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Abstract Long-term variation in tree-ring widths (1873–

2006) and intra-annual dynamics of cambial activity and

tree-ring formation in 2006 were studied in mature beech

(Fagus sylvatica L.) trees at a typical forest site near

Ljubljana (46�N, 14�400E, 400 m a.s.l.) and related to leaf

phenology and climate data. Tree-ring widths were nega-

tively affected by minimum March and maximum August

temperatures and favoured by May and July precipitation.

Precipitation of the previous August and temperature of the

previous November also had a positive effect. Leaf

unfolding was affected by March and April temperatures,

occurring later if they were low. Leaf yellowing was pos-

itively affected by minimum July temperatures and

negatively by September precipitation. In 2006, leaf

unfolding occurred on 16 April and was immediately fol-

lowed by reactivation of cambium at breast height of the

trees. One week later, the cambium obtained its maximum

width (around 11 cell layers) and the rate of division

increased until the end of May/beginning of June. By the

end of June, 75% of the tree-ring was formed. Cambial cell

divisions stopped from the end of July to mid-August. The

average time of cambial activity was 100 days. Leaf yel-

lowing occurred at the end of October, i.e. nearly 2 months

after the cessation of cambial cell division. We discuss the

usefulness of a combination of long-term (tree-ring width

and phenology) and short-term (wood formation at a cel-

lular level) data to understand better the environmental

signals registered by a tree during growth.

Keywords European beech = Fagus sylvatica �
Wood formation � Tree-rings � Climate � Phenology

Introduction

European beech (Fagus sylvatica L.) is among the most

important forest species, with an ability to grow on a great

variety of sites all over Europe (Mayer 1984). Its propor-

tion is currently increasing in Central Europe, particularly

where forests with a high percentage of conifers are being

converted into more natural mixed forests (e.g. Tarp et al.

2000; Bončina et al. 2003). It has recently been reported

that the competitiveness of beech might be considerably

reduced due to climate change (Geßler et al. 2007). At the

edge of its southern range, the changing climate may even

cause a retreat of beech populations (Jump and Peñuelas

2006). Similar observations have been made in Slovenia,

SE Central Europe, where beech is the basic structural

element of most forest associations from the lowlands up to

the high mountains (Marinček 1987) and forms more than

one-third of the wood stock (Brus 2005). The climate

change scenario for this region predicts a rise in tempera-

ture and more uneven distribution of precipitation

associated with more frequent droughts and extreme rain-

fall events (Bergant and Kajfež-Bogataj 2005), which
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might affect the survival of beech, particularly on more

extreme and marginal sites (Diaci 2007).

Because of its frequency, ability to grow on sites of wide

ecological variability and its longevity, beech is well-suited

for assembling spatial networks of tree-ring chronologies.

The beech can be used for dendroecological studies,

especially to evaluate the growth and climate relationships

in different bioclimatological units, and to estimate future

prospects and possible ecological risks associated with

climate change (e.g. Eckstein et al. 1984; Gutierrez 1988;

Biondi 1992; Rozas 2001; Dittmar et al. 2003; Piovesan

et al. 2005; Lebourgeois et al. 2005; Di Filippo et al. 2007).

Most dendroclimatological studies are based on analyses of

tree-ring widths that integrate positive and negative envi-

ronmental influences affecting the growth of a tree during

the current or previous years (Eckstein 2004). The appli-

cation of densitometry showed that within and between

year density variations in beech provide more information

at higher temporal resolution, than tree-ring widths only

(Z’Graggen 1992; Bouriaud et al. 2004; Skomarkova et al.

2006). Analysis of wood structure provides even better

resolution, since the morphology of the cells records the

effects of different factors on a finer time scale during the

time of wood formation (Eckstein 2004; Frankenstein et al.

2005). Studying the time series of vessel areas in beech

wood showed that they can be used as an ecological vari-

able indicating the impact of internal and external factors

on the process of wood formation (Sass 1993; Sass and

Eckstein 1995). However, if we want to understand the

information on factors affecting wood formation recorded

in the wood structure we need to identify which signal (and

to what degree) affects a particular feature in the wood (e.g.

