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Intra-annual patterns of weather and daily radial growth
changes of Norway spruce and their relationship
in the Western Carpathian mountain region over
a period of 2008–2012
A. Leštianska, K. Merganičová, J. Merganič, K. Střelcová
Faculty of Forestry, Technical University in Zvolen, Zvolen, Slovak Republic
ABSTRACT: The contribution presents the results of a 5-year (2008–2012) dendroecological research in a Norway spruce
(Picea abies [L.] Karst.) clone forest (Northern Slovakia). Due to different climatic and soil moisture conditions in the
monitored years, different seasonal courses of stem increment formation were observed using band dendrometers with
continuous data recording. The lack of precipitation affected growth processes mainly during the growth culmination and
at the end of summer. The multiple regression analysis of the impact of individual factors on stem circumference changes
on the basis of their partial correlation coefficients revealed that the individual environmental characteristics influenced
daily stem radial changes with time lags of one to ten days. The results of the analysis of variance showed that the stem
radial reactions to climatic and soil moisture factors were not significantly different between the clones.
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Global climate simulation studies predict that, in
the future, trees in Europe are likely to experience
more severe droughts and higher summer temperatures (IPCC 2001). The trend of climate change
over the last 150 years has indicated an increase of
air temperature by 0.76°C, and an ongoing decrease
of the amount of annual atmospheric precipitation
and the annual average relative air humidity (Mistrík et al. 2002). One of the most serious impacts
should occur in the form of changes in the process
of tree growth. Climate affects the timing, rate and
dynamics of tree growth. Monitoring how the tree
stem radius varies in time can provide insights into
intra-annual stem dynamics and improve our understanding of climate impacts on tree physiology
and growth processes (Deslauriers et al. 2007;
Soulé 2011; Ježík et al. 2014). The main role in
the seasonal diameter changes of trees is played by
the vascular cambium. It is known that annual tree
rings record the effects of dominant environmental

factors during wood formation (Čufar et al. 2008)
as they represent the final results of the complete
metabolic balance (Beck 2009).
Dendrometers play an important role in the studies
of the seasonal activity of vascular cambium, because
they are able to measure long time series (Schmitt
et al. 2000; Bouriaud et al. 2005; Ježík et al. 2014).
They are often used to study growth reactions to climatic conditions by recording the stem radius at subhourly and micrometer resolution (King et al. 2013).
However, the observed variations represent a combination of growth together with water transport and
storage (Zweifel, Häsler 2001). The ratio between
the amount of water-induced stem radius change and
growth-induced stem radius change also determines
whether wood growth can be determined by measuring stem radius changes (Zweifel, Häsler 2001).
The water related fraction represents a short-term
effect lasting from a few hours to several weeks, and
can have either positive or negative effects on stem
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MATERIAL AND METHODS

