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Abstract. This investigation examined the effects of two different carbon dioxide concentra-
tions ([CO2]): Ambient (A, 385 μmol (CO2) mol−1) and elevated (E, A+385 μmol (CO2) mol−1)) 
on the tree-ring width and early to latewood proportion in Norway spruce for seven years 
(2006–2012). Further, to improve our understanding of the infl uence of climatic variables, 
we assessed the effects of precipitation and temperature. Our observations showed that 
spruce trees growing under elevated CO2 (EC) formed less early (p > 0.05) and latewood (p 
< 0.05) and hence smaller annual increments (p > 0.05) than trees in ambient CO2 (AC). Early 
to latewood proportion was nearly 73% and 75% in AC and EC, respectively. In both CO2 
concentrations, the largest tree-rings and earlywood width was observed during 2009 and 
2010, which is coincident with the highest precipitation in May (2010) and the highest air 
temperature in April (2009). Moreover, to determine the association between the latewood 
formation and air temperature during the second half of the growing season, and correla-
tion between the earlywood formation and precipitation during the fi rst half of the growing 
season we run Spearman’s correlation test, the determination coeffi cient values for latewood 
formation were r = 0.45 (AC) and r = 0.68 (EC), and for earlywood formation were r = 0.53 
(AC) and r = 0.42 (EC), although coeffi cient values were not statistically signifi cant (p > 0.05). 
Also, our study indicated that temperature had stonger infl uence than precipitation in EC, 
but in AC precipitation had the strongest effect on radial growth.
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Introduction

The extension of the greenhouse-gas re-
cord shows that present day levels of CO2 
are unprecedented during the past 420,000 
years (Petit et al., 1999; Pearson & Palmer, 
2000; Augustin et al., 2004). Direct measure-
ments of CO2 in the atmosphere and in air 
trapped in ice showed that atmospheric CO2 
increased by about 40% from 1800 to 2012 
(IPCC, 2013; Wolff et al., 2014).The effects of 
this change on plants will be wide-ranging 

(Crookshanks et al.,1998; Smith et al., 2013; 
Madhu & Hatfi eld, 2013).Woody perenni-
als, particularly forest species, play a signifi -
cant part in the global carbon cycle; they oc-
cupy about 30% of land surface, 70% of the 
land biomass, and carry out 60% of the total 
photosynthesis (Egli & Körner, 1997). These 
factors, combined with trees long life spans, 
provide them with the potential to be con-
siderable sinks for the long term storage of 
carbon (Agrawal & Agrawal, 1999; Mustafa, 
2012). Several papers have reported that 
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elevated CO2 enhances growth (LaMarche 
et al., 1984; Crookshanks et al., 1998; Jarvis, 
1998; Jach & Ceulemans, 1999; Kilpeläinen 
et al., 2005, 2007; Pokorný et al., 2013), espe-
cially when suffi cient nutrients are supplied 
(Brown & Higginbotham, 1986; Atwell et al., 
2002; Yazaki et al., 2005; Drake et al., 2011). 
Also, Nicolussi et al. (1995) studied this ef-
fect on subalpine Swiss pine Pinus cembra 
L. and they found a steady and signifi cant 
increase of mean ring width. Contrariwise, 
some researchers (such as Hättenschwiler 
et al., 1996; Yazaki et al., 2001; Temperton 
et al., 2003; Norby & Zak, 2011; Pokorný 
et al., 2012a; Bader et al., 2013; Klein et al., 
2016) reported that tree growth rate was 
not simulated by elevated [CO2]. Makino 
& Mae (1999) reported that long-term CO2 
enrichment accumulation of carbohydrates 
in leaves and may lead to the repression of 
photosynthetic gene expression and excess 
starch seems to hinder CO2 diffusion.

