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Abstract
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site and its changes during clear-cutting regeneration. Ekolégia (Bratislava), Vol. 28, No. 4,
p. 363-375, 2009.

The paper summarizes the results of a long-term monitoring the development of a spruce mono-
culture established at the beginning of the 20" century on the original beech site in the region of
the Drahanskd vysocina upland (the Réjec project). The results are presented from the aspect of
changes in the accumulation and transport processes of carbon. The whole process of changes
is characterized in particular stages of the forest stand development on the studied area: (1) the
conversion of original beech stand for spruce monoculture, (2) the first stage after the clear-cut-
ting regeneration of spruce, (3) the second stage of the clearing development, (4) the stage of the
spruce stand development of the 2" generation after cleaning and leaving the stand development
without silvicultural interventions. Significant changes in carbon accumulation occurred through
the conversion of the species composition of the original beech stand to a spruce monoculture,
deceleration of decomposition processes and accumulation of carbon in surface humus. As well
the development of herb vegetation on the clear-cut area shows great importance for the biogenic
elements cycle and carbon, which begins in the third year after felling.
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Introduction

As compared with the present distribution of spruce in the CR, its original natural range
was much smaller. Its upper limit was in the KrkonoSe Mts at an altitude of 1200-1350
m, in the Sumava Mts (Bohemian Forest) 1400 m, in the Krusné hory Mts (Ore Mts) 1200
m and in the Hruby Jesenik Mts 1350 m (Mréacek, Patez, 1986).
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Of course, it occurred also at lower locations in mixtures with silver fir and beech. In
addition, spruce penetrated from higher altitudinal zones to lower zones, namely first at
northern slopes and to moist and cold basins and valleys (NoZi¢ka, 1972).

The establishment of pure spruce stands was mostly brought about by economic require-
ments associated with the increasing consumption of wood (mines, building industry) and,
on the other hand, also by the reconstruction of devastated areas. In addition to positive
effects of establishing spruce monocultures (production of wood), negative consequences
were often discussed, particularly effects on soil and the extent of damage caused by biotic
and abiotic factors.

The aim of our paper is to assess effects of the changed species composition of beech
to spruce and consequences of the clear-cut regeneration of a spruce monoculture in its
particular stages on the fixation, accumulation and transport processes of carbon.

According to Paschalis-Jakubovicz (2004), the value of carbon in the wood biomass
in Czech forests amounts to more than 200 million tons. According to the database of the
Institute of Forest Management Planning in the CR (HenZlik — personal communication)
this value ranges from 300 to 400 million t carbon. Thus, accumulation of carbon in the
wood biomass of Norway spruce in the CR amounted to about 180 million tons.

Forest ecosystems are typical of their multifunction character (production, soil and water
protection, recreation, biodiversity and carbon sequestration). Nevertheless, the fulfilment
of some functions can negatively affect other functions. For example, to aim management
at the accumulation of wood biomass, which also positive affects values of carbon fixation
and accumulation, can decrease biodiversity (Warran, Patwardhan, 2009). It means that to
replace diversity ecosystems by one-species plantations can induce higher accumulation
of carbon but can also cause lower biodiversity.

Main pools of the carbon stock in forests are:

— plant communities (trees, shrubs, herbs)

— forest floor

— forest soils

— dead trees and shrubs lying on the soil surface.

The terrestrial sequestration of carbon is a process when CO, from atmosphere is ab-
sorbed by vegetation and accumulated in particular ecosystem components as mentioned
above. At the same time, the process of carbon release to atmosphere occurs (biomass and
soil respiration).

Carbon sequestration with close dependence at the level of production is modified by the
woody species, regional climate and methods of management. For example, pine planta-
tions at south-east of the USA can accumulate 250 t carbon per 1 ha per 90 years or about
2.5 t. hal.year! (Birdsey 1996 in “Carbon Sequestration in Agriculture and Forestry”, U.S.
Environmental Protection Agency).

