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Abstract
Potential influence of air elevated [CO 2] on aboveground biomass was investigated on young (17-19 year old) Norway
spruce (Picea abies (L.) Karst.) trees cultivated inside glass domes (GD) with ambient (A, 370 mmol (CO 2) mol -1 ) and
elevated (E, 700 mmol (CO 2) mol -1 ) atmospheric CO 2 concentrations ([CO 2]) established in 1997. GDs were working as
a semi-open system (Urban et al. 2001). The trees were growing in two different stand densities (S, 5,000 tree ha -1 and
D, 10,000 tree ha-1 ) until 2002. Then the first analysis of harvested trees from schematic thinning was done. Two years
later the second analysis was performed.
Amount of branches with secondary shoots (SS), total amount of SS on branches were higher within the crowns of
E- trees comparing to A- ones, particularly in S stand. After thinning, number of branches with SS and stem SS decreased
and it was found to be even lower in ES than in AS. However, leaf (LB), branch (BB), stem (SB) and total aboveground
(TBA) biomass of tree were found to be unaffected by elevated [CO2 ], stem dendrometric parameters and the aboveground
tree organs biomass increments were stimulated by thinning, especially in S stand. Then the number and length of whorl
branches increased on average by 13 % and 8 %, and by 3 % and 10 % (insignificantly) in E- sparse and dense subtreatments, respectively. Tree height, stem thickness, number of whorl branches, length of whorl branches and angle of
their inclination were found to be unaffected by elevated [CO 2]. The percentage differences between treatments were
within ±10 % interval and they showed slightly higher stimulation of initial growth for trees in D- spacing. The thinning
stimulated growth of the stems and branches of primary structure.
Key words: biomass allocation, dendrometry, long-term experiment, secondary shoots, thinning

Introduction
The target tree architecture is a result of genetic
predispositions and environmental factors on the site
including soil and climate (Pritchard et al. 1999). Elevated atmospheric [CO 2] contributes to changes of
many climatic parameters resulted in a global climate
change (Houghton 1994, Miller et al. 1999, IPCC 2007).
On the other hand, elevated [CO 2] modify directly and
indirectly in consequence all physiological, anatomical and morphological properties of plants (Pritchard
et al. 1999, Urban 2003, Körner 2006). The direct physiological actions are based on the functionality of CO 2 :
(i) in enzymatic activity of RuBPCO (EC 4.1.1.39; ribulose-1.5-bisphosphate carboxylase/oxygenase) and (ii)
as substrate of the Calvin cycle (i.e. process of car2012, Vol. 18, No. 1 (34)
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boxylation). Thus, as CO 2 is a substrate as well as an
activator for photosynthetic carbon assimilation, it
affects also photorespiration, dark respiration and stomatal aperture. The secondary physiological responses, like photosynthate concentration and translocation
(e.g. sucrose and starch), and plant water status, have
the crucial effect on plant growth, plant tissues anatomy and plant morphology. Hypothetically, whole
plant/tree architecture can change significantly as different plant organs can respond to elevated [CO2] in
various morphological traits.
Tree height and stem diameter increments respond
positively in a wide range of tree species (Volanen et
al. 2006, Zhang and Dang 2007), nevertheless one or
both of them can be unaffected in parallel (Pushnik et
al. 1995). The length of whorl branches and their freISSN 2029-9230
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quency is usually also stimulated under elevated [CO 2]
conditions (Conroy et al. 1990), even more than tree
height increment as apical dominance is usually reduced (Pritchard et al. 1999). Thus, crown architecture
should be changed more dramatically as branch inclination changing with branch length too.
However, under elevated atmospheric [CO2] the
low soil moisture and not-sufficient soil temperature
conditions for some tree species growth could be
compensated (Zhang and Dang 2007), the nitrogen
content in soil modify tree growth response powerfully (Hyvönen et al. 2007, Dieleman et al. 2010). Nitrogen limitation leads to greater carbon allocation into
the root system (Dyckmans et al. 2000). Extreme nitrogen deficiency in soil leads to diminish completely the
positive effect of elevated [CO2] on tree growth (Cheng
and Johnson 1998), whereas sufficiency or moderate
deficiency of nitrogen magnifies the positive effect of
elevated [CO2] (Urban 2003). Therefore, soil type could
play even more important role in above- and belowground biomass allocation and tree architecture modification than air elevated [CO2] (Egli and Körner 1997,
Spinnler et al. 2002).
Nitrogen together with elevated CO 2 are the main
important factors influencing the target architecture of
the tree. Commonly, the secondary branching structures become more important in the crown or root
system architectures when the primary structure die
out after stress impact (Polak et al. 2007). Unfortunately, only a few references to secondary shoots formation under elevated [CO 2] could be found. Idso et al.
(1990) found a stimulation of secondary branching
under elevated [CO 2 ]. An occurrence of secondary
shoots is often related to: i) plant species  secondary shoots are most common in angiosperms then in
gymnosperms (Nicolini et al. 2001), ii) tree age number of secondary shoots increase in older trees,
which can consist of 40 to nearly 100 % of secondary
shoots (Gruber 1994), and iii) exogenous stimuli such
as damage and defoliation or increased nutrients availability (Zimmermann and Brown 1971). Crowns suffering permanently from abiotic or biotic stress show
clustered secondary shoots called polycladies (Gruber 1994). The secondary shoots can asses as retrospective macroscopic indicator of stress in Norway
spruce crowns (Polak et al. 2007). Additionally, elevated
light exposure due to thinning can enhance the number
of secondary shoots, behind modification of stem form
and crown architecture (Roloff and Roemer 1989).
Increase in biomass under elevated [CO 2] is reported by 66 % tree growing species (Pritchard et al.
1999). Nevertheless under multi-competitive conditions
the air elevated [CO 2] do not lead to stimulating effect of biomass growth as it could indicate reduction
2012, Vol. 18, No. 1 (34)
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of soil N availability (Hattenschwiller and Körner 1997).
From the point of view of biomass allocation, root
system often shows the highest growth increment
compared to other tree organs (Eamus and Jarvis 2004).
Root to shoot ratio is significantly influenced by length
of the growing period because of primary investment
into short-term longevity tissues as fine roots and needles (Gielen et al. 2005).
The goal of this study was to estimate the effect
of elevated [CO 2] on stem dendrometric and crown
architecture parameters, aboveground biomass of tree
organs and secondary branching of Norway spruce
respect to the thinning impact. During the experimental design preparation phase, it was hypothesized that
the tree morphological responses to elevated [CO2 ] will
be dependent on cultivation stand density.