Fig. 1. Location of Predmier I research plot
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Study area. Our research was performed at Predmier I research plot (49°24'N, 18°35'E, 500 m a.s.l.)
situated in the Kysuce – Western Beskids protected
landscape area (Fig. 1). Predmier I (0.54 ha) research
plot is located on a mild 10% slope of eastern aspect.
The forest stand is exclusively composed of Norway
spruce. In 2008, the stand was 20 years old. Geological substrate is flysch with varying portions of
sandstones, claystones, and marlites. The soil type
is Cambisol Podzol about 90 cm deep. From the
climatic point of view, this area is situated in the
temperate climatic zone with temperate Central-European climate. The area belongs to a mildly warm
region with mean air temperature of 6.7°C and mean
precipitation totals of 875 mm per year (Fig. 2).
The research plot was established from vegetative reproduction in 1989. The plot was planted with
three-year-old cutting transplants taken from the parent stand situated in the Western Beskids. The parent
stand belongs to Čadca Forest Enterprise, Predmier
Forest District, and is located at 800 m a.s.l. on a southern slope. The planting was performed systematically
in a grid of 1.5 × 1.5 m, while 4 transplants from each
clone were planted in two repetitions at Predmier
I research plot (Chlepko 1993 ex Strmeň 2004).
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radius, depending on the changing turgor of stem tissues (Zweifel et al. 2001). The work by Downes et
al. (2009) provided an excellent overview on measuring stem growth and wood formation. Apart from the
external environmental factors, the radial growth is
also influenced by a tree growth potential given by
genetic properties of trees, their health, age and position in the stand (Panshin, de Zeeuw 1980). Tree
growth processes with the aim of detecting intraspecies variability were studied e.g. by Sonesson and
Eriksson (2003), Dillen et al. (2009), Drew et al.
(2009). Spruce is one of the species with high intraspecies and geographical variability (Schmidt-Vogt
1978; Eriksson 1982; Hylen 1997). Temperature
extremes and changes in precipitation distribution
represent the most frequent environmental limits of
its production potential, physiological processes and
health status (Kmeť et al. 2008; Ge et al. 2013). Since
Norway spruce (Picea abies L. Karst.) will very likely
remain one of the economically most important species in several European countries in the future (Mayer, Prins 2003), studies of its growth with respect to
environmental conditions are very valuable. Bouriaud and Popa (2009) examined and compared the
impact of climate fluctuations on the growth process
of three conifer species (Scots pine, Norway spruce
and silver fir). They found that air temperature and
drought affected Norway spruce to the largest extent.
The contribution of each climatic variable is often influenced, by correlation, with one or more
other climatic variables. However, studies that take
into account the effects of collinearity are scarce.
For instance, Downes et al. (1999) studied daily
radial stem growth in irrigated Eucalyptus globulus
and Eucalyptus nitens in relation to climate over a
12-month period using multiple linear regression
models. In our study we examined the intra-annual
pattern of stem radial increase of Norway spruce in
the Western Carpathian mountain region and its
response to climatic factors and soil moisture with
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respect to intraspecies variability. On the basis of
the existing information from the literature (Orwig, Abrams 1997; Köcher et al. 2012; Vieira et
al. 2013) we hypothesised that water related factors
are the primary factors affecting daily stem radial
changes. Our next objective was to detect to what
extent the intraspecies variability affects growth
strategies of three Norway spruce clones from the
aspect of their reaction to environmental conditions at the research site.
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Fig. 2. Climate specification of the region [long-term average monthly data (1961–1990) – air temperature from
Čadca weather station (423 m a.s.l.) and precipitation from
Turzovka weather station (465 m a.s.l.)]
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In the year 2007, 42 trees were selected and marked
(6 clones × 7 trees), and their adherence to a specific
genotype was tested in laboratory conditions using the polymerase chain reaction (PCR) method.
Afterwards, 15 trees (5 trees × 3 clones labelled as
clones a, b, and c, hereafter) with similar growth parameters (tree height, and diameter) and of good vitality assessed visually were selected, marked and
equipped with dendrometers. The selected tree height
was 11.6 m (clone a), 12.3 m (clone b) and 9.8 m
(clone c). The average diameter of trees was 12.7 cm
(clone a), 11.8 cm (clone b) and 10.4 cm (clone c).
Dendrometers. Data on stem circumferences
were recorded using DRL 26 digital dendrometers
produced by EMS Brno (Environmental Measuring
Systems, Brno, www.emsbrno.cz). The dendrometers
were installed on all 15 trees selected at a height of
2.5 m. The measurements were performed from February 2008 to December 2012 with one hour time
interval of recording the data into data loggers. The
measured stem circumference data were further
processed at a daily level. Daily stem radial changes
were calculated from the two values measured at 0:00
representing two successive days. Afterwards, the
derived daily stem radial changes were summed up
in the chronological order to obtain cumulative stem
radial changes. Annual values were obtained by summing up daily stem radial changes during one year.
Meteorological and soil characteristics. Weather
data [air temperature (°C), global radiation (W∙m−2)
and relative air humidity (%)] were measured at an
open space close to Predmier I research plot (approximately 200 m from the plot) at 2 m height using
Minikin sensors (Environmental Measuring Systems,
Brno, www.emsbrno.cz), and were automatically recorded every 10 min. Soil water potential (in bar) was
measured at two places within the research plot (Fig. 1)
under forest canopy at 15 and 30 cm depths using
standard measuring sets consisting of gypsum blocks
and MicroLog SP3 data logger (EMS Brno, CZ) with
automatic data storage every hour. The measuring
set is able to measure SWP in the range from –0.1 to
–15 bars. Daily precipitation totals were obtained
from two weather stations of the Slovak Hydrometeorological Institute (SHMÚ) – Turzovka (465 m a.s.l.)
and Čadca (423 m a.s.l.). From the measured weather
data we calculated daily, monthly, and annual values
of the parameters. The assessment of weather anomalies (i.e. the comparison of air temperature and precipitation with long-term averages calculated from
Čadca and Turzovka weather stations from the period
1961–1990) during the years of the experiment was
performed following the methodological regulation
of SHMÚ (Lapin et al. 1988).

