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Abstract

Key message Beside temperature, soil moisture was
found as the most important environmental factor
influencing the relationship between stem CQO2 efflux
and sap flow.

Abstract Stem CO, efflux is an important component of
the forest carbon balance. Even after several studies on this
issue, there is still uncertainty about the influence of the sap
flux on stem CO, efflux. This study analyses stem CO,
efflux and sap flow measured on Norway spruce [Picea
abies (L.) Karst] trees and environmental factors influ-
encing this relationship during the growing seasons of 2010
and 2011. Stem CO, efflux measurements were performed
using an automatic dynamic closed gasometrical system,
whilst sap flow measurements were carried out by applying
a sap flow method heat pulse velocity. Stem CO, efflux
was positively correlated with stem temperature; sap flow
was positively correlated with incident global radiation.
During optimal soil moisture conditions, stem CO, efflux

Communicated by H. Pfanz.

R. Buzkova - R. Pokorny

Department of Biomass and Water Regime, Global Change
Research Centre, Academy of Sciences of the Czech Republic,
Bélidla 986/4a, CZ 60300 Brno, Czech Republic

M. Acosta (X)) - E. Dafenova - M. Pavelka

Department of Matter and Energy Fluxes, Global Change
Research Centre, Academy of Sciences of the Czech Republic,
Bélidla 986/4a, CZ 60300 Brno, Czech Republic

e-mail: acosta.m@czechglobe.cz

R. Pokorny

Department of Silviculture, Faculty of Forestry and Wood
Technology, Mendel University, Zemédélska 3, CZ 613 00 Brno,
Czech Republic

and sap flow were positively correlated while during dry
conditions, stem CO, efflux and sap flow were not posi-
tively correlated. Almost all significant correlations
between stem CO, efflux and sap flow were not controlled
by any investigated environmental factor.

Keywords Stem CO, efflux - Transpiration - Norway
spruce - Stem temperature - Precipitation - Volumetric soil
water content

Introduction

The net carbon budget of a forest is a fine balance
between the carbon assimilation rate and efficiency, car-
bon redistribution and allocation and processes of carbon
release (respiration of living biomass, tree mortality,
microbial decomposition of litter, oxidation of soil car-
bon, degradation and disturbance) (Malhi et al. 1999).
Respiration activity in plants differs from one organ to
another, changing in relation to the availability of respi-
rable substrates, the state of seasonal ontogeny and
influencing environmental factors; therefore, they should
be represented separately if possible (Cannell and
Thornley 2000).

Respiration is an important component of forest carbon
balance, releasing up to 80 % of fixed carbon by the
autotrophic and heterotrophic pathway (Janssens et al.
2001; Ryan et al. 1997; Sprugel and Benecke 1991) stem
respiration is regarded as a significant element of this
balance due to the fraction of assimilates used and the
dramatic increase in wood with stand development. The
magnitude and temporal pattern of stem respiration have
been quantified by measuring the efflux of CO, from the
stem, although it has been known for a long time that these
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two processes are not strictly equal to each other (Acosta
et al. 2008; Teskey and McGuire 2002).

It is widely accepted that temperature is a key envi-
ronmental factor influencing stem CO, efflux, affecting
enzymatic processes (biological effect) and the rate of
diffusion (physical effect). The rate of stem respiration
generally increases exponentially with increasing temper-
ature (Stockfors 2000; Zha et al. 2004). On the other hand,
some studies showed that bark photosynthesis can reduce
stem CO, efflux by re-fixation of CO, (Pfanz and Aschan
2000; Pfanz et al. 2002). Wittmann et al. (2006) in a study
of young birch trees (Betula pendula Roth.) under illumi-
nation estimated that corticular photosynthesis was able to
refix up to 97 % of the CO, produced by branch respira-
tion. Despite several studies having been performed over
the past decade on stem CO, efflux and factors influencing
it (Acosta et al. 2010; Rayment et al. 2002; Wieser and
Bahn 2004), there is still some uncertainty about the
influence of the sap flow on stem CO, efflux. CO, pro-
duced by the respiration of roots and parenchyma cells
within the woody tissues inside the stems diffuses radially
out through the bark, but is also simultaneously transported
upward within the xylem by the sap flux and partly con-
sumed by photosynthesis in the leaves (Levy et al. 1999;
Martin et al. 1994; Teskey and McGuire 2002). Different
relationships between stem CO, efflux and sap flow rate
have been observed in various studies: an increase in CO,
diffusion with decreasing sap flow rate (e.g. Levy et al.
1999) a decrease in CO, diffusion with increasing sap flow
rate (Bowman et al. 2005, Teskey and McGuire 2002) and
no relationship (Cerasoli et al. 2009, Maier and Clinton
2006) have all been noted. An important feature that also
influences the relationship between stem CO, efflux and
sap flow is the large resistance to CO, diffusion from the
stem interior to ambient air (Eklund and Lavigne 1995)
because of the inner wood structure and outer bark resis-
tance. Ryan et al. (1995) reported that CO, efflux lagged
behind air temperature by up to 5 h, and the lag was longer
for species with thicker bark (ponderosa pine and slash
pine) than for species with thin bark (red pine and western
hemlock). In addition, the diffusivity of gases is closely
correlated to the water content in woody tissue (Sorz and
Hietz 2006) and thus may influence stem respiration during
periods of water stress. However, information regarding the
relationship between the stem CO, efflux and sap flux rate
is still required. Another interesting issue related to this
relationship is the environmental factors which affect both
processes.