Material and methods
Stand description: Norway spruce (Picea abies
[L.] Karst) trees were cultivated under two different
atmospheric CO2 concentrations: i) A  ambient (A, 370
ppm, what is the mean value in the first year of harvest, i.e. 2002; since the beginning of experiment ambient [CO2 ] increased about 2 ppm annually) and ii) E
 elevated concentration (E, 700 ppm) within glassdomes (GD) with adjustable windows. This target value was maintained for approximately 91 % of the growing season within a range 600-800 ppm. During the
remaining time, CO 2 concentration was lower due to
the filling/transport, fumigation system control, or GDs
repair. Glass domes with adjustable windows are located at the Experimental Ecological Study Site Bílý
KHíþ (Beskydy Mts., NE part of the Czech Republic).
The construction of GDs and the system of air distribution was responsible for the comparable conditions
in the both GDs interior. Main monitored and controlled parameters of the GD interior were: (i) means required GD atmospheric CO 2 concentration, (ii) air temperature and (iii) soil moisture. Air temperature differs
between the domes negligibly (about 0.2 °C on average). The air temperature within the domes was maintained within the ambient range ±1 °C for 84 % of the
time. The relative air humidity inside the domes was
significantly (p<0.05) lower than outside (-9.6 % on
average) excepting the driest periods. Then, the differences were minor. Soil moisture did not differ between the domes more than 5 % as irrigation system
(AMET, CR) balanced the soil moisture values daily
(Fig. 1). The adjustable-windows were automatically
closed on the individual walls of GD (to exclude wind
incursions into the internal GD space) according to the
wind speed and wind direction to maintain stabile [CO2]
inside of dome. On the other hand they were kept fully
ISSN 2029-9230
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open to minimize differences in microclimatic parameters between the domes and free-open plot.
The experimental stands enclosed in the GDs were
planted in the autumn 1996 using special prepared and
replanted older saplings (age of trees at the planting
date: 11 years). The soil within each of GD was homogenized to the depth of 40 cm before and slightly
fertilized by Silvamix-forte (17 g.m -2) and Ureaform (21
g.m -2 ) one year after the tree plantation to avoid yellowing. Each treatment consists of two stand densities with triangular spacing, i.e. ca 10.000 tree ha -1 (D
 dense sub-treatment) and 5.000 tree ha -1 (S  sparse
sub-treatment). The mean tree size (± SD) was 1.6 ±
0.1 m of tree height and 23.0 ± 0.2 mm of stem diameter at 0.3 m above the ground at planting time. CO 2
fumigation started in early spring 1997.
Site description: The mean annual air temperature
reached to 5.4 °C in the last decade (i.e. 1995 - 2005).
Annual sum of precipitation amounted to 1400 mm. The
geological bedrock is formed by Mesozoic Godula
sandstone (flysh type) and is overlain by ferric podzols. Soil content of mineral nitrogen and available
nitrogen forms are low throughout the whole soil profile at the experimental site.
Sampling procedure: In 2002, the schematic thinning with intensity of 22 % in the inner parts of dense
treatment and 27 % of sparse treatment were done. In
2004, the thinning with intensity of 25 % and 39 % were
done similarly in sparse and dense treatments, respectively. During the planting process, several randomly
chosen saplings were harvested to set a baseline of
specific allometric relationships between stem dendrometric parameters and biomass of different tree organs
(Pokorny and Regner 1998). Then, each stem thickness
was measured at two perpendicular directions with a
caliper (Mitutoyo, Finnland) at the 1/10 of tree height
and at 0.3 m above the ground surface for a standardization of stem form factor and for ability of self-tree
biomass increment rate evaluation on the base of comparison biomass values in the beginning of the experiment with these in the time of harvest. The dendrometric parameters measurement of sampled spruce trees
were as following: tree height, stem diameter, number
of branches per whorl, length and inclination angle of
whorl branches. Whorl branch inclination angles were
measured as the deflection from the vertical stem axis.
The trees were cut per whorl sections and branches,
and then split per green (needle biomass) and non-green
parts (branch biomass and stem biomass) after drying.
All components for biomass analysis were oven-dried
at 80°C and weighted (model 1405 B MP8-1 Sartorius,
Germany or Kern MH5K5, Haron, CR) after 48 hours.
Processing of statistical values: Each subtreatment
was represented by 413 spruce individuals per ana2012, Vol. 18, No. 1 (34)
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lyzed year. There is no overlap (no repeated measurements) of biomass, structural parameters or secondary
branching as different tree groups were sampled in 2002
and 2004. As all replicates of each subtreatment resided in only one dome, the study design may be characterized as a pseudo-replication (Hurlbert 1984). However,
Norway spruce does not respond uniformly due to a
non-clonal origin and potentially high phenotypic
plasticity (Kjallgren and Kullman 2002). It is presumed
that results are not biased by preliminary character
despite the pseudo-replication design. Normal-like data
distribution and homogenenity of the variance could be
presumed. For basic dendrometric parameters, one-way
and two-way ANOVA tests were used to detect the statistically significant differences and to cluster homogenous groups. Chi-square test was used for secondary
shoots occurrence. Statistically significant differences
were tested on the level a = 0.05. ANOVA and Scheffe
tests were performed with STATISTICA 7.0 (StatSoft
Inc., Tulsa, USA).