0.0
0

50

100

150

200

250

300

350

Day of year (2009)

Fig. 3. Characterisation of the main radial growth period
for clone b and year 2009
cumulative radial change is derived from the data measured with dendrometers; radial change represents the first
derivative of the model fitted to measured data; numbers
1, 2, and 3 indicate the beginning, culmination and end of
the radial growth, respectively

The main growth period. The characteristics of
the main growth period, i.e. its beginning, end, duration and culmination of the growth, were determined from the cumulative daily stem circumference
changes for each clone and each year. This was based
on the works of Oberhuber and Gruber (2010) and
Volland-Voigt et al. (2011), who considered cumulative increment to be analogous to radial growth.
The beginning of the radial growth is often estimated as a change linked to bud opening and starting transpiration. However, in reality it can be the
combination of stem swelling due to rehydration
and increment formation, and not the diameter increment (Zweifel et al. 2000, 2006). Due to this, the
beginning of the main growth period was identified
as the day of the year after which continuous positive
development of radial stem changes occurred over
a period of minimally 3–5 days, while prior to this
day alternating positive and negative fluctuations
over a period of 5 days were observed (Fig. 3). Similarly, the end of the main growth period representing the cessation of radial growth was considered the
day preceded by continuous positive development of
radial stem changes occurring over a period of minimally 5 days and followed by alternating positive
and negative fluctuations over a period of 3 to 5 days
(Fig. 3). The duration of the main growth period was
given as a number of days between the first and the
last days of the main growth period. The time series
of the cumulative daily stem radial changes (CSRC)
during the main growth period, i.e. between the beginning and the end of the growth period, were described using Equation (1):
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CSRC = a0 × (a1)t × ta2

(1)

where:
a0, a1, a2 – regression coefficients,
t
– number of the day in the main growth period,
i.e. t can obtain values from 0 to the length of
the main growth period.

(a)

Temperature anomalies (°C)

The equation explained 99% of the variation of
cumulative daily stem circumference changes during the main growth period (R2 was from 98.9 to
99.7% depending on the clone and the year). The
inflection point of the curve, i.e. the point when
the curve changes its shape from convex to concave shape, represents the date of growth culmination, i.e. the day when the daily stem circumference
change is the highest. The day of growth culmination was considered the day with the maximum
value of the first derivative of Eq. (1) (Fig. 3).
Statistical analysis. Statistical analysis was performed on the subset of the data that included the
days for which all analysed characteristics were
available. The multiple effects of the measured soil
moisture and climatic characteristics on diurnal radial changes were examined using multiple regression
models. The data used for the multiple regression
analysis represented growing seasons only (1 April to
30 October). The analysis was performed for each
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spruce clone separately, irrespective of individual
years, i.e. all years were analysed together. This approach allowed us to examine the long-term impact
of selected environmental characteristics on stem radial changes over a greater range of their values. Multiple regression models included daily soil moisture
and climatic factors with a time lag of 1 up to 10 days
prior to the analysed stem radial changes. Altogether,
we considered 77 characteristics, out of which 6 were
basic factors: daily sum of global radiation (GR), daily
average air temperature (AT), average relative air humidity (RAH), precipitation (P), soil water potential
at a depth of 30 cm (SWP 30), soil water potential at
a depth of 15 cm (SWP 15) measured on the same
day as the calculated stem radial changes. Further 60
characteristics were derived by shifting the basic factors 1 to 10 days prior to the stem radial changes. In
addition, we calculated 11 sums of precipitation totals
SUM-P for a specified number (two to eleven days)
of consecutive days prior to the measured stem radial
change. The main presumption of the multiple regression analysis was that each environmental factor
could occur in the model only once irrespective of its
time lag. It means that all derived regression models
contained 7 environmental factors. In total, we calculated approximately 1,600,000 multiple regression
models using the Mathcad software, from which we
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Fig. 4. Normalised monthly temperature anomalies (a), precipitation anomalies (b)
columns: white – within the normal range, grey – non-normal, patterned – strongly non-normal, black – extremely
non-normal; text description “normal, below-normal etc.” describes the whole year normality
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Table 1. Growth and climatic characteristics in the years 2008–2012
Characteristics

