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Highlights
• The coppice stand reached similar soil CO2 efflux rates eight years after harvest as the original 

stand.
• Thinning increased SWC but did not affect soil CO2 efflux.
• 30% throughfall reduction decreased soil CO2 efflux by 50.7%.

Abstract
In this study we determined the effect of transformation of a mature sessile oak forest stand into a 
coppiced forest, and of thinning and throughfall reduction in a coppice stand on soil water content 
(SWC) and soil CO2 efflux. The precipitation reduction was induced by installing parallel drainage 
channels in both unthinned and thinned coppice stands. The driving factor for temporal dynamics 
of soil CO2 efflux in all plots was soil temperature. The other factor was soil water content but 
only up to about 15%. Above this threshold, there was no more effect on CO2 efflux. We found 
no clear difference in SWC or soil CO2 efflux between the mature and coppiced stand eight years 
after harvesting. On the other hand, thinning of the coppice stand resulted in increase in SWC 
up to 22% in proportion, which we assume to be a result of increased gap fraction of the canopy. 
However, no effect on soil CO2 efflux was observed two years after the thinning. Installation of 
the drainage channels in two plots covering 30% of the ground area resulted in decrease in SWC 
up to a proportional 30.5% and thus contributed up to 50.7% reduction in soil CO2 efflux.
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1 Introduction

Coppicing used to be a common practice in European forestry because of its low cost demand 
and high production of firewood in a short rotation period. It utilizes the advantages of vegetative 
propagation and rapid regeneration of broadleaf tree species, when shoots emerge from stumps or 
roots shortly after the main tree stem has been cut (Evans 1992). The harvest is usually repeated 
after a defined period of time, depending on tree species and site conditions.

In the 20th century, socio-economic factors (such as high quality wood demand or lower 
necessity of firewood) resulted in a decline in maintenance of coppice forests, and they were 
thus abandoned or converted to high forest (Mairota et al. 2016). However, some countries in the 
Mediterranean region of Europe (e.g. Italy, Albania, France, Greece, Macedonia, Portugal), still 
widely practice coppicing because of their extreme site conditions (UN/ECE-FAO 2000). This is 
mainly due to preservation of root system from the previous generation, which is important for 
the water supply of the sprouts in early stages and prevent soil erosion, which enable sprout fast 
growth. This represents a huge advantage compared to the seeded trees under the extreme conditions 
(Herrero et al. 2014). In recent years, interest in coppice forest management across some European 
countries has increased (Nielsen and Moller 2000) and it has been also indicated the possibility 
of reintroducing such forest practice for both ecological and economic purposes: as part of nature 
conservation, where the natural regeneration is compromised by environmental conditions and as 
a source of sustainable energy (Merckx et al. 2012) for countries with limited forest resources.

Conversion of a high forest to coppice inevitably removes the aboveground parts of trees, 
which has a great impact on carbon balance of the ecosystem (Aguilos et al. 2014). Especially 
the effect of coppicing on soil processes has been studied and discussed (Londo et al. 1999; 
Tedeschi et al. 2006) given that these processes are complicated and “hidden from human sight”. 
Removing the tree biomass, generally, results in huge release in CO2 originated from decomposi-
tion of organic matter that has accumulated in the soil for years before the disturbance (Nakane 
and Lee 1995; Paul-Limoges 2015; Kischuk et al. 2016; Mayer et al. 2017). CO2 efflux from the 
soil declines subsequently with fast growing coppice sprouts and recovering carbon balance of 
the stand (Tedeshi et al. 2006), but the recovery can be affected by other disturbances and prac-
tices, such as another harvest after a selected rotation period or thinning. The rotation length and 
intensity of thinning and selection of sprouts during one rotation depend on the purpose of the 
stand. While demand of firewood is usually fulfilled by short rotation with minimum thinning, the 
production of higher quality wood requires longer rotation periods with more intensive thinning 
(Kadavý et al. 2011b).