Fonti et al. 2007).

For this purpose, studies on wood formation during the

growth season are needed. Studying wood formation on a

cellular level requires destructive sampling from living trees

and time consuming preparation and measurement of

microscopic sections (e.g. Gričar et al. 2007). This is among

the main reasons that wood formation in beech has, to our

knowledge, only been studied in northern Europe for one or

two seasons (Schmitt et al. 2000; Werf van der et al. 2007).

In northern Germany, wood formation data were combined

with phenological data (Schmitt et al. 2000) and in the

Netherlands with long-term tree-ring and climate data (Werf

van der et al. 2007). Such combinations of data proved to be

useful for explaining the environmental signals registered

by a tree during different phases of wood formation.

In the SE part of Central Europe, detailed intra- and

inter-annual studies of wood formation in relation to cli-

mate are still lacking in deciduous tree species. We

therefore decided to study adult beech trees from a typical

forest site near Ljubljana. The objectives of the study were:

(1) to evaluate long-term intra-annual tree-ring

characteristics and leaf phenology in relation to climate

variation; and (2) to present the dynamics of cambial

activity and tree-ring formation on a cellular level in the

2006 growth period. We discussed the obtained results in

the context of climate change predictions.

Materials and methods

Study site characteristics

The study was carried out at a forest site Panška Reka near

Ljubljana (approximately 46�N, 14�400E, 400 m a.s.l.). The

privately owned forest site belongs to the Blechno fagetum

forest association. The predominant tree species in the site

is beech (F. sylvatica L.).

The climate at the site is humid continental. The mean

annual temperature is 10.2�C (TJan = -0.5�C, TJul = 20.4�C)

and total annual precipitation is 1,384 mm, as calculated

from the 1960–2006 climate data set from the nearby

Ljubljana climate station of the Environmental Agency of

the Republic of Slovenia within the Ministry of the Envi-

ronment and Spatial Planning. A climogram for the study

site, including long-term and 2006 data, is shown in Fig. 1.

Tree selection and sampling

During winter 2005–2006, 14 isolated, dominant or

co-dominant, healthy beech (F. sylvatica L.) trees with

diameter 40–50 cm, height 25–30 m, and ages above

Fig. 1 Climate diagram, meteorological station Ljubljana: mean

monthly temperatures (minimum, mean, maximum) (lines) and

monthly sum of precipitation (white bars) for the period 1960–2006

compared with means of 2006 (circles, triangles and grey bars). The

mean annual temperature is 10.2�C (range 8.8–12.2) and total annual

precipitation 1,384 mm (range 1,091–1,839). The corresponding

values in 2006 are 11.4�C and 1,141 mm
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100 years were selected for analysis. Six of them were

visited at weekly intervals from April until September 2006

to collect intact tissue samples in order to study cambial

activity and growth ring formation on a cellular level.

Thereafter, during winter 2006–2007, all the 14 trees were

felled and the stem discs were taken for tree-ring analysis.

Intact tissue samples

Samples (25 9 10 9 10 mm) were taken from the breast

height (1.3 m) of six living trees with a chisel and knife.

They contained phloem, cambium, developing and older

outer xylem. They were fixed in FEA (formalin–ethanol–

acetic acid solution), reduced to blocks of dimensions 2 9

2 9 3 mm, dehydrated in ethanol and embedded in paraffin

(Rossi et al. 2006a). Cross sections of 12-lm thickness

were stained with safranin (0.5% in 95% ethanol) and astra

blue (0.5% in 95% ethanol) and observed under a Nikon

Eclipse 800 light microscope (bright field and polarized

light) and analysed with a Lucia G 4.8 image analysis. We

examined the cambium (number of cells along three radial

files and the width in lm) and the current xylem growth

ring (increment width in lm along three radial lines).