Clone

2008

2009

2010

2011

2012

Mean

SCCH (mm)

a
b
c
mean

12.32
12.03
11.45
11.93

20.62
17.93
15.55
18.03

12.13
10.41
10.04
10.86

16.30
13.29
17.09
15.56

13.00
14.81
15.26
14.36

14.87
13.69
13.88
14.15

LGP (days)

a
b
c
mean

119
103
116
113

108
94
131
111

105
121
107
111

122
120
103
115

73
94
107
91

105
106
113
108

DC (day)

a
b
c
mean

163
157
159
160

165
159
162
162

147
142
146
145

163
160
137
153

163
161
157
160

160
156
152
156

9.0
722.9*

7.4
912.2

6.2
1179.3

7.0
765.8

6.7
904.7

7.3
897.0

AT (°C)
P (mm)

SCCH – cumulative annual stem radial change; LGP – length of the main growth period; DC – day of the radial growth culmination;
AT – average annual air temperature; P – annual precipitation total; *data available from February to December 2008

selected the best model for each clone. The selection of the model was performed with regard to (1)
the overall goodness of fit of the model assessed by R2,
adjusted R2 and predicted R2, (2) the calculated regression coefficients that represent the partial contribution of the particular environmental characteristic to the explanation of the variance in stem radial
changes, and (3) the variance inflation factor (VIF)
that quantifies multicollinearity between the environmental factors included in the model. Subsequently,
the clones were compared with regard to the factors
included in the models. Inter-annual and intraspecies
variability of tree growth was tested by MANOVA
performed in Statistica 7 (StatSoft, Tulsa, USA).
RESULTS
Intra-annual weather
and radial growth pattern
In the year 2008, the precipitation was below
normal, while the temperature was extremely
above normal (Table 1, Fig. 4). The above-normal
air temperature and below-normal precipitation at
the end of May caused a slight stagnation of radial
growth (Fig. 5). The lowest value of soil water potential (–1.13 MPa at a depth of 30 cm) in 2008 was
recorded at the end of September (Fig. 5).
In 2009, the whole growing season was normal
from the aspect of precipitation totals, although in
April and September we observed below-average
precipitation totals (Fig. 4) and a reduction of the
soil water potential below the wilting point (Fig. 5).
J. FOR. SCI., 61, 2015 (7): 315–324