Soil respiration is the largest source of forest ecosystem CO2 release into the atmosphere, 
where it represents 45–90% of total ecosystem respiration (Bolstad et al. 2004; Guan et al. 2006; 
Wu et al. 2013; Oikawa et al. 2017; Brændholt et al. 2018). Soil respiration results from the auto-
trophic component, which includes respiration of roots, symbiotic microbes and mycorrhizae, 
and the heterotrophic component, including respiration of microbes, decomposing plant litter, soil 
organic matter, and the priming effect (Kuzyakov 2006). Autotrophic respiration in oak forests 
may contribute to total soil respiration by 30% to 70% (Borken et al. 2006; Luan et al. 2011). Soil 
respiration is commonly measured as CO2 efflux from the soil surface (RS). RS varies mainly in 
dependence on temperature, soil water content (Inclan et al. 2010) and substrate supply (Wang et 
al. 2003). The substrate dynamics is driven by fresh photosynthetic substrates transported from 
leaves to rhizosphere and by plant litter input (Kuzyakov and Chen 2001; Han et al. 2015). As soil 
respiration usually represents over 50% of ecosystem respiration and is sensitive to any distur-
bances, forest management practices or climate change (like e.g. changes in precipitation pattern) 
can influence whether the forest would act as a CO2 sinks or source (Lindner et al. 2004).
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The aims of the study were i) to determine difference in soil water content and soil CO2 
efflux between a mature forest stand and a coppice stand eight years after harvesting of this original 
mature forest; ii) to determine the effect of the thinning of the coppice stand on soil water content 
and soil CO2 efflux; and iii) to determine the effect of reduction of throughfall on soil water content 
and soil CO2 efflux in both coppice forest and thinned-coppice forest.

2 Material and methods

2.1 The study site

The study site is located at the Training Forest Enterprise Masaryk Forest Krtiny, Bilovice forest 
district, in the southeastern part of the Czech Republic (49°25´N, 16°68´E). It is situated in the 
altitude 323 m a.s.l. on a western slope with 5–10° inclination. The site is characterized by mean 
annual temperature of 7.5 °C and mean annual precipitation of 550–650 mm. The soil is classified 
as Cambisol on the granodiorite bedrock of granodiorite with admixture of devonian and quaternary 
sediments in upper part of solum.

The experimental site is situated in a mature (45 years old) forest stand dominated by sessile 
oak (Quercus petraea [Matt.] Liebl.). In 2008, a coppice stand was established within this forest by 
the clear-cut on the area of 40 × 125 meters following the methodology of Kadavy et al. (2011a). 
The main species in the coppiced stand are sessile oak, European hornbeam (Carpinus betulus L.) 
and silver birch (Betula pendula Roth).

2.2 Experimental design

Within the coppiced area, four rectangular plots 14 × 9.5 m were established. Two of them were 
thinned in the winter 2014/2015. Thinning was done with a hand saw at the ground level. Basal 
area of each polycormon was reduced to 50% by leaving 1–3 dominant sprouts per stump for ses-
sile oaks and 1–5 dominant sprouts per stump for European hornbeam polycormons.

On two plots (one unthinned and one thinned), parallel drainage channels were installed about 
50 cm above the ground to reduce the throughfall. The drainage channels were made of wood with 
the surface covered by plastic strips and had a V-shape of a width of 20 cm. They covered 30% of 
the plot surface and they drained the rain water outside the coppiced area.

In summary, five plots with different treatment were studied: M-mature stand, CU-unthinned 
coppice stand, CT-thinned coppice stand, CUR-unthinned coppice stand with reduced throughfall, 
and CTR-thinned coppice stand with reduced throughfall.

2.3 Soil CO2 efflux

In each plot, three subplots were randomly established. In M, CU and CT each subplot contained 
three positions in a triangle with the sides about two meters. In CUR and CTR there were three 
positions under and two positions between the drainage channels. Therefore, there were nine or 
fifteen positions per plot, which is 57 positions in total.

Measurements of soil CO2 efflux were performed on monthly basis during two growing 
seasons – from June 2015 to September 2016. One week prior to the first measurement, PVC 
collars, 20 cm in diameter and 15 cm in height, were inserted about 3 cm deep into the soil on 
each position. Measurements were performed using a Li-8100 portable system (Li-Cor, Lincoln, 
NE, USA) with a 20 cm survey chamber. After the chamber closed, a period (dead band) of 15 
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s was set to allow steady mixing of the air in the chamber. During the following 60 s, CO2 con-
centration was measured repeatedly at 1s intervals and a linear approach was used to calculate 
soil CO2 efflux.

2.4 Micrometeorological measurements

Precipitation was measured by an automatic climate station (EMS Brno, CZ) in one hour intervals. 
During each measurement of soil CO2 efflux, soil temperature at 1.5 cm (TPD32 penetrate ther-
mometer, Omega, Stamford, CT, USA) and soil water content in the 0–6 cm profile (ThetaProbe 
ML2x, Delta-T Devices, Cambridge, UK) were measured at the distance of 5 cm outside the collar 
at three points for each CO2 efflux measurement position.