Results
Stem dendrometric parameters - Tree height to
stem thickness relationship: Firstly, the tree height to
the stem thickness relations of all trees within the treatment illustrated the similarity in the basic tree size
parameters between representative sampled trees chosen by random selection and/or by the schematic selection in 2002 and 2004 (Fig. 1).

Figure 1. Relationships between stem diameter at 0.3 m
above the ground (D0.3) and tree height (H) in the beginning
of the experiment (i.e. in 1997). Regressions between H and
D0.3 are described separately for ambient (a) and air elevated [CO2] treatments (b). Ellipse demarcated the confidence
interval for 95 % of all values occurrence. Full squares mark
sampled trees in 2002, full triangles mark sampled trees in
2004, empty circles mark all other trees in treatment
ISSN 2029-9230
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Tree height: After the six years of tree cultivation
(i.e. in 2002), no significant effect of air elevated [CO2]
on the tree height growth was detected. Trees were
even higher in both sparse and dense A sub-treatments comparing to E by 8 % and 3 %, respectively.
Two years after thinning (i.e. in 2004), E trees were
found higher than A on average about 14 % in S and
about 8 % in D sub-treatment (insignificantly; Fig.2).
Stem thickness: The stems of sampled trees were
insignificantly thicker about 5 % in A than in E in S
sub-treatment and about 4 % thicker in E than in A in
D sub-treatment in 2002. However, the mean stem diameter did not differ between the related sub-treatments of A and E before and also after the thinning, a
high difference (about 22 %) was found between sparse
sub-treatments, to advance E two years after the first
schematic thinning (Fig.2). Trees grown in D spacing
exhibited lower stem thickness values (about 12-19 %)
comparing to these in S spacing before as well as after the thinning (Fig. 2). The highest difference between S and D sub-treatments within one treatment
was found under elevated [CO 2] conditions two years
after the thinning.
Crown architecture - Branching frequency: Before the thinning, elevated [CO2 ] appeared to slightly
stimulate branching frequency in elevated treatment
(Fig. 2). The average branching frequency was about
3 % and about 21 % (insignificantly) higher in S and
D sub-treatments, respectively. After the thinning,
enhancement of branching frequency about 13 % was
recorded in S sub-treatment whereas it decreased in
D sub-treatment (about 7 %).
Length of branches: Length of branches was similar in both sub-treatments. The differences were found
up to the 5 %. The thinning had a positive effect on
length of branches in D sub-treatment only, there the
branches were found about 10 % longer comparing to
ambient ones in 2004 (Fig. 2).
Branch inclination angle: In both treatments, Dtrees had lower branch inclination angles and thus