The aims of the this study were (1) to quantify stem CO,
efflux and sap flow rate under two different conditions of
soil water availability, (2) to estimate the effect of seasonal
course of temperature on stem CO, efflux and sap flow, (3)
to improve our understanding of the relationship between
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Table 1 Main characteristics of the forest stand over two investi-
gated growing seasons

Morphological characteristics 2010 2011
Stand density (trees ha™') 1,520 1,520
Median tree height (m), median 14.8 (13.4; 15.7 (14.1;
(interquartile range) 16.1) 17.0)
Mean stem diameter at the breast height 16.6 (3.8) 17.1 (4.0)
(DBH) (cm), mean (SD)
Stand basal area (m* ha™") 33.14 34.79
Stand sapwood area (m> ha™") 30.74 32.83
Leaf area index (seasonal maximum, 10.40 10.20
m? m72)
Canopy layer width (m) 10.40 10.70
Stem area index (m> m™2) 0.17 0.17
Branch area index (m? m~2) 3.63 3.94
Stem mass (t ha™!) 66.22 71.54
Branch mass (t ha™!) 24.51 26.14
Stem mass increment (t ha™') 4.58 5.50
Branch mass increment (t ha™!) 1.43 1.70

sap flux rate and CO, efflux from stem of Norway spruce
trees and (4) to determine possible environmental factors
affecting this relationship.

Materials and methods
Site description

The experiment was carried out in a Norway spruce [Picea
abies (L.) Karst] forest stand at the Ecological Experi-
mental Study Site (ES) Bily Kriz (49°30 N, 18°32 E,
890 m a.s.l.) situated in Moravian-Silesian Beskydy Mts.,
the Czech Republic. ES Bily Kriz is characterised by a
mean annual temperature of 6.8 °C and a mean annual
amount of precipitation of 1306 mm (1998-2011). In 1981,
the Norway spruce stand was established by 4-year-old
seedlings planted in density of 5,000 trees per ha on the
slope terrain (13.5°) with SSW exposure in 1981. The main
descriptive characteristics of the forest stand are shown in
Table 1.

Stem CO, efflux and sap flow measurements

Measurements of stem CO, efflux and sap flow were car-
ried out on three representative trees within the forest stand
for each year of the experiment (2010 and 2011). In total,
six trees were investigated over the whole experiment
(Table 2). The investigated trees were selected with respect
to the diameter at breast height (DBH), i.e. at 1.3 m above
the ground distribution, crown dimensions and tree domi-
nance classes. Stem CO, efflux measurements were made



Trees (2015) 29:333-343

335

Table 2 Main characteristics of the investigated trees during the
experiment, three trees per year

Parameter 2010 2011
Tree Tree Tree Tree Tree Tree
TI T2 T3 T4 TS5 T6
Tree height (m) 14.4 14.0 15.5 16.4 14.2 14.9

Stem diameter at 17.8 17.5 18.5 194 16.4 18.9
DBH (cm)

