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Eva D&enova
CO;, efflux in different types of ecosystems

Tok CQ, v riznych typech ekosysté&m

Abstrakt

Ve trech fiznych ekosystémech byl sledovan tok GQpady (smrkovy les, bukovy les a
mokiad) a na jednom stanovisti tok €Q@ celého ekosystému (louka). Manualni a
automaticka kontinualni &beni byla provaéha kEhem fKistové sezény v letech 2008 —
2012. Byly sledovany faktory oviiwjici prostorovou variabilitu &asovou dynamiku toku
CO,. Casova dynamika bylEzena pedevsim teplotoutmly, dale také vihkostituly, ktera
méla i vliv na prostorovou variabilitu toku GOTato prostorova variabilita zavisela také
napgiklad na mnoZstvi nadzemni biomasy nebo tloe®padu. Dale byl sledovan rozdil
zavislosti toku C@z pidy na teplot v zavislosti na denni débkdy byla ngreni toku CQ
provadna. Tyto rozdily pak nasledrovliviovaly i stanoveni mnozstvi GQvolréného z
pudy za celou sezonu. V posledtésti prace byl sledovan okamzity i dlouhodoby vliv
zmeny distribuce srédzek a vliv sucha simulovanéhownppolovirg rastové sezony na tok
CO,z luéniho ekosystému.

Kli¢ova slova Tok CQ, z pidy, komorovd metoda, dynamika &ase, prostorova
variabilita, manualni &feni, automaticka steni, sucho, smrkovy les, bukovy les, louka,
mokiad.

Abstract

CO; efflux from soil at three different ecosystemsr{ge forest, beech forest, wetland) and
from the whole ecosystem at one site (grassland) measured during campaigns of
manual measurements or automated continuous measuie during growing seasons
2008 — 2012. There were determined factors drivspgtial variability and temporal
dynamics of CQ efflux. Soil temperature was mostly the drivingtta responsible for
temporal dynamics and soil water content contrititeboth temporal dynamic and spatial
variability. Also the amount of grass or litter etfed the variability. We also determined
that time of the day when the measurements of @@ efflux are done can influence
estimation of seasonal sum of released carbon &oin Finally, it was determined that
changing precipitation pattern with simulated ditaiug the first half of the growing season
has both immediate and long-term impact on, €Efflux from the grassland ecosystem.

Key words: Soil CG, efflux, chamber method, temporal dynamics, spataiability,
manual measurements, automated measurements, trapghce forest, beech forest,
grassland, wetland
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List of used abbreviations and symbols

C
CHa

SAMTOC
SAMTOL
SD

Ts

carbon

methane

carbon dioxide

coefficient of variation

water table level (cm)

gross primary production

net ecosystem production

net primary production

the proportional change in G@fflux from 10 °C increase in temperature
CQ efflux (umol m?s™)

coefficient of determination

CO; efflux normalized for the temperature of 10 °C @lm?s™)
modeledsoil CO, efflux (pmol m’s™Y)

automated system for measurement of €fux (in the forest)
automated system for measurement op Efflux (in the grassland)
standard deviation

soil temperature (°C)



1 Introduction

Recently, a great attention has been paid to theerdration of greenhouse gases in the
atmosphere. The greenhouse gases permit incomiagradiation to reach the surface of
the earth but restrict the outward flux of inframedliation. They absorb and reradiate the
outgoing infrared radiation, effectively storingnse of the heat in the atmosphere. In this
way, greenhouse gases hold heat within the atmosplesulting in climate warming near
the earth surface. The enhanced concentration eénpouse gases in the atmosphere
enhances the absorption and emission of infrarddtran. This warming together with
changes in precipitations, wind speed and otherpoments of the atmosphere are
generally called as Global Climate Change. Ondefgreenhouse gases is carbon dioxide
(COy) which concentration in the atmosphere has rapidgreased (source NOAA,
www.esrl.noaa.gov), therefore, a lot of effort leen focused on the carbon cycle for the
last decades.