2.5 Hemispherical photographs

Hemispherical photographs were taken in the middle of growing season at a height of 0.1 m above 
the ground at all points where soil respiration was measured. We used a Canon EOS 60D camera 
(Canon Inc., JAP) with Sigma (4.5 mm) fisheye lens (Sigma, JAP) arranged horizontally with the 
aid of a spirit level and oriented toward magnetic north using a compass. The aperture width and 
shutter speed were adjusted automatically. Photographs were taken under completely overcast sky 
conditions to avoid the occurrence of bright regions around sun and light reflections of foliage.

All photographs were analyzed with WinScanopy software (version Pro 2012, Regent 
Instruments Inc., CAN). We used pixel classification into canopy and sky (thresholding) based 
on colors. A standard overcast sky (SOC) model was selected to describe the light intensity of the 
diffuse light sky. To characterize light conditions above collars, gap fraction and leaf area index 
(LAI) for the zenith angle of 30° were determined. The mean values for each plot were calculated 
by the same procedure as for other parameters as described below.

2.6 Data analysis

Mean soil CO2 efflux (RS), soil water content (SWC), soil temperature (TS), and SD were calculated 
for M, CU and CT from three mean values of the subplots. In CUR and CTR, the means of each 
subplot were calculated proportionally: 37.5% of the mean value from positions under the drain-
age channels (that corresponds to 30% area covered by the drainage channels, plus we extended 
the width along the edges of the drainage channels by 3 cm to ensure a complete coverage over 
collars) and 62.5% of the mean value from the positions situated between the drainage channels.

Exponential function was applied separately for each plot to determine relationship between 
mean Rs and mean Ts calculated for each campaign:

R eS
TS� � �� � ( )1

with α and β as the regression coefficients. Data from campaigns when soil water content was 10% 
or less were excluded from the analysis as the effect of temperature on soil CO2 efflux was weak-
ened by the lack of water. The proportional change in CO2 efflux in relation to a 10 °C increase in 
temperature, known as Q10, was calculated according to Lloyd & Taylor (1994):

Q e10
10 2� �� ( )
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with α being the regression coefficient from Eq. 1. Mean Q10 was calculated for each plot. Soil 
CO2 efflux for each position was normalized for the temperature 10 °C (R10) according to the fol-
lowing equation:

R
R

Q

S
TS

10

10

10
10
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For the normalization of soil CO2 efflux on dates with low soil water content, Q10 was set 
at 1.2, in accordance with Yuste et al. (2003).

R10 was assumed to follow a sigmoidal function (Graham et al. 2014) of soil water content 
(SWC) as follows:
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2.7 Statistical analyses

To test differences in soil temperature, soil water content and R10 between selected pairs of the plots 
for each measurement campaign, t-tests were applied. Correlations between different parameters 
were tested by the Pearson Correlation. F-test was applied to analyse the relationship of SWC 
and R10 between relevant plots. Statistical significance of the analyses was tested at α = 0.05 prob-
ability level. Statistical analyses were performed using SigmaPlot 11.0 analytical software (Systat 
Software, San Jose, CA, USA).

3 Results

3.1 Micrometeorological conditions

Mean soil temperature in times of measurements ranged between 11 and 24 °C with the highest 
values in July and August (Fig. 1). The lack of precipitation in July and September 2015 and Sep-
tember 2016 (Fig. 1) resulted in low SWC just around 10% (Fig. 2). On the contrary, the highest 
SWC was measured on 14 April 2016 when it reached about 38%.

3.2 Hemispherical photographs

Gap fraction in the mature stand (M) was found to be significantly higher than in CU and CT 
(p = 0.017 and 0.025, respectively) reaching 15.7 ± 2.7%. The mature stand was also characterised 
by the lowest LAI (3.55 ± 0.4) compared to the CU and CT (4.55 ± 0.38 and 4.78 ± 0.98; p = 0.017 
and 0.025, respectively; Fig. 3). We detected only a slight increase in gap fraction as a result of 
thinning of the coppice stand. The difference between CU and CT was only 8.3% in proportion 
(p > 0.05). On the other hand, LAI did not show any difference between these plots (Fig. 3).

