring δ13C and δ18O network analyses integrating data from about 20 
European sites clearly demonstrate the potential for detailed European climate 
reconstructions over the last 400 years. Isotope datasets from temperate sites in Central 
Europe contain species-independent common signals, which enable to spatially extend 
climate reconstruction from tree rings which at present are mainly limited to “extreme” sites. 
Common signal strength on annual to multi-decadal timescales is higher in the oxygen 
isotope than in the carbon isotope network, pointing to a stronger external forcing. 
Nevertheless, the comparison of “European” δ13C and δ18O chronologies after averaging all 
sites indicates significant similarities on annual to decadal scales. We hypothesise that both 
parameters are mainly driven through summer moisture availability. This is important 
because currently detailed tree-ring reconstructions of precipitation are lacking for temperate 
regions. Centennial scale variation is, however, not yet understood in δ13C and δ18O data. 
Besides the incompleteness of the current data-sets, regionally differing synoptic conditions, 
age-related biases, and varying plant physiological reactions on changing atmospheric CO2 
concentrations could account for heterogeneities in the long-term behaviour between sites. 
Further investigations will be based on the use of complete and extended isotope datasets 
from all sites, covering the full period of 400 years where possible. Detailed wavelength 
analyses by separating the datasets into different timescales (high frequency, decadal, 
secular) will be employed to analyse the climate signal in tree ring data and to differentiate 
potential age- and site-related and anthropogenic noise from climate signals.  
Consideration of additional meteorological data such as vapour pressure, sunny hours, 
cloudiness, and particularly drought indices will be utilized to test the environmental 
information in the isotope records. Together with large-scale surface pressure data sets, 
such as NAO, and comparisons with new European temperature reconstructions (e.g. 
Luterbacher et al. 2004), detailed knowledge about European climate variation over the past 
few centuries will be derived.  
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Introduction 
European Larch (Larix decidua Mill.) from the subalpine forest is commonly used for low-
frequency temperature reconstructions (Büntgen et al. 2005). These subalpine forests form 
the habitat of the larch budmoth (LBM; Zeiraphera diniana Gn). Normally, the population of 
this insect strongly multiplies at intervals of 7-11 years. These outbreaks cause a red-brown 
discoloration of the crowns from larch trees due to the wasteful feeding of the 4th and 5th 
instar larvae and the drying out of the needles (Baltensweiler and Rubli 1999). 
 

Latewood of 1972

1972

 
 
Figure 1: Typical tree-ring pattern due to a LBM outbreak. The 1970-1978 sequence is given showing 
the outbreak of 1972. 
 
Figure 1 shows a typical pattern caused by these outbreaks which is characterized by an 
abrupt growth reduction in the year of the outbreak and a slow increase of ring width in the 
following years. The way trees recover depends on the intensity of the previous outbreak. 
Obviously a number of plant physiological reactions are disturbed in such a way that trees 
need a longer period to regain their normal activity. This typical tree-ring pattern causes 
problems in high-frequency climate reconstructions.  
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Stable isotopes usually provide better insight into plant physiological processes underlying 
tree growth. Therefore the aim of this study was to investigate to what extent LBM outbreaks 
modify the signature of the stable carbon and oxygen isotopes of the corresponding tree-
rings. The study area chosen is located in the Lötschental, an inner-alpine dry valley in 
Valais, Switzerland.  
 
Material and Methods 
For inter-annual δ13C and δ18O analyses we took 6 cores of a tree located at 1900 m a.s.l. on 
the south exposed slope. After measuring the ring widths of the cores with a resolution of 
0.01 mm, the cores were dated by synchronizing the ring widths with the corrected master-
chronology of the Lötschental (Büntgen et al. 2004). The years of LBM outbreaks were 
identified by comparison of the tree-ring pattern with historical documentation which exists 
back to 1850. (Baltensweiler and Rubli 1999). Based on ring width, LBM outbreaks were 
identified in a quantitative and a qualitative way. For each ring width the relative width 
reduction was calculated by comparing the mean value of the 4 previous years. The 
threshold for LBM outbreaks was fixed at 40% of growth reduction.(Rolland et al. 2001). The 
qualitative way consisted in the visual detection of the typical pattern as described above. 
The historical documentation confirmed this ring width analysis. Each tree-ring of the time 
span 1900-1982 was separated from the cores and the wood of the separated tree-rings was 
pooled after Treydte (1998).  
It is usual to extract cellulose to concentrate on one chemical compound because the 
different components of the wood have different isotopic signatures. Nevertheless, we 
analysed cellulose and wood for the time span 1950-1982, the idea being that similar results 
for cellulose and total wood could ease the workload considerably by concentrating on wood. 
The investigations resulted in a correlation coefficient of r = 0.84 for carbon and r = 0.91 for 
oxygen. Therefore, we decided to use only wood for the time period 1900-1950. The samples 
were measured by using an elemental analyser interfaced to a continuous flow isotope ratio 
mass spectrometer (Micromass Optima). The resulting δ-values are defined as the isotope 
ratio R of an element relative to the ratio of an internationally accepted reference material of 
this element. Thus, e.g.: δ13C = [Rsample/Rreference-1]*1000. These values are normally 
multiplied by 1000 and thus given as per mill deviation from the reference. The analytical 
error was < ±0.1‰ for carbon and < ±0.35‰ for oxygen.  
For intra-annual δ13C analyses a stem disk of a tree located at 1800 a.s.l. on the south-
exposed slope was used. To obtain an intra-annual resolution we took a segment of this disc 
and prepared micro-slices of 15 μm for the years 1970–1974 including the LBM outbreak of 
1972. The complementary climate data originate from the meteorological stations of Kippel 
(1370 m) and Ried (1480 m) in the Lötschental, extended by the data of Montana, 30 km 
west of Lötschental (Neuwirth 1998, Neuwirth et al. 2004).  
 
