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Abstract: The main objective of the study was to evaluate inter-annual ring-width variation and cumula-
tive growth of aspen (Populus tremula L.) trees growing on the spots of different soil CO2 concentration at 
natural mofette site. We hypothesized that growth rate of trees is affected by CO2 concentration within 
their rooting zone. The study site was situated in the flood plain of Plesná stream near Hartoušov (Western 
Bohemia). Trees growing in a pure aspen stand were selected according to the CO2-gas regime within their 
rooting zone. Five high [CO2] trees (10–25% CO2 in the soil) and five low [CO2] trees (up to 3% CO2 in the 
soil) were sampled. Stem growth analysis of each trunk was carried out to study growth pattern in detail. 
High and low [CO2] trees significantly differed in a growth rate. At the age of 25 years, the basal area of 
high [CO2] trees exceeded low [CO2] trees by 39 %. The positive effect of CO2 on annual increment was 
pronounced particularly in the years with optimal growing conditions. Results suggest that trees can be 
fertilized not only by elevated atmospheric CO2 but also when fed with CO2 via the roots.
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Introduction 
The increase in atmospheric CO2 from pre-indus-

trial concentrations of 270–280 µmolmol−1 to the 
present level of 400 µmolmol−1 raises many ques-
tions concerning its effect on terrestrial plants and 
their ecosystems. Since trees play an important role 
in the global carbon cycle and can significantly affect 
atmospheric concentration of CO2, their response to 
elevated levels of CO2 needs to be known. 

The effect of elevated CO2 on trees may be man-
ifested in variations of the growth rate or above-
ground biomass accumulation (e.g. Dawes et al., 
2011; Druart et al., 2006; Vodnik et al., 2005), en-
hanced root growth (Hättenschwiler & Körner 1998; 
Crookshanks et al., 1998), changes in wood-cell anat-
omy (Handa et al., 2006; Druart et al., 2006; Hät-
tenschwiler et al., 1996), leaf-litter production and 
leaf chemistry (Asshoff & Hättenschwiler, 2006). All 
these changes have a background in the underlying 
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physiological processes (reviewed by Ainsworth & 
Long, 2005; Ceulemans & Mousseau, 1994; Macek 
et al., 2005; Pfanz et al., 2007; Raschi et al., 1997). 

Different approaches were employed to study the 
growth reactions of trees to different atmosphere CO2 
enrichments: experiments under a controlled-envi-
ronment (e.g. Druart et al., 2006; Bruhn et al., 2000; 
Tjoelker et al., 1998), in situ experiments using free-
air CO2 enrichment – FACE (Dawes et al., 2011; Egu-
chi et al., 2005; Pepin & Körner, 2002; Norby et al., 
2001), and in situ studies at naturally CO2-enriched 
sites (Tognetti et al., 2000; Hättenschwiler et al., 
1997; Paoletti et al., 2005). Working in mofette areas 
enables the study of long-term tree-growth response 
under authentic natural conditions. Certain limita-
tions exist, however; the historical CO2 concentra-
tions around degassing vents are not known, the gas 
flow can vary over time in relation to repeated earth-
quakes (Paoletti et al., 2005; Marzaioli et al., 2005), 
and the history of the trees studied (their origin and 
competitive status) and the potential effect of human 
activities in the area have to be considered (Saurer et 
al., 2003). 

Tognetti et al. (2000) and Hättenschwiler et al. 
(1997) compared the growth of Quercus ilex at a 
CO2-enriched site and at a control site in Tuscany 
(Italy) producing contradictory results. It became 
evident that tree selection is crucial and significant 
differences in growth rate occurred within the same 
site. 

In order to further corroborate the results, we 
studied the growth variability of aspen trees (Populus 
tremula L.) at a naturally CO2-degassing mofette site 
located in the flood plain of the Plesná stream close to 
Hartoušov in Western Bohemia. The main objective 
of this study was to evaluate the long-term inter-an-
nual ring-width variation and cumulative growth of 
aspen trees growing on the spots of different soil CO2 
concentration at a natural mofette site. We hypothe-

sized that the growth rate of trees is affected by CO2 
concentration within their rooting zone. 