Figure 2. Stem and crown dendrometric parameters of trees
growing in sparse (S) and dense (D) sub-treatments (the second letter in note) of ambient (A) and elevated [CO2 ] treatment (E, the first letter in note) in 2002 and 2004. H  tree
height (a), D1/10  stem thickness in 1/10 of tree height (counted from the ground, b), Lwb  length of whorl branches (c),
Nb  number of branches within the whorl (d). Whiskers
show the confidence limits of the mean

consequently slimmer crowns than S- trees probably due
to the limited growing space. Values of branch inclination angle ranged commonly from 70° to 75° for all treatments and the statistically significant differences between the treatments were not found. There were no
shifts in branch inclination angles after thinning.
Secondary shoots on the branches: After the six
years of fumigation (i.e. in 2002), the number of whorl
branches with secondary shoots occurrence as well
as the frequency of the secondary shoots on the
branches were mostly higher in both S and D sub-treatments of E comparing to A ones (Table 1). Only the
number of one-year old secondary shoots was lower
in ED than in AD. Comparing to sub-treatments within E, the number of branches with secondary shoots

Bran ches
Year

2002

2004

Subtreatment

Sparse
Dense
Whole
treatment
Sparse
Dense
Whole
treatment

Number of
branches with
secondary
shoots

Number of
1-year old
secondary
shoots on
bran.

Stem

A_E
11_14
6_6
8_10

A_E
27_54
17_9
22_31

A_E
26_34
12_9
19_21

A_E
12_15
2_6
7_10

A_E
11_10
14_13
13_12

Number
of 1-year
old
secondary
shoots on
stem
A_E
6_3
4_5
5_4

13_4
7_8
10_6

60_20
33_28
47_24

20_7
16_4
18_11

9_6
4_7
6_6

13_11
17_16
15_13

6_4
3_5
4_5
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Number of
secondary
shoots on
branches

Number of
2-year old
secondary
shoots on
branches
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Number of
secondary
shoots on
stem

Number of
2-year old
secondary
shoots on
stem

7_5
8_12
8_9

A_E
4_4
7_6
6_5

Table 1. The total number
of the secondary shoots
of two different age
classes counted on whorl
branches and stems of all
trees in sparse and dense
sub treatments of air elevated [CO2 ] and ambient
treatment in 2002 and
2004. (Standard deviations are not presented
due to the lognormal data
distribution and high variation of data)
ISSN 2029-9230

5

BALTIC FORESTRY
THE EFFECT OF AIR ELEVATED [CO2 ] ON CROWN ARCHITECTURE /.../ IN NORWAY SPRUCE

2012, Vol. 18, No. 1 (34)

6

Biomass [kg tree

-1

]

8
6
4

a

AS
AD
ES
ED

2

Biomass [kg tree

-1

]

0

b

12
8
4
0
LB

BB

SB

TBA

Relative increment [%]

1000

c

800
600
400
200
0

Relative increment [%]

as well as the branching frequency was higher in ED
comparing to ES. Two years after the thinning (i.e. in
2004), the number of whorl branches with secondary
shoots occurrence was found significantly lower in ES
due to decreasing of new secondary shoots formation
and discontinuing increment of early developed secondary shoots (described by 1-year old shoots; Table 1). Shoot number on whorl branches did not differ
between the both comparable sub-treatments in
A and E.
Secondary shoots on the stem: Higher secondary
shoots frequency were recorded in E comparing to A.
Higher number of the secondary shoots was counted
in ES than in ED, particularly of one-year old secondary shoots (Table 1). After the thinning, higher number
of secondary shoots was counted on stems in A comparing to E in both sub-treatments. Similarly to secondary shoots on branches, the secondary shoots on
the stem showed discontinuous increment of older
secondary shoots, especially in ES. The secondary
shoots were developed on whorl branches and stem
one year after fumigation  indicated by 2-year-old
shoots and older. Then the occurrence of SS was remarkably reduced more on stem than on branch.
Shoots number on stem similarly to the number of
branches with secondary shoots were reduced by thinning in E treatment.
Biomass allocation: After the six years of experiment duration, elevated [CO 2] showed slight stimulation of the aboveground biomass increment in dense
tree spacing sub-treatment, whereas no stimulation
effect on aboveground biomass increment was found
in the sparse one (Fig. 3). Total aboveground biomass
(TBA) was even higher about 9 % in AS comparing to
ES. To follow the trajectory of biomass allocation into
aboveground tree organs, biomass was allocated more
into the branch biomass than into the stem. The lowest biomass allocation was observed into the leaf biomass, especially in S tree spacing treatment. Any statistically significant differences were found between
subtreatments within the A and E treatment, except significantly lower LB values in AD comparing to AS
(p=0.046). Two years after the schematic thinning with
intensity of ca 25 %, the TBA highly increased in both
E sub-treatments, especially in S. Then, trees from the
both E sub-treatments invested more biomass into the
stems (up to 39 % in sparse sub-treatment) and branches (up to 29 %, insignificantly) than into the leaves
comparing to A treatment (Fig. 3). Highly stimulated
stem and branch biomass increment by thinning under air elevated [CO 2] resulted in higher TBA in both
investigated spacing densities (about 22 %). Similarly
as in 2002, no significant differences among investigated parameters were found in 2004. Overview of a