Tree growth is strongly infl uenced, 
among other factors, by climate. Much know-
 ledge regarding climate-growth relation -
ships has been gained by studying tree 
rings (Buentgen et al., 2006; Under wood, 
2007; Shishkova & Panayotov, 2013; Rohner 
et al., 2016). Radial growth variability of 
Nor way spruce (Picea abies (L.) Karst.) in as-
sociation with climatic variables has been 
documented in several studies from differ-
ent geographical regions. In southeastern 
Finland, Norway spruce ring width was 
strongly affected by July temperature and 
total precipitation in August (Zubizarreta-
Gerendiain et al., 2012). Whilst, Wimmer & 
Grabner (1997) found that above-normal 
precipitation from June to August de-
creased tree-ring width in eastern Germany. 
Favourable factors in the Swiss low lands 
were high precipitation between March-
June and low precipitation between July-
September (Rohner et al., 2016), and it was 
high precipitation between June-July in 
southern Norway (Selås et al., 2002). In the 
Polish part of the Baltic sea-coast, growth 
was affected by precipitation and tempera-
ture during the growing season (Feliksik & 

Wilczynski, 2009), but at the north-eastern 
part of this country (Poland) showed nega-
tive responds to temperature in June, and 
the most favourable growth conditions 
were wet and mild summers (Bijak, 2009). 
In eastern Romania, at high elevations (≥ 
1300 m a.s.l.) temperatures in June and July 
have a positive infl uence on tree-ring width 
and latewood formation, whereas at lower 
elevations (≤ 1000 m a.s.l.) the warm tem-
peratures from June and July determine a 
reduced tree-ring width, in low elevation 
tree-ring width controlled mainly by sum-
mer precipitations (Sidor et al., 2015). Also, 
in Germany (in the Bavarian Forest) Wilson 
& Hopfmueller (2001) found same results 
for high elevations (≥ 1070 m a.s.l.) and 
low elevations (≤ 680 m a.s.l.). But in the 
highland region of the Czech Republic lon-
gitude, latitude and altitude of the original 
locations of the provenances affected sig-
nifi cantly, and average annual temperature 
and average annual precipitation were not 
signifi cant (Ulbrichová et al., 2015). Helama 
et al. (2016) compared the growth variabil-
ity of this species under various site condi-
tions in Estonia. They reported that western 
chronologies correlated positively and sig-
nifi cantly with early-summer (June) precipi-
tation, while eastern chronologies showed 
positive and signifi cant correlation with 
mid-winter (January) precipitation.

Earlywood trends during the past 100 
years were closely associated with changes 
in May rainfall patterns (Wimmer et al., 
2000), and the proportion of latewood in-
creased with low precipitation in the grow-
ing season (Kennedy, 1961). Furthermore, 
late spring and entire growing season tem-
perature infl uence the formation of light 
rings (rings that are light-colored due to 
incomplete latewood cell wall develop-
ment) formation in black spruce at the tree 
line near bush lake, northern Québec (Ya-
maguchi et al., 1993). Pokorný et al. (2012b) 
found that ample water supply during 
spring time in Beskydy Mts. (Czech Repub-
lic) supports earlywood formation in Nor-
way spruce. Also, Lebourgeois (2000) re-

A. Badraghi et al.
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ported that warm May temperatures could 
reduce earlywood width of Corsican pine 
from western France, by creating drought 
stress conditions at the beginning of the 
growing season. As a consequence of dry 
conditions, coniferous trees may produce 
radially smaller diameter tracheids within 
their rings before regular latewood forma-
tion starts. Shishkova & Panayotov (2013) 
found positive signifi cant correlations be-
tween precipitation in early summer and 
Black pine (Pinus nigra Arnold) radial 
growth in Slavyanka Mts. in Bulgaria. In 
the Krkonose Mountains in the Czech Re-
public cold summers are the cause of small 
radial increments in the old growth spruce 
forests near the upper tree line (Sander et 
al., 1995), whilst elevated air temperature 
during summer time in highland region of 
this country stimulates latewood growth 
in Norway spruce (Pokorný et al., 2012b). 
Campelo et al. (2006) reported no signifi cant 
positive relationship between precipitation 
in August and latewood formation in Stone 
pine Pinus pinea L. from a dry Mediterra-
nean area in southern Portugal.