Results and discussion 
Outbreaks of LBM were identified for the years 1907, 1944, 1954, 1963 and 1972 on the 
basis of ring width, δ13C and δ18O. As shown in figure 2, comparison with climate data did not 
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reveal any anomalies in these years. Therefore, the values of the identified years of LBM 
outbreaks do not result from particular climatic conditions.  
 

 
Figure 2: Temperature and precipitation records in the Lötschental during the growth period 
of the investigated larch. The years of LBM outbreaks are marked.  
 
Tree-ring width, δ13C and δ18O records are summarized in figure 3. δ18O-values are 
characterized by a strong decrease in the years of LBM outbreaks except for 1944. Both, ring 
width and δ18O  respond to LBM outbreaks with strongly decreasing values. Ring width does 
not indicate any LBM outbreaks between 1907 and 1944 contrary to δ18O. On the basis of 
δ18O it cannot be ruled out that during the year 1931 an infestation occurred. Strong LBM 
outbreaks are related to defoliation (Baltensweiler and Rubli 1999). Generally, transpiration 
of leaf water leads to a loss of the lighter H2

16O molecules in the intercellular air spaces and 
consequently to an enrichment in H2

18O (McCarroll and Loader, 2004). The absence of the 
leaves leads to low δ18O values because no transpiration takes place. In general carbon 
isotopes show a weaker decrease in the year of LBM outbreak as compared to δ18O and a 
stronger decrease one year after the outbreak (Fig. 3). The chemical composition and 
morphological constitution of the needles is strongly dependent on nutrient reserves of the 
previous year (Baltensweiler and Fischlin 1988) As a reaction to LBM outbreaks the needle 
mass in the following year is lower. Therefore, the lower δ 13C-values in this year are possibly 
due to a lower photosynthesis rate which in turn results in a reduced isotope discrimination.  
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Figure 3: Records of ring width, δ18O and δ 13C from total wood for the time period of 1900-1982.  
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Figure 4: Seasonal variations of the carbon isotopes during the years from 1970-1974 including the 
LBM outbreak of 1972.( ring width not true to scale) 
 
The seasonal carbon isotope pattern for the years of 1970, 1971, 1974 shows the normal 
δ13C course to be expected. At the beginning of the growing season the δ13C-values increase 
while a decrease is observed in latewood. The seasonality in δ13C is due to seasonal 
changes in isotopic fractionation partly due to photosynthesis (Helle and Schleser 2004, 
Verheyden et al. 2004). The year of LBM outbreak, 1972, shows a different pattern. After a 
short increase at the beginning, indicating the standard year to year situation, δ13C-values 
decrease abruptly and remain on a low level without any significant variation. In the latewood 
a slight increase is observed, however, only for a short time. The initial increase is due to the 
provision of reserves from the previous year with minor contributions of photosynthates of the 
current year. After the tree is defoliated, wood formation depends solely on remaining 
reserves with a lower δ13C-value. The δ13C-increase in latewood is possibly attributed to the 
refoliation of the larches. Larches which have been defoliated to more than 50% refoliate 
within 3-4 weeks (Baltensweiler and Fischlin 1988). Against the background of a decreasing 
needle mass in 1973, the low δ13C-values are possibly caused by a lower photosynthesis 
rate which normally leads to a higher discrimination. 
 
Conclusions 
The results of this initial study revealed similar reactions for ring width and for inter-annual 
oxygen isotope values to LBM outbreaks. Carbon isotope signatures most likely reveal the 
influence of reserves. The reasons for the differences in the behaviour of the different 
parameters to LBM outbreaks are presently not fully understood. But they are due to different 
tree physiological (yet unknown) processes. Further investigations with more trees are 
necessary to substantiate the observed pattern. However, this study shows that multi-