The below-average precipitation at the end of August and in September caused stem shrinking, while
above-normal precipitation in October caused stem
swelling (Fig. 5).
The year 2010 was contrasting to the previous
year 2009 from the aspect of climatic conditions
(Fig. 4). In May 2010, we recorded extremely abovenormal precipitation totals, while in June and July
we observed several rainless periods (Fig. 4). Due
to this, growth culmination occurred approximately by 15 days earlier than in the other years
(DOY 145, Table 1). Nevertheless, the length of the
main growth period was comparable to the other
years (Table 1).
The year 2011 was climatically similar to the year
2009. Although the annual precipitation total of the
year 2011 was below normal, rainless periods occurred mainly in February and at the end of the
growing season (Figs 4 and 5). The main growth
period was the longest of all the examined years
(Table 1). The amount of soil water available to
plants decreased below the wilting point at the end
of September and in October (Fig. 5), when the radial growth is usually already finished at the studied
site. Therefore, these worsened soil conditions did not
negatively affect the stem radial growth (Table 1).
In 2012, both the annual precipitation and the annual average temperature were normal (Table 1).
However, the distribution of precipitation during the
year was very uneven. While the precipitation in January and February 2012 was above normal, the precipitation during the growing season was below normal.
In addition, the temperature in the growing season
was above normal (Fig. 4). Due to the lack of rain, the
319
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Fig. 5. Cumulative daily stem radial change of Picea abies
clones and annual pattern of climatic characteristics in 2008–
2012; vertical lines – main growth periods during the years
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rooting zone of the soil dried out in the growing season several times: SWP was –1.1 MPa at the beginning of June, –0.7 MPa at the beginning of July, and
–1.5 MPa at the beginning of September (Fig. 4). Due
to this, the main radial growth period was significantly shorter than in the other analysed years (Table 1,
Fig. 5). In spite of that, the cumulative annual stem
radial change in 2012 was comparable to the mean radial change calculated for all years (Table 1).
Relation of daily stem radial
changes to environmental factors
The multiple regression analysis can provide us
with a comprehensive idea of the combined effect of
environmental factors on daily stem radial changes.
The results of the multiple linear regression analysis revealed that the highest R2 reached for clones
J. FOR. SCI., 61, 2015 (7): 315–324

a–c were equal to 0.375, 0.332, and 0.328, respectively. The derived models did not show strong multicollinearity between the independent factors, as
the maximum variance inflation factor (VIF) in the
best models was 2.15, 2.34, and 2.10 for clones a, b,
and c, respectively. The factors that were included
in the best linear regression models were the same
for all clones except for one variable in the model for
clone b (Table 2): the sum of global radiation one day
prior to the stem radial change, average air temperature two days prior to the stem radial change, average relative air humidity three days prior to the stem
radial change, precipitation one day prior to the
stem radial change, soil water potential at a depth
of 30 cm 10 days prior to the stem radial change
(SWP_30cm_10days), soil water potential at a depth
Table 2. The results of the multiple regression analysis indicating the standardised impact of environmental parameters on daily stem radial changes in multiple linear models
that explained most variability of daily stem radial changes
Statistical
characteristics
b*
T
P
SWP 15
–0.20 –14.67 <<0.01
GR with 1 day lag
–0.31 –19.51 <<0.01
P with 1 day lag
0.23 12.32 <<0.01
0.31 20.14 <<0.01
3,710 AT with 2 days lag
RAH with 3 days lag –0.20 –14.02 <<0.01
SWP 30 with 10 days lag 0.04
2.71 <0.01
SUM_P with 3 days lag 0.11
5.94 <<0.01

Clone N

a

Environmental
parameter

b

SWP 15
–0.22 –12.84 <<0.01
GR with 1 day lag
–0.27 –13.86 <<0.01
P with 1 day lag
0.22
9.81 <<0.01
AT
with
2
days
lag
0.27
14.30
<<0.01
2,756
RAH with 3 days lag –0.24 –13.85 <<0.01
SWP 30 with 10 days lag 0.04
2.62 <0.01
SUM_P with 3 days lag 0.09
4.06 <<0.01

c

SWP 15
–0.21 –13.92 <<0.01
GR with 1 day lag
–0.26 –15.06 <<0.01
P with 1 day lag
0.23 11.45 <<0.01
AT
with
2
days
lag
0.26 15.66 <<0.01
3,477
RAH with 3 days lag –0.19 –12.80 <<0.01
SWP 30 with 10 days lag 0.05
3.08 <<0.01
SUM_P with 3 days lag 0.11
5.69 <<0.01

N – number of analysed daily stem radial changes, SWP 15 – soil
water potential at a depth of 15 cm, GR – daily sum of global
radiation, P – precipitation, AT – daily average air temperature, RAH – average relative air humidity, SWP 30 – soil water
potential at a depth of 30 cm, SUM_P – sums of precipitation,
b* – standardised regression coefficient, in bold – degree of
influence of environmental parameter, T – value of t criterion,
P – probability level of significance
J. FOR. SCI., 61, 2015 (7): 315–324