To simulate the long-term effects of ele-
vated CO2 on Norway spruce radial growth, 
Norway spruce seedlings grew inside two 
glass domes under ambient (385 ppm) and 
elevated (700 ppm) CO2, for seven years. 
Our objectives were: (1) compare tree-ring 
(early and latewood) width and early to 
latewood proportion changes in different 
atmospheric [CO2]; (2) evaluate the asso-
ciation among earlywood formation and 
precipitation in the fi rst half of the growing 
season; (3) evaluate the association among 
latewood formation and air temperature in 
second half of the growing season. We hy-
pothesized that spruce seedling would re-
spond to elevated CO2 by: (1) by producing 
wider tree-rings, (2) produce wider early-
wood, because depending on the authors’s 
observations, in this research root biomass 
allocation in EC (elevated CO2) was higher 
than AC (ambient CO2) (p > 0.05), therefore, 
we expected enhancement of root biomass 
allocation would support earlywood by in-

creasing water use effi ciency. (3) produce 
wider latewood, due to reduced transpi-
ration of EC plants, temperature of these 
plants will be increased hence we supposed 
that higher temperature support latewood.

Material and Methods

Area descriptions
The study site (49°30΄ N and 18°32΄ E, 908 
m a.s.l.) was in the Bílý Kříž (i.e., Beskydy 
Mts.) which is situated in the eastern part 
of Czech Republic in bordering with Slo-
vakia.). Mean annual air temperature and 
precipitation were 6.5 °C and 1330 mm, re-
spectively. The soil type in the upper soil 
horizons is ferric podzol, the geological bed-
rock is formed by Mesozoic Godula sand-
stone (fl ysh type). In autumn 2005, three-
year-old Norway spruce and two-year-old 
European beech (Fagus sylvatica L.) seed-
lings were cultivated under two different 
atmospheric CO2 concentrations: ambient 
(385 μmol (CO2) mol−1), and elevated (ambi-
ent+385 μmol (CO2) mol−1), inside two glass 
domes. At the time of planting, the mean 
height of beech and spruce seedlings were 
77.1 ± 14.6 cm and 46 ± 7.0 cm, respectively. 
Inside each glass dome 96 trees (spruce and 
beech) were planted in triangular spacing. 
In each location in one dome, size and spe-
cies of trees were comparable with paired-
location in another glass dome. 

The shape of glass domes was open-top 
square with 9 � 9 m in length and 7 m heigh 
in the central part. The dome construction 
was based on a massive iron frame with 
72 adjustable windows which anchored 
on a concrete base (Figure 1). Soils inside 
the glass domes were natural soils from 
the study zone and soil communication 
between inner and outer space controlled 
by penetration tubes, which were placed 
in concrete base. More detailed description 
about the glass dome infrastructure can be 
found in Urban et al. (2001). The air with 
ambient and elevated [CO2] was diffused 
by using four radial fans and two auxiliary 
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fans (models RNH 400 and 500 W, Janka, 
Czech Republic). The CO2 fumigation start-
ed in spring 2006 which fumigated every-
day 24 hours (April–November).

Sampling and width estimation
All trees were cut down during summer 
2013, and radial growth was assessed from 
2006 to 2012 (due to incomplete tree-rings 
during 2013). By using a chainsaw, a 5 cm 
long stem segment (30–35 cm above the 
stem base) was removed from each felled 
tree. These stem discs were oven-dried at 
80 ± 5 °C for 48 hours and two hours at 105 
± 3 °C. To improve visualization of tree-
rings, early- and latewood boundaries, 
transverse sections of all removed discs at 
the upper base were sanded until the tree-
rings, early wood and latewood boundaries 
were clearly visible. Subsequently, cross 
section images were taken at 600 DPI reso-

lution and saved in JPEG format using a 
scanner (CanoScanLiDe 1100, Canon Inc., 
Japan). Growth layers, early- and latewood 
width series were measured in four pre-de-
fi ned directions by using an image analysis 
program (ACC, Sofo Brno, Czech Republic), 
and the mean of four radii was used as the 
individual tree-ring width.

Climate data 
Climate variables were calculated based 
on monthly sums of precipitation (mm, 
Automatic Precipitation Gauge 386C, 
MetOne Instrument, USA) and monthly 
air temperature means (ºC, Sensor RHA1, 
Delta-T Devices, UK). Air temperature and 
precipitation data collected from meteo-
rological station situated next to the glass 
domes. Microclimate parameters such as 
air temperature and humidity gradients 
inside domes maintained at similar levels 

Figure 1.  Photograph of glass domes at the research site.