Soil is the most stable environment for carbon although even there, some factors can
affect negatively, such as intensive soil preparation for the regeneration of forest stands or
erosion when the upper organo-mineral horizon is often washed away.
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Comparing data Table 1. Values of carbon accumulation in vegetation and soil are different ac-

mentioned above cording to climatic zones. Lal et al. (1997) give for:

we can state that in
Carbon pools (mg . ha')

forest ecosystems,

the ratio between Ecosystem Vegetation Soil Total
carbon accumula- Temperate evergreen forest 160.1 134.0 294.1
tion 1n vegetation Temperate deciduous forest 130.5 132.9 264.4
and soil is rather | Boreal forest 89.7 205.8 295.5
balanced as com- Tropical evergreen forest 186.9 113.3 298.3

pared with boreal

and tropical forests

whereas in boreal forests, the highest accumulation is in the surface humus and mineral
soil; in tropical forests, on the contrary, in vegetation.

Wood after felling retains carbon in products with long-term use (construction of houses
etc.) whereas wood used, eg, for the production of paper or wood used for heating finishes
generally the carbon cycle.

Values of carbon fixation and accumulation have to be based on data of the forest stand
inventory including the annual and mean annual increment. Nevertheless, data obtained by
detailed studies are also necessary. It refers particularly to the flow of carbon at long-term
research field stations. Thus, we could use this complete information from the study of primary
production of trees (Vyskot, 1981; Palat et al., 1992) and herbs (Vasicek, Klimo, 1987; Vasicek,
Viewegh, 1992) and from the study of element cycle (Klimo, 1992) and water cycling (Prax,
1992) at the Réjec long-term research station in the Drahanska vrchovina upland.

Description of the locality

The Rdjec long-term experiment station is situated in a geographical complex of the Dra-
hanskd vrchovina upland.

Itis located on the eastern slope of the watershed ridge oriented in the N-S direction. The
slope can be interpreted as a cryoplanatic terrace with weathered fragments of granodiorite
scattered by frost.

The original forest stand: Fagus sylvatica

Actual forest stand: Picea abies K ar st. 1" generation (80 years)
Soil type: Acid Cambisol

Mean annual precipitation: 638 mm

Mean annual temperature: 6.3 °C

Altitude: 625 m (590-640 m)

From the aspect of the history of forest stands at the Réjec field research station, it is
possible to note that the original beech stand was devastated by fire and wind being cut
down in the course of the 19" century and replaced by the present spruce monoculture at
the turn of the 19™ and 20™ centuries. This change was also affected by the increased need
of beech for the production of charcoal for developing industrial production.
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Fig. 1. The stand of Norway spruce.

Methods

1. For the calculation of carbon sequestration and accumulation in the biomass of a tree and herb layer there was
a relationship to data on the primary production (Vyskot, 1981; Vasicek, Viewegh, 1992; Palat et al., 1992),
the weight of carbon being calculated according to Divigneaud (1988).

2. The forest floor layers was marked: L — litter layer, F — fermentation layer, H — humus layer, A — organomineral
soil horizon.

3. Total carbon: modification of the Tjurin’s method; evaporated sample is oxidized using chromosulfuric acid
at 124 °C; after oxidation, the surplus chromosulfuric acid is determined.

4. To intercept lysimetric waters under particular soil horizons, a lysimeter of Shilovova type (1955) was used.

5. The determination of carbon in an organic horizon and in precipitation and soil waters was carried out for C in
an analyzer LECO TruSpec CN at the temperature combustion 950/850 °C.

6. The surface humus weight in a mature stand was determined by sampling on plots of 0.5 m? with fivefold
repetition and the forest floor weight on a clear-felled area after cutting with 21 repetitions.

7. The statistical processing of analytical data was carried out in BASIC using an ADT computer. Methods of
testing (t-test, pair test) were applied.

8. Carbon respiration from soil was calculated according to Grunda, Kulhavy, 1992.

Results and discussion

1. Changes in the stand species composition (beech stand — Norway spruce monoculture)
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As already mentioned in Introduction, until 1900, a beech stand occurred on the studied area
although rather devastated in the last period. Changes in the stand species composition became
markedly evident also in the accumulation of carbon in particular parts of the ecosystem. The
most distinct changes were noted in the accumulation of carbon in forest floor.

