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Introduction
An increased interest in renewable energy requires sound information on options for increasing
biomass production. Fast growing short rotation plantation may contribute to the renewable energy
supply. Climate scenarios indicate significant warming, greater in winter in the North and in
summer in southern and central Europe. Mean annual precipitation is projected to increase in the
North and decrease in the South (IPCC Fourth Assessment Report 2007). Drought conditions as a
consequence of high air temperature and low precipitation rate may reduce tree growth. In short
rotation production, growth variation caused by climatic changes may lead to high fluctuation in
biomass supply. Clones of the same species might react differently, both in radial increment as
well as in wood density formation.
Climate is the most important external factor affecting wood features such as radial increment and
wood density on a relatively short period of time. Apart from natural or artificial events decreasing
competition from neighbors, the activity of the cambium and the periodic formation of the wood are
mostly influenced by these climatic features. Information about a variety of environmental factors is
yielded in the width, density and chemical composition of the rings (Fritts 1976, Schweingruber
1988). Summer 2003 was exceptionally hot and dry over Western Europe. On an average value,
the hottest place was centred over a region stretching from France to Northern Italy, Western
Switzerland and Germany (Rebetez et al. 2004). Apart from some other problems, this summer
drought had a high impact on tree growth and wood density, thus affecting the annual biomass
production. Short rotation plantations were strongly affected by this decrease in biomass
production as they have less time to recover before harvest.
Besides fibre production, short-rotation forestry is done in order to provide wood to meet the
energy markets demands while taking into account the environmental issue. In the light of the
enhanced greenhouse effect and the depletion of fossil fuels, short-rotation tree cropping or shortrotation forestry has gained more interest as a source of renewable energy, not only because of its
high biomass production, but also for the possibility of carbon sequestration, substitution of fossil
fuels, a positive impact on biodiversity, nutrient capture, and carbon circulation in the soil–plant
atmosphere system (Perttu, 1995). Where poplar plantations replace row cropping, additional
benefits such as water quality and greater floral diversity are improved (Stanturf et al. 2001).
Consequently, the product of a short-rotation, intensive culture plantation should not only be
considered to be the biomass in its raw state, but more appropriately be considered in terms of the
potential energy yield and the yield of the chemicals to be produced from the biomass. The
objective of the present study was to analyze the potential of the annual radial increment and the
dielectric constant of the wood as short-term indicators of climate effects on tree growth of poplar
species and possible differences in in contrasting sites, clones and years.
Material and Methods
Material
The study area was composed by two short-rotation hybrid poplar clonal trials, Methau II and
Thammenhain, established in the region of Saxony (Germany). Both sites are surrounded by
former farms and set-aside areas. Poplar species (Populus sp.) are typically selected for this kind
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of short-rotation plantations due to their fast growing behaviour since the beginning of the 90s in
Germany.
Both study sites, Methau II (11.5 ha) and Thammenhain (13.4 ha), have quite similar site
characteristics. The trees were planted in 1999 and harvested in 2005 after a 6 years rotation time.
Air temperature and precipitation data from Methau and Koellitsch meteorological stations provided
by the “Sächsische Landesanstalt für Landwirtschaft” prove the extreme arid conditions in summer
2003. According to the Bagnouls-Gaussen Index, months having the ratio between monthly sum of
precipitation and mean air temperature of less than two are defined as dry or arid months. This is
the case when the grey line for temperature is above the black bar for precipitation in Figure 1. The
extreme conditions are even some more pronounced on site Thammenhain than on site Methau II.
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Figure 1: Climograph of Methau II and Thammenhain sites

