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Abstract: Climate change has increased attention paid in  the research to  forest soils and tree species composition, 
in respect to the potential for carbon sequestration. It is known that forest stands are able to store soil organic carbon 
(SOC), but little is known about the effect of forest naturalness on SOC content. This is important in relation of dying 
of unnatural spruce stands. It is necessary to determine a suitable composition of tree species which will replace them. 
This research is based on 248 plots with oak, beech, and spruce stands and mixtures of these species, with measured 
values of SOC. Our results show that autochthonous and mixed stands, in terms of tree species composition, in the 
study area had a higher SOC content than allochthonous and pure stands. In addition, it was found that autochthonous 
oak and beech stands, especially in mixtures, had a higher SOC content than allochthonous spruce stands (monocul-
tures). On the basis of the presented results, it  is possible to optimize the future tree species composition of stands 
in the study area, which currently have an allochthonous representation of spruce, to provide better function of carbon 
sequestration and resistance to climate change.
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In terms of climate change and increasing atmos-
pheric CO2 concentration, it  is well known that 
forest ecosystems, and especially forest soils, are 
irreplaceable as carbon sinks (Lorenz & Lal 2010; 
Pan et al. 2011). Many studies confirm that carbon 
sequestration in soil varies with tree species, type 
of stand (coniferous vs. deciduous, pure vs. mixed) 
(Vesterdal et al. 2013; Wiesmeier et al. 2013; Andi-
via et al. 2016; Kern et al. 2016; Angst et al. 2019), 

and has an influence on SOC content in the soil. 
However, insufficient attention has been paid to the 
influence of forest naturalness on soil organic carbon 
(SOC) content.

Forests in the Czech Republic, as in much of Eu-
rope, underwent significant change in tree species 
composition during reforestation in the late 18th and 
early 19th centuries in the fir/beech and beech zones, 
and also in the oak/beech and oak zones (Klimo et al. 
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2000). This includes forest vegetation zones in our 
study area, where oak and beech occur naturally 
and dominate in natural tree species composition. 
Natural tree species composition in these locations 
was replaced by spruce monocultures in a number 
of cases. This conversion related to intensive forest 
management practices and the economic benefits 
of spruce wood. Spruce monocultures thus became 
common on sites unsuitable and unnatural for the 
species (Spiecker et al. 2004; Ammer et al. 2008; Löf 
et al. 2010), forcing out the site-natural tree species, 
primarily beech, oak and other broadleaf trees.

The Czech Republic is currently facing a problem 
of large-scale dying of spruce stands (monocultures) 
grown on sites unnatural to them. The population 
of Norway spruce is dying due to a cumulation of nega-
tive factors relating to unsuitable conditions for growth 
and also the onset of the effects of climate change. 
Therefore, spruce stands grown on unnatural sites and 
at unnatural altitudes are the most affected, mainly 
in lower forest vegetation zones (Pretzsch & Ďurský 
2002). Allochthonous spruce stands are already dy-
ing as premature stands, aged around 40–50 years, 
and will not live to felling age. Due to the size of the 
areas on which these allochthonous spruce stands are 
grown, it is necessary to find suitable composition 
of tree species which can replace these monocul-
tures, fulfil all the functions of the forest (Hilmers 
et al. 2020), including carbon sequestration. Many 
authors focus on determining optimal composition 
of tree species in forest stands in the context of an-
ticipated climate change and impact, and of carbon 
sequestration. Some authors agree that mixed stands 
with major representation of broadleaf tree species 

will play a very important role in carbon sequestra-
tion, especially at lower and mid elevation (Čermák 
et al. 2004; Hlásny et al. 2011), where spruce stands 
are currently grown. At the same time, emphasis will 
also be placed on near-natural tree species composi-
tion of stands and natural distribution of tree spe-
cies, which are considered as potential factors for 
viability with regard to climate change (Schwab et al. 
2022). Forest naturalness is a closely related and also 
potentially interesting characteristic, in the context 
of climate change, and especially in terms of carbon 
sequestration potential.

In this research we hypothesized that: (1) for-
est naturalness has an influence on SOC content, 
(2) mixed and pure stands differ in SOC content, 
(3) main tree species of stand has an influence on SOC 
content, (4) a more detailed division to type of stands 
differ in SOC content.

MATERIAL AND METHODS

Description of  study area.  For our research 
we used data from 248 monitoring plots from a da-
tabase of forest typology complied by the Forest 
Management Institute (FMI) in Brandýs nad Labem 
between 1956–2004 (Figure 1). The size of selected 
circular monitoring plots varied in the range of 400 to 
500 m2. Monitoring plots were located within an el-
evation range of 250–680 m a.s.l., which corresponds 
to a range of 1st–4th forest vegetation zone (FVZ). 
The FVZ expresses the relationship of climate, site 
and species composition of forest community and 
is usually used for evaluation of the natural zonal 
area (occurrence) of a given tree species. In this re-

Figure 1. Location of the study area and monitoring plots

Monitoring plot
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search FVZ is used in relation to regional scenarios 
for predicted impact of climate change within the 
Czech Republic by 2030 (Čermák et al. 2004), where 
changes in distribution and composition of  tree 
species, especially Norway spruce, are stated in in-
dividual FVZs. It is predicted that Norway spruce 
will not be able to survive in lower forest vegetation 
zones. The locations of our research monitoring plots 
were selected with respect to areas of allochthonous 
spruce monocultures. Mean annual air temperature 
in these locations fluctuates around 7.3 °C (a range 
of 6.03–8.33  °C) and mean annual precipitation 
is around 677 mm (a range of 479.6–1129.6 mm) 
(for more details see Table S1 in Electronic Supple-
mentary Material (ESM)). 