Canopy bottom 4.5 4.9 5.5 5.5 52 4.5
height (m)

using an automatic closed dynamic system (non-steady-
state through-flow) based on Pavelka et al. 2004. The
system consists of maximum eight stem chambers (in our
experiment we used only six chamber due to the experi-
mental set up) with pneumatic closing connected to an
infrared gas analyser (Li-840, Li-Cor, USA) and a control
unit with control software (Inris s.r.o., CZ). The stem
chambers are closed only during measurements (300 s);
within the remaining time they are left opened. When
closing, the chamber reaches an aluminium frame sealed
with neoprene (to be airtight closed) and permanently
installed on the northern surface part of the stem (to
exclude warming caused by the sun radiation) of the
sample tree by two textile bels. The stem chamber (half
cylinder shape made of stainless steel, height 12 cm and
diameter 6.5 cm) was installed on the northern surface part
of the stem (to exclude warming caused by the sun radia-
tion) at a height of about 1.3 m on each investigated tree.
Each stem chamber measured CO, efflux every 2 h.
Moreover, stem temperature was measured in five-minute
intervals using thermocouples (PT 100, CZ) installed
approximately 3 cm below the chambers in cambium layer
in each investigated tree.

Sap flow measurements were carried out by applying a
sap flow system (model SF 300, Greenspan Technology,
Australia) based on the heat pulse velocity method (Kost-
ner et al. 1998). Two probes per tree were inserted into 20
and 60 % depths of sapwood (counted inward from cam-
bium) of each sample stem. The probes were installed
about 1.5 m and 1.6 heights from the soil surface, with
west—east orientation against each other, respectively. The
Probe sets were reinserted every 3 weeks. An accurate
quantification of sap flow was based on previous site-spe-
cific analysis of sap flow radial velocity profile (Cermdk
and Nadezhdina 1998). Self-made calibration was per-
formed according to Cohen et al. (1993) on representative
Norway spruce trees with a stem diameter at breast height
(DBH) ranging from 5 to 8 cm. The sapwood area (SA) of
trees was estimated by allometric relation obtained during

harvest experiments in the same study site, SA = 0.537 x
DBH?>"°! (Pokorny and Tomaskova 2007).

Measurements of stem CO, efflux were carried out from
3 May until 31 October in 2010 and from 13th of May until
8 November in 2011. Sap flow was measured from 30 June
until 5 October in 2010 and from 1 July until 13 October in
2011. Simultaneous measurements of the stem CO, efflux
and sap flow were performed on three trees (T1, T2 and T3)
from 1 July until 30 September in 2010. During the
growing season of 2011, one tree (T4) was measured from
1 August until 13 October and two trees (TS5 and T6) were
measured from 1 July until 13 October. In our analysis,
data from tree T3 were not taken into account due to
malfunction of the sap flow sensors in the middle of the
experiment period.

Ancillary data

Environmental parameters such as air temperature at 2 m
height (EMS 33 Rotronics, EMS, CZ), incident global
radiation (CNR1 Net Radiometer, Kipp-Zonen, Delft, NL)
and precipitation (MetOne 386, Met One Instruments, Inc.,
Oregon, USA) were measured over the whole experimental
period. The volumetric soil water content (Theta Probe
ML2x, Delta-T Devices Ltd., Cambridge, UK) was also
measured at depths of 5 and 20 cm in a soil profile among
investigated trees during the experimental period. More-
over, dendrometrical parameters, such as the stem diameter
at the breast height (DBH 1.3 m) and tree height by Fo-
restor Vertex (Hagflof, SE) were measured at the end of
each growing period. Changes in the tree trunk diameter
were measured by automatic dendrometers (DRL 26, EMS,
CZ) in 1 h time steps throughout the entire growing
seasons.

Stem CO, efflux—data processing

The natural logarithm of the stem CO, efflux rate and the
woody-tissue temperature were regressed using a linear
model:

In (CO; efflux) = o - T + f, (1)

where o and f§ are the regression coefficients. The Qg
parameter (the proportional change in CO, efflux from
10 °C increase in temperature) was calculated according to
the following equation:

Q1o = ', (2)

where o is the regression coefficient obtained from the
previous Eq. (1). Then, CO, efflux was normalised to the
temperature of 10 °C according to the following equation:
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R;
Rio=—= 3)

Q1o

where R; is the measured CO, efflux rate (umol CO, -
m2 s_l) and T; (°C) the woody tissue measured
temperature.