The litter layer (forest floor) shows the highest accumulation in a original beech stand
in F layer, viz. 6000 kg. In L layer 5000 kg.ha! whereas H layer is either missing or shows
minimum accumulation of carbon, namely about 250 kg.ha™'. In a spruce monoculture, the
highest accumulation of carbon occurs in H layer, viz. 11 000 kg.ha' and L and F layers
do not markedly differ from layers in the beech stand. It means that through the change of
the species composition of stands the carbon stock in forest floor increased from about 11
to about 25 t.ha™! in a beech stand within a period of 80 years.

Table 2. Tocompare carbon accumulation in the biomass of beech and in soil, we used data from a similar
site (Solling) (Reichle, 1981):

Solling — beech Réjec — spruce
Aboveground biomass 79 382 kg.ha'! 142 200 kg.ha™!
Roots 11 040 kg.ha'! 24 500 kg.ha'!
Forest floor 19 500 kg.ha'! 25 000 kg.ha™!
Soil-root zone 106 000 kg.ha™! 85 000 kg.ha'!

Comparing the total accumulation of carbon in the ecosystem of beech and spruce, the
total carbon reserve is higher in the spruce stand (277 000 kg.ha') as against beech (215
922 kg.ha''). The higher accumulation in the spruce stand is conditioned particularly by the
higher accumulation in the biomass of trees and surface humus. In the beech stand, higher
accumulation occurs in mineral soil of the root zone. This carbon represents considerably
stable accumulation of C.

Weishampel et al. (2009) noted sig-
nificant differences between broadleaved =~ Table 3. Carbon stock in the biomass of spruce mo-

. . . noculture (80 years) forest floor and in the soil (kg DM.
and coniferous stands in the area of Min- ha . .
. a') — Rdjec project.
nesota (USA). The total accumulation

of MgC per 1 ha in broadleaved forests Component Ckg.ha'
was characterized by a value of 153 and Needles 11900
in coniferous forests by 197 MgC per ha. Shoots 5300
A marked difference was noted particu- Branches 10 000
larly at forest floor. Stems 115 000

Also Cannel (1996) concludes that Total aboveground 142 200
fast-growing species accumulate car- Roots 24 500
bon faster than slow-growing species Total in biomass 166 700
although, from the aspect long-term Forest floor 25 000
accumulation of carbon, slow-growing Mineral soil of rooting zone 85 000
species are preferred. Total C-stock in ecosystem 276 700
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Table 4. Carbon stock on the ecosystem level calculated from long-term Solling case study (Reichle, 1981)

—kg.ha! DM.
Component C stock age | C stock age | Locality
87y 34y
Needles 8940 9435 Solling Project, Site F1, Germany F3
Branches 14 105 91365 | Investigator: Ulrich, Ellenberg
Stems 99 200 52550 Forest type: Spruce plfmtatlon (Picea abies)
Geology: Buntsandstein
Total aboveground 112 245 71350 | soil type: Brown forest soil (acid)
Roots 35 860 17 280 Stand age: 87y (F1), 34y (F3)
Total in biomass 158 105 88 630 Annual precipitation: 1063 mm
Forest floor 24 500 26 000 Mefzn annual temperature: 5.9 °C
. . . Altitude: 505 m
Mineral soil of rooting zone 95 000 95 000
Total C-stock in ecosystem 277 605 209 630

The proportion of spruce creates about 55% in forests of the Czech Republic. Thus, from the
aspect of carbon fixing and accumulation, spruce shows considerable importance. Therefore,
we focussed on the distribution of carbon reserves in particular components of biomass.