R. POKORNÝ ET AL.

d

1600
1200
800
400
0
LB

BB

SB

TBA

Figure 3. Mean tree biomass of the sampled tree aboveground organs in 2002 (a) and 2004 (b), and relative sampled tree aboveground organ biomass increment in 2002 (c)
and 2004 (d) comparing to its own values derived allometricaly from the dendrometric parameters in the beginning of
the experiment (i.e. in 1997, baseline = 100 %). AS  ambient sparse sub-treatment, AD  ambient dense sub-treatment,
ES  elevated [CO2 ] sparse sub-treatment, ED  elevated
[CO2 ] dense sub-treatment, LB  leaf biomass, BB  branch
biomass, SB  stem biomass, TBA  total above-ground biomass. Whiskers mark standard deviations

temporal development of stand density, stand basal
area, and leaf area index per subtreatments is presented
in Table 2.
ISSN 2029-9230
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Table 2. Stand basal area (BA, cm2 m -2) at 0.3 m above the ground, seasonal maximum of hemi-surface leaf area index (LAI,
m2 m-2 ) and stand density (DEN, trees per hectare) in the end of choosing years of investigated period from 1997-2004.
Values and standard error of estimation (SE) of the means are presented for sparse and dense sub-treatments of air elevated
[CO 2] treatment and ambient one

Ambient
sparse
Ambient
dense
Elevated
sparse
Elevated
dense

BA
4.6

SE
0.9

1997
LAI
SE
0.9
0.2

DEN
4,900

BA
16.2

SE
5.8

2000
LAI
SE
2.0
0.3

DEN
4,900

4.8

1.3

1.9

0.3

9,300

15.4

3.1

3.7

0.3

9,300

4.3

1.3

0.8

0.3

4,900

18.9

7.0

2.2

0.3

4,900

4.7

1.7

1.8

0.3

9,300

15.7

4.9

3.7

0.3

9,300

Discussion
Increased tree height has been frequently recorded under elevated [CO2 ] conditions when growth resources  such as nutrients and water  are not limiting (Curtis and Wang 1998). Soil type and soil nitrogen availability seem to be the most important factors
modifying growth response of Norway spruce to elevated [CO2 ] (Egli and Körner 1997). Presented results
showed no effect of air elevated [CO 2] on the Norway
spruce tree height and stem thickness increments probably as soil nutrients are close to limiting conditions
in the experimental site in the Beskydy Mts. Similarly,
in open top chamber (OTC- for individual tree cultivation) experiment in the Beskydy Mts., the 15-year
old Norway spruce trees did not show significant differences in the dendrometrical parameters of stem,
length of whorl branches and branch base diameter as
well (Oplustilova and Dvorak 1997). Compared to other experimental sites from Switzerland, Sweden and Oregon (USA), Norway spruce showed no significant
growth response to air elevated [CO2] except when
nutrient were added (Körner 2006).
The planting density had no impact on the total
tree height as well as on stem thickness until the thinning impact application. Afterwards, thinning forced
tree height and stem thickness increments more in E
than in A. Tree height increment as well as stem diameter increment can be stimulated after thinning by
increasing growing space, nutrient availability and/or
irradiation (Spinnler et al. 2003, Körner 2006). Both
discussed stem dendrometric parameters can change
in a disproportional way, e.g. stem diameter increment
can respond positively to elevated [CO 2 ], but tree
height should not be affected in parallel and vice versa (Pushnik et al. 1995, for Pinus ponderosa). Trees
grown in dense spacing exhibited lower stem thickness
dimensions comparing to these in sparse spacing.
Therefore, as stem diameter of tree was strongly dependent on stand density, it was presumed that chang2012, Vol. 18, No. 1 (34)

2002 after (before) thinning
SE
LAI
SE
DEN
12.9 3.1
0.3
3,600
(4.3) (0.3)
21.5 5.8
4.9
0.3
7,400
(6.2) (0.3)
29.0 11.7 5.7
0.5
3,600
(7.9) (0.7)
23.0 5.9
7.1
0.9
7,400
(9.0) (1.2)