of 15 cm on the same day as the stem radial change,
and the sum of precipitation of the actual day and
two days prior to the stem radial change.
The only exception was SWP_30cm_10days, which
was replaced in the model for clone b by soil water potential at a depth of 30 cm 1 day prior to the stem radial change. The model with SWP_30cm_10days was
ranked the third for clone b with R2 = 0.329. On the basis
of the multiple regression results presented in Table 2,
stem radial changes result from stem reactions to the
actual soil water potential at a depth of 15 cm, and climatic characteristics of the preceding 1 to 3 days. The
analysis of the impact of individual factors included in
the model on stem circumference changes on the basis of their standardised (beta) regression coefficients
and their partial correlation coefficients revealed that
the average air temperature two days prior to the stem
radial change had the greatest influence on daily stem
radial changes. The second most important factor was
the sum of global radiation with one-day time lag, followed by soil water potential at a depth of 15 cm on the
same day as the stem radial change, and average relative air humidity with the time lag of three days. Soil
water potential at a depth of 30 cm with a time lag of
10 days, and the sum of precipitation of the actual day
and two days prior to the stem radial change had the
lowest impact on stem radial changes. The partial correlation between the radial changes and air temperature, precipitation and soil water potential at depth of
30 cm was positive (Table 2).
Significant differences in stem radial changes were
found mainly between the years 2009 and 2010, and in
the case of clone a, the significant differences were also
revealed between 2008 and 2009. We presume that
these differences were affected by higher precipitation
totals in 2010 in comparison with other years (Fig. 4)
that were normal or below-normal as for precipitation.
Variation of daily stem radial changes
over seasons and between clones
The comparison of the annual and daily mean
stem radial change of the monitored clones revealed
different growth strategies in the individual years
(Table 1, Fig. 6). The analysis of variance revealed
differences between the individual years (Fig. 6).
Significant differences between the individual years
were found in clone a (Fig. 6). The highest annual radial increments and daily stem radial changes were
found in 2009, while the lowest values were observed
in 2010 (Table 1, Fig. 6).
In the first three monitored years (2008, 2009, and
2010) clone a had the highest average annual radial
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Fig. 6. Average daily stem radial changes of the analysed
spruce clones (a–c) in the individual years 2008–2012

increment (Table 1) as well as the highest daily stem
radial change (Fig. 6). In the last two years 2011 and
2012, the highest average annual radial increment
was found for clone c (Table 1). However, the results
of MANOVA analysis indicate that the daily mean
radial change reactions of the individual clones to
examined environmental factors did not significantly differ in the assessed years (Fig. 6).
DISCUSSION
The observed inter-annual development of radial
stem growth presented in Fig. 5 is typical of the trees
growing in the temperate region, where the growth
occurs during the growing season (Mäkinen et al.
2003; King et al. 2013). As reported by Mäkinen et
al. (2003), the seasonal pattern of the stem growth of
Picea abies (L.) Karst. showed an “S” type curve during the entire growth season, namely, a change in the
stem growth rate followed the order of lowly-quicklylowly. The beginning of the main growth period was
observed at the beginning of May (DOY 123–127),
which was about one month later than in France,
where Bouriaud et al. (2005) observed that the radial growth of spruce started in early April. In Finland,
the first increments in stem radius were reported in
April (Mäkinen et al. 2003; Sevanto et al. 2006) and
May (Mäkinen et al. 2003).
The culmination of the radial stem growth was
observed in June (DOY 153–162) in four out of the
five examined years. The maximum radial growth
rate in June derived from dendrometer measurements was observed for Norway spruce and other species also by other authors (Mäkinen et al.
2003; Ježík et al. 2007; Köcher et al. 2012). However, Mäkinen et al. (2003) revealed that the fastest increment in stem radius did not coincide with
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the tracheid formation, but with a rainy period.
Thus, we assume that the earlier culmination of radial stem increment at our site by 11 days than the
5-year average was caused by the intensive rainy
period in spring 2010 (the precipitation total in
May 2010 was 337 mm). Knott (2004) observed
the greatest increment on fir in May.
Growth cessation occurred in August or September
with between-year differences of more than 1 month
(DOY 204–251). Similarly, Bouriaud et al. (2005) revealed that the radial growth of Norway spruce trees
in France finished in August or September. In Finland, Sevanto et al. (2006) observed that the last day
of the continual tree increment occurred on DOY 289
(October 16). At our site, the radial growth of Norway
spruce can last until the beginning of September under favourable moisture conditions, i.e. if precipitation is sufficient at the end of summer, as it was in
2008 and 2010 (Fig. 5). However, if the conditions
during the growing season are unfavourable, such as
in the dry year 2012, stem radial growth can finish already at the beginning of August (Fig. 5). The results
indicate that the lack of precipitation and available
soil water affects physiological and growth processes
mainly during the growth culmination and at the end
of summer, because at the beginning of the growing
season trees can utilise water that was accumulated
in soil during winter.
The duration of the main growth period substantially varied from year to year (91 to 115 days) (Table 1).
Similar investigations were presented by Vitas
(2011), who found that the growth of spruce lasts on
average 111.8 ± 1.6 days. The shortest main growth
period was revealed in 2012 due to the lack of rain
during the growing season and subsequent drying of the rooting zone of the soil indicated by low
values of SWP: –1.1 MPa at the beginning of June,
–0.7 MPa at the beginning of July, and –1.5 MPa
at the beginning of September 2012 (Fig. 5). In Central European conditions tree growth begins to be
limited when SWP decreases below values around
–0.1 and –0.2 MPa, although the conventionally determined wilting point is set to –1.5 MPa (Larcher
2003). Knott (2004) reported that 70–90% of the
annual radial increment was formed until the end
of July, while the increment in August and September was minimal. Similar results were published
by Ježík et al. (2007), who stated that 72% of the
annual increment was formed from the middle of
May to the middle of July (DOY 135–191).
The analysis of the relationship between stem radial
changes and environmental factors revealed that the
characteristics influenced stem radial changes with
different time lags. The only variable that was found
J. FOR. SCI., 61, 2015 (7): 315–324