Sap flow—data processing

Raw data of the temperature response in time from the
probes were processed by SAPCAL software (Greenspan
Technology, Australia). Mean sap flow velocity was
obtained in half-hour time intervals.

Dataset treatment

Daily sums of the sap flow and mean stem CO, efflux were
calculated, as well as mean daily temperatures at 2 m
height and volumetric soil water contents at a depth of
5 cm. Days with precipitation events were excluded from
the analysis. The dataset was divided into two groups of
data according to the mean volumetric soil water content at
the depth of 5 cm. The threshold value was set to 12 %
according to the permanent wilting point. When soil vol-
umetric water content was above this threshold, the days
were considered moist days; when below the threshold, the
days were called dry days.

Statistical analysis

Evaluation of the potential relationship between stem
temperature and stem CO, efflux was performed by the
correlation analysis on a daily time step for the entire
growing seasons. Descriptive statistics were carried out for
normalised stem CO, efflux (R;() and sap flow. The daily
means of the Ry and daily sums of sap flow were com-
pared to each other by independent two-sample ¢ test for
the comparison of two trees (2010) and ANOVA analysis
for the comparison of three trees (2011). When significant
differences occurred in ¢ tests or ANOVA analysis, one-
sided variant of the ¢ test and multiple comparisons by
Tukey test were performed to determine the prevailing
variable values. Potential differences of sap flow and stem
CO, efflux between moist and dry days at the individual
tree level were examined by an independent two-sample
1 test.

All correlation analyses were performed by the Pearson
correlation coefficient test. Correlation analyses of R, and
sap flow were performed on all of the individual trees
investigated. Cross correlations were performed within the
trees to examine the potential effects of individual trees on
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the correlation significance. The incident global radiation,
volumetric soil water content at depths of 5 and 20 cm, air
temperature at a height of 2 m, stem temperature and
cumulative and non-cumulative volumetric changes of the
tree stem were used as possible control factors influencing
the correlation between R;y and sap flow when applying
partial correlations. When we included control factors
individually into the previously significant correlation
between R,y and sap flow and the correlation was not
significant afterwards, the significant effect of the factor
was validated. The threshold of significance was set to
p < 0.05. Analyses were performed in STATISTICA 9.0
software (StatSoft, Inc., Tulsa, USA) and SPSS 17.0 (IBM,
New York, USA) software. One-sided independent two
sample # tests were performed in R Commander 1.4-7.

Results
Climate conditions

The mean air temperature at the experimental site at a
height of 2 m was 11.4 °C during the growing season of
2010 with maximum values in July; in 2011, it was 11.8 °C
with maximum values in August. The highest monthly sum
of incident photosynthetically active radiation (PAR) was
231 MJ m 2 month™" in July 2010 and 246 MJ m >
month ™" in May 2011. The seasonal amounts of precipi-
tation (1 May-31 November) were 1046 and 664 mm in
2010 and 2011, respectively. The mean annual relative
humidity was 91 % in 2010 and 87 % in 2011. The mean
seasonal volumetric soil moisture measured at a depth of
5 cm was 28.5 % in 2010, with the lowest soil moisture in
the middle of July, while the mean soil moisture in 2011
was 23.7 %, with low soil moisture also in the middle of
July, as well as in September and October. The year 2011
was specific with very low amounts of precipitation at the
end of the growing season, which caused an elongation of
the dry period (Fig. 1).

Stem CO, efflux

Daily stem CO, efflux was highly correlated with the mean
daily stem temperature during both growing seasons (mean
r = 0.866, P < 0.001). The comparison of correlation
coefficients on daily time series showed that values of the
correlation coefficient show seasonality or other trends,
tight correlation between stem CO, efflux and temperature
of woody tissues resulted in high variability of stem CO,
efflux during the growing season (Fig. 2, example for tree
T4 in 2011) due to the stem temperature changes. The
obtained slopes of the linear regression for the tree T4 per
individual months were of 0.0895 in May, 0.162 in June,
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Fig. 2 The relationship between daily mean stem CO, efflux (per
unit stem surface area) and mean stem temperature; Pearson
correlation coefficient was r = 0.855, P < 0.001. Example given
for tree T4 during the growing season of 2011