A. Badraghi et al.
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to natural conditions (for more than 80% 
of the time). To apply correlation analysis, 
mean air temperature, precipitation sums, 
precipitation in growing season (May–Oc-
tober), air temperature in growing season, 
precipitation in fi rst half of growing sea-
son (May–July), precipitation in second 
half of growing season (August–October), 
temperature in fi rst half of growing season 
and temperature in second half of growing 
season were calculated, for every year.

Statistical analysis
All statistical analyses were performed by 
the Statistica software (Statistica 12, Stat-
Soft, Inc.), before analysis of data normal-
ity was tested and it approximately follow 
a normal distribution. A paired sample t-
test was employed to compare the means 
of studied parameters (tree-ring, early and 
latewood width) between AC and EC, and 
inter-year difference was tested by analy-
sis of variance (ANOVA). Following ANO-
VA, Scheffe’s post hoc test for signifi cant 
betwee-group differences. To reach study 
goals, association between precipitation 
in the fi rst half of the growing season and 
earlywood formation and between tem-
perature in the second half of the growing 
season and latewood formation were tested 
using the nonparametric (distribution-free) 
Spearman’s rank correlation coeffi cient. 
Spearman’s correlation is a parameter to 
be estimated quantifying strength of a re-
lationship and so resembles Pearson. It as-
sesses how an arbitrary monotonic function 
can describe the relationship between two 
variables, without making any assumptions 
about the frequency distribution of the vari-
ables (Hauke & Kossowski, 2011). We also 
tested associations between studied param-
eter with variables such as precipitation in 
May, air temperature in April, annual sums 
precipitation, precipitation in the second 
half of the growing season, mean annual 
air temperature, precipitation in the grow-
ing season, air temperature in the growing 
season and the fi rst half of the growing 
season.

Results

[CO2] and tree-ring width relationships
Our results did not support our hypoth-
eses of greater early and late wood forma-
tion or overall annual increment under EC 
compared to AC. Norway spruce seedlings 
growing under EC had lower mean tree-
ring (Figure 2a), early- (Figure 2b) and late-
wood (p < 0.05, Figure 2c) width compared 
to AC. Only during 2009 tree-ring width, 
and during 2008 and 2009 earlywood width 
in EC was higher than AC. There were no 
statistically signifi cant differences neither in 
annual radial increment nor earlywood pro-
duction (Figure 2a and 2b). In contrast, we 
found statistically signifi cant differences for 
latewood during 2007 (p = 0.008), 2008 (p = 
0.02) and 2011 (p = 0.04) between EC and 
AC (Figure 2c).

In both [CO2], the largest latewood 
widths were observed during 2011. The 
largest tree-rings and earlywood widths 
were observed during 2009 and 2010, and 
the smallest width was observed during 
2006 and 2007 which could be due to a 
transplanting shock from the nursery to 
the glass dome. During 2010, the largest 
tree-rings and earlywood width occurred 
in the AC treatment, but during 2009, the 
highest observation was in the EC. In AC, 
signifi cant inter-year differences observed 
between 2010–2006 and 2010–2007 for early-
wood and tree-ring, and between 2006–2009 
and 2006–2010 for latewood. In EC, signifi -
cant inter-year differences detected between 
2009–2006 and 2009–2007 for earlywood 
and tree-ring, and between 2006–2009 and 
2006–2010 for latewood (Figure 3).

Early to latewood proportion 
Earlywood width series was nearly 73% 
and 75% of the total tree-ring width in AC 
and EC, respectively, indicating earlywood 
growth dominates fi nal ring width under 
the stated environmental conditions in juve-
nile P. abies. In the both [CO2], the greatest 
early to latewood proportion was observed 
during 2009 and 2010. In contrast, higher 

Climate sensitivity of radial growth in Norway spruce (Picea abies (L.) Karst.) under different CO2 concentrations
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Figure 2.  Mean annual tree-ring, early and latewood increment in the EC (elevated CO2) and AC (ambient 
CO2) (2006–2012).

  Means ± standard error, n = 22, * p < 0.05.
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proportion of latewood to earlywood was 
observed during the fi rst two years of the 
experiment (2006 and 2007).