CO, is bound from the atmosphere by the autotrophigamisms through the
photosynthesis and incorporated to their tissuas. @amount of carbon assimilated by the
photosynthesis is called gross primary product@RR). A big portion of the assimilated
carbon is returned to the atmosphere by the agtosrahrough respiration process. The
gross primary production minus the reparation tesul so called net primary production,
which represents the total available energy in@system the form of dry plant biomass.
If the heterotrophic respiration of soil organisimisaken account, it is then talked about net
ecosystem production (difference between GPP aatiéoosystem respiration) (Chapin et
al. 2006). Soil respiration, therefore, affects dngount of carbon bound in the ecosystem.
Different ecosystems can become a sink or on theraxy source of the carbon and
significantly contribute to changes in €@ the atmosphere. Forests represent the large
terrestrial carbon stock. Forest become sourcegednhouse gases especially when they
are disturbed or converted into another land-upe (Amiro and Barr 2006), because the
carbon reservoir of the forest will be partly otalty released into atmosphere during this
process. Grasslands are mostly sink of the carlibnt lwepends on their conditions and
management (grazing, mowing etc.) (Schonbach e2(dl2). Wetlands or peatlands has
formed a significant sink for atmospheric £kecause of very slow decomposition rate of

by organic matter (Saritkova et al. 2004) which has been accumulated irsethe
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ecosystems. Due to the generally wet soil condstidhey are also significant emitters of
the strong greenhouse gas methaneJCkhorr et al. 2008). Their disturbance or dramag
can turn them into the source of the large amotl@® released into atmosphere (Lund et
al. 2012).

After the photosynthesis, G@lux from soil is the second largest carbon flaxmost of
ecosystems and is a big source of,@&eased into the atmosphere. Climatic changes, su
as for example increasing temperature and changekei intensity and distribution of
precipitations, have an impact on soil respiratiBond-Lamberty and Thompson 2010,
Harper et al. 2005) and they can cause a signtficgrease in the amount of G@leased
from terrestrial ecosystems into the atmospherea@Baamberty and Thompson 2010) and
therefore increase the concentration of atmosplgeeenhouse gases.

To estimate correctly the impact of climate changesCQ flux from soil in different
ecosystems in the future, it is necessary to wetleustand courses of soil g@fflux
through the year and its response to the changicigprs. The aim of this study is focused
on measurements of soil (or ecosystem), €flux in four ecosystems and on its temporal

dynamics and spatial heterogeneity.



2 Aims

The aims of the study are as follows.

to describe temporal variability of G@fflux from spruce forest soil and grassland
ecosystem, and to determine factors that affectCie efflux and can help in its

modeling

to determine spatial heterogeneity of soil (ecaaytCQ efflux in four ecosystems
within the footprint of eddy-covariance measureragtt try to determine factors
driving the variability and to suggest suitable G&flux measurement protocol at

these sites.

to determine the influence of the time of the déayhe soil CQ measurements on

calculation of seasonal cumulative carbon efflwafrthe forest soil.

to determine impact of the change of precipitatisiribution and induced drought

on the grassland ecosystem respiration.

The solving of the problems was based on testirtgese hypotheses:

Can soil moisture and other parameters, like plogicdl phases, influence the
parameters of soil/lecosystem £€¥flux dependence on soil temperature (the main

factor driving CQ efflux) during the growing season?

Do the factors responsible for the spatial hetamedg of CQ efflux and the
heterogeneity itself differ among ecosystems, amateover, do the variability and

the impact of the factors change during the year?

Is the dependency of soil G@fflux on soil temperature and thus models of the
seasonal release of carbon from soil based onesnperature biased by the time of

day and night when the measurements of sof €@ux and temperature are done?

Will the expected change in precipitation pattelfdfGC 2001), especially spring
drought and extreme rain events, have an impaatasbon budget of mountain

grassland?



3 Background

3.1 Respiration

Respiration is a series of metabolic processescttabolize organic molecules to liberate
energy, water and carbon dioxide (§@ a cell. Most of the living organisms — plants,
animals, microorganisms — share similar pathwayegpiration to obtain the energy while
releasing CQ The energy is then used for growth, maintenariexisting structures and
functions, transport of metabolites and ions, pnotegeneration and repair processes. The
respiration can be studied in relation to energgpdu at the biochemical and cellular
levels, or in relation to C£and Q exchanges.

Respiration on the ecosystem level can be divided respiration of above-ground
respiration and below-ground (or soil) respiratibonmany ecosystems the soil respiration
accounts over 50 % of total ecosystem respiratiodependence on ecosystem type, age
and external factors. Technically, the rate of,@@duction in the soil is difficult to be
directly measured in the field. Measurements atenafhade at the soil surface to quantify a

rate of CQ efflux from the soil into the atmosphere (Pumpaetal. 2004).