0.1791 in July, 0.1748 in August, 0.1549 September, 0.059
for October and 0.0288 for December (Fig. 2). At low
temperatures during October and November, an increase of

season and peaked in summer months with maxima of 3.2
and 3.8 pmol m~2s~! in 2010 and 2011, respectively,
before decreasing gradually until the end of the growing
season. These changes were mainly caused by changes in
stem temperature. To eliminate the effect of temperature,
the measured stem CO, efflux was normalised to a tem-
perature of 10 °C (R;(). The R;q increased at the beginning
of the growing season from values of approximately
0.5 pmol m 2 s~! up to the maxima in July and August
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Fig. 3 Diurnal courses of stem CO, efflux (per unit stem surface
area) and woody-tissue temperature on one investigated tree (T4) in
the middle of the growing season (a) and in the end of the growing
season of 2011 (b)
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Fig. 4 Mean daily stem CO, efflux (a) and mean stem R;q (b) from
investigated trees in 2010 and 2011, (in both case per unit stem
surface area), n = 3
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Fig. 5 Diurnal course of sap flow and incident global radiation on an
investigated tree (T4) during the growing season of 2011
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Fig. 6 Mean daily sums of sap flow from investigated trees in 2010
and 2011; n = 3 per year

(1.3 and 1.7 pmol m~2s~! in 2010 and 2011, respec-
tively); then, it gradually decreased until the end of the
season (Fig. 4b).

Sap flow

Sap flow was correlated with incident global radiation
during both growing seasons (2010 r = 0.883, P < 0.001;
2011 r = 0.836, P < 0.001). Diurnal courses of sap flow
corresponded well with the diurnal variation of incident
global radiation (Fig. 5). The lag time between maximum
of incident global radiation and sap flow was about 1.5 h.
Sap flow during precipitation events was close to zero.

Seasonal changes in the sap flow were observed (Fig. 6).
During summer days, sap flow reached its maxima of
3401day”' in 2010 and 393 1day ' in 2011,
respectively.

As described above, stem CO, efflux and sap flow had
their maxima during daytime when stem temperature and
incident global radiation were highest, respectively. When
the stem CO, efflux was normalised to 10 °C (R;g), it had
the opposite trend compared to sap flow, with minima in
the midday and an inverse fluctuation (Fig. 7).
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Fig. 7 Diurnal courses of Ry (2 h time step) and specific sap flux
(30 min time step) of the tree T6 from 611 July 2011

Ry and sap flow versus soil moisture conditions

The average R, was about 1.35 umol m~2 s~ during the
moist conditions for both years (2010 and 2011), while the
average sap flow was 20.35 and 18.54 1 day ™' in 2010 and
2011, respectively (Table 2). During the dry conditions, the
averaged R, and sap flow were 1.05 pmol m > s~' and
19.40 1day™" in 2010, and 1.04 pmol m~?s~' and
12.21 1 day~" in 2011, respectively (Table 3).

There was a significant difference in normalised stem
CO, efflux (R,o) between moist and dry days only for tree
T, (t =3.491, P = 0.002) (Fig. 8a). R;y was reduced in
dry days by about one-third (33.6 %) in comparison with
moist days in 2010. During 2011, under moist days, stem
CO, efflux was measured only in two trees (T5 and T6) and
there was no significant difference in Ry, between these
trees (Fig. 8b). In dry days in 2011, three trees were
measured and there was a significant difference between
the R;o of the investigated trees (F = 7.89, P = 0.001);
Ry of TS was significantly lower than T4 and T6.

Concerning the sap flow measurements, there was no
significant difference in sap flow between investigated
trees during either moist or dry days in 2010 (Fig. 9a). The
mean sap flow through both years and both soil moisture
conditions was 19.88 #+ 0.88 (SD) 1 day™~'. In 2011, during
moist days, the sap flow of TS5 was significantly higher
compared to T6

(t = —6.76, P = 0.005). During dry conditions, a sig-
nificant difference in sap flow was seen between the
investigated trees (F = 7.075, P < 0.001); the sap flow of
T5 was significantly lower than that of T4 and T6 (Fig. 9b).
When comparing sap flow of the investigated trees under
different soil moisture conditions, we found significantly
lower sap flow during dry days compared to moist days for
tree TS (+ = 8.962, P = 0.000).