Differences in gap fraction and LAI between CU and CUR positions unsheltered by the drain-
age channels or between CT and CTR positions unshaded by the drainage channels were negligible, 
which confirms the comparability of the pairs of the plots in respect of above-ground biomass 
cover. Installation of the drainage channels in CUR and CTR decreased measured gap fraction by 
15.4% and 21.8% in proportion compared to C and CT, respectively. 
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Fig. 1. Daily sum of precipitation (bars) over two growing sea-
sons and mean soil temperature (open circles) with standard 
deviation on dates of soil CO2 efflux measurements.

Fig. 2. Mean soil water content (±SD) in the studied plots: M-mature stand, CU-un-
thinned coppice stand, CT-thinned coppice stand, CUR-coppice stand with reduced 
throughfall, and CTR-thinned coppice stand with reduced throughfall.
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3.3 Soil CO2 efflux

Soil CO2 efflux ranged between 0.9 and 8.3 μmol m–2 s–1 and it increased with increasing TS. When 
measurement dates with SWC below 10% were excluded (4 August and 30 September 2015, 29 
June and 21 September 2016), the R2 values of the exponential relationships between TS and RS 
were over 0.80 in all plots. Q10 calculated from these relationships are summarized in Table 1.

Soil CO2 efflux normalized for temperature of 10 °C (R10) ranged between 0.8 and 
3.8 μmolCO2 m–2 s–1. The lowest values were detected on days with the lowest SWC (Fig. 4) and 
R10 grew with increasing SWC (Fig. 5). In all plots, there was an evidence of an increase in R10 
up to SWC of about 15%. No further change was observed for the measurement on 14 April 2016 
when SWC reached values around 40%. The lowest maxima of the fit (a-parameter of the func-
tion) were observed for CUR and CTR (Table1). The steepest rise of the function (b-parameter) 
was found for M and CU, while the slowest was in CTR.

Fig. 3. Mean gap fraction and leaf area index above soil 
CO2 efflux measurement positions in the individual plots: 
M-mature stand, CU-coppice stand, CT-thinned coppice 
stand, CUR-coppice stand with reduced throughfall, and 
CTR-thinned coppice stand with reduced throughfall. For 
calculation of mean LAI in CUR and CTR positions shad-
ed by the drainage channels were excluded, while for cal-
culation of mean gap fraction all positions were included.

Table 1. Q10 values and the parameters the coefficient of determination (R2) 
of the sigmoid fit of the relationships between soil CO2 efflux normalised for 
temperature of 10 °C (R10) and soil water content (SWC) from Fig. 5 [R10 = 
a/(1+exp(–(SWC–x0)/b))] for individual plots: M-mature stand, CU-coppice 
stand, CT-thinned coppice stand, CUR-coppice stand with reduced throughfall, 
and CTR-thinned coppice stand with reduced throughfall.

M CU CT CUR CTR

Q10 1.85 2.27 2.29 2.56 2.43
a 2.53 2.39 2.42 1.99 1.98
b 1.68 1.64 2.38 2.68 4.17
x0 7.18 6.85 6.39 6.81 5.74
R2 0.68 0.79 0.84 0.91 0.82
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Fig. 4. Mean soil CO2 efflux normalised for temperature of 10 °C (R10; ±SD) in the 
studied plots: M-mature stand, CU-coppice stand, CT-thinned coppice stand, CUR-
coppice stand with reduced throughfall, and CTR-thinned coppice stand with reduced 
throughfall.
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3.4 Effect of gap fraction

No significant correlation was found between gap fraction and SWC in any plot or date. However, 
a slight increasing trend in SWC with increasing gap fraction was found in individual plots CU, 
CT, CUR and CTR on several dates.

No significant correlation was found between gap fraction and R10 in any plot or date. 
However, a slight increasing trend in R10 with increasing gap fraction was found in CU and CT, 
but decreasing trend in CUR on several dates.

3.5 Effect of coppicing and thinning

There were varied differences in SWC between M and CU without any distinctive temporal pattern 
(Fig. 6 and Fig. 7). Only on 29 June 2016 SWC in M was significantly higher and on 5 August 
2016 and 25 August 2016 significantly lower compared to CU (Table 2). Differences in R10 between 
M and CU ranged from 2% to 35% (Fig. 7) but no clear pattern was observed (Fig. 8, Table 3). 
Significant difference was found only on 29 June 2016 (Table 2).