Climate-tree ring relationship
In 2010, the majority of the precipitation fell 
in the fi rst half of the growing season with 
May being the wettest month (394 mm; Ta-
ble 1).The highest amount of annual precip-
itation occurred during 2007 most of which 
fell during the non growing season, ruling it 
out as a key factor. Furthermore, the driest 
year was 2011, which is coincident with the 

largest latewood width in both [CO2]. Prob-
ably, latewood formation was not sensitive 
to the range of precipitation in second half 
of the growing season.

Air temperature ranges for each month, 
year and (the second half of) the growing 
season are shown in Table 2. 2011 had the 
highest temperature in the second half the 
growing season and annual temperature, 
and 2012 had the highest temperature in the 
growing season. April temperatures had the 
strongest infl uence on tree growth (Table 3). 
April temperature during 2007, 2009, 2010 
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and 2011 was above 0 °C and mean daily air 
temperature ranged from 0.4 to 15 °C; 6 to 
14 °C; 1 to 15 °C and from 1 to 14 °C in 2007, 
2009, 2010 and 2011, respectively.  Further, 
the lowest daily temperature-frequency was 
observed only during April 2009. (Figure 4).

In EC, signifi cant positive correlations 
were found between tree-ring and air tem-
perature in April (r = 0.83) and between 
latewood and annual air temperature (r = 
0.79). Signifi cant negative correlation was 
between latewood and precipitation in 
the second half the growing season (r = 
–0.82). In AC, signifi cant positive correla-
tion was observed between latewood and 
precipitation in the growing season (r = 
0.79) and signifi cant negative correlation 
was between latewood and precipitation 
in the second half the growing season (r = 
–0.79). In both [CO2], correlations between 
radial increments and the growing season 
temperature were small, and only latewood 
has shown positive response to this factor. 
However annual sums of precipitation were 
negatively correlated with radial growth. 
The highest positive correlation coeffi cients 

were observed between April temperature 
and radial increments. Association among 
precipitation in the fi rst half of the growing 
season and earlywood formation was mod-
erately positive in AC (r = 0.53) and EC (r = 
42). Association between temperature in 
the second half of the growing season and 
latewood formation was strongly positive 
in EC (r = 0.68) and moderately positive in 
AC (r = 0.45), coeffi cient values were not 
statistically signifi can (Table 3).

Discussion

The fi rst two papers reported no statistically 
signifi cant growth differences between am-
bient and elevated CO2 but did not report 
diminished radial growth under elevated 
CO2.

Generally, the prolonged exposure to 
CO2 enrichment reduces the initial stimula-
tion of photosynthesis in many species, and 
suppresses photosynthesis (Makino & Mae, 
1999). Also, our observation indicated that 
radial growth was diminished by increasing 

Table 3.  Results of Spearman’s test (MP – precipitation in May, ApT – air temperature in April, AP – annual 
sums precipitation, AT – mean annual air temperature, GSP – precipitation in the growing season, 
GST – air temperature in the growing season, PFHG – precipitation in the fi rst half of the grow-
ing season, TFHG – temperature in the fi rst half the growing season, PSHG – precipitation in the 
second half of the growing season, TSHG – temperature the second half of the growing season). 
TR – tree-ring increments, EW – earlywood formation, LW – latewood formation, AC – ambient CO2, 
EC – elevated CO2.

Studied 
parameters  

MP ApT AP AT GSP GST PFHG TFHG PSHG TSHG

TR–AC 0.57 0.72 –0.29 0.43 0.54 –0.25 – – –

EW–AC 0.57 0.72 –0.29 0.43 0.54 –0.25 0.53 –0.58 –

LW–AC 0.39 0.38 –0.54 0.34 0.79* 0.27 – –0.79* 0.45

TR–EC 0.46 0.83* –0.39 0.50 0.36 –0.18 – – –

EW–EC 0.54 0.74 –0.32 0.34 0.43 –0.27 0.42 –0.70 –

LW_EC 0.29 0.72 –0.71 0.79* 0.54 0.40 – –0.82* 0.68

 * p < 0.05.