to have an immediate effect on daily stem radial
changes was the soil water potential at a soil depth
of 15 cm (Table 2). The characteristics with one-day
time lag included in the multiple regression were the
sum of global radiation and daily precipitation total.
Mäkinen et al. (2003) found similar results, when the
correlation between radius change and precipitation
during the previous day was higher (r = 0.41) than
for the current day (r = 0.21). Similarly, Ježík et al.
(2007) showed strong positive responses of stem radial changes to precipitation during the preceding day.
The average air temperature with a time lag of two
days had the greatest influence on daily stem radial
changes (Table 2). This result was quite surprising
because the studies from temperate ecosystems usually reveal that water availability had a dominant
impact on stem radial growth (e.g. Orwig, Abrams
1997, Lebourgeois et al. 2005, Köcher et al. 2012).
Correlations between radius change and mean daily
temperature are usually low, e.g. Mäkinen et al.
(2003) found the correlation coefficients r = 0.08,
0.00 and 0.03 for the current day and the two previous days, respectively. Our results indicate that the
site is situated in a region that does not suffer from
the lack of moisture (Škvarenina et al. 2009).
Our results indicate that the sensitivity of stem radial changes of all three examined clones to the examined environmental factors was very similar (Table 2,
Fig. 6). The analysis of variance revealed the differences between the individual years, reflecting differences
in climatic conditions. Gryc et al. (2012) analysed
the impact of drought stress on the regular cambium
activity and wood formation in the stems of different
clones of Norway spruce (Picea abies [L.] Karst). They
found that the radial increment of some clones was
affected less significantly in spite of the fact that all
clones were exposed to the same drought intensity.
CONCLUSIONS
In our study, we investigated seasonal changes in
stem circumference and the impact of climatic and
soil moisture factors on the radial growth of Norway
spruce clones in the Western Carpathian Mountains.
We conclude that dendrometers are valuable tools
that can provide us with information on the stem
growth sensitivity to external factors. On the basis
of the presented data measured by dendrometers we
can state that the seasonal timing (beginning, culmination and termination) and the length of the main
radial growth are driven by climatic conditions. However, small differences between individual clones and
large differences between years show that it is diffiJ. FOR. SCI., 61, 2015 (7): 315–324

cult to predict the radial growth based on the genetic
background due to the significant effects of environment and climate.
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