According to  the World Reference Base (IUSS 
Working Group WRB 2015), soil conditions on the 
monitoring plots relate to the soil groups of Cambisols 
(187 samples), Podzols (6 samples), Stagnosols (17 sam-
ples), Luvisols (9 samples), Leptosols (20 samples), 
Gleysols (1 sample) and Retisols (8 samples). The 
dominant soil group is Cambisols, the prevalent humus 
form is moder. The thickness of O horizons ranges from 
1 to 35 cm (with a mean of 4 cm), while A horizons 
range from 1 to 37 cm (with a mean of 9 cm). Both 
studied soil horizons were represented in all soil pits. 

Soil sampling, determination of soil organic 
carbon. Soil samples were taken from the organic 
soil horizon (O horizon), which included all three 
layers – OL (litter), OF (fragmented) and OH (humus), 
and from the surface mineral soil horizon (A hori-
zon) in soil pits. Each soil pit was established in the 
central parts of the monitoring plot. For this reason, 
the soil samples taken are considered representative. 
One soil pit was established on each monitoring plot, 
and the O and the A soil horizons were distinguished 
by a field FMI specialist with relevant experience 
of pedology, according to appropriate and current 
internal methodology at the time. Soil samples from 
both studied soil horizons were homogenized and 
subsequently analyzed in the soil science laboratory 
at FMI in Brandýs nad Labem. 

For determination of SOC, the chromo-sulfuric 
compound oxidation method (wet method) was 
used, which was accompanied by titration of Mohr’s 
salt and later with hydroquinone (Walkley & Black 
1934; Zbíral et al. 2011). SOC stock were calculated 
for both studied horizons, according to this formula 
Marek et al. (2011): 

SOC = T × BD × SOC (%) 	  (1)

where:
SOC	 – soil organic carbon content (t/ha);
T	 – the thickness of horizon (cm);
BD	 – the bulk density (g/cm);
SOC (%)	– percentage of soil organic carbon.

Values of bulk density were part of the methodology 
according to Marek et al. (2011) and were determined 
as part of the physical analysis of soils.

Stand description. Forest management practices 
were applied in all studied stands. All monitoring 
plots had been forest-covered for several genera-
tions. A dataset of 248 investigated plots includes 
type of stand, based on the percentage of the main 
tree species (Macků 2012) – Norway spruce (Pi-
cea abies L.H. Karst.), Pedunculate oak (Quercus 
robur L.) and European beech (Fagus sylvatica L.), 
as described in more detail in Table 1. Within mixed 
stands, admixed and interspersed tree species are 
also represented, such as Scots pine, White poplar, 
European ash, European larch and Silver fir, in addi-
tion to the main tree species. The age of the studied 
stands ranges from 15–185 years, but the average 
is 96 years. Mature stands predominate. 

Definition of degree of naturalness (forest natu-
ralness). Concerning naturalness, forest typology 
was used when setting the degree of naturalness 
of forest stands. This was based on comparison 
of actual species composition at the level of po-
tential natural vegetation by the FMI method. The 
natural tree species composition is derived from 
the model composition for classification units 
(forest sites type) of the FMI Typological System 
(Macků 2012). Forest sites type is based on a part 
of forest including all original geobiocenosis with 
homogenous ecological or growth conditions and 
with explicit amplitude of potential autochthonous 
and allochthonous tree species production (Macků 
2012). The forest type is characterized by a domi-
nant species combination of phytocenosis, soil 
properties, habitat and potential yield class of the 
tree species. 

The degree of naturalness is a categorical variable 
and it may reach values in the range of 0–6. Individual 
degrees of naturalness are described in Table 2. Such 
a detailed division would require a larger number 
of samples (stands). Therefore, the degree of natu-
ralness was amalgamated into two groups: mostly 
autochthonous vegetation (stands) – with a degree 
of naturalness of 4–6, and mostly allochthonous 
vegetation (stands) – with a degree of naturalness 
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of 0–3, for the sake of simplification. This simplified 
division of forest naturalness into 2 groups is used 
in all analyzes, and is then interpreted throughout 
the article. 

Statistical analysis. Descriptive statistics, espe-
cially median, variance and interquartile range, were 
used to describe the dataset. Data normality was 
verified by a Shapiro-Wilk test. The data normality 
condition was not met for values of SOC (t/ha) in both 
soil horizons. Therefore, the log-transformation was 
conducted.