Materials and Methods

The study site was situated in the flood plain of the 
Plesná stream, between Milhostov and Hartoušov, in 
the Cheb (Eger) Basin in Western Bohemia. The ba-
sic characteristics of the site are as follows: altitude 
450 m a.s.l., pseudogley soil (Kozák, 2010), a mod-
erately warm climate (with a mean annual tempera-
ture of 7.2°C and a mean annual precipitation of 560 
mm; cf Rennert et al., 2011). Many natural springs of 
mineral water and of CO2 gas (mofettes) are located 
along the stream. A mofette line running between 
Hartoušov and Bublák is connected with the Počát-
ky-Plesná Zone (Bankwitz et al., 2003). The mofette 
gases are composed of carbon dioxide (99 %) and 
helium isotopes (Bräuer et al., 2004).

In the past the area was used mainly for pastur-
ing. Several maps of CO2-endangered pastures are 
included in the local historical chronicles. The land 
use changed dramatically after the Second World 
War and once again at the end of the nineteen-eight-
ies. Most of the land was abandoned and trees and 
shrubs invaded the former grasslands.

We studied a pure aspen (Populus tremula L.) stand 
(30m × 34m) with diffuse CO2 degassing (Fig. 1). 
The stand was established by natural regeneration 
(probably through a combination of generative and 
vegetative propagation). Two cohorts of trees were 
distinguished: trees of main canopy layer (126 trees) 
and young trees up to 5 m high (not counted). The 
density of main canopy trees was 1235 trees.ha−1. 
The mean distance between trees was about 1.6 
m. Understory vegetation consists mainly of young 
aspen trees in shrub layer and grasses (Agrostis sp., 
Carex sp., Deschampsia sp., Nardus stricta) in herb layer.

Fig. 1. Study site within the Plesná Valley of the Western Czech Republic
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Measurements of the CO2-soil concentration (at 
a depth of 40 cm and 60 cm) were carried out at 
three points around each canopy tree in the stand. 
Measurements were performed by drilling a hole to 
a required depth using an auger and measuring the 
CO2 concentration within the hole by inserting a Tef-
lon tubing connected to a portable infrared gas ana-
lyzer (GA 2000; Ansyco, Germany). Measurements 
repeated in 2008, 2010 and 2011 proved that al-
though the CO2- soil concentrations fluctuated over 
time, the spatial pattern of high-CO2 and low-CO2 
spots remained the same. On the other hand meas-
urements of atmospheric CO2 concentrations were 
highly variable in time and space. Several measure-
ments of atmospheric CO2 concentrations were done 

at different times and heights. The portable CO2 
analyzer as a well as a Licor gas exchange cuvette 
were used. Only at ground level CO2 concentrations 
were enhanced to a certain extent. On calm days, 
an increase of up to 600 ppm was seen up to 50 cm 
above ground. At 100 cm, CO2 was always around 
normal atmospheric values of 400 ppm. On windy 
days even at ground level CO2 was within normal 
atmospheric level. 

Ten trees were selected for stem growth analysis 
according to the soil-CO2 concentration: five high-
CO2 concentration trees (10 – 25% CO2 in the soil = 
HC trees) and five low-CO2 concentration trees (less 
than 3% CO2 in the soil = LC trees) (Fig. 2). Dom-
inant or co-dominant trees were chosen (Table 1). 
Trees growing at the edge of the stand were avoided.

Trees were felled and total length of each stem was 
measured. Stem was divided in the sections and discs 
were cut from the end of each section. The length of 
the first section was 1.4 m measured from the stem 
base, the length of other sections was 1.0 m. An ex-
tra disc was taken also from the stump to determine 
the exact age of the tree. After drying and sanding, 
the radial increments were measured on each stem 
disc along four radii. Ring-width measurements were 
done using the VIAS TimeTable measuring stage (ac-
curacy 0.01 mm). The individual ring-width series 
were cross-dated and the dating was verified statis-
tically using the COFECHA programme (Holmes, 
1983).

Trees were divided according to the soil-CO2 con-
centration (HCT, LCT). The tree-ring series of each 
group were aggregated into the mean ring-width 
chronology. Radial growth at individual cross-sec-
tions was studied separately. 