Thinning resulted in an increase in SWC in the coppiced stand on all dates except for 7 June 
2016 (Fig. 4). The increase was as much as by 22.5% in proportion (Fig. 6). However, the signifi-
cant differences between CU and CT were found only on two dates (Table 2). Differences in R10 
between C and CT were small, mostly less than 10%, and not significant (p > 0.05; Fig. 7, Table 2)

Fig. 5. Relationship between soil water content and R10 in individual plots: 
M-mature stand, CU-coppice stand, CT-thinned coppice stand, CUR-coppice 
stand with reduced throughfall, and CTR-thinned coppice stand with re-
duced throughfall.
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Fig. 6. Percentage differences in soil water content (SWC) 
between selected plots: M-mature stand, CU-coppice stand, 
CT-thinned coppice stand, CUR-coppice stand with reduced 
throughfall, and CTR-thinned coppice stand with reduced 
throughfall.

Fig. 7. Percentage differences in R10 (soil CO2 efflux normal-
ised for temperature of 10 °C) between selected plots: M-
mature stand, CU-coppice stand, CT-thinned coppice stand, 
CUR-coppice stand with reduced throughfall, and CTR-thinned 
coppice stand with reduced throughfall.
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Table 2. Results of statistical analyses (p-values of t-tests) comparing soil water content (SWC) and R10 between plots 
on individual dates: M-mature stand, CU-coppice stand, CT-thinned coppice stand, CUR-coppice stand with reduced 
throughfall, and CTR-thinned coppice stand with reduced throughfall. Asterisks indicate significant difference in the 
level α = 0.05.

2015 2016

14 Jul 4 Aug 8 Sep 30 Sep 23 Oct 14 Apr 7 Jun 29 Jun 5 Aug 25 Aug 21 Sep

SWC M × CU 0.056 0.247 0.276 0.216 0.353 0.095 0.050 0.004* 0.039* 0.028* 0.586
CU × CT 0.282 0.444 0.104 0.005* 0.583 0.102 0.009* 0.203 0.388 0.369 0.363
CU × CUR 0.243 0.273 0.610 0.883 0.578 0.778 0.024* 0.650 0.139 0.138 0.861
CT × CTR 0.096 0.048* 0.096 0.184 0.265 0.447 0.920 0.167 0.041* 0.061 0.497

R10 M × CU 0.161 0.017* 0.595 0.953 0.273 0.065 0.462 0.009* 0.223 0.879 0.547
CU × CT 0.429 0.650 0.833 0.120 0.575 0.102 0.787 0.258 0.982 0.598 0.743
CU × CUR 0.012* 0.002* 0.026* 0.776 0.325 0.134 0.068 0.010* 0.933 0.152 0.106
CT × CTR 0.040* 0.046* 0.095 0.197 0.139 0.125 0.164 0.016* 0.626 0.099 0.357

Fig. 8. Linear regressions describing the relationship of soil water content 
(SWC) and soil CO2 efflux normalised for temperature of 10 °C (R10) between 
selected pairs of the plots: M-mature stand, CU-coppice stand, CT-thinned cop-
pice stand, CUR-coppice stand with reduced throughfall, and CTR-thinned cop-
pice stand with reduced throughfall.
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3.6	 Effect	of	throughfall	reduction

The drainage channels caused reduction of SWC on both plots on all dates (Fig. 2). The statistics 
for the individual dates are summarized in Table 2. The reduction of SWC reached up to 30.5% 
(Fig. 6) and the difference in SWC between plots increased with SWC as indicated by the regres-
sion slope in Fig. 8. Small differences were also found for 14 April 2016 when soil moisture far 
exceeded SWC on other dates. The throughfall reduction had a stronger effect on SWC in CT 
compared to CU by 0.3% to 18.5% in proportion (Fig. 6).

R10 was reduced in both CUR and CTR compared to CU and CT, respectively, on all dates 
(Fig. 2). The maximum reduction was observed on 4 August 2015 and reached 41.9% in CUR and 
43.4% in CTR. On the contrary, the lowest R10 reduction was on 5 August 2016 when reaching 
1.4% in CUR and 9.8% in CTR. Generally, the reduction of R10 was slightly higher in CTR com-
pared to CUR (Fig. 7, Fig. 8).

The percentage reduction of R10 did not correlate with the percentage reduction of SWC in 
any treatment (p > 0.05).