In cross-sections, we distinguished among cambial cells

(CC), differentiating xylem cells (vessels, fibres, axial

parenchyma, ray parenchyma) in postcambial growth (PC),

secondary cell wall deposition and lignification (SW), and

mature cells (MT) (Fig. 2). The CC consisted of radially

flattened cells with thin cell walls that stained blue with

astra blue. The PC cells were larger and had thin, non-

lignified, blue-stained primary cell walls. The deposition of

secondary wall (SW) was observed under polarized light as

the cell walls showed birefringence and their thickness

started to increase. The beginning of cell wall lignification

could be observed as the red staining by safranin gradually

replaced the blue staining. When the process of differen-

tiation was completed, the walls of mature cells (MT) were

completely red stained and the cell lumina were empty.

Tree-rings and chronology computation

The discs taken from 14 trees felled in winter 2006–2007

were polished and the tree-ring widths were measured to

the nearest 0.01 mm. The TSAP/X program was used for

data acquisition. The tree-ring series were visually and

statistically cross-dated and compared with each other by

calculating the t value after Baillie and Pilcher (1973)

using TSAP/X and TSAP-Win.

The tree-ring series were assembled in a local chronol-

ogy using the ARSTAN programme (Holmes 1994). The

individual raw tree-ring series were hereby standardized in

a two-step procedure. First, the long-term trend was

removed by fitting a negative exponential function or a

regression line to each tree-ring series. Second, a more

flexible detrending was made by a cubic smoothing spline

with a 50% frequency response of 60 years, in order to

reduce further non-climatic variance. Thereafter, autore-

gressive modelling of the residuals and bi-weight robust

estimation of the mean were applied (Cook and Peters

1997). We then made three versions of the chronology, a

non-detrended raw-data, a detrended standard, and a detr-

ended residual chronology for analyses of the tree-ring and

climate relations.

Phenological data

Phenological data (the date of leaf unfolding and the date

of general leaf yellowing) for beech from the site in

Ljubljana were obtained from the Environmental Agency

of the Republic of Slovenia (Črepinšek and Zrnec 2005).

The period of observations was 1960–2006.

Climate data

Climatic data (minimum, maximum and mean monthly

temperatures and monthly amount of precipitation) for the

Fig. 2 Xylem ring formation in beech (Fagus sylvatica): a cambium

(CC) and forming growth ring in the wood with cells in postcambial

growth (PC) on 24 April 2006; V vessel, F fibre, AP axial

parenchyma; b wide CC and forming xylem growth ring on 20 June

2006 consisting of cells in phase of PC (stained blue), deposition of

secondary wall (SW) and mature cells (MT) with empty lumina and

red stained cell walls. Line 100 lm
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period 1960–2006 were obtained from the Ljubljana cli-

mate station (299 m a.s.l., 46�040N,14�290E) of the

Environmental Agency of the Republic of Slovenia. The

station is located approximately 10 km from the forest site.

Climate–growth and climate–phenology relationships

Climate–growth relationships were calculated using the

program DendroClim2002 through correlation function

analysis (Biondi and Waikul 2004), where the residual

version of the tree-ring chronology was the dependent

variable and the regressors were the monthly minimum,

maximum and mean temperatures and the monthly sums of

precipitation for each year from the previous August to the

current November. The program applies a bootstrap pro-

cess (Guiot 1991) to assess the statistical significance of the

correlation coefficients.

The influence of climate on the three phenological

variables used (date of leaf unfolding, date of general leaf

yellowing and the time span between these two dates,

indicating the period when the trees had active leaves) was

estimated using forward stepwise regression techniques

with the same climate regressors.

Interannual tree-ring formation

In each intact tissue sample, we calculated the average

width (Xi) of the 2006 growth ring based on measurements

along three radial lines:

Xi ¼
Pn

j¼1 xij

n
� � � 2� n� 3

Xi is the average width of xylem growth ring 2006, i is

the date of sampling; n is the number of measurements, j is

the subsequent measurement on individual sample.

The formation of the 2006 xylem growth ring was then

analysed with the Gompertz function (Zeide 1993, Zeide

2004; Deslauriers et al. 2003a, b; Rossi et al. 2003)

according to the equation:

y ¼ A exp �e B�ktð Þ
h i

where y is the weekly cumulative width, t is the day of the

year (DOY), A being the upper asymptote, representing the

maximum ring width, B is the placement parameter, where

the lower asymptote starts, k is the rate of change param-

eter, B/k being the inflection point on the curve

representing the maximum daily rate of growth.