The negative and positive pointer years (Schwein-
gruber et al., 1990) were identified in the ring-width 
chronologies of both tree groups to examine how the 
growth is affected by CO2 in the years of adverse con-
ditions and vice versa in favourable years. A “pointer 
year” occurred when an event year was identified for 
at least 50 % of the trees within the tree group. An 
“event year” represented a year of an abrupt growth 
change (increase or decrease) in the ring width of at 
least 40% above or below the average ring width over 
the previous four years.

For each tree the cumulative basal area growth 
was expressed at the same cambial age. 

Ring-width series were used to determine the 
height growth of the individual trees: the difference 
between the number of tree rings at the stump and at 
the given cross-section showed the number of years 
of growth up to the given height. Height curve of HC 
and LC trees was approximated by the Korf growth 
function (Korf, 1939) – eq. 1. Calculation was done 
in module for nonlinear regression of statistical soft-
ware QC Expert.

Table 1. Description of the sampled aspen trees growing at 
the Hartoušov mofette site 

CO2 
level

Tree
number

[CO2] (%)
in 40 cm 

depth

Abso-
lute age 
of tree

DBHa)

(cm)
Tree height 

(m)

H
ig

h 
[C

O
2]

3 9.47 22 11.4 13.5
5 16.37 21 13.9 12.9
8 21.03 22 11.0 11.9

74 9.77 29 14.5 14.1
88 12.90 27 14.6 14.6

Lo
w

 [
C

O
2]

13 0.90 31 14.2 13.6
15 1.00 30 16.0 14.4
50 3.00 30 11.1 13.2

102 0.83 28 12.2 12.5
102a 0.57 31 11.2 12.0

a) DBH – diameter at breast height.

Fig. 2. Spatial pattern of CO2-soil concentration (%) within 
the study site in 2011. CO2-soil concentration measured 
at a depth of 60 cm at three points around each of 126 
canopy trees was used for extrapolation. White dots de-
pict the location of sample trees



6 Monika Vejpustková et al.

 y = ae−bt−c (1)

Where: y – tree height, t – tree age, a, b, c – regres-
sion coefficients.

The two-sided t-test was used to test differenc-
es between HC and LC trees. The growth variables 
to be tested included: (1) the annual ring widths in 
individual calendar years; (2) the mean ring widths 
during the entire lifespan of the trees; (3) the cu-
mulative basal area at the same cambial age; (4) the 
model tree-height at the same age. Statistical analy-
ses were carried-out using the QC Expert statistical 
programme.

The relationship between aspen growth and cli-
mate was examined using monthly temperature 
and precipitation data from 1987 to 2010 from the 
nearest meteorological station Cheb (10 km from 
Hartoušov). For dendroclimatic studies the radial 
growth at 1.4 m above the ground was used. The 
ring-width series were standardised to eliminate the 
age trend using the ARSTAN programme (Cook & 
Holmes, 1996). The trend was approximated by the 
Hugershoff function (Warren, 1980) which reflects 
well exponential decrease of annual increments in 
young trees. The remaining autocorrelation was re-
moved by autoregressive modelling. The resulting 
index series were aggregated by calculating their 
mean values in terms of the HCT and LCT chronolo-
gies. The climate-growth relationship was computed 
for the period 1987–2010 using simple correlation 
analysis. The series of ring-width indices of LC and 
HC trees were correlated gradually with the mean 

monthly temperatures and precipitation from May of 
the previous year to September of the current year, 
when the specific ring was formed (i.e. 17 months in 
total). Pearson correlation was used. 

Results
Radial growth

Annual ring widths were measured and success-
fully cross-dated. Some false rings were detected but 
no missing rings. Ring widths of HC trees measured 
at the cross section 1.4 m above ground exhibited 
greater variability and average ring width was 23 % 
larger than that of LC trees. Radial growth of HC 
trees was also more responsive to exogenous factors 
as indicated by the higher values of mean sensitivity 
(Table 2).