 286

parameter investigation bear a great potential for studying the influence of LBM outbreaks on 
trees. Cores of a site on the south-exposed slope at 2000 m a.s.l. in the Lötschental / 
Switzerland are currently prepared for inter-annual and intra-annual carbon and oxygen 
isotope analyses to investigate the reaction on LBM outbreaks of different intensities. This is 
to obtain more information on the mechanisms which are responsible for the observed 
behaviour. 
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Introduction 
The analysis of entire root systems in tree stability studies as well as the estimation their role 
in the CO2 budget of Swiss forests is confronted with multifaceted problems. Whereas the 
dimensions of the above ground parts of a tree are more or less easy to determine, 
measuring root dimensions and especially their spread is rather difficult.  
Tree stability towards mechanical impacts has been research topics in forestry and tree-ring 
research for more than a century (e.g., Hegler 1893). Research has focused on growth 
reactions on a micro- and macroscopic level mostly due to the influence of wind (Jacobs 
1954). Since then, various species-specific reaction mechanisms in stems due to mechanical 
stress have been analysed and used to date geomorphic processes (Alestalo 1971, Shroder 
1980, Wiles et al. 1996, Gärtner et al. 2004). More recently, the focus has been set on 
physical parameters respecting the distribution of various mechanical pressures as well as 
the mechanical properties of stem wood (Burgert et al. 2004). Apart from studying specific 
tree parameters (e.g., tree and stem height, crown area) the effect of stand density and soil 
properties, which are important factors for the development of root systems are of special 
interest (Peltola et al. 2000) because tree anchorage is crucial for stability. Mattheck et al. 
(1997) have shown, that an optimised design of root systems would ensure an equal 
distribution of acting forces along the roots. Consequently, a uniform distribution of coarse 
roots around the stem might be expcted on a shallow site with homogeneous site conditions. 
Root system development is controlled by various factors, which are determined by the main 
functions of a roots system: (i) anchorage, (ii) absorption of water and nutrients and (iii) 
transport of these substances to the stem (Sitte et al. 1998). Normally, these functions would 
be equally distributed within the root system, but specialisations of single roots due to e.g., 
varying soil properties specialisations frequently occur resulting in the dominance of one of 
the main functions. As a consequence a symmetric spread of roots rarely occurs and even 
ring-width variations along single roots are highly variable. Ring-width measurements and 
analysis of anatomical variations are techniques which have been applied to reveal the 
development and mechanical properties of a root at a given section (Gärtner et al. 2001, 
Gärtner 2003). For the analysis of the full complexity of a root system, it is desirable to 
attribute the properties of these sections to their position within the system. Due to the 
complexity of bifurcations within a root system, this mapping and the following analysis is 
highly complicated, often even impossible (Gärtner and Bräker 2004). Consequently, to 



 289

realise a detailed analysis of a whole root system, a high resolution model of the root 
structure is required. This model has to be even more detailed than it is realized using 
magnetic field devices, used to measure and represent root lengths and bifurcations in three-
dimensional space (Nicoll and Ray 1996, Sinoquet and Rivet 1997, Danjon et al 1999, Di 
Iorio et al. 2005). At the Swiss Federal Research Institute WSL a ground based 3D- laser 
scanner was used for the first time to generate a three dimensional model of an exposed root 
system. The study presented here was accomplished to investigate the opportunities and 
limitations of this technology. 
 
Material and methods 
The work started on a separated part of the root system of a mature beech (Fig. 1), which 
was exposed for root biomass analysis (Gärtner and Bräker 2004).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Removal of the root system of a mature beech for further analysis in the lab. One part of the 
root system was used for the scanning procedure (lower picture) 
 
This part consisted of two main roots (length 1.3 m) with hundreds of small lateral roots, 
many of them showing anastomosis. This rather dense network was chosen to identify 
problems resulting from expected shadowing effects caused by mutual maskings of the 
single roots within the complex system. For this pilot study, a Cyrax ® HDS2500 scan device 
was used. It has a maximum 40° x 40° field-of-view (Leica Geosystems 2003), a single-point 
range accuracy of +/- 4mm, angular accuracies of +/- 60 micro-radians, and a beam spot 
size of 6mm from 0-50m range. Minimum vertical and horizontal point-to-point measurement 
spacing is 0.25mm referred to a distance of 50m. The root was scanned by 1.000 
points/column and 1.000 points /row. The resulting data file contains 1.000.000 data points 
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(xyz-coordinates) representing the surface of the roots visible from the position of the 
scanner. However, all areas behind these visible surfaces do not deliver data (shadowing 
effect, Fig. 2). To prevent this effect, the root system was scanned from different positions to 
acquire the whole structure. Several tests had to be conducted to identify the most effective 
way of data acquisition to avoid shadowing effects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Perspective view of the scatter-plot resulting from one scan. White areas within the scan 
range represent the shadowing effects caused by the laser device and masking of roots resulting in no 
data. 
 