BA
31.9

2004 after (before) thinning
SE
LAI
SE
DEN
7.3
4.3
0.3
2,700
(5.3)
(0.3)
31.3 5.1
5.3
0.3
5,500
(10.2) (0.3)
68.6 24.6 5.9
0.5
2,700
(7.9)
(0.7)
0.9
5,500
34.4 13.6 7.0
(13.5) (1.2)

BA
44.9

es in this parameter arising to be obvious after
thinning.
Time duration of elevated [CO 2] exposure seems
to be another crucial factor for evaluation of changes
in dendrometric (and/or morphological) parameters, as
an insignificant effect of elevated [CO 2] on stem diameter or tree height is presented mostly for a short
time studies (Olszyk et al. 1998). Many authors confirmed time dependent response to elevated [CO 2] with
higher initial growth stimulation, but with diminishing
effect over time (Jach and Ceulemans 1997), probably
as there appear various limitations on other hierarchical levels. For Norway spruce these are: i) decreasing
amount and/or activity of RuBPCO (Hrstka et al. 2005),
ii) increasing accumulation of carbohydrates in needles, iii) decreasing nitrogen concentration in plant
(Urban and Marek 1999, Kosvancova et al. 2009), and
iv) decreasing carbon sink capacity (Urban et al. 2003).
Actually, the plants respond in time primarily on physiological processes level (i.e. in scale of seconds; e.g.
stomatal aperture, photosynthesis, photorespiration,
respiration etc.), secondarily on photosynthate concentration and reallocation level and thirdly on anatomical and morphological level (i.e. in scale of growing seasons). Therefore, rapidly changed growth
strategy and/or highly increased differences between
A and E sub-treatments in stem dendrometric and
crown morphological parameters during two growing
seasons (comparing data from 2002 with 2004) should
be taken into consequence with the thinning. In shorttime studies, the effect of tree/ plant spacing or different competitive conditions could not be displayed
significantly on some morphological parameter level
due to enough of growing space and just starting limitation of growth resources (Körner 2006). For example, Qiao et al. (2008) confirmed suppressed tree height
increment of fir grown in high planting density under
elevated [CO2 ]. With respect to this findings, information about reduced or increased tree height are less
evident or uncompleted without stand density descripISSN 2029-9230
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tion. Similarly, elevated [CO2] investigation applied on
isolated trees seems to be not relevant information
from this point of view.
Numerous studies have shown an increasing
branch elongation in plants grown under elevated
[CO 2 ], e.g. for Pinus taeda and Pinus radiata (Conroy et al. 1990), but studies for Norway spruce (Picea
abies) or Sitka spruce (Picea sitchensis) show no effect of elevated [CO 2] on growth of branches (Oplustilova and Dvorak 1997, Barton 1997, Roberntz and
Linder 1999). No effect of elevated [CO 2] on branch
length was confirmed also by presented results for
Norway spruce. The first reason should be that elongation of lateral branches is not completely controlled by auxin produced and transported from apical
meristem (Stafstrom 1995). The second reason should
be simply that larger amount of assimilates fixed by
branches growing in elevated [CO 2] do not lead to
stimulation of growth (Barton and Jarvis 1999). The
number of branches was stimulated rather in ED subtreatment; however the results were not consistent
throughout the whole crown vertical profile as the I.
and the V. whorl in ED sub-treatment had even less
branches (data not shown). Elongation growth of whorl
branches and branch biomass independently on tree
spacing density treatment, and number of whorl
branches of trees grown in sparse spacing were stimulated by the thinning impact under elevated [CO 2 ].
Thinning had a positive effect on the formation of new
branches in ES. Branch inclination angle was found
completely unaffected by the elevated [CO 2] as well
as by the thinning impact.
Since the beginning of fumigation, air elevated
[CO 2 ] can operate as a stress activator (Polak et al.
2007) or as an exogenous stimuli (Zimmermann and
Brown 1971) for the secondary shoots formation. Thus,
amount of branches with secondary shoots (SS), total amount of SS on branches and on stems were found
higher within the crowns of E- trees comparing to Aones, particularly in sparse sub-treatment. After the
thinning, number of branches with SS and stem SS
decreased more rapidly in E compared to A. Contrariwise, growth of primary branch structure was stimulated in ES. Nevertheless, high secondary shoot formation as a possible alternative carbon sink helps to
slow down reduction of photosynthesis and growth
in the D- tree spacing compared to S. In our previous
study, shoot elongation growth dynamic was found
stimulating during the first one-three weeks after budburst, but the total shoot length of primary branching
structure did not differ between the A and E treatments
in the end of shoot size growth (Pokorny et al. 2010).
Formation of secondary shoot structures serve as an
alternative sink, which is one from essential compo2012, Vol. 18, No. 1 (34)
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nents of the positive growth response of Norway
spruce to CO2 (Eamus 1996). Norway spruce, as fixedgrowth species, produce foliage and branches early in
the growing season comparing to free-growth deciduous species producing leaves and branches continuously during the growing season (Keller 1988). Thus,
the growth of branch primary structure, what is an
essential C sink, can be positively affected by elevated [CO2] only during the first months of growing season (May  June).
Tree height, stem thickness, number of whorl
branches, length of whorl branches, angle of their
inclination and biomass of above-ground tree organs
were found to be unaffected by elevated [CO2] after
the six years of experiment duration. The percentage
differences between the treatments were mostly within ±10 % interval and there slightly higher stimulation
of initial growth was registered for trees in D- spacing. Oplustilova and Dvorak (1997) presented also
slightly stimulated branching ratio by elevated [CO 2].
It can be supported by the results of high relative
effect of [CO2] enrichment under low light, most likely because of a reduction of the light-compensation
point (Körner et al. 2003). In opposite, irradiances
above 250 mmol m-2 s -1 significantly enhanced daily
courses of net CO2 assimilation for E-trees in comparison with A ones (Ðpunda et al. 2005). Therefore, thinning impact can have a high stimulation effect on
growth under elevated [CO2] environment. It was supported by the presented results when thinning highly
stimulated growth of the primary branch structure and
biomass increment of branches and stems.