Results

Inter-annual variability in tree-rings and phenology

The local tree-ring chronology of beech based on 14 trees

was 134 years long and covered the period 1873–2006

(Fig. 3a, b). The average length of tree-ring series included

was 105 years. The mean ring width for the period 1960–

2006 was 1.89 mm (standard deviation 0.386), as calcu-

lated from the raw version of the chronology (Table 1).

After standardization, the ARSTAN standard chronol-

ogy still showed a significant first order autocorrelation;

the residual chronology was therefore calculated by

autoregressive modelling, which showed no significant

Fig. 3 Beech (Fagus sylvatica)

Ljubljana, Slovenia: a tree-ring

replication; b non-detrended

raw-data and detrended residual

tree-ring chronology; c time

series of phenological data (first

leaves, leaf yellowing and days

with leaves) expressed in days

of the year (DOY)
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autocorrelation between tree-ring indices. The main

descriptive statistics of the chronologies are presented in

Table 1. The obtained chronologies and their replication

are shown in Fig. 3a, b.

The time series of phenological data for the period

1960–2006 are shown in Fig. 3c. In the phenological time

series there was detected no significant trend, therefore the

original raw series instead of detrended ones could be used

in further analysis. The average time (day of the year,

DOY) of leaf unfolding was 110 ± (5.7 SD), which cor-

responded with the calendar date of 20 April. The long-

term average DOY of general leaf yellowing was 291 ±

(8.0 SD), corresponding to 18 October. The average period

when the trees had leaves was thus 181 ± (10.5 SD) days

(Table 2).

Effects of climate on tree-ring formation and phenology

The mean of maximum temperatures in August proved to be

the most important climatic factor explaining year to year

variations in the growth of beech in the study area. However,

ring width was also negatively correlated with minimum

temperature in March and positively with precipitation in

May and July. Maximum temperature in the previous

November and precipitation in the previous September also

positively affected the tree-ring widths (Fig. 4).

The phenological time series showed significant corre-

lation with some climatic variables. Year to year variations

in the time of leaf unfolding (FL) can be explained to a

large degree by March and April minimum temperatures

(Table 3); the lower they are, the later the leaves unfold. In

contrast, leaf yellowing (LY) was positively related to

minimum July temperatures and negatively to September

precipitation (Table 3), which means that leaf yellowing

occurred later if the minimum July temperatures were

higher and when September precipitation was low. The

period when the trees had leaves (DwL) (time from leaf

unfolding until yellowing) positively correlated with

maximum March and July temperatures and September

precipitation (Table 3).

Tree-ring indices, leaf unfolding, leaf yellowing and

days with leaves all proved to depend on climate but there

are differences in the climatic parameters and the periods

affecting them. Their comparison therefore showed no

significant correlation either between tree-ring indices and

phenology (Fig. 5a) or between leaf unfolding and leaf

yellowing (Fig. 5b).

Wood formation dynamics in 2006

Observation of cambium and newly formed xylem under a

light microscope at weekly intervals during the 2006 veg-

etation period showed that the dormant cambium contained

3–5 cell layers. Divisional activity in the cambium started

in the week between 18 and 24 April (DOY 108–114) when

the number of cambial cells increased to approximately ten

cell layers (Fig. 2a). The first xylem cells (fibres, vessels,

axial and ray parenchyma) in postcambial growth were

observed 1 or 2 weeks after reactivation of the cambium.

Synthesis of the secondary wall started between 24 April

and 2 May (DOY 114–122) and the first fully differentiated

fibres were observed between 13 and 20 June (DOY 164–

171), i.e., 5 weeks after their formation in the cambium.