Climate sensitivity of radial growth in Norway spruce (Picea abies (L.) Karst.) under different CO2 concentrations



52

CO2, which is in agreement with previous 
studies (Yazaki et al., 2001; Temperton et al., 
2003; Norby & Zak, 2011). Conversely, sev-
eral researchers reported that elevated CO2 
enhances growth and biomass (LaMarche 
et al., 1984; Crookshanks et al., 1998; Jarvis, 
1998; Jach & Ceulemans, 1999; Kilpeläinen 
et al., 2005, 2007; Pokorný et al., 2013; Bad-
er et al., 2013; Klein et al., 2016), especially 
when nutrient supply is high (Nicolussi et 
al., 1995; Brown & Higginbotham, 1986; At-
well et al., 2002; Yazaki et al., 2005; Drake et 
al., 2011). The response of young Norway 
spruce to elevated [CO2] was negative and 
reduced annual ring, early- and latewood (p 
< 0.05) width. Also, Pokorný et al. (2012a) 
and Hättenschwiler et al. (1996) reported that 
elevated [CO2] had no signifi cant effect on 
Norway spruce growth, but in some species 
such as Scots pine elevated [CO2] increased 
ring width, signifi cantly (Kilpeläinen et al., 
2005, 2007). The most negative impact of 
elevated [CO2] was on latewood, this result 
confl icts with the fi ndings of Hättenschwiler 
et al. (1996) who found positive signifi cant 
effect on latewood. Furthermore, decreas-
ing latewood width has caused an increase 
in early to latewood proportion in EC, 
however, it was not signifi cant. Also, Kil-
peläinen et al. (2005) found same result in 
Scots pine for early to latewood proportion. 
No evidence could be provided for the un-
derlying cause of the reduced growth under 
elevated [CO2]. The effect of elevated CO2 
on plants has been the topic of several thou-
sand scientifi c articles with differing results 
(Körner, 2006). Some constrains in CO2 en-
richment experiments which can be the main 
factors to confl ict results were tree species, 
duration of experiment, concentration of 
fumigated CO2, drought stress, soil condi-
tions, CO2 enrichment technology (Körner, 
2006), and wood properties (Kilpeläinen et 
al., 2005). We presume that high concentra-
tion of fumigated CO2 (700 ppm) decreased 
spruce latewood formation in Beskedy Mts. 
by down-regulation of photosynthesis. 

Climatic factors infl uencing juvenile 
Norway spruce radial increments in AC 

were generally similar to EC, although, a 
difference has observed between AC and 
EC. However, in EC temperature exerted 
a stronger infl uence than precipitation as 
indicated by the statistically signifi cant cor-
relation between temperature and radial 
growth (Table 3). This fi nding was further 
corroborated by the correlation coeffi cient 
between temperature in second half of 
growing season and latewood formation. 
As atmospheric CO2 levels have risen, 
plants have responded by decreasing sto-
matal conductance which can be reason to 
reducing water loss in transpiration and 
the resultant water saving in the ground 
and/or increase water-use effi ciency (Egli 
et al., 1998; Runion et al., 1999; Körner, 2006; 
Bader et al., 2013). But in AC, the main fac-
tor signifi cantly affecting radial growth 
was precipitation. Also, the correlation co-
effi cient between radial increment and pre-
cipitation in May, the growing season and 
fi rst half of the growing season has shown 
that precipitation has more infl uence in AC 
(Table 3). In Eastern Romania and in the Ba-
varian Forest (Germany) climatic responses 
were evaluated according to elevation (Wil-
son & Hopfmueller, 2001; Sidor et al., 2015). 
At high elevation (≥ 1300 or ≥ 1070 m a.s.l.), 
June-July temperature had positive infl u-
ence but warm temperatures in this period 
reduced tree-ring width in low elevation. 
Beskedy Mts. elevation is 908 m a.s.l. and 
Norway spruce radial growth responds to 
temperature in the fi rst half of the growing 
the season was consistent with Sidor et al. 
(2015) and Wilson & Hopfmueller (2001) (at 
low elevation). Also, they reported that in 
low elevation tree-ring width was mainly 
controlled by summer precipitation but in 
our case study it was controlled by spring 
precipitation while summer precipitation 
had negative effects. In contrast to our ob-
servation Ulbrichová et al. (2015) reported 
that longitude, latitude and altitude signifi -
cantly affected on spruce growth, and aver-
age annual temperature and average annual 
precipitation were not signifi cant. 
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Overall, the highest tree-ring widths were 
observed during 2009 and 2010, irrespective 
of CO2 treatment. In both years, the main 
reason for wider tree-rings was accelerated 
growth in earlywood. Enhancement during 
2009 was attributed to April temperature, 
the month with the lowest frequency of 
air temperature and the highest-minimum 
daily air temperature (Figure 4). Therefore, 
it seems to be reasonable that cambial ac-
tivity started earlier to earlywood cell for-
mation (i.e. growing season started early 
in the Beskydy Mts. and produced wider 
ring during this year). Moreover, we found 
strong correlation coeffi cients between 
April temperature and radial increments. 
During 2010, the highest radial growth 
(chiefl y earlywood) was probably due to 
Norway spruce reactions to precipitation 
in May or/and fi rst half of growing season.