The existence of influence of selected categorical 
variables on the dependent quantitative variable 
(SOC) and statistical differences were tested using 
analysis of variance (ANOVA) and Duncan’s multiple 
comparison test. All tests were performed at 5% level 
of significance.

Statistical analysis was conducted in STATISTICA 
software Version 13 (TIBCO Software Inc. Palo 
Alto, USA).

RESULTS

O – organic soil horizon. Analysis of variance 
(ANOVA) proved significant influence of  forest 
naturalness on SOC content (F = 43.34; P < 0.001). 
Significant difference between naturalness groups 
0–3 and 4–6 was detected, whereas a higher SOC con-
tent was found in group 0–3 with a median of 10.40 t 
per ha. In group 4–6 a median value of SOC was only 
5.65 t/ha (Figure 2). 

In addition to forest naturalness, the influence 
of mixture type (pure vs. mixed stands) on SOC 
content (F = 15.77; P < 0.001) and significant differ-

Table 1. Description of studied types of stands

Abbreviation 
of type of stand

Forest  
naturalness Main tree species

Representation 
of main  

tree species

Representation 
of other 

tree species

Mixture 
type

No. of 
samples

AL SP 
91–100% AL – allochthonous SP – Norway spruce pure  

(91–100%) – pure 91

AU OAK 
91–100% AU – autochthonous OAK – Pedunculate oak pure  

(91–100%) – pure

94
AU OAK 
71–90% AU – autochthonous OAK – Pedunculate oak dominant 

(71–90%)
interspersed 
(up to 10%) mixed

AU OAK 
31–70% AU – autochthonous OAK – Pedunculate oak

major  
and basic  
(31–70%)

admixed (up to 30%) 
and interspersed 

(up to 10%)
mixed

AU BE 
91–100% AU – autochthonous BE – European beech pure 

(91–100%) – pure

63
AU BE 
71–90% AU – autochthonous BE – European beech dominant 

(71–90%)
interspersed 
(up to 10%) mixed

AU BE
31–70% AU – autochthonous BE – European beech

major 
 and basic 
(31–70%)

admixed (up to 30%) 
and interspersed  

(up to 10%)
mixed

Table 2. Description of degrees of naturalness established by Forest Management Institute in Brandýs nad Labem

Degree Designation Description Naturalness category No. of samples
0 unsuitable introduced tree species

allochthonous 91
1 very low mostly unsuitable composition
2 low rather unsuitable composition
3 medial culture forest – appropriate composition
4 high mostly natural composition

autochthonous 1575 very high near natural composition
6 exceptional natural composition

https://www.agriculturejournals.cz/web/swr/


143

Soil and Water Research, 17, 2022 (3): 139–148 Original Paper

https://doi.org/10.17221/19/2022-SWR

ence between pure and mixed stands were proven. 
In pure stands, a higher SOC content was detected, 
with a median of 8.85 t/ha, whereas in mixed stands 
the median value was only 5.33 t/ha (Figure 3A). 

The influence of main tree species (beech, oak, 
spruce) in stands on SOC content was also proven 
(F = 21.68; P < 0.001). Significant differences were 
detected between beech and spruce (P < 0.001) and 
between oak and spruce (P < 0.001) stands. Beech 
and oak stands did not differ significantly (P > 0.05) 
in SOC content. The significantly highest SOC 
content was found in spruce stands, with a median 
of 10.40 t/ha. On the other hand, the lowest SOC 
content was detected in beech stands, with a median 
of 5.43 t/ha (Figure 3B). 

Based on the findings mentioned above, stands were 
divided into types of stand. The influence of type 
of  stand on SOC content was proven (F = 8.07; 
P < 0.001). A significant difference in SOC content 
between types of stand was also detected. It can 
be stated that all types of stand differed significantly 
from AL SP 91–100% in SOC content. When oak 
types of stand were compared with AL SP 91–100% 
stands, it was noticeable that the highest SOC con-
tent was demonstrated in AL SP 91–100%, with 
a median of 10.40 t/ha (Figure 4A). No significant 
differences in SOC content were found between 
oak types of stand (Table 3), although SOC content 
decreases with increasing percentage representation 
of oak. When beech types of stand were compared 
with AL SP 91–100% stands, it was also proven that 

the highest SOC content was demonstrated in AL SP 
91–100% (Figure 4B). The second highest content 
of SOC (after AL SP 91–100% stands) was detected 
in AU BE 91–100% stands, with a median of 6.58 t/ha 
(Figure 4B). In beech types of stand significant dif-
ference was found in SOC content between AU BE 
91–100% and AU BE 71–90% stands (Table 4). 

A – surface mineral horizon. As in the O horizon 
a significant influence of forest naturalness on SOC 
content was also proven in the A horizon (F = 27.34; 
P < 0.001) and a significant difference (P < 0.001) was 
detected between naturalness groups 0–3 and 4–6. 
Significantly higher content of SOC was detected in the 
4–6 group with a median of 30.61 t/ha, while in the 0–3 
group the median value was only 19.07 t/ha (Figure 2). 
It is an opposite trend to that in the O horizon.