The period of maximum cell production was assessed

Table 1 Descriptive statistics for chronologies (raw, standard,

residual) of beech (Fagus sylvatica) from Ljubljana, Slovenia, for the

period 1960–2006

Raw non-

detrended

chronology

Detrended

chronologies

Standard Residual

(AR 1)

Mean ring width (mm) 1.893 1.012 1.008

SD 0.386 0.164 0.143

Skewness 0.082 -0.228 -0.939

Kurtosis -0.480 0.144 1.645

MS 0.135 0.135 0.171

AC1 0.690 0.460 -0.110

Mean correlation between trees 0.364 0.285 0.315

Signal-to-noise ratio 7.996 5.577 6.441

Agreement with population

chronology

0.889 0.848 0.866

Table 2 Phenology of leaf development in beech in Ljubljana in the period 1960–2006

1960–2006 period Year 2006

DOY
Mean Std. Max. Min. Trend

First leaves 110 5.7 121 95 Ns (r2 = 0.003; df: 1, 45; F = 0.131; P = 0.719) 106

Leaf yellowing 291 8.0 307 270 Ns (r2 = 0.057; df: 1, 45; F = 2.723; P = 0.106) 294

Days with leaves 181 10.5 204 163 Ns (r2 = 0.037; df: 1, 45; F = 1.743; P = 0.193) 188

Time of general leaf unfolding, leaf yellowing and period when trees had leaves (days with leaves) expressed in days of the year (DOY) with

basic statistics

Trees (2008) 22:749–758 753
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between the 30 May and 6 June 2006, when more than 35

lm of wood increment was formed per day. Until 20–27

June (DOY 171–178), approximately 75% of the xylem

growth ring was completed in most trees (Fig. 6). Divisions

in the cambium stopped from the end of July till mid

August 2006 (Figs. 6, 7, 8). Development of the latest

formed xylem cells thereafter persisted for some time. The

average duration of cambial activity was estimated to be

100 days.

Discussion

The combined information obtained from a more than 100-

year tree-ring chronology, 46-year-long leaf phenology

series, the seasonal dynamics of wood formation in 2006

and its relation to climate, enabled us to present the mile-

stones of wood formation, as well as the main climate

parameters that affect year to year tree-ring variation and

phenology (leaf unfolding and leaf yellowing) for beech

near Ljubljana. These milestones are presented in Fig. 8

and are discussed below.

We observed a close correspondence between leaf

unfolding and reactivation of the cambium. The two pro-

cesses occurred at almost the same time, on 16 and 18

April (DOY 106 and108) 2006, and were slightly earlier

than the average leaf unfolding date for the period 1960–

2006, which is 20 April (DOY 110) (Table 2). This con-

firms earlier reports that leaf unfolding can be used for a

Fig. 4 Bootstrap correlation

values calculated between the

residual chronology of beech

and monthly minimum (green
line) and maximum temperature

(red line) and precipitation

(bars) from previous September

to current December (period

1960–2006); asterisks indicate

significance at 95% level

Table 3 Stepwise regressions (r2) for influence of climate on phe-

nological variables, FL general leaf unfolding, LY leaf yellowing, and

DwL days with leaves

FL LY DwL

Constant 118 253 98

March

Tmin -1.74

Tmax +1.73

April

Tmin -1.19

July

Tmin +2.30

Tmax +2.24

September

Pp -0.03 +0.37

r2 0.426 0.217 0.4

df 2.44 2.44 3.43

F 11.9 6.1 9.5

P \0.001 0.005 \0.001

Fig. 5 Relation between: a tree ring indices and leaf yellowing (LY),

leaf unfolding (FL) and days with leaves (DwL); and b LY versus FL

expressed in days of the year (DOY)
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rough estimate of the onset of cambial divisions and that

cambium reactivation takes place immediately after bud

breaking in beech as a diffuse porous species (e.g.

Bosshard 1974; Panshin and de Zeeuw 1980; Suzuki et al.

1996; Schmitt et al. 2000).

Climatic conditions in March and April proved to affect

the time of leaf unfolding. In the study area, minimum

April temperature is on average 5.1�C although in partic-

ular years it can be lower than 3�C or higher than 8�C; in

2006 it was 6.3�C. Such inter-annual variations in tem-

perature cause a variation in the time of leaf unfolding. It is

delayed if the temperatures are lower or anticipated if the

temperatures are higher. The effect of temperatures on leaf

unfolding in beech has also been shown in other studies

(e.g. Črepinšek et al. 2006; Dittmar and Elling 2006).