The root was scanned from 4 directions to minimize the shadowing effects. To ensure correct 
orientation of each single scan, four stages with fixed points were placed around the root 
system. These four poles guaranteed the accurate positioning of each scan image while 
creating the three-dimensional model by combining the single scenes. At least two of the 
poles needed to be visible in each scan to enable a referenced combination of the scenes. 
Point-to-point measurement spacing was set to 2 mm to simplify data processing and to 
accelerate the procedure of the single scans for this preliminary study. With this set up, each 
single scan took 15 minutes. In total, it took about 1 hour for scanning and approximately 30 
minutes for moving the scanner 4 times to acquire all data needed to finally represent the 
whole root system in the final scatter plot. The scanner detects all surfaces within its 40°x40° 
field-of-view. Thus, each resulting scene includes unnecessary data point areas. The first 
step in data processing was to extract the area representing the root system and the poles 
from the whole scatter plot of the area. To do this, non-target areas had to be cut out of the 
scenes. 
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Preliminary results 
The resulting scenes of the root were combined to a three-dimensional scatter-plot of the 
entire root system (Fig. 3a). This scatter-plot consists of approximately 3 million xyz-
coordinates representing the surface of the roots. A more detailed view of the individual roots 
of the scatter plot (Fig. 3b) illustrates a good data acquisition of roots as small as 4-5 mm, 
which are all well represented in the plot (black arrow in Fig. 3b). However, there are 
numerous scattered dots in some areas in vicinity of the coarse roots. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: a) 3D-scatter plot of the root system consisting of 4 single images of the laser scanner. b) 
magnified view of the top section of the root system. Black arrow: Example for a root of 4-5mm in 
diameter; White arrows: cloud of reflected data points from fine roots smaller than 2 mm, not sufficient 
to represent the single roots entirely and therefore resulting in scattered areas in the scan view. 
 

 

a) 

b) 
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These dots are individual reflections of fine roots smaller than 2 mm, which were only partly 
scanned in the single scenes. The scattered areas (white arrows in Fig. 3b) are results of 
combining scenes with incomplete images of the respective fine roots. Nevertheless, the 
coarse root structure is clearly visible and single roots bigger than 5 mm in diameter can be 
differentiated. Consequently, the main aim of the pilot study to represent the three-
dimensional structure of a complex root system in a computer has been achieved. This 
dataset can now be used to further analyse the root structure by creating the surfaces of the 
single roots and hence create a closed, three-dimensional model of the whole root system. 
To derive more detailed information on the structure of the root system without modelling the 
surfaces in detail, horizontal layers (thickness: 10 cm) were cut from the plot to generate 
volumetric bodies of the structure at different levels (Fig. 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Illustration of composed 3D-slices of the root system (screenshot: visualized data output, 
CAD/CAE-Software "Bentley MicroStation"). The single volumetric bodies were created by using the 
section plane area and the height of the section. 
 
The scan data of the lowermost data points girdling the surface texture of the root layer were 
then combined to closed contour lines. Finally the bodies were created by adding the height 
information of the layers using the CAD/CAE-software Bentley MicroStation. This procedure 
was conducted to evaluate the possibilities for a time and cost effective modelling of a three-
dimensional body to e.g., estimate the biomass of a root system. This rather basic modelling 
worked well, but with an increasing complexity of the structure, manual data corrections 
became more important to accurately represent smaller roots within the structure. 
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Conclusions and perspectives 
The of basic modelling procedure we presented here is effective and leads to more detailed 
information than can be achieved with other methods of root structure acquisition mentioned 
before. But with regard to the high resolution data of the scatter plot a more detailed 
modelling technique is required to fully use the potentials of the scanner data. The overall 
aim to analyse root system development in detail or mechanical properties of the system as 
a whole requires a more complex modelling and presentation of the surface of each single 
root within the system. This is required e.g., to enable the addition of ring-width data to the 
model. 
Without anticipating forthcoming modelling techniques, it is obvious that data sampling for 
the tree(root)-ring analysis can start immediately after the scanning procedure. All samples 
taken from the root system will be tagged in the scatter-plot and then transferred to the 3D-
model. Combining ring-width data with a 3D-model is the base for detailed future 
spatiotemporal analyses of the development of a mature root system. First steps towards this 
analysis procedure have recently been started at the Swiss Federal Research Institute WSL. 
The identical procedure can also be used to analyze the dimensions of stem and branches of 
trees. The detailed presentation of whole-tree dimensions using a 3D-Laserscanner in 
combination with dendrochronology in roots, stem and branches opens new perspectives in 
the analysis of biomass-distribution and tree-stability research. 
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Introduction 
In the context of changing magnitudes and frequencies of natural hazards such as debris 
flows or snow avalanches caused by the current climate change a detailed understanding of 
tree reactions on growth stresses induced through different geomorphological forces is 
desirable. Macroscopic changes in wood formation (growth variations in trees) as reaction to 
external impacts have often been used for dating catastrophic events. Frequently, conifers 
have been used in dendrogeomorphology for reconstructions of geomorphic processes while 
similar studies with broadleaf species are rather rare. However, broadleaf species often 
occur in mixed forests together with conifer trees and are sometimes the dominant species in 
lower elevations. Furthermore, broadleaf species possess a more complex wood anatomy 
and offer structural features for further analysis not found in coniferous wood. Hence, it is 
essential to also examine the reaction wood of broadleaf species in more detail in order to 
enable dendrogeomorphological studies in vegetation zones dominated by them. It is 
suggested here that the additional application of wood anatomical techniques can harvest 
supplementary information about type, size and intensity of past hazardous impacts on tree 
growth. Long-term growth experiments imitating typical impacts of different geomorphic 
events are being conducted and their wood anatomical reactions monitored in order to study 
the likely varying reactions to a range of mechanical stresses, and first results are presented. 
 