The data set for the present study consisted of 20 cross-sectional stem discs extracted at the stem
height of 1.3 m (breast height) from the trunk of 20 randomly selected young poplar trees. The
selected trees were harvested in 5 replicates per clone (Androscoggin and Max 4) and site
(Methau II and Thammenhain) after a 6 years rotation (1999-2005) by the felling time.
The pith was included in the annual rings corresponding to the years 1999 and 2000, which
impeded proper annual radial increment and dielectric constant of the wood measurements. In
addition, harvesting was done during the vegetation period. Due to these limitations, the data
belonging to these years were excluded for further analysis. The study was carried out considering
the study period from 2001 to 2004.
Methods
The samples were prepared with the diamond tool flycutter (Spiecker et al. 2000) and the
measurements of the annual tree radial increment and the dielectric constant of the wood were
carried out with the high-frequency densitometer. Based on the propagation of continuous
electromagnetic waves, the dielectric properties of the wood are measured to indicate relative
density variations along wood surfaces in high-frequency densitometry. The wood surface is in
direct contact with a high-frequency transmitter-receiver link of an extremely small electrode
system designed as a slit-shaped probe, which is placed at the tip of a steel conical shaped
cylinder. The slit-shaped high-frequency probe has to be perpendicularly oriented to the scan
direction (Schinker et al. 2003).
Without a wood specimen in position, the space of the electrode system is air-filled with a relative
dielectric constant of 1.00059, whereas wood has a relative dielectric constant in the range of 2 to
6 (Torgovnikov 1990). Based on this principle, a high-frequency transmitting electrode and a
receiving one, hermetically shielded from each other to prevent mutual interference and very close
and parallel oriented, are the main part of the high-frequency probe (Schinker et al. 2003).
Moving along the radius of a cross section, the silt of the high-frequency probe receives a signal
that may reach several milli-Volts (mV). This voltage is higher in latewood than in earlywood
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because of its higher local relative dielectric constant. The dielectric behavior of the wood structure
is directly influenced by wood density, caused by differences between cell wall to air-filled cell
lumens (Schinker et al. 2003). It should be emphasized that the obtained signals are not yet
calibrated to density values in Poplar species. For absolute wood density measurements, each
measuring system (probe-transmitter-receiver) needs to be calibrated with standards.
For the statistical analysis of the data, the analysis of variance, often abbreviated ANOVA, was
found as the most appropriated for testing differences among groups of samples. The underlying
assumptions of normal distribution (Kolmogorov–Smirnov test) and homogeneity of variances
(Levene’s test) were checked to verify the validity of the parametric ANOVA test for the present
sample. If at least one of the assumptions is not fulfilled, then the differences among groups must
be tested with a non-parametric test. In the present sample, the annual radial increment data
followed a non- parametric distribution of the data, while the dielectric constant of the wood had a
parametric distribution.
Differences in in contrasting sites, clones and years were examined in both tree ring features.
Possible differences between the two studied sites and clones were tested by the Wilcoxon test for
comparison of pairs and annual differences by non-parametric multiple comparisons. The
parametric t-test and the Tukey test were carried out in the case of the annual radial increment.
Results
The annual radial increment and the dielectric constant of the wood were analyzed with highfrequency densitometrical methods and possible differences in in contrasting sites, clones and
years were defined. Both wood features were afterwards compared to the precipitation and the
temperature data of the study period in order to meet possible correlations.
Annual radial increment
The mean annual radial increment measured was 10.4 mm with a range from 20.4 mm to 2.1 mm.
The inter-annual patterns and the distribution of the data are shown in figure 2.

Figure 2: Annual radial increment values of each sample. Solid line = Methau II site. Dotted line =
Thammenhain site. Black line = Androscoggin clone. Grey line = Max 4 clone.

As it can be observed in figure 2, the values of the annual radial increment decreased remarkably
in the year 2003 (6.9 mm) as compared to 14.1 and 12.5 mm in 2002 and 2004 respectively. The
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relative small growth in year 2001 might be due to the short period after the cuttings were put into
the ground. The root system as well as the leaves may have not yet been well developed. In the
right graphic, the distribution of the values is visualized in box plots. The annual radial increment
values were afterwards compared on a site, clone or year basis.
As the significance level of the Wilcoxon test was above the limit in both site and clone
comparisons, thus the null hypothesis of no significant differences between the values of the
annual radial increment according to sites and clones was to be accepted. However, in the case of
the annual comparison, this condition was fulfilled in 2 cases (2002 vs. 2004 and 2001 vs. 2003). It
can thus be concluded that the data of the years 2001 and 2003 had similar annual radial
increment values and that they differed significantly from the annual radial increment values in the
years 2002 and 2004.
The inter-annual pattern of the annual radial increment on the period between the years 2001 and
2004 was strongly correlated to the annual rainfall of the study period (Pearson’s correlation
coefficient = 0.87), but not to the mean annual temperature (Pearson’s correlation coefficient =
0.14). It must be highlighted that annual ring width data are also influenced by previous climatic
events.
Dielectric constant of the wood
The analysis of the dielectric constant of the wood was carried out in a parallel way to the
previously done for the annual radial increment. The inter-annual patterns and the distribution of
the values are shown in figure 3.

Figure 3: Annual dielectric constant of the wood (ε) values of each sample. Solid line = Methau II site. Dotted
line = Thammenhain site. Black line = Androscoggin clone. Grey line = Max 4 clone .

It can be observed in figure 3 that the values of the dielectric constant of the wood decreased with
increasing cambial age in the selected trees. As previous studies (i.e. Schinker 2003)
demonstrated that, assuming wood moisture to be constant, there is a linear relation between the
dielectric constant of the wood and wood density, it can be concluded that, in the study sample,
wood density was negatively related to radial growth rate as indicated by annual radial increment.
It could also be interpreted as an indicator of a decrease on wood density from pith to bark. A
general trend of decreasing density with increasing cambial age can be observed in figure 4. The
values of the dielectric constant of the wood were standarised to 100 relative intra-annual positions
for a better analysis of the data.
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Figure 4: Intra-annual pattern of the dielectric constant of the wood (ε)

For a more detailed analysis, the intra-annual pattern of 2003, when the extreme drought period
occurred, was compared to the mean intra-annual pattern of the study sample. Both patterns differ
remarkably. Results can be observed in figure 5.