4	 Discussion

4.1	 Temporal	dynamics	of	RS

Soil CO2 efflux increased exponentially with increasing temperature in all plots. R2 of these rela-
tionships was always higher than 0.80, which confirms that soil temperature was a driving factor 
of temporal dynamics of RS at this site during periods without soil water limitation. The parameter 
of temperature sensitivity of RS (Q10) ranged between 1.85 and 2.56 among the plots, which is 
comparable to recent findings for oak forests (Darenova et al. 2016; Luan et al. 2011; Rey et al. 
2002). Q10 in the mature forest was the lowest compared to the coppiced stands. This finding is 
consistent with the previous study of Darenova et al. (2016) who observed lower Q10 in a high 
forest than in a coppice, which was sparser than on our experimental plots. From this result we 
can speculate, that in mature forest soil CO2 efflux there is a higher proportion of root respiration 

Table	3.	Statistics of the linear regressions from Fig. 8 describing the relationship of soil water con-
tent (SWC, %) and R10 (μmolCO2 m–2 s–1) between selected pairs of the plots: M-mature stand, CU-
coppice stand, CT-thinned coppice stand, CUR-coppice stand with reduced throughfall, and CTR-
thinned coppice stand with reduced throughfall. y0 and a are the parameters of the linear regression 
(y = y0 + a*x); F and p are the parameters of the F-test of the regressions, statistically significant 
regression corresponds to p < 0.05.

y0 a R2 F p

SWC M × CU 3.09 0.86 0.9 87.4 <0.0001
CU × CT 0.68 1.02 0.95 188 <0.0001
CU × CUR –0.41 0.92 0.9648 246.4 <0.0001
CT × CTR –0.63 0.85 0.9519 178.1 <0.0001

R10 M × CU 0.95 0.55 0.63 15.6 0.0034
CU × CT 0.69 0.71 0.79 34.1 0.0002
CU ×  CUR 0.41 0.59 0.50 9.0 0.0150
CT × CTR 0.41 0.59 0.50 9.0 0.0148
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which is less temperature sensitive than respiration of microbes (Bhupinderpal-Singh et al. 2003; 
Hogberg 2010). Similar explanation for difference in Q10 between oak stands of different age was 
given by Luan et al. (2011). On the other hand, reduction of throughfall seems to have no effect 
on the relationship between temperature and RS as there were small differences in Q10 between 
CU and CUR, and between CT and CTR.

For the analysis of this relationship between temperature and RS, data from four days when 
SWC barely exceeded 10% were excluded. Under such conditions, soil water availability becomes 
a limiting factor and the dependence of RS on temperature declines (Xu et al. 2004). The Q10 value 
for RS normalization on 10°C was set to be 1.2 on the base of the study of Yuste et al. (2003).

Soil water content (SWC) was the second factor significantly contributing to the seasonal 
variability of RS. RS normalized on the temperature of 10°C (R10) sharply increased up to SWC of 
about 15%. Above this level, SWC had no more effect on RS. Such a trend is common for unsatu-
rated soils in different ecosystems and has been described, for example, by Yuste et al. (2003) and 
Xu et al. (2004). High SWC reduces soil CO2 efflux through limitation of oxygen availability for 
organic matter decomposition by microbes due to reduced air diffusion (Santruckova et al. 2004). 
However, at our study site SWC never seemed to reach that high limiting values.

4.2 Effect of gap fraction

We expected increase in SWC with increasing gap fraction above measurement positions, as a 
result of higher throughfall, which was observed for example by Gray et al. (2002) or Muscolo et 
al. (2014). We, however, did not find any significant correlation between gap fraction and SWC 
or R10 in any of the studied plots. Not even in CUR and CTR where some of the positions were 
under the drainage channels. The reason might be the dimension of the gaps, which were small 
in our forest type because of the dense canopy. Therefore, we assume that the differences in the 
throughfall reaching the ground are fast compensated by lateral water flow in the soil. For this 
same reason, we probably did not find any effect of gap fraction on R10.

4.3 Effect of coppicing and thinning

One of the impacts of forest management is changing of canopy closure. Lower canopy closure, 
or higher proportion of the gaps, results in higher proportion of throughfall reaching the ground 
surface to increase SWC (Marin et al. 2000). Although we observed lower gap fraction in the cop-
pice compared to the mature stand, we did not observe significantly higher SWC in M. On 5 and 
25 August, the SWC in M was even significantly lower compared to CU.