Study sites and methods  
Growth experiments with European beech (Fagus sylvatica) and European alder (Alnus 
glutinosa) were set up near Krattigen (7º 45’ / 46º 38’, 840m asl, Bernese Oberland) and 
near Posieux (7º 08’ / 46º 45’, 600m asl, Canton of Fribourg), respectively, at the end of the 
tree winter dormancy in March 2004 (Fig. 1) 
 
 
 
 
 
 
 
 
 
Figure 1: Location of experimental plots: Krattigen (dot), Posieux (star) 



 296

The treated specimens at both sites were mainly young trees. In Krattigen the forest stand 
contains beech regrowth following storm damage and the stand of European alder in Posieux 
was planted for re-vegetation purposes approximately ten years ago. At both sites ten groups 
containing four trees each were set up applying different treatments listed in table 1.  
 
Table 1: List of groups with different treatments (four trees per group) 
 

 T1  Stem bent to 80° from the vertical  

 T2  Stem bent to 45° from the vertical  

 T3  Stem bent increasingly in time starting from small angles up to 80° 

 T4  Stem bent to 80°, but with the apex remaining vertical 

 T5  Stem bent to 80°, with apex cut 

 T6  Stem bent to 80°, but with the bark & cambium partly removed from the upper side  

 T7  Stem bent to 80°, but with the bark & cambium partly removed from the lower side  

 T8  Stem bent to 80° and sideways 

 T9  Stem and root system tilted to 80° from the vertical, with roots partly destroyed 

 T10  Reference group 
 
After the commencement of tree growth at the beginning of the vegetation period 2004 the 
pinning method (Mariaux 1967, Wolter 1968) was applied to all trees and repeated 
afterwards every fortnight. In addition, puncher samples (Forster et al. 2000) of the tension 
wood side of one tree per group were taken. Thin sections of the puncher samples were cut 
for further microscopy and digital photos were taken. Wood anatomical structures, that is, cell 
wall and lumen area of all cells and lumen area of vessels were recorded by digital imagery 
and analysed utilizing the software programs Adobe Photoshop Elements and WinCELL Pro 
2005a. 
 
Results and discussion 
Figure 2 illustrates the differences between typical tension wood and normal growth in 
beech. The tension wood contains much denser fibre cell tissue with fewer and smaller 
vessels. Furthermore, it shows no vessels in the early part of the tree ring. Obviously, then 
priority was given to stabilisation of the tree rather than to its supply with nutrients and water. 
This stands in direct contrast to the results gained for the two coniferous species (spruce and 
larch) which were also treated in the experiment (Gärtner et al. in prep.). The first cell rows 
formed by the conifers were normal earlywood tracheids with thin cell walls and large lumen. 
Hence, it seems as if conifers follow a different strategy when responding to heavy 
mechanical impact, e.g., geomorphic processes. While they seem to secure water 
conductance at the beginning of the growing period the broadleaf species first respond to the 
mechanical stress by forming reaction wood cells and then ensure sufficient water supply.  
The visual impression is confirmed by the analysis results of the digital imagery. Both 
species display substantial differences between the treatment groups and the reference 
group (Fig. 3). 
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Figure 2: Light microscopy photos of microsections cut from a tilted beech (A) and an untreated 
reference tree (B) at site Krattigen; tree-ring width indicated by lines between arrows (mag.: 25x) 
 
In alder, the largest percentage of cell-wall material are found in groups T1 and T9 in 
contrast to the smallest values in groups T2 and T6 and in the reference group. In beech, 
groups T1 and T7 exhibit the largest cell wall area percentages while the reference group 
and T3 have the smallest values. This shows that generally the treatments were successful 
in inducing tension wood in both species and that the quality of the tension wood varied 
between the groups due to the special treatments, e.g., cutting off the apex or partial removal 
of the cambium. The data reveal a differentiation into tension wood classes caused by the 
different treatments. Severe mechanical stress appears to result in more cell wall material, 
e.g., in groups T1 to T3 of alder the decreasing mechanical stress is paralleled by a 
diminishing amount of cell wall material. In both species, the more intensive treatments in T1 
result in denser tension wood compared to group T3 with less mechanical stress present.   
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Figure 3: Percentage area covered by cell wall (grey) and cell lumen (white) per treatment (T1-9 & 
reference group) for alder (left) and beech (right) 
 
The percentage area covered by cell wall material for both species is larger in T7 than in T6. 
In both treatment groups the trees were bent to 80° from the vertical. However, the difference 
between both groups is that in T6 bark and cambium were partly removed from the upper 
part of the stem above the bend while in T7 they were stripped off from the lower side below 
the bend. This result indicates that the reaction wood induction is controlled more from the 
upper part of trees because the removed tissue from the upper side probably hindered 
relatively stronger the flow of hormones and other substances responsible for stimulating the 
production of tension wood than did the removed tissue from the lower part.  