R, versus control factors

During moist conditions in 2010, normalised stem CO,
efflux (Ryo) of tree T1 and T2 was significantly correlated
with incident global radiation (» = 0.65, 0.69), cumulative
changes of DBH (r = —0.79, r = —0.81), stem tempera-
ture (r = 0.71, r = 0.80) and air temperature at a height of
2 m (r = 0.71, r = 0.82), respectively. In contrast, during
the same conditions in 2011, Ry of both trees did not
correlate with any of the tested control factors.

During dry conditions in 2010, normalised stem CO,
efflux (R;g) of tree T1 correlated with volumetric soil
moisture content at depths of 5 cm (r = 0.87) and 20 cm
(R = 0.90). In 2011, Ry, of tree T4 was significantly cor-
related with incident global radiation (r = 0.48), non-
cumulative increment (r = 0.48) and stem temperature
(r = 0.57), Ryg of tree TS5 was correlated with incident
global radiation (r = 0.48) and with non-cumulative
changes in stem volume (» = 0.38), and R, of tree T6 was
correlated with incident global radiation (r = 0.47), non-

Table 3 a, b Descriptive

2010 2011
statistics of R;¢ (normalised
stem CO, efflux to 10 °C, Tree T1 Tree T2 Tree T4 Tree T5 Tree T6
pmol m~2 s~') and sap flow—
SP (1 day ') during moist Rio Sp SP Rio SP Rio SP Rio SP
conditions (a) and dry . s
conditions (b) in 2010 and 2011 MOist conditions
Mean 1.38 20.96 1.31 19.75 N.D N.D 1.35 26.19 1.35 10.89
SD 0.19 7.90 0.26 8.41 N.D N.D 0.07 5.81 0.05 3.51
Median 1.34 19.24 1.34 23.14 N.D N.D 1.38 28.95 1.34 11.91
N 20 21 20 20 N.D N.D 9 9 9 9
Dry conditions
Mean 1.22 19.96 0.87 18.83 1.17 13.86 0.90 7.71 1.07 15.07
SD 0.25 4.64 0.31 4.20 0.39 11.84 0.23 5.58 0.39 8.82
N denotes number of Median 1.30 19.90 0.89 18.86 1.11 10.85 0.85 5.82 1.04 14.49
observations, N.D. means not N 6 6 6 6 40 42 40 4 40 42

determined
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Fig. 8 a, b Normalised stem CO, efflux (R,¢) (median and 25 and 75
quartiles) under moist (M) and dry (D) conditions in 2010 (a) and
2011 (b)

cumulative stem volume changes (r = 0.47) and cumula-
tive stem volume changes (r = 0.40). In both soil moisture
conditions, all correlations identified during the compari-
son of Rjo and control factors were significant.

Sap flow versus control factors

During moist conditions in 2010, the sap flow of tree T1
correlated with incident global radiation (r = 0.97),

cumulative changes of DBH (r = —0.90), volumetric soil
water content at depths of 5 cm (r = —0.62) and 20 cm
(r = —0.61), stem temperature (r = 0.85) and air tem-

perature at a height of 2 m (r = 0.85). The sap flow of
tree T2 correlated significantly with incident global radi-
ation (r = 0.82), cumulative changes of DBH (r =
—0.60), volumetric soil water content at depths of 5 cm
(r = —0.60) and 20 cm (r = —0.45), stem temperature
(r =0.82) and air temperature at a height of 2 m
(r = 0.83). In 2011, during moist conditions, the sap flow
of tree TS5 significantly correlated with incident global
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Fig. 9 a, b. Sap flow (median and 25 and 75 quartiles) under moist
(M) and dry (D) conditions in 2010 (a) and 2011 (b)

radiation (r = 0.93), stem temperature (r = 0.73) and air
temperature at 2 m (v = 0.79), while the sap flow of tree
T6 also significantly correlated with incident global
radiation (r = 0.90) and non-cumulative changes of stem
volume (r = —0.75).