Figure 2. Variation of soil organic carbon (SOC) content  
in the O – organic and A – surface mineral soil horizons 
in relation to naturalness category
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Figure 3. Variation of  soil organic carbon (SOC) content 
in the O – organic and A – surface mineral soil horizons in re-
lation to mixture type (A) and main tree species of stands (B)
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Also, in the A horizon, the influence of mixture 
type (pure × mixed) on SOC content was proven 
(F = 7.44; P < 0.007). Significant difference between 
pure and mixed stands was demonstrated. A higher 
content of SOC was detected in mixed stands, with 
a median of 31.02 t/ha, than in pure stands, with 
a median of 23.95 t/ha (Figure 3A). This is also an op-
posite trend to that in the O horizon.

Besides the aforementioned, a significant influence 
of tree species (beech, oak, spruce) on SOC content 
was also evident, with significant differences between 
beech and spruce (P < 0.001) and between oak and 
spruce (P < 0.001) stands. Beech and oak stands did 
not differ significantly (P > 0.05) in SOC content, 
as in the O horizon. The significantly highest content 
of SOC was detected in oak stands (median value 
32.04 t/ha), and the lowest in spruce stands (median 
value 19.07 t/ha) (Figure 3B).

As in the O horizon, a significant influence of type 
of stand on SOC content (F = 5.90; P < 0.001) with 
significant differences proven between them in the 
A horizon. When oak types of stand were compared 
with AL SP 91–100% stands, it was found that all oak 
types of stand differ significantly from AL SP 91–100% 
stands (Table 3). The highest content of SOC was 
detected in AU OAK 71–90% stands, with a median 
of 33.63 t/ha (Figure 4A). On the other hand, the 
lowest content of SOC in this comparison was found 
in AL SP 91–100% stands, with a median of 15.55 t/ha. 
This trend is opposite to that in the O horizon. When 
beech types of stand were compared with AL SP 
91–100% stands, significant difference was proven 
only between AU BE 91–100% stands and AL SP 

Table 3. Significant differences in soil organic carbon (SOC) content between oak types of stand and spruce type of stand 
in the O – organic and A – surface mineral soil horizons according to Duncan’s multiple comparison test

Abbreviation of type of stand AL SP 
91–100%

AU OAK 
91–100%

AU OAK 
71–90%

AU OAK 
31–70%

O horizon (SOC; P < 0.05)
AL SP 91–100% ‒ 0.000057 0.000367 0.000335
AU OAK 91–100% 0.000057 ‒ ns ns
AU OAK 71–90% 0.000367 ns ‒ ns
AU OAK 31–70% 0.000335 ns ns ‒
A horizon (SOC; P < 0.05)
AL SP 91–100% ‒ 0.002865 0.000008 0.005654
AU OAK 91–100% 0.002865 ‒ ns ns
AU OAK 71–90% 0.000008 ns ‒ ns
AU OAK 31–70% 0.005654 ns ns ‒

For explanation of stand types abbreviations see Table 1; ns – non-significant

Figure 4. Comparisons of  soil organic carbon (SOC) 
content in the O – organic and A – surface mineral soil 
horizons for oak and spruce (A) and beech and spruce (B) 
types of stand
For explanation of stand types abbreviations see Table 1
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91–100% stands (Table 4), although a decreasing 
trend in SOC content is noticeable in the following 
order: AU BE 31–70% > AU BE 91–100% > AU BE 
71–90% > AL SP 91–100% stands. Differences be-
tween beech types of stand were not significant. The 
highest content of SOC in beech types of stand was 
detected in AU BE 31–70% stands, with a median 
value of 21.23 t/ha (Figure 4B). On the other hand, 
the lowest content of SOC in this comparison was 
found in AL SP 91–100% stands, as well as in oak 
types of stand.

DISCUSSION

Although many stands are not autochthonous 
in their species composition or on a certain site, 
almost no attention has been paid to the influence 
of forest naturalness on SOC content. Based on our 
results, it is possible to state that forest naturalness 
has an influence on SOC content in the study area. 
It was found that autochthonous stands have a higher 
SOC content than allochthonous stands in the A ho-
rizon (Figure 2). The opposite was found for the 
O horizon. It is possible to explain this by the dif-
ference in decomposition processes. Autochthonous 
stands are primarily broadleaf stands in the study 
area, and conditions for decomposition processes are 
optimal, decomposition is relatively rapid. This can 
relate to higher biological diversity and activity in the 
soil (Prescott 2002; Augusto et al. 2015). It is known 
that earthworms enable the transport of carbon from 
forest floor to mineral soil through bioturbation 
(Devliegher & Verstraete 1997; Reich et al. 2005; 