Conclusion
As our experimental design may be considered as
a pseudoreplication, we suggest, the most of stem
dendrometric and crown morphological parameters of
Norway spruce trees grown in different tree spacing
treatments are not significantly affected by the air
elevated [CO2]. Nevertheless, based on the presented
data, the growth stimuli or forcing preferences of biomass allocation into different tree aboveground organs
changed rapidly as young trees develop with temporal onset and especially after the thinning impact.
Thinning forced growth of stem dendrometric parameters, stem biomass and primary branch structure as
described by enhancing branching frequency of whorl
branches and biomass increment of all branches. Stimulation of the secondary shoots development before
the thinning was identified as the first alternative
sink for enhancing assimilates production under air
elevated [CO2]. Thus, tree spacing respective the thinning modified this sink strategy as the amount of
ISSN 2029-9230
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secondary shoots decreased, and growth of primary
branching structure, stem size and biomass increment
showed high positive consecutive stimulation under
elevated [CO2].
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ÝÔÔÅÊÒ ÂËÈßÍÈß ÏÎÂÛØÅÍÎÃÎ ÑÎÄÅÐÆÀÍÈß [CO 2 ] ÍÀ ÍÀÄÇÅÌÍÓÞ
ÁÈÎÌÀÑÑÓ È ÀÐÕÈÒÅÊÒÓÐÓ ÊÐÎÍÛ ÅËÈ ÎÁÛÊÍÎÂÅÍÍÎÉ (PICEA ABIES (L.)
KARST)
Ð. Ïîêîðíè, È. Tîìàøêîâà è Ð. Ñëèïêîâà
Ðåçþìå
Èçó÷åíèå äåíäðîìåòðè÷åñêèõ ïàðàìåòðîâ ñòâîëîâ, àðõèòåêòóðû êðîíû è áèîìàññû ïðîâîäèëîñü íà ìîëîäûõ (1719 ëåò) äåðåâüÿõ åëè îáûêíîâåííîé (Picea abies [L.] Karst.), ïðîèçðàñòàâøèõ âíóòðè ñòåêëÿííûõ êóïîëîâ (GDs) ñî
ñðåäíåé (A, 370 mmol (CO2) mol-1) è ïîâûøåííîé (E, 700 mmol (CO2) mol-1) àòìîñôåðíîé êîíöåíòðàöèåé CO2 ([CO2 ]) ñ
íà÷àëà 1997. Êðóïíîðàçìåðíûå êóïîëà äåéñòâîâàëè êàê ïîëóîòêðûòàÿ ñèñòåìà. Äåðåâüÿ ðîñëè â äâóõ íàñàæäåíèÿõ ñ
ðàçëè÷íûìè ïëîòíîñòÿìè (S  ðåäêàÿ ïîñàäêà, 5.000 äåðåâüåâ/ãà è D  ïëîòíàÿ ïîñàäêà, 10.000 äåðåâüåâ/ãà) äî 2002.
Çàòåì áûëî ïðîâåäåíî ñõåìàòè÷åñêîå ðàçðåæèâàíèå (èíòåíñèâíîñòü 25%) è àíàëèç âûðóáëåííûõ äåðåâüåâ. Âòîðîé