A B
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The cell wall percentages of both species in T4 are smaller than in T1 but larger than in T5. 
This suggests that the intensity of the tension wood formation was weakened considerably in 
T5 when the apex was cut. In contrast, the apex remaining vertical in group T4 appeared to 
have less influence on the severity of the tension wood. The result implies that different 
conditions of an apex during a tree’s reaction to mechanical stress can lead to dissimilar 
types of tension wood comparable to the differentiation in tension wood intensity due to the 
severity of the mechanical stress found in groups T1 to T3. The finding might also support 
the above result that tension wood formation is mainly controlled by the upper part of a tree. 
However, the very low cell wall percentages of beech in group T9 would suggest that the root 
system might be more important for the control of tension wood formation in beech than it is 
in Alder. In treatment T9 the root systems of the trees were partly destroyed and hence 
tension wood control by the roots might have been weakened in beech. The results suggest 
that the factor cell wall percentage can be used as an indicator of reaction wood intensity. 
However, attention needs to be paid when trees have not only been tilted or bent but also 
damaged in which case the intensity of the tension wood is likely to be altered. 
 
Table 2: Analysis of variance (ANOVA) of vessel area for alder and beech  
 

Species F P-value F crit 
Alder 18.99924 2.41E-25 1.954952 
Beech 10.40234 8.39E-13 1.970619 

 
(If F > F crit, then variances between groups are larger than within 
groups, small P-values indicate high significance of results) 

 
The wood anatomical feature vessel area seems to have been affected by the different 
treatments as well. The analysis of variance (Tab. 2) shows that the vessel area differs more 
between than within the treatment and reference groups. This suggests that the treatments 
were successful in inducing different vessel sizes embedded in changed densities of fibre 
cell tissue.  
For a better comparison of the vessel-area variations between the treatment groups, box-
whisker plots were created (Fig. 4). The vessel areas in both species declined significantly in 
group T1. However, they decreased less when the apex, as one of the main locations for a 
tree’s ability to respond to gravitational forces (Strasburger et al. 2002), was cut (T5). This is 
comparable to the altered percentage area covered by cell wall material in this group shown 
in figure 3. In both species a progression from small to relatively large vessel areas in groups 
T1 to T3 is discernible indicating that tension wood can be classified in intensity classes with 
changed fibre cell and vessel features resulting from mechanical impacts of varying strength. 
In alder, treatment T6 resulted in significantly smaller vessel areas compared to those 
measured in T7, but in beech the vessel areas in the two groups do not differ distinctly. This 
might suggest that in alder both fibre cell and vessel formation are hindered by the removed 
tissue from above the impact zone while in beech the opposite seems to be true. 
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Figure 4: Vessel area per treatment (T1-9 & reference group) for alder (left) and beech (right) 
 
When the root system is partly cut off in beech the species seems to produce less clear 
reaction wood, i.e., the cell lumen to wall ratio and the vessel area decrease less than in 
normal tension wood. However, before more reliable conclusions can be drawn all samples 
of the experiment need to be analysed. 
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Introduction 
Wet sclerophyll forest describes a narrow band of vegetation which, in northeast 
Queensland, occurs on the western edge of the rainforest above 600m. These forests 
grow in areas of high rainfall where rainforest would normally proliferate but the use of fire 
prevents the rainforest from invading. Scientists have documented a 50% loss of this 
forest type during the previous 50 years and many are worried that a complete take-over 
by rainforest could lead to the extinction of certain plant and animal species. With new 
evidence that rainforests are invading the wet sclerophyll forests at an alarming rate, 
scientists are assessing the impact of rainforest invasion on the wet sclerophyll flora and 
fauna. 
The wet sclerophyll forest (WSF) of Far North Queensland describes a narrow band of 
vegetation stretching as a long narrow band on the northern tablelands 50 km inland 
parallel to the coast between Townsville and Cooktown adjacent to the western margin of 
the upland tropical rainforests above 600 m (Tracey and Webb 1975, Tracey 1982, 
Harrington and Sanderson 1994). These forests grow in areas of high rainfall where 
rainforest would normally proliferate but the use of fire by aboriginal people has prevented 
the rainforest from invading. Approximately 50% loss of this forest type during the 
previous 50 years have been documented (Harrington et al. 2000) which is of major 
concern to the local management authorities as the WSF has been part of the UNESCO 
World Heritage property Wet Tropics of Queensland since 1988. The cessation of 
aboriginal burning practices and an increase of non-aboriginal land use by the end of the 
19th century paved the way for the invasion of rainforest into the WSF (Fautz 1984, Kohen 
1995). Fire is also a vital part of the tall sclerophyll forests in the southern subtropical to 
temperate climate zones of Australia, which are in many aspects similar to the tropical 
WSF (Ashton and Martin 1996a, 1996b). Chambers and Attiwill (1994) ascribed the ash-
bed effect in Eucalyptus regnans F. Muell. forests mainly to an increase in the availability 
of nitrogen and phosphorus.  
Eucalypts, the dominant species in the WSF, possess a mobile sapwood pool, whereby 
nutrients are added through nutrient uptake and subsequently drawn on to maintain 
growth. At the sapwood-heartwood boundary nutrients are re-translocated into the living 
cells. In this way, nutrients, which would otherwise soon become a limiting growth factor, 
are recycled. This seems to be one of the main reasons for the adaptation of eucalypts to 
poor soils (Banks 1982). According to this concept of eucalypts adapted to growing on 
nutrient-poor soils, trees experiencing a post-fire ash-bed effect would not only exhibit a 
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higher nutrient level in the tree ring after the fire but in the whole sapwood usually 
consisting of several tree rings. More nutrients become available, and for a period of time 
when more nutrients are present the tree would not re-translocate nutrients as effectively 
as without the ash-bed effect and as a consequence an unusually high level of nutrients 
would remain in the dead cells of the most recently built heartwood ring. Thus the ash-
bed effect, according to this “sapwood displacement effect” (Banks 1982), would not be 
detected in the tree ring directly formed in the year after the fire but in the heartwood cells 
created at that time. The extent of the displacement depends on the number of sapwood 
tree rings, which vary within and between species. 
In his PhD thesis, Banks (1982) showed an increased ring width following a fire, and that 
this growth flush lasted five or more years in eucalypts. Chemical analysis of nutrient 
levels in pre- and post-fire tree-rings sometimes resulted in higher levels of some of the 
nutrients examined. He hypothesised that nutrient uptake associated with the ash-bed 
effect could be one of the factors involved. It has been demonstrated several times that 
the ash-bed effect only lasts approximately one year, and the nutrient level returns to pre-
fire conditions quickly (Renbuss et al. 1973, Grove et al. 1986, Adams and Attiwill 
1991a,b, Ashton and Martin 1996a, Attiwill et al. 1996).  
Since fire may be a key factor for the expansion of rainforest into the WSF, Unwin et al. 
(1985), Stocker and Unwin (1986), Ash (1988), Unwin (1989), Harrington and Sanderson 
(1994) and Harrington et al. (2000) emphasise the need for more studies on the historical 
fire regime in that area. Furthermore, effective long-term management of tropical 
rainforests should always include the nearby sclerophyll forests as part of the whole 
ecological system (Janzen 1988). Therefore, the current study aimed to test a method 
useful for identification and dating of past fires by chemically analysing core samples of 
Eucalyptus grandis W. Hill ex Maiden (rose gum) for nutritional elements.  
 