Frouz et al. 2009). In addition, it can be assumed that 
SOC is in permanent turnover as part of soil organic 
matter, and its sequestration is limited in the O hori-
zon (Vesterdal et al. 2012). Allochthonous stands are 
primarily coniferous (spruce) in the study area, and 
conditions for decomposition processes are unsuit-
able. Decomposition is slower due to a considerable 
amount of litterfall (Hobbie et al. 2006). Therefore, 
SOC content in the O horizon is higher here, and 
only a small amount of SOC is transported to the 
A horizon (Mareschal et al. 2010; Lorenz & Sören 
2019). Many studies (Jandl et al. 2007; Frouz et al. 
2009; Rumpel & Kögel-Knabner 2011; Vesterdal et al. 
2013) agree that carbon (SOC) should preferably 
be stored in deeper soil horizons, because the organic 
horizon is more vulnerable and more influenced 
by disturbance (e.g., cutting, fires, erosion), abiotic 
factors and also decomposition processes. Overall, 
the organic horizon is not suitable for long-term and 
stable carbon storage. Therefore, our research was 
focused primarily on SOC in the mineral horizon. 

It was further found that mixed stands have a higher 
SOC content in  the A horizon than pure stands 
(Figure 3A), which has also been proven by a num-
ber of authors (Andivia et al. 2016; Kern et al. 2016; 
Błońska et al. 2018; López-Marcos et al. 2018). This 
probably relates to the root system and litterfall 
(Finér et al. 2007), as  it is known that deciduous 
stands have greater root biomass, thanks to which 
they have greater root litter as C input to the mineral 
soil horizon and can induce a greater accumulation 
of carbon (Andivia et al. 2016). The opposite trend 
was found in the O horizon (Figure 3A). This closely 

Table 4. Significant differences in soil organic carbon (SOC) content between beech types of stand and spruce type 
of stand in the O – organic and A – surface mineral soil horizons according to Duncan’s multiple comparison test

Abbreviation of 
type of stand

AL SP 
91–100%

AU BE 
91–100%

AU BE 
71–90%

AU BE 
31–70%

O horizon (SOC; P < 0.05) 
AL SP 91–100% ‒ 0.044032 0.000031 0.004125
AU BE 91–100% 0.044032 ‒ 0.026978 ns
AU BE 71–90% 0.000031 0.026978 ‒ ns
AU BE 31–70% 0.004125 ns ns ‒
A horizon (SOC; P < 0.05)
AL SP 91–100% ‒ 0.042505 ns ns
AU BE 91–100% 0.042505 ‒ ns ns
AU BE 71–90% ns ns ‒ ns
AU BE 31–70% ns ns ns ‒

For explanation of stand types abbreviations see Table 1; ns – non-significant

https://www.agriculturejournals.cz/web/swr/


146

Original Paper Soil and Water Research, 17, 2022 (3): 139–148

https://doi.org/10.17221/19/2022-SWR

relates to a considerable amount of  litterfall and 
slower decomposition. Based on these results, it is 
possible to state that mixed stands are more suitable 
for carbon sequestration than pure stands in the study 
area, because they store more SOC in the A horizon. 
However, it is necessary to bear in mind, that it is 
not possible to state that mixed stands, in general, 
are the most suitable in terms of carbon sequestra-
tion, because it is known that Norway spruce stands, 
especially in higher altitudes, can sequester a large 
amount of SOC (Kern et al. 2016; Bojko & Kabala 
2017; Jonard et al. 2017; Bečvářová et al. 2018). 

In our research an increasing trend of SOC in spruce < 
beech < oak tree species was proven in the A horizon 
(Figure 3B). This result is interesting, because many 
studies agree that spruce stands have a higher stock 
of SOC in the mineral soil horizon than beech stands 
(Gurmesa et al. 2013; Andivia et al. 2016). This could 
relate to forest naturalness, because these spruce stands 
are allochthonous (unsuitable elevation and sites). 
On the other hand, there are studies which confirm 
our results (Vesterdal et al. 2008; Frouz et al. 2009; 
Mareschal et al. 2010). This is often in relation to the 
root biomass. According to Finér et al. (2007), fine root 
biomass is greater under beech than under conifers. 
Root systems of spruce have a preference especially for 
forest floors (Puhe 2003). Likewise the diversity, abun-
dance and activity of earthworms, which are known for 
their incorporation of material from forest floor into 
deeper soil horizons (Devliegher & Verstraete 1997), 
is lower in spruce stands than in beech or oak stands 
(Schelfhout 2010). In the O horizon, an almost opposite 
trend of SOC was detected for beech ≤ oak < spruce 
tree species, compared with the A horizon (Figure 3B). 
Similar results were found in other studies (Frouz 
et al. 2009; Gurmesa et al. 2013; Andivia et al. 2016). 
These findings are not groundbreaking, confirming 
some results of other authors, but they are important 
for the study area, because they provide information 
about SOC content in the studied horizons under 
stands with different main tree species. Oak stands 
(autochthonous stands in our study area) which have 
a higher SOC content in the A horizon than spruce 
stands (allochthonous stands in our study area), are 
more able to perform function of carbon sequestration.