During dry conditions in 2010, the sap flow of tree T1
correlated significantly with cumulative changes of DBH
(r = —0.87), and the sap flow of tree T2 correlated with
volumetric soil water content at depths of 5 cm (r = 0.85)
and 20 cm (r = 0.88) and air temperature at a height of
2 m (r = —0.84). In 2011, during dry conditions, the sap
flow of tree T4 correlated with soil moisture at depths of
5 cm (r = 0.46) and 20 cm (r = 0.43), the sap flow of tree
TS5 correlated with incident global radiation (r = 0.49),
cumulative changes of stem (» = 0.43) and air temperature
at 2 m (r = 0.35), and the sap flow of the tree T6 corre-
lated with incident global radiation (r = 0.61), cumulative
changes of stem volume (r = 0.42), stem temperature
(r = 0.53) and air temperature at 2 m (r = 0.48). In both
soil moisture conditions, all correlations identified during
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Table 4 a, b Correlation matrix (a) 2010 Moist days Dry days
of the normalised CO, efflux
(Ry0) and sap flow in the Ryo_T1 R T2 Rio_T1 Rio_T2
growing seasons of 2010 (a) and
2011 (b) Sap flow_T1 0.71%* 0.71%* 0.95* 0.23
Sap flow_T2 0.49%* 0.61°%* 0.63 0.75
(b) 2011 Moist days Dry days
R0 T4 Ryo_TS Rio_T6 Rio_T4 Ryo_T5 Rio_T6
Significant Pearson correlation Sap_flow_T4 - - - 0.50%* 0.59%* 0.56%*
coefficients are presented in the  gap) oy T5 - 0.08 —0.21 0.69* 0.65* 0.67*
table in bold, indicated by a star T ]
) Sap flow_T6 - 0.24 0.08 0.62* 0.46* 0.51%

the comparison of sap flow and control factors were
significant.

Relationship between R,y and sap flow

The correlation between R,y and sap flux within the
investigated trees was significant for moist days 2010, but
not during dry days, with the exception of tree T6
(Table 4a). The opposite situation occurred in 2011, when
correlations on dry days were significant, but were not on
moist days (Table 4b). The highest correlation between R
and sap flow was found during dry days for tree T6
(r = 0.95) in 2010, while the lowest significant correlation
was found for dry days in tree TS (r = 0.50) in 2011. In
our analysis of partial correlation during moist conditions,
significant control factors for tree T1 were incident global
radiation (r = 0.32), stem temperature (» = 0.21) and air
temperature at a height of 2 m (r = 0.27) in 2010. No
other significant control factors were observed in 2010 or
2011. During dry conditions, no control factor showed any
influence on the correlations between R,y and sap flow for
growing seasons in 2010 and 2011. However, all correla-
tions calculated during the comparison of R;y and control
factors were significant.

Discussion

The results of stem CO, efflux and sap flow rates presented
in this study are in the range reported in previous studies
for coniferous species (Acosta et al. 2008; Cermék et al.
1992; Lagergren and Lindroth 2002; Pokorny 2000; Zha
et al. 2004). In our results, stem CO, efflux presented
diurnal and seasonal patterns that were positively signifi-
cantly correlated with stem temperature in both studied
growing seasons; the mean correlation coefficient of stem
CO; and stem temperature was r = 0.87 in both growing
seasons. The obtained value of correlation coefficient
showed no seasonal trend during growing seasons; how-
ever, the functional relationship between stem CO, efflux

and stem temperature showed great differences in month
time steps due to the tight correlation of the variables.

It is widely accepted that temperature is a key envi-
ronmental factor, in that the rate of CO, efflux generally
increases exponentially with an increase in temperature
(Amthor 1984; Stockfors 2000). However, in our study,
this fact was only valid when volumetric soil water content
conditions were over the threshold (12 %) according to the
permanent wilting point. In our experiment, stem CO,
efflux during dry conditions also presented a diurnal pat-
tern that strongly correlated with soil water content at
depths of 5 cm (r = 0.87) and 20 cm (r = 0.90) instead of
air or stem temperature. This indicates that soil water
content has an influence on stem CO, efflux during dry
conditions that superimpose the direct effect of air and
stem temperature. Generally, lower volumetric soil water
content is likely to induce a restriction in tree growth and
transpiration through stomatal closure (Bonal and Guehl
2001) as well as a decrease in autotrophic respiration
(Epron et al. 2004; Sotta et al. 2006), including stem CO,
efflux and/or heterotrophic respiration through decreased
microbial activity in the soil (Li et al. 2006). During moist
days, we determined higher stem CO, efflux in comparison
with dry days. We consider that these differences in stem
CO; efflux could be explained by higher substrate supplies
(Xu et al. 2004) and sap flow in the moist period compared
to the dry period. Moreover, during dry conditions, short-
term soil water deficit was observed. The above-mentioned
observations suggest that some of the CO, produced in the
stem that is not diffused via the bark due to slow diffusion
could be transported upward by the transpiration stream
and released by the upper branches (Acosta et al. 2011).