Table 2. Summary statistics for tree-ring series of HC and 
LC aspen trees from the mofette location. Cross sec-
tions were taken 1.4m above ground 

Parameter LC trees HC trees
Number of trees 5 5
Tree age 28–31 21–29
Number of radii 20 20
Master chronology 1983–2010 1986–2010
Proportion of missing rings (%) 0 0
Average ring width (mm) 2.13 2.79
Standard deviation 1.066 1.336
Mean sensitivity 0.425 0.521
Correlation with master chronology (r) 0.603 0.670

Fig. 3. Mean ring-width chronologies of HC and LC trees derived from cross sections in different stem heights (1.4 m, 3.4 
m, 5.4 m and 8.4 m above ground). Vertical bars indicate +/–SE
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There was a good agreement between HC and LC 
trees in regard to their inter-annual ring-width vari-
ation which was confirmed by a sign test (Gleichläu-
figkeit): GLK>90% (i. e. the trend of year-to-year 
changes of ring widths which were parallel in more 
than 90% of the intervals). Growth pattern of the 
cross sections in different stem heights was very 
similar (Fig. 3). Mean radial increment of HC trees 
was significantly greater than that of LC trees in all 
cross-sections investigated (Table 3).

When the annual increments were examined year 
by year, significant differences between HC and LC 
trees were observed for the years 1998, 2004 and 
2009. In average, the ring widths of HC trees were 
1.43 mm greater than those of LC trees. These were 
the years with the most favourable growth condi-
tions. They were determined as positive pointer 
years by single pointer year analyses. Altogether four 
positive pointer years were identified: 1998, 2004, 
2007 and 2009. While the pointer years 1998 and 
2007 were common to both tree groups, 2004 and 
2009 pointers were identified for HC trees only. 
Negative pointer years (2000, 2003, 2005 and 2010) 
were common to both tree groups. In these years the 
differences between the HC and LC trees were insig-
nificant.

Cumulative basal area growth

The long-term growth rate was described in terms 
of the cumulative stem basal area growth. Because 
the trees differed in their absolute age, basal area 
growth in the same cambial age was expressed. Until 
the trees had reached the age of 10 years the basal 
areas of trees were comparable, regardless of the soil-
CO2 concentration. Thereafter their growth started 
to diverge and the mean basal area of the HC trees 
clearly increased (Fig. 4). At the age of 15 years the 
difference between the tree groups became statisti-
cally significant. The accelerated growth rate of HC 
trees persisted for 15 years. At the age of 25 years 
the basal area of HC trees exceeded that of LC trees 
by 39%.

Height growth

All aspen trees showed an intensive height growth. 
For all trees it took roughly 3–4 years to grow up to 
the breast height. Thereafter height growth of HC 
trees was stimulated and the growth rates of the 
tree groups started to diverge (Fig. 5). During the 
age interval from 15 to 25 years a significant differ-
ence occurred in the cumulative height growth; sub-

Table 3. Mean radial increment of HC and LC aspen trees in different stem heights

Stem height (m) 1.4 2.4 3.4 4.4 5.4 6.4 7.4 8.4 9.4 10.4

Period 1990–
2010

1991–
2010

1993–
2010

1995–
2010

1997–
2010

1998–
2010

1999–
2010

2000–
2010

2003–
2010

2005–
2010

Mean radial
increment (mm)

HCT 2.81 2.88 2.90 3.07 3.01 3.07 3.00 2.89 2.67 2.31

LCT 2.12 2.13 2.20 2.30 2.21 2.18 2.16 2.11 2.22 1.84

Difference (mm) 0.69* 0.75* 0.70* 0.77* 0.80* 0.88* 0.84* 0.78* 0.45 0.48*

* statistically significant difference (α=0.05).

Fig. 4. Mean cumulative stem basal area of aspen HC and LC trees from the Hartoušov mofette location. Vertical bars 
indicate +/–SE
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sequently the curves narrowed again. The average 
height increment during the entire lifespan was 56 
cm per year for HC trees and 44 cm per year for LC 
trees.