àíàëèç ïðîâåäåí äâà ãîäà ñïóñòÿ.
Óâåëè÷åííîå ñîäåðæàíèå CO2 íå âëèÿëî íà âûñîòó äåðåâà, òîëùèíó ñòâîëà, êîëè÷åñòâî îñíîâíûõ âåòâåé è èõ
äëèíó, à òàêæå óãîë îòêëîíåíèÿ îò âåðòèêàëè. Ïðîöåíòíûå ðàçëè÷èÿ ìåæäó îïûòíûìè ïîñàäêàìè íàõîäèëèñü â
ïðåäåëàõ ±10 %, îäíàêî áîëüøàÿ ñòèìóëÿöèè íà÷àëüíîãî ðîñòà îêàçàëàñü ó äåðåâüåâ ñ ïëîòíîé ïîñàäêîé òèïà D.
Òîëüêî âåëè÷èíà ïëîòíîñòè âåòâåé (êîëè÷åñòâå âåòâåé íà äåðåâå) ïðåâçîøëà ýòîò ïîêàçàòåëü. Îíà áûëà íà 21% âûøå
äëÿ Å-äåðåâüåâ â ñðàâíåíèè ñ À-äåðåâüÿìè â ïîñàäêå òèïà D. Êîëè÷åñòâî âòîðè÷íûõ âåòâåé (SS), îáùåå êîëè÷åñòâî SS
íà âåòâÿõ è ñòâîëàõ áûëî âûøå íà êðîíàõ Å-äåðåâüåâ, ïî ñðàâíåíèþ ñ À-äåðåâüÿìè, îñîáåííî â ïëîòíîé ïîñàäêå.
Ïîñëå ïðîðåæèâàíèÿ, êîëè÷åñòâî âåòâåé ñ SS è ñòâîëîâûõ SS ñíèçèëîñü è âûÿñíèëîñü, ÷òî îíî äàæå ìåíüøå ó Åäåðåâüåâ, ÷åì ó À-äåðåâüåâ. Òåì íå ìåíåå, îòíîñèòåëüíî ïàðàìåòðîâ äåíäðîìåðòèè ñòâîëà è àðõèòåêòóðû êðîíû,
ëèñòà (LB), âåòâè (BB), ñòâîëà (SB) è âîîáùå áèîìàññû âñåé íàçåìíîé ÷àñòè äåðåâà (TBA), èçìåíåíèÿ â çàâèñèìîñòè îò
ïîâûøåííîãî êîëè÷åñòâà CO2 íå íàáëþäàëèñü, âñå ýòè ïàðàìåòðû è áèîìàññà íàäçåìíîé ÷àñòè äåðåâà ñòèìóëèðîâàëèñü
ñ ïîìîùüþ ïðîðåæèâàíèÿ, îñîáåííî â ðåäêîé ïîñàäêå. Ïðè ýòîì íåçíà÷èòåëüíî óâåëè÷èëèñü êîëè÷åñòâî (íà 13 % è
8 %) è äëèíà (íà 3 % è 10 %) îñíîâíûõ âåòâåé â ïîñàäêå òèïà S è D. Áûëî îáíàðóæåíî, ÷òî åëü îáûêíîâåííàÿ, òàêæå
êàê è äðóãèå õâîéíûå äåðåâüÿ, â íà÷àëå óâåëè÷èâàåò ñâîþ ôîòîñèíòåòè÷åñêóþ àêòèâíîñòü â óñëîâèÿõ ïîâûøåííîãî
óðîâíÿ CO 2, à çàòåì óìåíüøàåò ñïîñîáíîñòü àññèìèëÿöèè (ìîäèôèöèðîâàííîé äîñòóïíîñòüþ àçîòà). Âûñîêàÿ
ñïî ñîáíîñòü ê ôîðìèðîâàíèþ âòîðè÷íûõ âåòâåé, âûñòóïàåò àëüòåðíàòèâîé ñíèæåíèþ ïðîèçâîäñòâà óãëåðîäà,
óìåíüøåíèÿ ôîòîñèíòåçà è ðîñòà â íàñàæäåíèÿõ òèïà D, ïî ñðàâíåíèþ ñ íàñàæäåíèÿìè S. È íàîáîðîò, ïðîðåæèâàíèå
ñèëüíî ñòèìóëèðóåò ðîñò ïåðâè÷íîé ñòðóêòóðû è áèîìàññû íàäçåìíîé ÷àñòè äåðåâà, îñîáåííî âåòâåé è ñòâîëà, â
íàñàæäåíèÿõ îáîèõ ïëîòíîñòåé.
Êëþ÷åâûå ñëîâà: ðàñïðåäåëåíèå áèîìàññû, ñòåêëÿííûé êóïîë, äåíäðîìåòðèÿ, äëèòåëüíûé ýêñïåðèìåíò,
âòîðè÷íûå âåòâè
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