Variability in March–April minimum temperatures there-

fore seems to play an important role in defining the

beginning of the growing season and it could indirectly

affect the final tree-ring width.

The rate of cell divisions was low in the first weeks after

cambial reactivation and maximal at the end of May–

beginning of June, i.e., more than 1 month after reactiva-

tion of the cambium. Correlations with climate indicate

that May precipitation affects year to year tree-ring varia-

tion and that the tree-rings were wider when May was wet.

It is likely that precipitation in May has both direct and

indirect effect on growth, the latter due to affecting the

amount of available water in summer, which also depends

on the water storage capacity of the soil (e.g. Bouriaud

et al. 2004).

June can be considered the most important month for

tree-ring formation. In June 2006, we observed the highest

monthly amount of wood production, when approximately

35% of the entire tree-ring was formed. The average mean

June temperature in the study area is 18.4�C, with an

average maximum of 24.2�C and average minimum of

12.9�C. June is also the month with the highest average

sum of precipitation in the study area (143 mm). However,

June 2006 was characterized by below average precipita-

tion and slightly higher temperatures than the long-term

average.

The maximum weekly production of wood occurred

between 30 May and 6 June 2006, which is more than 2

weeks before the summer solstice (21 June). The impor-

tance of June and the summer solstice with the longest

photoperiod, has been described for conifers from various

sites in North America and Europe (Rossi et al. 2006b;

Gričar 2007), whereas maximum cell production in

deciduous species proved to take place earlier, i.e., at the

end of May (Eschrich 1995; Marion et al. 2007).

During July, cambial activity in investigated beech trees

gradually decreased and the cessation of cell division took

place from late July to mid–August 2006. Numerous sim-

ilar studies on various conifers from the temperate climatic

zone have shown that cambial activity stopped at the latest

by the end of August (e.g. Antonova and Stasova 1993;

Fig. 6 Weekly increments (arrows) of 2006 xylem growth ring in

beech no. 4: 18 April (DOY 108) onset of cambium divisions, 6 June

(DOY 157) 50% of the growth ring was formed, 21 June (DOY 171)

early-wood formation completed and 76% of the growth ring formed,

22 August (DOY 234) cambium divisions completed. Scale bar 100 lm

Fig. 7 Growth (red line) of xylem ring for six beech (Fagus
sylvatica) trees in the growth period 2006 as calculated by Gompertz

function. Average ring growth is based on ring widths of six trees on

certain day of the year (DOY)
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Horacek et al. 1999; Schmitt et al. 2004; Rossi et al. 2006b;

Gričar 2007). On the other hand, the wood formation in

beech in the Netherlands ended in October (Werf van der

et al. 2007) and in northern Germany in September (Sch-

mitt et al. 2000). Similarly, Marion et al. (2007) found that

cambial activity in Norway maple in Ljubljana continued

until the first part of September. Bouriaud et al. (2004)

reported that the radial increment in beech trees stopped

quickly, or was greatly limited when a soil water deficit

occurred.

We assume that maturation of the latest formed late-

wood cells continued after the cessation of cambial

activity, as also observed in several studies on different tree

species (Whitmore and Zahner 1966; Gindl et al. 2000;

Gričar et al. 2005; De Luis et al. 2007).

After the cessation of cell division in the cambium, the

trees retained active leaves capable of photosynthesis for

two more months, until 21 October 2006. General leaf

yellowing in 2006 occurred 3 days later than the long-term

average. The products of photosynthesis in the period after

the cessation of cambial activity were probably accumu-

lated as reserves in storage tissues. This may explain the

effect of the climate of the previous year on current tree-

ring width. We namely observed a positive effect of pre-

vious August precipitation and previous November

maximum temperatures on tree ring width.

Our study, showed no relation between the time when

the trees had leaves and ring widths. We also demonstrated

that leaf unfolding, leaf yellowing, time with leaves and

ring formation, are linked to different climatic effects.