Materials and methods 
The study site is located on a northern slope of Mt. Haig, (145° 36' E, 17° 06' N), Atherton 
Tablelands, altitude 1200m asl. An almost pure stand of E. grandis with a shrub-layer 
consisting of sclerophyll plants and young rainforest-trees had developed adjacent to 
rainforest (Harrington and Sanderson 1994). A controlled intensive fire burned the site in 
October 1996 killing the rainforest undergrowth. After the fire, only a grass layer 
consisting mainly of Themeda triandra Forssk., and some tussock sedges, for example 
Gahnia aspera (R.Br.) Spreng. and Gahnia sieberiana Kunth developed. Because large 
parts of the wet tropics in Far North Queensland are listed in the World Heritage cutting 
trees for cross sections was not an option but only two core samples per tree were 
extracted from 20 E. grandis stems at breast height. All tree size-classes ranging from 20 
to 105 cm were included in the collection. The surface of each core was cut with a knife 
instead of using sand paper creating a smooth surface with visible rings but without 
contamination from dust particles. The samples were placed on holding devices without 
gluing them and the rings marked on the holder. The cores were oven-dried at 60°C for 
five days, cut at the boundary of each ring, ground to <0.2 mm and chemically analysed 
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for phosphorus (P) and nitrogen (N). Since eleven of the trees sampled did not supply 
enough ground material only nine E. grandis core samples were analysed. The single 
digestion method of Anderson and Ingram (1989) was used. Nitrogen was determined 
colorimetrically by the salicylate-hypochlorite method of Baethgen and Alley (1989), and 
phosphorus by an adaptation of Murphy and Riley`s (1967) single solution method 
(Anderson and Ingram 1989). 
 
Results 
The samples exhibited relatively distinct tree rings in the parts formed in recent years. 
The wood is diffuse to semi ring porous with vessels decreasing in size towards the end 
of the growing season. In some years a small vessel free zone appears as a dark band 
within two tree rings probably marking an unusually dry season. Wedging rings and kino 
veins, large resin ducts caused by stress such as fire and drought, are typical features of 
this species. While wedging rings often hindered the identification of annual rings, kino 
veins were used as markers to identify event years and hence occasionally helped during 
the visual crossdating procedure.  
 