Figure 5: Intra-annual comparison between 2003 (grey line) and the mean intra-annual pattern of the study
sample (black line). The dashed lines indicate the standard errors of the mean.

It can be observed how the values of the dielectric constant of the wood were lower than the mean,
specially at the central part of the vegetation period. The values of the dielectric constant of the
wood were also compared on a site, clone or year basis. The parametric T-test comparison of pairs
and the Tukey test were applied and, in all cases, significance levels were lower than the limit.
Therefore, significant differences in the mean values of the dielectric constant of the wood were
defined in site, clone and year variables.
The inter-annual values of the dielectric constant of the wood were not related to the annual rainfall
(Pearson’s correlation coefficient = 0.26) or the mean annual temperature (Pearson’s correlation
coefficient = 0.27) on the study sample. The dielectric constant of the wood decreased gradually
along the years of the study period, apparently not influenced by changes in the annual rainfall or
the temperature.
Discussion
In general, individual tree growth in natural temperate forests is limited more by disturbance and
competition for light and other resources than by climate (Orwig and Abrams 1997). However,
trees growing under humid conditions typical of short-rotation forestry plantations may still retain a
strong climatic signal, especially during drought years when available soil moisture may be limiting
to tree growth.
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Tree-ring patterns from arid sites have been shown to be climatically sensitive, or more strongly
limited by precipitation (Fritts 1976), whereas radial increments from high altitude trees have been
correlated with temperature variables (LeMarche 1982). Despite these confounding factors, several
trends became apparent in the ring-width response to droughts examined in this study.
No significant differences in annual radial increment in variables site, clone were defined. Only the
inter-annual differences were proved to be statistically significant. The data of the years 2001 and
2003 showed significantly different values of the annual radial increment than the years 2002 and
2004, following a similar pattern to the annual rainfall.
The dielectric constant of the wood data followed a similar intra-annual pattern to the wood density.
The lowest values were measured at the end of the winter period. These values were gradually
increasing along the vegetation period and reaching its maximum at the end of it, before the
latewood production. Moreover, this general pattern becomes clearer in some species than in
others. Generally it becomes more apparent in softwood species than in hardwood species.
On the other hand, the inter-annual pattern of the dielectric constant of the wood followed a rather
uniform decreasing pattern with increasing ring growth rate in the study sample. These findings
confirm those of previous reports of other researchers (i.e. Schinker et al. 2003) and corroborates
the idea of a linear relation between the dielectric constant of the wood and the wood density, both
decreasing if measured on a radial direction from pith to bark, with no clear impacts from the
summer drought on 2003. Moreover, the negative correlation between both parameters in the
selected group of trees showed a low relation coefficient (r = 0.1225). If compared to climatic data,
the values did not seem to be related to any of the studied climatic features (annual rainfall and
mean annual temperature) on the study period (2001 to 2004) (compare Fig. 6).
As it is well known, annual ring features are widely used for climatic reconstruction. Temperature
and precipitation seem to influence wood features the most. However, it was found that wood
density is less sensitive to temperature and precipitation variations. It, on the contrary, is a more
sensitive parameter for stress effect of UV-B radiation on coniferous (especially cedar) trees.
Therefore, this parameter is commonly chosen as a predictor of total ozone and UV-B radiation
(Zuev and Bondarenko 1992). Wood density may be affected by factors other than those which
affect tree radial increment and may be more sensitive to environmental changes.
The estimation of the above ground biomass production reveals a considerable decrease in 2003
as compared to the mean annual increment pattern of the period of time between 2001 and 2004.
In general terms, Androscoggin clone was more productive in Methau II site, while Max 4 clone
was more productive in Thammenhain site. However, stand density data must be taken into
account. The annual biomass production was, apparently, more affected by the changes of the
annual radial increment than by the changes in the wood density, as it was considered to have
rather constant values along the 4 years of the study. Therefore, the decrease in biomass
production in the year 2003 might be interpreted as a consequence of the decrease of the radial
increment, more strongly influenced by the attenuation of precipitation than by temperature.
Conclusions
The annual radial increment showed its potential as short-term indicator of climate effects on tree
growth and impacts on biomass production, while the dielectric constant of the wood appeared to
be less sensitive to temperature and precipitation variations. It can be observed on the general
pattern of the annual radial increment that greater radial increment reductions were associated with
drought periods, having the lowest value in the year 2003, when the extreme drought period
occurred. High-frequency densitometry proved to be successful in permitting the assessment of
climate variation impacts on growth and wood density of young poplars. The approach used in this
study of examining short-term climate responses of young poplar species on contrasting sites,
clones and years would appear to be an important first step in understanding and anticipating
responses to future climate change.
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