In addition to the above, when comparing autoch-
thonous oak stands with allochthonous spruce stands 
(monocultures) it was found that all oak types of stand 
have a higher SOC content in the A horizon than 
spruce stands (Figure 4A), whereas oak stands with 
admixed other tree species (AU OAK 71–90%) have 

the highest SOC content of all oak types of stand. 
Pretzsch et al. (2013) discusses the benefits of grow-
ing oak in mixtures, specifically with beech, one 
of the benefits is that forests from these species are 
considered more tolerant to climatic effects and are 
expected to become important mixture under climate 
change. This is important when considering suitable 
stands to replace dying spruce stands in the context 
of carbon sequestration and climate change. 

Similar results were achieved when autochtho-
nous beech stands were compared with allochtho-
nous spruce monocultures (AL SP 91–100%). Beech 
stands with basic and major representation of beech 
(AU BE 31–70%) have the highest SOC content in the 
A horizon in this comparison (Figure 4B). In beech 
stands, it was also proven that a mix of beech and 
other tree species is more suitable in term of carbon 
sequestration.

A substantial output of this research is the fact 
that mixed stands are more suitable for long-term 
and stable carbon sequestration than pure stands 
in the study area. It is also considered a key find-
ing that autochthonous stands of oak and beech, 
are able to replace the dying allochthonous spruce 
stands, and can perform a better function of carbon 
sequestration in a same time.

CONCLUSION

Our results show that forest naturalness (autochtho-
nous oak and beech vs. allochthonous spruce stands), 
mixture type (mixed vs. pure stands), individual tree 
species, and in a more detailed breakdown also type 
of stand had an influence on SOC content. In terms 
of long-term and stable carbon sequestration, more 
attention during research was paid to the surface 
mineral horizon than the organic horizon.

Overall, from this research it is possible to state, 
that autochthonous and mixed stands in the study 
area (in a range of 1st‒4th forest vegetation zones) had 
a higher SOC content than allochthonous and pure 
stands, and are considered to be more suitable for 
carbon sequestration. A key finding is also the fact 
that autochthonous oak and beech stands, primarily 
in mixtures, are able to replace dying allochthonous 
spruce stands (monocultures) in the study area, while 
also providing better function of carbon sequestration 
and showing better resistance to climate change. These 
results can have practical application for silviculture 
practice and can contribute to the creation of adaptive 
strategies in the context of climate change.

https://www.agriculturejournals.cz/web/swr/


147

Soil and Water Research, 17, 2022 (3): 139–148 Original Paper

https://doi.org/10.17221/19/2022-SWR

Acknowledgement: The authors wish to thank the anony-
mous reviewers for their valuable and insightful comments 
for improvement of  the manuscript. The team of  authors, 
and Palacký University, thank the Forest Management In-
stitute for providing data and I. and J. Leckie for linguistic 
proofreading of the text.

REFERENCES 

Ammer C., Bickel E., Kölling C. (2008): Converting Norway 
spruce stands with beech – A review of arguments and 
techniques. Austrian Journal of Forest Science, 125: 3–26.

Andivia E., Rolo V., Jonard M., Formánek P., Ponette Q. 
(2016): Tree species identity mediates mechanisms of top 
soil carbon sequestration in a Norway spruce and Euro-
pean beech mixed forest. Annals of Forest Science, 73: 
437–447.

Angst G., Mueller K.E., Eissenstat D.M., Trumbore S., Free-
man K.H., Hobbie S.E., Chorover J., Oleksyn J., Reich 
P.B., Mueller C.W. (2019): Soil organic carbon stability 
in forests: Distinct effects of tree species identity and 
traits. Global Change Biology, 25: 1529–1546.

Augusto L., De Schrijver A., Vesterdal L., Smolander A., 
Prescott C., Ranger J. (2015): Influences of evergreen 
gymnosperm and deciduous angiosperm tree species 
on the functioning of temperate and boreal forests. Bio-
logical Reviews of the Cambridge Philosophical Society, 
90: 444–466.

Bečvářová P., Horváth M., Šarapatka B., Zouhar V. (2018): 
Dynamics of soil organic carbon (SOC) content in stands 
of Norway spruce (Picea abies) in central Europe. iForest, 
11: 734–742.

Błońska E., Klamerus-Iwanb A., Lasotaa J., Grubaa P., 
Pachc M., Pretzsch H. (2018): What characteristics of soil 
fertility can improve in mixed stands of Scots pine and 
European beech compared with monospecific stands? Com-
munications in Soil Science and Plant Analysis, 49: 237–247. 

Bojko O., Kabala C. (2017): Organic carbon pools in mountain 
soils – Sources of variability and predicted changes in rela-
tion to climate and land use changes. Catena, 149: 209–220.

Čermák P., Jankovský L., Cudlín P. (2004): Risk evaluation 
of  the climatic change impact on secondary Norway 
spruce stands as exemplified by the Křtiny Training For-
est Enterprise. Journal of Forest Science, 50: 256–262.