As we expected, the diurnal and seasonal patterns of sap
flow in our experiment were highly correlated with incident
global radiation (r = 0.88). The pattern of sap flow was
caused mainly by the dynamics of incident global radia-
tion. On the other hand, when the volumetric soil water
content was lower than evapotranspiration atmospheric
demands, we observed a steep decrease in sap flow, which
occurred at the end of the growing season of 2011. Kdstner
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et al. (1998) pointed out that variation in sap flow rates can
also be explained on the basis of variation in the leaf area
index of individual trees, heterogeneity in soil conditions
and methodological differences in sap flow measurements.
In previous studies on sap flow and influencing factors at
our experimental site, Pokorny and Salanskd (2001) dem-
onstrated that sap flow rate was influenced not only by tree
size but also by the climatic conditions course (including
incident global radiation and soil water availability).
Moreover, they pointed out that low soil water content
values limited stand transpiration, particularly under high
radiation conditions.

Obviously, in our experiment, soil water content showed
a significant influence on sap flow dynamics. We found
significantly lower sap flow dynamics during dry days
compared to moist days (Kurjak et al. 2012; Lagergren and
Lindroth 2002). Some studies pointed out that when sap
flow increased, a decrease of stem CO, efflux occurred,
which was mainly due to the fact that CO, at the measured
position was moved upward with the transpiration stream
(Acosta et al. 2008; Gansert and Burgdorf 2005; McGuire
et al. 2007). In our experiment, a different trend was
observed; maxima of stem CO, efflux and sap flow were
the highest during the culmination of stem temperature and
incident global radiation. However, when R, and sap flow
were considered separately, the lowest values of R,y were
observed during daytime, which was the inverse of the sap
flow dynamics.

It is well known that CO, within the stem originates
from respiring cells in the stem and roots, and is trans-
ported in the transpiration stream, representing the
aqueous transport of CO, (Levy et al. 1999). Other
studies of this issue (Bowman et al. 2005, McGuire and
Teskey 2004) assumed a mass balance describing CO,
external and internal fluxes of stem respiration and
pointed out that sap flow would transport both the dis-
solved CO, in the xylem stream and the CO, produced
by stem live tissue upwards into other locations of the
stem or leaves in the canopy. Furthermore, Sorz and
Hietz (2006) pointed out that slow diffusion through
coniferous wood is probably related to the length of the
conducting elements, i.e. the frequency at which gas has
to diffuse through the cell wall, rather than to tracheid
diameter. Thus, this slow diffusion positively influenced
CO, enrichment of the transpiration stream. Moreover, a
recent study by Bloemen et al. (2012) with 13C02
labelling demonstrated that the internal transport of root-
respired CO, can be assimilated in stems, branches and
leaves of large trees in the field and confirmed the
transport of CO, via the transpiration stream and xylem
sap. However, it is less clear which environmental factors
affect this process. The results from our correlation
analysis between R;y and sap flow versus environmental
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control factors confirmed that the impact of stem tem-
perature, incident global radiation and soil water content
were the most important factors (Kurjak et al. 2012;
Lagergren and Lindroth 2002; Stockfors 2000).

The cross-correlation analysis between Rjo and sap
flow showed a significant correlation between them on
moist days but not dry days during the first year of the
experiment, while the opposite situation occurred in the
second year of the experiment (significant correlation on
dry days, but not moist days). On the other hand, Cerasoli
et al. (2009) reported no significant relationship between
stem CO, efflux and sap flow and explained this as a
result of great barriers between the wood and the inner
bark that restrict the diffusion of CO, from the transpi-
ration stream. Our results showed the inconsistent corre-
lation between stem CO, efflux and sap flow indicating
the complexity of the effect of sap flow on the stem CO,
efflux between growing seasons. The influence of micro-
climatic and biotic effects on the studied correlation
seems to be more complex. Nevertheless, our results
reflected the importance of performing additional and
deeper studies of the relationship between the stem CO,
efflux and the sap flow, as well as environmental factors
influencing both processes, to better understand the
overall forest carbon budget. Moreover, the identification
of drivers of this relationship could be used to improve
models of carbon budget.
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