Data in Tables 3, 4 show that the highest accumulation of carbon in a spruce monoculture
account for the tree stems and mineral soil in the root zone. Accumulation of carbon in
forest floor, which accumulates rather quickly contrary to mineral soil, is also important.
Comparing two spruce stands from the Solling project (aged 87 and 34 years) we can see
that the accumulation of organic matter takes place evidently rather quickly after the estab-
lishment of a spruce monoculture, namely within about 40 years and then its accumulation
slows (Table 4). Comparing carbon accumulation at particular components of a mature stand
from Réjec and Sollingen, there are no significant differences (Tables 3, 4). Accumulation

of carbon in needles of

Table 5. Transport of carbon by litterfall precipitation and soil water a 34-year old stand is
percolation through a Norway spruce ecosystem (kg.ha'.year') — period rather marked, which can
1977-1980. be conditioned both by
o the density of trees in
Component Cheha’y a stand and by the crown
Literfall stand 2 500 condition.

roots 600 To know the carbon
In water input into stand 19.6 cycle in the forest ecosys-
input to soil surface tem, data on the transport

by canopy drip 46.2 .
by stem flow 40 of carbon are important
output from L layer 160.0 (Table 5). Carbon input on
output from F layer 175.0 the soil surface is created
output from H layer 150.0 by litter and by the carbon
output from A layer 35.0 content in precipitation.
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Fig. 2. The first stage after clear-cutting.

The value of dissolved organic carbon (DOC) transport from the surface humus to mineral
soil is important. Table 5 shows that the highest accumulation of carbon occurs in horizon
A where there is also the highest “litter” of roots, the horizon being relatively shallow and,
therefore, carbon accumulation does not occur in deeper soil layers as in beech stands.

Total respiration from soil in the studied ecosystem is 11.5t CO, per 1 ha, which represents
3100 kg.ha'.y' (Grunda, Kulhavy, 1992). Of this quantity, about 30-40% of the produced
CO, is derived from the respiration of roots.

2. Changes under influence of clearcutting regeneration

In 1977, the spruce monoculture regeneration was carried out using a clear-felling system.
In the first stage of clear felling, following changes of carbon stock were noted:
Using the technology of whole-tree logging the significant output of carbon was noted:

142 200 kg.ha'.
This amount can be decreased by about 10% carbon included in needles and shoots, which
fell off in the course of felling operations on the soil surface, i.e.:

1 200 kg.ha! needles
530 kg.ha! shoots
Total 1 730 kg.ha'!,
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Fig. 3. The second stage of clear-cutting with maximum of herb vegetation.

that means that the total output caused by felling was about 140 500 kg.ha™!.

Considerable amounts of carbon remained accumulated in the surface humus layer. Due
to logging operations, however, marked destruction of the surface humus natural stratifica-
tion occurred, which could be characterized by 3 situations:

— areas where carbon accumulation increased to about 41 500 kg.ha'!
— areas with the accumulation of carbon 36 400 kg.ha'!
— areas on skidding tracks where minimum stock occurred, viz. about 640 kg.ha™'.

Thus, the average value of carbon accumulation on the soil surface in the first stage of
clear felling increased as against the original spruce stand because the extraction track area
occupied only a relatively small area. Due to felling and skidding operations on a clear-cut
area the variability of carbon distribution increased from 19 to 49%.

When we compare carbon concentration in water under an organic horizon (L+F+H) in
a 80-year spruce stand and on a clear-cut area, there is no marked difference: 32.1 mg.1"!
in the 80-year stand and 30.8 mg.I"! on the clear-cut area. Of course, with respect to the
higher impact of precipitation on the soil surface at the clear-felled area, the absolute value
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of dissolved carbon percolating from H horizon to mineral soil will be higher on the clear-
cut area.

In the first stage after clear-felling (1977-1980), carbon respiration from soil fluctuates
about a value

13.1tCO,. ha',ie. 3.57tCha'. y"".

3. Second stage of clear-felling area

In the second stage of clear-felling area a newly established spruce stand develops. Gradually,
the growth of vegetation on a clear-felled area begins, the production of which reaches its
maximum 3 to 7 years after felling (Vasicek, Viewegh, 1992). Then, its production decreases
under the effect of the new Norway spruce stand canopy.

Carbon accumulates on a clear-felled area in the second stage of development
a) in a herb layer
b) in a newly planted spruce stand
¢) in the layer of surface humus
d) in the organomineral layer of soil.

Carbon accumulation in the first three components changes dynamically depending on
the biomass growth processes and decomposition processes in the surface humus.