Devliegher W., Verstraete W. (1997): The effect of Lumbri-
cus terrestris on soil in relation to plant growth: Effects 
of nutrient-enrichment processes (NEP) and gut-asso-
ciated processes (GAP). Soil Biology and Biochemistry, 
29: 341–346.

Finér L., Helmisaari H.-S., Lõhmus K., Majdi H., Brun-
ner I., Børja I., Eldhuset T., Goldbold D., Grebenc T., 

Konôpka B., Kraigher H., Möttönen M.-R., Ohasi M., 
Olekysen J., Ostonen I., Uri V., Vanguelovs E. (2007): 
Variation in fine root biomass of three European tree 
species: Beech (Fagus sylvatica L.), Norway spruce, (Picea 
abies L. Karst.), and Scots pine (Pinus sylvestris L.). Plant 
Biosystems, 141: 394–405. 

Frouz J., Pižl V., Cienciala E., Kalčík J. (2009): Carbon stor-
age in post-mining forest soil, the role of tree biomass and 
soil bioturbation. Biogeochemistry, 94: 111–121.

Gurmesa G.A., Schmidt I.K., Gundersen P., Vesterdal L. 
(2013): Soil carbon accumulation and nitrogen retention 
traits of four tree species grown in common gardens. 
Forest Ecology and Management, 309: 47–57.

Hilmers T., Biber P., Knoke T., Pretzsch H. (2020): Assessing 
transformation scenarios pure Norway spruce to mixed 
uneven-aged forests in mountain areas. European Journal 
of Forest Research, 139: 567–584.

Hlásny T., Pajtík J., Balázs B., Barcza Z., Turčáni M., Fab-
rika M., Sedmák R., Churkina G. (2011): Climate change 
impacts on growth and carbon balance of forests in Cen-
tral Europe. Climate Research, 47: 219–236.

Hobbie S.E., Reich P.B., Oleksyn J., Ogdahl M., Zytkowi-
ak R., Hale C., Karolewski P. (2006): Tree species effects 
on decomposition and forest floor dynamics in a common 
garden. Ecology, 87: 2288–2297.

IUSS Working Group WRB (2015): World Reference Base 
for Soil Resources 2014, Update 2015. International Soil 
Classification System for Naming Soils and Creating 
Legends for Soil Maps. World Soil Resources Reports 
No. 106. Rome, FAO. 

Jandl R., Lindner M., Vesterdal L., Bauwens B., Baritz R., 
Hagedorn F., Johnson D.W., Minkkinen K., Byrne K.A. 
(2007): How strongly can forest management influence 
soil carbon sequestration? Geoderma, 137: 253–268.

Jonard M., Nicolas M., Caignet I., Ponette Q., Saenger A., 
Coomes D.A. (2017): Forest soils in France are sequester-
ing substantial amounts of carbon. Science of the Total 
Environment, 574: 616–628.

Kern N.V., Cremer M., Prietzel J. (2016): Soil organic carbon 
and nitrogen stocks under pure and mixed stands of Eu-
ropean beech, Douglas fir and Norway spruce. Forest 
Ecology and Management, 367: 30–40.

Klimo E., Kulhavý J., Hager H. (2000): Spruce Monocultures 
in Central Europe: Problems and Prospects. EFI Proceed-
ings No. 33. Joensuu, European Forest Institute.

Löf M., Bergquist J., Brunet J., Karlsson M., Welander N.T. 
(2010): Conversion of Norway spruce stands to broadleaved 
woodland-regeneration systems, fencing and performance 
of planted seedlings. Ecological Bulletins, 53: 165–174.

Lorenz K., Lal R. (2010): Carbon Sequestration in Forest 
Ecosystems. Netherlands, Springer: 271–277.

https://www.agriculturejournals.cz/web/swr/


148

Original Paper Soil and Water Research, 17, 2022 (3): 139–148

https://doi.org/10.17221/19/2022-SWR

Lorenz M., Sören T.-B. (2019): Tree species affect soil or-
ganic matter stocks and stoichiometry in interaction with 
soil microbiota. Geoderma, 353: 35–46. 

López-Marcos D., Martínez-Ruiz C., Turrión M.-B., Jona-
rd M., Titeux H., Ponette Q., Bravo F. (2018): Soil carbon 
stocks and exchangeable cations in monospecific and 
mixed pine forests. European Journal of Forest Research, 
137: 831–847. 

Macků J. (2012): Methodology for establishing the de-
gree of naturalness of forest stands. Acta Universitatis 
Agriculturae et Silviculturae Mendelianae Brunensis, 
18: 161–165.

Marek M.V., Ač A., Apltauer J., Bodlák L., Burešová R., Cien-
ciala E., Cudlín P., Cudlínová E., Czerný R., Čížková H., 
Dubrovský M., Dušek J., Exnerová Z., Havránková K., 
Henžlík V., Janderková J., Janouš D., Lapka M., Macků J., 
Matějka K., Pavelka M., Pechal L., Pokorný J., Pokorný R., 
Schneider J., Stará L., Středa T., Šefrna L., Taufarová K., 
Tomášková I., Urban O., Vyskot I., Zatloukal V., Zemek F., 
Zitová M. (2011): Carbon in Ecosystems of Czech Repub-
lic in Changing Climate. Prague, Academia: 129–177. 
(in Czech).