The mature and the coppice forest stands may also differ in soil water uptake by tree roots 
for the transpiration (Matejka et al. 2007), and this might account for their differences in SWC. 
However, Shipek et al. (2004) and Wildy et al. (2004) observed that transpiration tends to be 
higher for coppice compared to the mature forest as a result of a large number of actively growing 
sprouts. Nevertheless, we could not determine whether there was such a difference in transpiration 
between the mature and the coppice stand in our study. We, however, assumed that SWC in the 
coppice stand could be affected by the dense canopy layer, which shades the ground and decreases 
water evaporation from its surface. This would be in accordance with Raz-Yaseef et al. (2010) who 
observed higher SWC on shaded position compared to position under looser canopy.

Thinning of the coppice stand resulted in a slight increase in gap fraction and we thus assume 
this was the main reason for the higher SWC in CT compared to CU. As the canopy remained low 
and still dense, we did not expect any major effect of the thinning on evaporation from the soil 
surface, which would have decreased SWC.
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Tree harvest, which precedes the coppice establishment, results in a significant increase in 
soil CO2 efflux (Londo et al. 1999; Tedeschi et al. 2006). According to Tedeschi et al. (2006), this 
enhanced RS may be attributed to the higher soil temperature and SWC resulted from the canopy 
removal and thus stimulating of decomposition of the organic material accumulated in the soil 
from previous decades, decomposition of the woody debris left on the soil surface after harvest 
and of dead roots, and development of a grass or herb ground layer of vegetation. Furthermore, 
the components of soil respiration connected to fresh assimilates supply from leaves are com-
pletely removed. As shoots of the coppice are growing, assimilation of the aboveground biomass 
is getting restored and the effect of harvest on soil respiration declines. Darenova et al. (2016) 
suggested that it takes about 10 years for RS to be restored to the pre-harvest levels in their study 
oak coppice forest. The absence of a significant difference in R10 between mature and unthinned 
coppice (after eight years of harvest) forest stands might be attributed to a possible disappearance 
of decomposition of debris and dead root. Conversely, a rapid growing aboveground biomass 
would contribute to the fast restoration of the autotrophic component of RS. Although the canopy 
in CU was already developed, SWC in CU was slightly higher compared to M. We, however, do 
not assume that this would have significant effect on the differences in RS between these two plots 
because of the negligible size of the differences.

Response of soil CO2 efflux to thinning has been studied for single stem forests. The previ-
ous studies described no effect (Misson et al. 2005), a decrease (Striegl and Wickland 1998) or an 
increase in RS shortly after thinning (Cheng et al. 2015; Ohashi et al. 1999) as a result of higher 
SWC and temperature (Pang et al. 2013). Thinning also affects fresh assimilate supply for rhizo-
sphere respiration. Although, there is a complete stopping of assimilation of the removed trees, 
the remained trees may use the new space and start growing faster and enlarge their assimilate 
apparatus, which becomes evident in an increase in autotrophic respiration of the soil as described 
for example by Cheng et al. (2015). Therefore, effect of thinning on soil CO2 efflux is a combined 
result of changes of a substrate availability and changes in soil temperature and water as also 
observed by Tang et al. (2005).

Thinning in a young multiple-shoot coppice does not mean removal of all shoots on 
one individual. Therefore, remaining shoots can maintain the root system. This may mean that 
dead root decomposition is not a relevant driving factor when examining the effect of thin-
ning on RS. The increased SWC, observed in this study because of the post-thinning increases 
in canopy gap, might have slightly enhanced CO2 efflux. Further, it was our expectation that 
thinning would result in a temporary decrease in new assimilate supply to the soil given that 
thinning engenders reduction in assimilatory aboveground parts of trees. This can be, however, 
gradually compensated by increased shoot growth induced after thinning as observed by Fedor-
ova et al. (2016) on our experimental plots. We assume that we did not observed any significant 
changes in soil CO2 efflux after thinning of the coppiced stand as a result of combination of 
these processes.