Carbon accumulation in the organomineral layer is relatively stable.

a) Carbon in the herb layer

1981 4 000 kg.ha'

1984 2350 kg.ha'

1986 300 kg.ha
b) Carbon in the newly planted spruce stand and in natural self-seeding (1980-1986)

1980 24 kg.ha'

1981 77 kg.ha'!

1982 280 kg.ha'

1983 850 kg.ha

1984 1 800 kg.ha'

1985 3 580 kg.ha'!

1986 7200 kg.ha'
¢) Carbon in the forest floor

The process of decomposition is significantly lower in F layer. In H layer, partial enrich-
ment even occurs, which is the result of decomposition processes in L and F layers. Data
mentioned above were obtained under conditions of removing the herb vegetation whereby
the process of decomposition was accelerated.

Generally, we can note that the H layer of surface humus changes slowly passing (in
little changed values) to the second spruce stand generation. With respect to the markedly
increased variability in the organic horizon accumulation caused by the whole-tree technol-
ogy at the stand regeneration the rate of the organic horizon decomposition was monitored
on a model experiment when a plot was installed imitating the original condition in the
stand before felling. A decrease was monitored on the plot in next two years.
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Table 6. Changes of accumulated carbon in surface humus on a clear-felled area (kg.ha™).

1979 1980 1981
Layer
kg.ha'! % kg.ha'! % kg.ha'! %
L 3900 100 3650 94 1400 36
F 9 850 100 7550 77 7350 75
H 10 850 100 11 300 104 10 050 93
L.FH 24 600 100 22 500 91 18 800 80

d) Carbon in the organomineral layer of soil

We start from a condition that this value is rather constant although it is affected by the
input of about 150 kg C ha'.year! and part of carbon moves with percolating water. The
value is about 85 000 kg.ha'. During this stage, regeneration of physical properties of soil
gradually occurred, particularly of the loosing function of the herb layer root system and
of the new spruce stand.

Respiration in the second stage of the clear-cut area development is dependent on the
development of a newly established stand and on silvicultural measures. According to
Kulhavy, Formanek (2002), it shows following values: 3.4 t C ha'l.year in a stand free of
thinning and 4.7 t C ha'.year! in a stand after thinning.

In the next development of carbon accumulation after clear-felling regeneration, in ad-
dition to the increased accumulation of carbon in the biomass of the spruce forest of the
second generation conditioned by increasing the increment and decreasing its accumulation
in the herb layer, changes occurred due to decomposition processes of the organic horizon
affected particularly by silvicultural measures.

4. The third stage of a clear-felled area

In this stage, a spruce stand of the second generation with fully closed crowns is a dominant
factor. Herb vegetation totally receded. In the stand part, thinning was carried out and part
of the stand was left to spontaneous development without any silvicultural interventions.

We were interested in potential effects of thinning on the accumulation of carbon in forest
floor. Thinning represents reduction of the number of trees, higher input of light into crowns
of trees and to the soil surface. Thus, both production and accumulation of carbon in the
stand biomass can be increased as well as acceleration of the decomposition and transport
of dissolved organic carbon (DOC) into mineral soil.

Novdk et al. (2006) mention that in a young spruce stand aged 27-39 years, which also
corresponds to our situation, the amount of litter in the first stage of monitoring (about
5-6 years) was lower in an area with thinning as compared with a control area while in the
second stage of monitoring, the amount of litter was higher in an area with thinning.

After thinning, on the one hand, crowns of felled trees were evidently removed and, on
the other hand, increased production of needles increased also the amount of litter. It was
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Table 7. Some statistic parameters of the carbon stock in the forest floor of plots with and without thinning
(t.ha' of DM).