Climate-growth relationship

Correlation analysis revealed that there are no sig-
nificant differences between the HC and LC trees in 
regard to their relationship to climatic factors. There-
fore we built a common chronology that has been 
correlated with climatic variables. The main drivers 
of aspen growth in Hartoušov are winter precipita-
tion and summer temperatures. Both factors affect 
growth negatively. On the contrary, growth of aspen 
is stimulated by warm April and wet June of current 
year (Fig. 6). Correlation coefficients between tree 

growth and monthly variables were not statistical-
ly significant. However, significant values (α=0.05) 
was reached for the sum of winter precipitation (No-
vember – January; R= –0.51). 

Discussion 

As the results presented in this paper originate 
from a geologically active mofette site, certain lim-
itations exist in regard to the interpretation. Histor-
ical CO2 concentrations around degassing vents are 
mostly unknown and CO2 gas flow can vary over time 
(Vodnik et al., 2006). However, 15 years of measur-
ing at the nearby Bublák mofette (at a distance of 1 
km from the study site) revealed a steady increase in 
the geogenic CO2-emission (Koch et al., 2008). 

Fig. 6. Results of climate-growth relationship for common chronology of HC and LC trees from Hartoušov. Rsig=0.4

Fig. 5. Cumulative height growth of HC and LC aspen trees from the Hartoušov mofette location. The triangles represent 
measured values; the lines indicate height growth approximated by Korf ’s growth function
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For the whole tree sampling strategy, number of 
sampled trees was limited to 10 due to the small size 
of the stand and to parallel research activities. Disc 
sampling and the detailed measurements of at least 
four radii per disc ensured the reliable identification 
of the tree rings within the cross-sections taken at 
different stem heights. The sampling of stump discs 
enabled the precise determination of tree age, a fea-
ture that is crucial when the cumulative growth of 
trees needs to be compared. Stem analysis also ena-
bled the assessment of the absolute height growth of 
trees, one of the best indicators of site quality. The 
height growth of dominant and co-dominant trees is 
less influenced by competition within the stand in 
comparison to the radial growth (Spiecker, 1999). 

High [CO2] trees and low [CO2] trees were locat-
ed within the same stand at a distance between 5 and 
20  m. Therefore the abiotic parameters within the 
stand (microclimate, soil type) were considered to 
be quite similar. The differences observed in growth 
rate can be therefore attributed to the different soil 
CO2 regime in the rooting horizon of trees. 

The inter-annual ring-width variation was inde-
pendent of the CO2 concentration, which is consistent 
with the findings of Hättenschwiler et al. (1997) and 
Tognetti et al. (2000). Analysis of the climate-growth 
relationship revealed, that growth of both the HC 
and the LC trees in Hartoušov is driven by the same 
climatic factors. Strong negative relationship to the 
winter precipitation was found. We assume an in-
direct effect on aspen growth through fluctuation 
of groundwater level. The shallow groundwater is 
typical for the flood plain of the Plesná stream and 
water table further elevates during the spring time 
after thawing snow. A persistent high water table in 
the beginning of growing season may restrict tree 
growth as for aspen the optimum groundwater level 
is around 1 m (Čížek, 2007).

Ring widths of HC trees were larger in all the 
cross sections than those of LC trees. Interestingly, 
growth stimulation of the HC trees was much more 
pronounced during the years with favourable climat-
ic conditions (positive pointer years). According to 
the theory of Sprengel and Liebig, the reaction of 
plants clearly follows the law of the minimum fac-
tor; therefore a surplus of CO2 will feed photosyn-
thesis and growth to a much greater extent if all the 
other factors are optimal (Mitscherlich, 1909). In 
contrast, in years with adverse climatic conditions, 
additional fertilisation with CO2 will not largely en-
hance photosynthesis. Evidently, there was no sig-
nificant difference between HC and LC trees from 
Hartoušov during the years of low radial increment. 
Also Tognetti et al. (2000) found for several tree spe-
cies in coppiced forest stands, that negative pointer 
years (triggered by drought) rarely differed between 
the CO2-enriched site and the control. Dawes et al. 

(2011) came to a similar conclusion when investigat-
ing the growth of larch at a CO2-enriched site estab-
lished within the framework of FACE. 