Mareschal L., Bonnaud P., Turpault M., Ranger J. (2010): 
Impact of common European tree species on the chemical 
and physicochemical properties of fine earth: An unusual 
pattern. European Journal of Soil Science, 61: 14–23.

Pan Y., Birdsey R., Fang J., Houghton R.A., Birdsey R.A. 
(2011): A large and persistent carbon sink in the world’s 
forests. Science, 333: 988–993.

Prescott C.E. (2002): The influence of the forest canopy 
on nutrient cycling. Tree Physiology, 22: 1193–1200.

Pretzsch H., Ďurský J. (2002): Growth reaction of Norway 
spruce (Picea abies (L.) Karst) and European beech (Fagus 
silvatica L.) to possible climatic changes in Germany. 
A sensitivity study. Forstwissenschaftliches Centralblatt, 
121: 145–154.

Pretzsch H., Bielak K., Block J., Bruchwald A., Dieler J., Eh-
rhart H.-P., Kohnle U., Nagel J., Spellmann H., Zasada M., 
Zingg A. (2013): Productivity of mixed versus pure stands 
of oak (Quercus petraea (Matt.) Liebl. and Quercus ro-
bur L.) and European beech (Fagus sylvatica L.) along 
an ecological gradient. European Journal of Forest Re-
search, 132: 263–280.

Puhe J. (2003): Growth and development of the root system 
of Norway spruce (Picea abies) in forest stands – A re-
view. Forest Ecology and Management, 175: 253–273.

Reich P.B., Oleksyn J., Modrzynski J., Mrozinski P., Hobbie 
S.E., Eissenstat D.M., Chorover J., Chadwick O.A., Hale 
C.M., Tjoelker M.G. (2005): Linking litter calcium, earth-
worms and soil properties: A common garden test with 
14 tree species. Ecology Letters, 8: 811–818.

Rumpel C., Kögel-Knabner I. (2011): Deep soil organic 
matter – A key but poorly underwood component of ter-
restrial C cycle. Plant and Soil, 338: 143–158.

Schelfhout S. (2010): Tree species effects on earthworm 
communities in Danish and Flemish forests [Ph.D. The-
sis.] Ghent, University of Ghent, Faculty of Bioscience 
Engineering.

Schwab N., Bürzle B., Böhner J., Chaudhary R.P., Scholten T., 
Schickhoff U. (2022): Environmental drivers of species 
composition and tree species density of a near natu-
ral Central Himalayan treeline ecotone: Consequences 
for the response to climate change. In: Schickhoff U., 
Singh R., Mal S. (eds.): Mountain Landscapes in Tran-
sition. Sustainable Development Goals Series. Cham, 
Springer: 349–370.

Spiecker H., Hansen J., Klimo E., Skovsgaard J.P., Sterba H., 
von Teuffel K. (2004): Norway Spruce Conversion – Op-
tions and Consequences. European Forest Research Insti-
tute Research Reports No. 18. Leiden, Boston, Köln, Brill.

Vesterdal L., Schmidt I.K., Callesen I., Nilsson L.O., Gunder-
sen P. (2008): Carbon and nitrogen in forest floor and 
mineral soil under six common European tree species. 
Forest Ecology and Management, 255: 35–48.

Vesterdal L., Elberling B., Christiansen J.R., Callesen I., 
Schmidt I.K. (2012): Soil respiration and rates of soil 
carbon turnover differ among six common European tree 
species. Forest Ecology and Management, 264: 185–196.

Vesterdal L., Clarke N., Sigurdsson B.D., Gunderson P. 
(2013): Do tree species influence soil carbon stocks 
in  temperate and boreal forests? Forest Ecology and 
Management, 309: 4–18.

Walkley A., Black I.A. (1934): An examination of Degtjareff 
method for determining soil organic matter and a pro-
posed modification of the chromic acid titration method. 
Soil Science, 37: 29–38.

Wiesmeier M., Prietzel J., Barthold F., Spörlein P., Geuß U., 
Hangen E., Reischl A., Schilling B., von Lützow M., Kögel-
Knabner I. (2013): Storage and drivers of organic carbon 
in forest soils of southeast Germany (Bavaria) – Impli-
cations for carbon sequestration. Forest Ecology and 
Management, 295: 162–172.

Zbíral J., Malý S., Váňa M., Čuhel J., Fojtlová E., Čižmár D., 
Žalmanová A., Srnková J., Obdržálková E. (2011): Stan-
dard Operating Procedure, Soil analysis III. Brno, Cen-
tral Institute for Supervising and Testing in Agriculture. 
(in Czech)

Received: February 3, 2022
Accepted: March 28, 2022

Online first: April 13, 2022

https://www.agriculturejournals.cz/web/swr/