Parameters Experimental plots
without thinning after thinning

L F H A % L F H A %
Mean values 1.97 6.36 5.50 9.36 1.88 6.52 9.25 12.36
Median 2.02 6.29 6.00 9.00 2.70 4.82 8.06 8.90
Minimum values 1.17 3.29 1.60 6.50 1.02 2.88 4.04 6.60
Maximum values 2.48 9.96 8.45 12.2 2.10 10.7 19.41 221
Variation coeffi- 0.26 0.39 0.54 0.22 0.26 0.51 0.66 0.52
cient

rather difficult to evaluate the condition of forest floor at 2 variants of our area. Differences
between the area with thinning and the area left to its spontaneous development were mark-
edly affected by the increased variability of forest floor caused by the removal of stems
including their crowns immediately after felling. It is also proved by the high variability of
the distribution of forest floor on a control plot (40%) and on the area after thinning (33%).
High variability was detected particularly in H layer (54.7 and 66.3%) and the smallest
variability in L layer (in both cases 26.2%), which is affected by the current process of
litterfall. It indicates that the input of carbon is in principle the same in the initial stage of
the stand development after thinning.

Moreover, it is necessary to stress that even after about 30 years from felling and the
establishment of a new Norway spruce stand, the high accumulation of carbon remains in
H layer (about 6 t C.ha! on the area without thinning and 8 t C.ha! on the area with thin-
ning). It also proved at the conversion of spruce monocultures to beech stands (Klimo,
Kulhavy, 2006).

Simek (2003) summarizes that organic substances, which originated in the process of
decomposition and resynthesis of organic matter in soil, are the largest reservoir of carbon
in terrestrial ecosystems. This generalized opinion is proved, for example, by the accumu-
lation of carbon in soils of the Chernozem type. As for the forest ecosystem comparison,
this situation is balanced, for example, between spruce and beech stands. Nevertheless, in
spruce stands, markedly higher accumulation of carbon occurs in forest floor where there
are about two-time higher values as against beech stands. Berger et al. (2002) differentiate
carbon stock in 0-50 cm mineral soil according to site conditions and mention that in spruce
stands, this supply is higher on flysch.

Comparing similar spruce and beech stands in Central Europe, the total accumulation of
carbon in spruce and beech stands (biomass + soil) is higher in spruce ecosystems (about
290 000 and 220 000 kg.ha! in spruce and beech ecosystems, respectively).

However, this view may not be valid generally with respect to site conditions and methods
of management. In this comparison, there is unambiguously marked increase of carbon ac-
cumulation in the surface humus of spruce stands already in the first generation of spruce
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monocultures. The highest reserves of carbon are accumulated in H layer, which is then
rather stable even in the course of the spruce stand regeneration by a clear-felling method
or by transformation to beech or mixed stands.

Conclusion

1. In the Czech Republic, spruce stands show an important proportion in the sequestration
and accumulation of carbon.

2. The change of beech stands to spruce monocultures at lower locations (altitude 400-600
m) brought about particularly of carbon stock in forest floor.

3. In the course of clear-felling regeneration, the marked increase occurs of the variability of
accumulated carbon in the forest floor (from 19 to 49%) and the single output of carbon
(about 140 500 kg.ha') from the ecosystem.

4. Herb vegetation (maximum 2350 C kg.ha'about 5 years after felling) shows an important
proportion in the sequestration of carbon on the clear-felled area in the second stage of
its development.

5. The forest floor destruction by clear felling regeneration (hole-tree harvesting) remains
even 30 years after regeneration and the significant effect of thinning did not occur.

6. The high accumulation of carbon in H layer remains even in the spruce stand of the 2™
generation.

Translated by the authors

Acknowledgements

This research has been realized through the Faculty of Forestry and Wood Technology in Brno, Czech Republic.
Project MSM 6215648902 and within the EU-funded integrated project EFORWOOD, No. 518128-M2, WP 2.2

References

Berger, T., Neubauer, Ch., Glatzel, G., 2002: Factors controlling soil carbon and nitrogen stores in pure stands of
Norway spruce (Picea abies) and mixed species stands in Austria. For. Ecol. Manag., 159: 3—14.

Cannel, M.G.R., 1996: Forest as carbon sinks mitigating the greenhouse effect. Commonw. Forest Rev., 75:
92-99.

Duvigneaud, P., 1988: Ecological synthesis (in Czech). Academia, Praha, 414 pp.

Grunda, B., Kulhavy, J., 1992: Microorganisms and biological activity of soil. In Ecological consequences of
spruce stands regeneration by clear cutting (in Czech). Intern report. Institute of Forest Ecology, Faculty of
Forestry, Brno, 28 pp.