4.4 Effect of reduced throughfall

Covering of the 30% of the ground area with the drainage channels resulted in the lower amount 
of throughfall reaching the ground leading to as much as 30.5% proportional reduction of SWC 
in a profile 0–6 cm. The decrease in soil water content in time after a rainfall depends on verti-
cal soil water movement (Rycroft and Amer 1995), uptake by roots for transpiration (Lagergren 
and Lindroth 2002) and evaporation from the soil surface (Merlin et al. 2011). The rate of these 
processes increases with increasing SWC, which may explain more rapid drying of soil in 
wetter plots CU and CT compared CUR and CTR and decrease in differences in SWC between CU 
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and CUR and between CT and CTR with decreasing SWC. Data from 14 April 2016 were out of 
this relationship as a difference in SWC between the relevant plots was small despite high SWC. 
The first half of April was characterized by high precipitation and no leaves developed. There-
fore, we assume that the high amount of throughfall reaching the ground led to the SWC, which 
was the highest from all measurement dates, and mitigated the differences in SWC between the 
plots.

RS was reduced in both CUR and CTR compared CU and CT, respectively and the 30% 
throughfall reduction resulted in decline of R10 by up to 57.2%. We assume that soil water 
availability affected both heterotrophic and autotrophic components of RS. The effect of SWC 
on the heterotrophic respiration is through changes of the amount, composition and activity of 
microbes (Zhao et al. 2016), while the autotrophic respiration is affected by the response of root 
activity and leaf photosynthesis to soil water conditions (Brunner et al 2015; Wang et al. 2012). 
Response of autotrophic respiration to SWC differs among studies. Generally, they describe 
increase in autotrophic respiration with increasing SWC. For example Jarvi and Burton (2013) 
found an increase in root respiration along their measured SWC range (8–35%), while in the 
study of Bryla et al. (2001) root respiration increased only up to SWC of about 10% and then 
remained plateaued. This is consistent with the study of Jiang et al. (2013) who observed an 
increase in root biomass in plots with added water compared to control. This was only during 
a dry season, whereas no effect was found during the wet season. SWC affects autotrophic 
respiration mainly through reduction of photosynthesis, which means the substrate supply for 
roots (Kuzyakov and Cheng 2001). Long term precipitation reduction may decrease the pro-
ductivity of plant biomass. For example, decline in coppice aboveground productivity under 
reduced rainfall treatments was described for example by Orsag et al. (2015). In their study, the 
productivity decreased by 20% to 50% as a result of 40% and 70% roof coverage of the ground 
area. The reduction of the productivity of the photosynthetic biomass would lead to permanent 
reduction of the autotrophic respiration contributing to total RS. However, the study of Fedorova 
et al. (in submition) did not confirmed significant effect of reduced SWC on growth of sprouts 
at our study site. Therefore, we did not expect reduction of autotrophic respiration as a result of 
reduced biomass. But some differences in autotrophic respiration as a result of lower instantane-
ous photosynthesis rate caused by lower SWC in plots with the drainage channels may be con-
sidered, especially during periods with SWC around 10% when we can expect the highest effect 
of soil water content on respiration.

Although our results pointed that SWC has an effect on RS only up to about 15%, 
we observed consistently lower R10 in plots with reduced throughfall. The consistently lower 
SWC in CUR and CTR might be a reflection of a permanent decline in soil microbial bio-
mass and tree activity, and, therefore, in a corresponding decrease in RS. This observation 
is supported by a previous studies that found some positive correlation between soil carbon 
stock and RS with increasing mean annual precipitation (Jobbagy and Jackson 2000; Wang et 
al. 2010). The smallest reduction of R10 caused by throughfall reduction was observed in 5 
August 2016. Shortly before this date, heavy rain occurred. Therefore, we can speculate that 
this sudden high input of water together with high temperatures (Fig. 1) launched decompo-
sition processes in reduced throughfall plots so RS almost reached magnitudes of plots with 
ambient precipitation.
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5 Conclusions

The main conclusions that can be drawn from this study are as follows:
There was no clear difference in SWC or R10 between the mature and coppiced stand eight 

years after harvesting. Therefore, we can assume that the effect of the disturbance on soil respira-
tion processes already vanished eight after coppicing.

Thinning of the coppice stand resulted in increase in SWC up to 22% in proportion as a 
result of increased gap fraction of the canopy. However, no effect on R10 was observed two years 
after the thinning. We assume this to be a result of opposing effect of soil moisture, removing 
photosyntheting biomass and changes in root growth caused by thinning on RS.

Throughfall reduction by 30% resulted in decrease in SWC up to proportional 30.5% and 
led to up to 50.7% reduction of R10 as a result of permanent decline in microbial and tree activity.

Importantly, this study has contributed to characterizing the inter-linked below-and-above 
ground soil carbon cycling of managed forests.
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