Table 1: Nitrogen- and Phosphorus-levels in tree rings of E. grandis formed before (1996) and after 
the fire (1997) 
 

Tree Size N (μg/g) P (μg/g) 
No dbh 1996 1997 1996 1997 
1 80cm 714.7 802.8 19.5 21.6 
2 25cm 1045 1636 30.1 52 
3 30cm 847 2184 19.7 40.5 
4 50cm 1033.1 2932.2 50.6 79 
5 100cm 567.7 1576.2 30 73.6 
6 25cm 401.9 1272.2 40.4 42 
7 60cm 797.4 915.2 25.3 47 
8 30cm 647.6 726.5 23.7 31.3 
9 40cm 622.6 980.3 21 22 

 
 
Only the tree rings before and after the fire event located within the sapwood were 
analysed because their boundaries were most distinct in these outer parts of the samples. 
In table 1 the results of the chemical analysis are presented. For each tree nitrogen (N) 
and phosphorus (P) concentrations are presented for the year before and after the fire. All 
trees show an increase in both, N and P levels in the 1997 tree ring, the year after the fire 
with some trees exhibiting a near threefold increase in N (trees 3, 4, 5 and 6) but less 
distinct for the P-levels. No specific trends regarding age and size of the trees are 
recognisable. 
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Discussion and conclusions 
As noticed in other studies (Bamber et al. 1969, Mucha 1979, Banks 1982, Brookhouse 
1997, Smith 1997) the usage of disc samples is desirable when tree-ring analysis of 
Eucalypts is conducted. This was confirmed in this study with core samples unable to pick 
up false rings due to wedging ring patterns. However, these features can be detected in 
disc samples and then avoided by choosing the most appropriate radii. For the current 
study this problem was circumvented by examining only the most recent rings but for 
further investigations of longer periods cross sections are indispensable. 
The results indicate that E. grandis has experienced an ash-bed effect directly after an in-
tense fire. In the years before the 1996 fire a dense understorey consisting of sclerophyll 
and rainforest species had developed on the relatively fertile Mt Haig study site. Under 
those circumstances there would be an increase in soil fertility due to an increase in nitro-
gen fixing understorey plants, a change of the litterfall composition, a wetter micro-climate 
and a higher decomposition rate (O`Connell et al. 1981). Under the exclusion of fire the 
invasion of rainforest species into the site, according to Webb (1969), would also be an 
indication of the increased fertility of the soil. 
Negi and Sharma (1996) have proposed two different eucalypt “ideotypes” regarding the 
efficiency of the re-translocation mechanism depending on the soil conditions. On fertile 
soils eucalypt species only partially re-translocate while on poor soils they possess a 
more efficient re-translocation mechanism. A similar suggestion comes from Keith (1997) 
who found a subgeneric difference in adaptation to soil nutrient concentrations and 
nutrient utilization. The two scenarios have been illustrated in figure 1. In one case there 
would be an opulent ash-bed uptake of nutrients on more fertile soils with a consequent 
waste of nutrients being not re-translocated from dying tissue such as old leaves and at 
the heartwood-sapwood boundary resulting in a reduced re-translocation of the nutrients 
from the heartwood to sapwood (Fig. 1, bottom).  
In contrast, the other ideotype would occur on poor soils when the level of nutrients 
stored in the sapwood was not as high as in the first case. Those trees would not waste 
any nutrients but re-translocate most of them to ensure ongoing growth and survival in 
the harsh Australian environment (Fig. 1, top). Mulligan and Sands (1988) found that 
species adapted to low-nutrient soils had slower growth rates and stored as many 
nutrients as possible to enable longer survival on experimental soils with extremely low 
nutrient supplies.  
The results presented here suggest that E. grandis at Mt. Haig, one of the fastest growing 
tropical Eucalypt species usually occurring on more fertile soils belongs to the bottom 
group in figure 1 because the nutrient levels in the tree-rings are higher in the year 
directly after the fire. It seems to have only a restricted ability to adapt to low nutrient 
supply or lost it gradually by adapting to more humid and fertile conditions. If E. grandis 
belonged to the ideotype growing on poor soils, one would expect little to no change of 
nutrient levels in the tree ring after the fire event. 
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Figure 1. Diagram of the two potential types of nutrient distribution in eucalypts on a poor (top) and 
fertile soil (bottom) 
 
Although this study was not able to fully examine the nutrient-level changes in the 
sapwood and heartwood of E. grandis it has indicated that on sites with soil types rich in 
nutrients, as is often the case in the ecotone wet sclerophyll forest between dry 
sclerophyll forests and rainforests, trees might not need to re-translocate the otherwise 
vital nutrients as strictly as on poor nutrient soil types. Dendropyrochronological ring 
studies have the potential to further investigate the fire regime of the wet sclerophyll 
forests of Far North Queensland where fire has always been a contentious point. 
Although the dendrochronological part of the study has encountered similar problems 
(wedging and false rings) to those in Hickey et al. (1999) the construction of an 
approximate annual record of historical fire occurrences comparable to the results in 
Burrows et al. (1995) seems feasible. Future studies should also concentrate on sites 
with a known fire event in the more distant past to investigate whether the after-fire 
nutrient flush is also discernible in the heartwood. Furthermore, it is recommended to 
apply this method to other sites further south with a pronounced seasonal climate 
ensuring more reliable annual tree rings. Four instead of only two core samples per tree 
should be taken to obtain enough ground material for the chemical analysis. If possible, 
whole disc samples of the site should be used to ensure higher reliability during 
crossdating. Finally, it is recommended to expand the analysis of nutrients to other 
elements, e.g., potassium and magnesium. 
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