Klimo, E., 1992: Effect of clear-cutting technology on the soil surface layer, cycling of elements and nutrient of
new regenerated stand. In Ecological consequences of spruce stands regeneration by clear cutting (in Czech).
Intern report. Institute of Forest Ecology, Faculty of Forestry, Brno, 47 pp.

Klimo, E., Kulhavy, J., 2006: Norway spruce monocultures and their transformation to close-nature forests from
point view soil changes in the Czech Republic. Ekoldgia (Bratislava), 25, 1: 27-45.

374



Kulhavy, J., Forvmének, P., 2002: Forest soils as a source of COZ. In Bortvka, L. (ed.), Soil science: past, present
and future. Ceskd zemedélskd univerzita, Praha, p.16-20.

Lal, R., Kimble, J., Folett, R., 1997: Land use and soil C pools in terrestrial ecosystems. In Lal, R., Kimble, J.,
Folett, R.F., Stewart, B.A. (eds), Management of carbon sequestration in soil. CRC Press, Boca Raton, New
York 1997, 1-10 pp.

Mrécek, Z., Patez, J., 1986: Silviculture of spruce (in Czech). SZN, Praha, 203 pp.

Novik, J., Slodi¢dk, M., 2006: Litter-fall as a source of nutrients in mountain Norway spruce stands in connec-
tion with thinning. In Jurdsek, A., Novék, J., Slodi¢dk, M. (eds), Stabilisation function of forest. VULHM VS
Opocno, p. 297-308.

Nozicka, J., 1972: Original distribution of spruce in the Czech territory (in Czech). SZN, Praha, 177 pp.

Palat, M., Janicek, R., Matovi¢, A., 1992: Biomass and tree production of a spruce monoculture. In Klimo, E.,
Marsdlek, J. (eds), Manmade spruce ecosystem (structure, function, production, processes). University of
Agriculture, Faculty of Forestry, Institute of Forest Ecology, Brno, p. 37-54.

Paschalis-Jakubowicz, P., 2004: Polish forestry within European Union (in Polish). Information Centrum of Polish
State Forests, Warszawa, 194 pp.

Prax, A., 1992: Water balance of the spruce stand in Réjec. In Klimo, E., Mar§élek, J. (eds), Manmade spruce
ecosystem (structure, function, production, processes). University of Agriculture, Faculty of Forestry, Institute
of Forest Ecology, Brno, p. 29-33.

Reichle, D.E., 1981: Dynamic properties of forest ecosystems. Cambridge University Press, 683 pp.

Shilova, E..I., 1955: The method of collection of soil solution in natural condition (in Russian). Po¢vovedenije,
11: 86-90.

Simek, M., 2003: Basic sciences about soil. 3. Biological processes and cycling of elements (in Czech). South
Bohemian University, Ceské Budg&jovice, 151 pp.

Vasicek, F., Klimo, E., 1987: Plant succession in man-made Norway spruce ecosystem on a clear-cut area as
related to soil processes and nutrient balance. In Kairiukstis, L., Nilsson, S., Straszak, A. (eds), Forest decline
and reproduction: regional and global consequences. Proc. of Workshop Krakow, 23-27 March 1983, Poland,
p. 191-206.

Vasicek, F., Viewegh, J., 1992: Biomass and herb production in a spruce monoculture. In In Klimo, E., Marsalek,
J. (eds), Manmade spruce ecosystem (structure, function, production, processes). University of Agriculture,
Faculty of Forestry, Institute of Forest Ecology, Brno, p. 55-60.

Vyskot, M., 1981: Biomass of the tree layer of a spruce forest in the Bohemian Uplands. Academia, Praha, 396
pp-

Warran, A., Patwardham, A., 2009: Carbon sequestration potential of trees in and around Pune City,, RANWA,
C-26/1.

Weishampel, P., Kolka, R., King, J.Y., 2009: Carbon pools and productivity in a 1-km? heterogenous forest and
peatland mosaic in Minnesota, USA. For. Ecol. Manag. 257, 2: 747-754.

375