Earlywood growth trends during the 
past 100 years were closely associated with 
changing May rainfall patterns (Wimmer 
et al., 2000). In the Beskydy Mts. Norway 
spruce earlywood formation was more 
sensitive to precipitation, and responded 
negatively to high temperature in growing 
season and fi rst half growing season. As-

sociation among precipitation in May and 
earlywood formation was stronger than 
precipitation in the fi rst half of the grow-
ing season, annual precipitation and grow-
ing season precipitation. Similar responses 
have also been found for other European re-
gions, where Norway spruce radial growth 
affected by higher precipitation during 
spring months (Selås et al., 2002; Pokorný 
et al., 2012b; Zubizarreta-Gerendiain et al., 
2012; Shishkova & Panayotov, 2013; Rohner 
et al., 2016; Helama et al., 2016; found it for 
P. nigra), and Wimmer & Grabner (1997) 
found negative effect precipitation from 
June to August in eastern Germany. More-
over, we fi nd out that lower temperature 
during the fi rst half growing season was 
favourable factor for Norway spruce radial 
growth, which was confi rmed by Rohner et 
al. (2016) and Bijak (2009). Also we found 
that Norway spruce during spring months 
is sensitive to precipitation and warm 
temperature. It seems consistent with the 
results of Lebourgeois (2000), who con-
fi rmed that warm May temperature could 
reduce earlywood width by creating (mild) 
drought stress condition at the beginning of 
the growing season.

Figure 4.  Mean air temperature (°C) in April at the experimental site during 2006–2012.
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Proportion of latewood increased with 
low precipitation in growing season (Ken-
nedy, 1961). In the Beskydy Mts. precipita-
tion was limited factor for Norway spruce 
latewood processes. We found signifi cant 
negative correlation between precipitation 
in second half growing season and late-
wood formation. In Switzerland, also it was 
correlated by low precipitation between 
July-September (Rohner et al., 2016), also, 
at dry Mediterranean area in Portugal high 
precipitation in August decreased latewood 
formation in P. pinea (Campelo et al., 2006). 
Temperature was the main factor governed 
Norway spruce latewood increment in our 
research, also, literature from Mountains 
regions in Czech Republic confi rmed that 
cold summers are the cause of small radial 
increments (Sander et al., 1995) and elevated 
air temperature during summer time stimu-
lates latewood growth in Norway spruce 
(Pokorný et al., 2012b). In contrast, in south-
eastern Finland, Norway spruce ring width 
was affected by temperature of July and 
total precipitation of August (Zubizarreta-
Gerendiain et al., 2012), and at tree line in 
Canada, Yamaguchi et al. (1993) found that 
late spring and entire growing season tem-
perature infl uence on latewood formation.

Conclusions

Our fi nding of reduced stem radial growth 
under elevated CO2 implies that Norway 
spruce trees will sequester less carbon in 
stem wood under future atmospheric CO2 
concentrations. We propose that Norway 
spruce can be acclimated to climate chang-
es positively (especially) when spring starts 
early, as well as, it can be show negative ac-
climate under high level of CO2 concentra-
tion (700 ppm). Among the environmental 
factors, precipitation and temperature had 
a much stronger effect on tree-ring incre-
ment in Norway spruce in mountain re-
gions, compared to [CO2]. In other words, 
probably in the future, Norway spruce may 
grow more vigorously in European moun-

tain regions where future climate scenarios 
predict warmer spring temperatures cou-
pled with increased precipitation early in 
the growing season.
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