Climatic conditions on the study site are apparently

optimal for the growth of beech. This explains the rela-

tively low mean sensitivity, which was 0.14 for raw and

standard chronologies, and 0.17 for residual. These values

are lower than, at several sites in Italy, Austria, and

Slovenia (Di Filippo et al. 2007) or in other European sites

(Dittmar et al. 2003) where the climate is possibly more

limiting for growth and thus explains the higher amount of

year to year variation in tree-ring widths.

It should be noted that June 2006 was extremely dry,

with only 46 mm of precipitation (compared to 143 mm

long-term average) and July was extremely hot, with

absolute maximum values of monthly mean, minimum and

maximum temperatures in the period 1960–2006. Hot and

dry June and July conditions are in agreement with climatic

change predictions for Slovenia (Bergant and Kajfež-

Bogataj 2005), so climate change might affect the pro-

ductivity of beech. Reduced productivity, competitiveness,

and survival chances of beech on more extreme sites have

already been observed in the Mediterranean (Peñuelas and

Boada 2003; Jump and Peñuelas 2006) and in central

European sites NW of our study area (Geßler et al. 2007).
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Bončina A, Diaci J, Gašperšič F (2003) Long-term changes in tree

species composition in the Dinaric mountain forests of Slovenia.

For Chron 79:227–232

Bosshard HH (1974) Holzkunde, vol 2. Birkhäuser, Basel, pp 34–71
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Schmitt U, Möller R, Eckstein D (2000) Seasonal wood formation

dynamics of beech (Fagus sylvatica L.) and black locust

(Robinia pseudoacacia L.) as determined by the ‘‘pinning’’

technique. J Appl Bot 74:10–16

Schmitt U, Jalkanen R, Eckstein D (2004) Cambium dynamics of

Pinus sylvestris and Betula spp. in the northern boreal forest in

Finland. Silva Fenn 38:167–178

Skomarkova MV, Vaganov EA, Mund M, Knohl A, Linke P, Boerner

A, Schulze ED (2006) Inter-annual and seasonal variability of

radial growth, wood density and carbon isotope ratios in tree

rings of beech (Fagus sylvatica) growing in Germany and Italy.

Trees 20:571–586. doi:10.1007/s00468-006-0072-4

Suzuki M, Kiyotsugu Y, Suzuki H (1996) Phenological comparison of

the onset of vessel formation between ring-porous and diffuse-

porous deciduoud trees in a Japanese temperate forest. IAWA J

17:431–444

Tarp P, Helles F, Holten-Andersen P, Larsen JB, Strange N (2000)

Modelling near-natural silvicultural regimes for beech—an

economic sensitivity analysis. For Ecol Manage 130:187–198

Werf van der GW, Sass-Klaassen U, Mohren GMJ (2007) The impact

of the 2003 summer drought on the intra-annual growth pattern

of beech (Fagus sylvatica L.) and oak (Quercus robur L.) on a

dry site in the Netherlands. Dendrochronologia 25:103–112

Whitmore FW, Zahner R (1966) Development of the xylem ring in

stems of young red pine trees. For Sci 12:198–210

Z’Graggen S (1992) Dendrohistometrisch- klimatologische Untersu-

chung an Buchen (Fagus sylvatica L.). Dissertation, University

of Basel

Zeide B (1993) Analysis of growth equations. For Sci 39:591–616

Zeide B (2004) Intrinstic units in growth modelling. Ecol Modell

175:249–259

758 Trees (2008) 22:749–758

123

http://dx.doi.org/10.1007/s00468-006-0072-4

	Tree-ring variation, wood formation and phenology of beech (Fagus sylvatica) from a representative site in Slovenia, SE Central Europe
	Abstract
	Introduction
	Materials and methods
	Study site characteristics
	Tree selection and sampling
	Intact tissue samples
	Tree-rings and chronology computation
	Phenological data
	Climate data
	Climate-growth and climate-phenology relationships
	Interannual tree-ring formation

	Results
	Inter-annual variability in tree-rings and phenology
	Effects of climate on tree-ring formation and phenology

	Wood formation dynamics in 2006
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