In contrast to the FACE experiments or to oth-
er high-level CO2 treatments, the additional CO2 in 
mofettes is not supplied via the atmosphere but via 
soil emissions (Pfanz, 2008). Geogenic CO2 diffuses 
through the soil and mostly degasses into the adja-
cent atmosphere where it is largely diluted. There-
fore CO2 concentrations within the canopy were not 
enhanced and so a positive fertilisation effect cannot 
be expected. On the other hand, CO2 diffuses from 
the high CO2 soil into the intercellular system of the 
living tree roots. Here there are two potential trans-
port pathways: (i) the surplus CO2 may diffuse as a 
dry gas throughout the entire intercellular system of 
the tree, following the concentration gradients and 
finally reaching the leaves; diffusive transport will 
follow Fick’s law of diffusion and this will be ex-
tremely slow; (ii) the second possibility is the physi-
co-chemical dilution of the geogenic CO2 within the 
xylem water and the CO2-enriched xylem water then 
feeding leaf photosynthesis by apoplastic transport 
(Pfanz et al., 2002, Pfanz, 2008; Teskey et al., 2008). 
Yet, the ratio between the photosynthetical usage 
of geogenic and atmospheric CO2 is completely un-
known. CO2 from soil, root or stem respiration may 
diffuse out through the bark, but it is also transport-
ed within the xylem and to some extent consumed 
by photosynthesis in the leaves (Levy et al., 1999; 
Teskey & McGuire, 2002; Bloemen et al., 2013).

Interestingly, up to the age of 10 years the growth 
rate of both tree groups was similar. Growth accel-
eration of HC trees from Hartoušov started at the 
age of 15 years. While the acceleration of the ba-
sal area growth persisted, modelled height growth 
slightly declined at the age of 25 years. Our findings 
cannot easily be compared with the results of exper-
iments in controlled-environment chambers which 
commonly, from the very beginning, show large pos-
itive effect of CO2 on tree growth (e.g. Druart et al., 
2006; Bruhn et al., 2000; Tjoelker et al., 1998). In 
these experiments the potted tree seedlings grew 
under optimal fertilized condition and were further-
more not affected by competition. The aspen stand 
at Hartoušov was established by natural regenera-
tion (probably through a combination of generative 
and vegetative propagation). The diameter at breast 
height of ten years old aspen trees was ca. 3 cm and 
their total height was about 4.5 m regardless of the 
soil CO2 concentration. We therefore assume a rath-
er high-density stand during this first stage of forest 
formation. Strong interspecies competition could be 
the probable reason for the observed lack of growth 
response of high [CO2] trees at this very young 
age. McDonald et al. (2002) were able to demon-
strate, studying trembling aspen (Populus tremuloides 
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Michx.) at the FACE facility, strong influence of the 
competitive status on growth response to elevated 
[CO2]. 

The results of FACE experiments using free-air 
CO2 enrichment are not unambiguous. Mature trees 
did not respond at all to elevated CO2 (Körner et 
al., 2005; Rasmussen et al., 2002) or trees exhib-
ited an increased growth only during the first year 
of the study which indicates that large trees that 
are no longer in an exponential growth phase re-
tain the capacity to respond to elevated CO2 (Norby 
et al., 2001). At the mofette site in Hartoušov, the 
age of aspen trees ranged from 21 to 31 years. As a 
fast-growing tree species, aspen reaches its maturi-
ty approximately at the age of 60 years. This means 
that studied trees were within their most intensive 
growth phase and they had potential to profit from 
an elevated CO2 concentration.

Conclusion 

The presented study brings new findings about 
long-term growth response of trees to increased soil 
CO2  concentration. After a 10–15 years lag phase, 
where no clear response to the enhanced soil [CO2] 
could be observed, growth was stimulated. At the 
age of 25 years the basal area of HC trees exceeded 
that of LC trees by 39%. Yet, inter-annual ring-width 
variation was independent on the CO2 concentration. 
Climate-growth analysis revealed that growth of both 
HC and LC trees is driven by the same climatic fac-
tors. In years with sub-optimal conditions, a surplus 
of CO2 didn’t cause any significant effect, while in 
favourable years there was a substantial growth stim-
ulation of HC trees. These data suggest that growth 
rate of trees can be enhanced by elevated CO2 con-
centration within their rooting zone.
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