3.2 Processes and sources of GProduction in soil

The three carbon pools that can be recognizedusesoof CQ efflux from soil Kuzyakov
2006):

1) the soil organic matter (SOM),

2) above and below ground dead plant residues,

3) organic substances released by living roots (rt@podits or exudates).
The pools have no sharp boundaries, e.g. are meany plant residues in the soil that are
partly humified, thus part of SOM.
There are two main groups of organisms in the $wterotrophic and autotrophic. Most
CO, evolved by heterotrophic soil organisms is respiby microorganisms (bacteria,
fungi, and actinomycetes). Contribution of soil medauna is small. Autotrophic organisms
are mostly represented by plant roots. Root respiraalso represents a major source of
CO; loss in plants, with 8 — 52 % of the g@xed by photosynthesis being released back
into the atmosphere by root respiration (Lambeid.e1996).



Kuzyakov (2006) described five processes of soip @@duction:

microbial decomposition of SOM in root free soiltlout undecomposed plant
remains (basal respiration),
— microbial decomposition of SOM in root affected glant residue affected soll
(priming effect),
— microbial decomposition of dead plant remains,
— microbial decomposition of organic substances sgédafrom living roots
(rhizodeposits) (rhizomicrobial respiration),
— root respiration.
Only the first process contributes to the £&flux from all soils containing organic matter.
The contribution of the four other sources depemnighe presence of vegetation in the
study year and/or in the previous few years.
In some cases, when the method does not allowaepaof the respiration by rhizosphere
microorganisms from the respiration by microorgarisdecomposing SOM, the term
microbial respiration is used (e.g. Larionova &t2803). In this case, microbial respiration
includes rhizomicrobial respiration. The “rhizosphaespiration” is frequently used in
literature to refer to the sum of root respirataord rhizomicrobial respiration (e.g. Sulzman
et la. 2005), referring to the location of €@roduction.

n = Total CQy efflux from soil =
BN Respiration , R ;i ; |
E % by autotrophs e Microbial respiration / respiration by hetercml"cuphs

gDr- - Rhizosphere-derived C0a2 =|

E '}é 25— Il:'larrt-deri'u'ed COq e SOM-derived COq —™

= Root-derived CO;,— ™

o |
> Jm I i Microbial I
BE & s P Rhizo- 1 L on | Additional SOM- | SOM-derived
Eé% i irl?;rion i microbial i e dnpad it i derived CO4 i COy, basal
,;',?, 0 E P i respiration i re;idugs i priming effect i respiration
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Fig. 1. The main processes of soil g@roduction, ordered according to the turnover rate
and mean resistance tome of carbon in soil, angpoaents of soil C@efflux (Kuzyakov
2006).




A very important difference between the five preessof CQ efflux is the turnover rate

(TR) of the carbon pools. The turnover rate mehegate of cycling of carbon in a pool or

a system. Different turnover rates result in laygkfferent mean residence times (MRT) of

carbon in the SOM pools. The mean residence timavisrse of TR (MRT=1/TR) and

denotes the mean period of residence of C in th@sm the SOM pool (Kuzyakov 2006)
(Fig. 1).

As soil is a complex system, it is difficult to estigate individual processes of soil £O

production. However, several methods have beenajgs@ The most used are:

comparison of planted and unplanted soil — differsail CQ efflux of soaill

influenced by roots and soil without roots (Kocyignd Rice 2006),

“trenching” — this method involves cutting of roats soil around the investigated
area. Therefore, the transport of assimilates tisras stopped (Jassal et Black
2006, Wang et Yang 2007).

shading and clipping of above-ground biomass — tiieybased on stopping leaf
photosynthesis and thus excluding new assimilaesport to the roots (Craine et
al. 1999, Wan et Luo 2003).

tree girdling - girdling of phloem interrupts thiew of assimilates from leaves to
the roots (Andersen et al. 2005, Binkley et al.&00

regression technique - is based on the assumear Inedationship between root
biomass and the amount of g@spired by roots and rhizosphere microorganisms
(Kucera et Kirgham 1971, Zhang et al. 2009).

respiration by excised roots — measurement of r&spn of living roots incubated
after separation from soil (Bekku et al. 2009)

Isotope methods — using isotope tracers stableonatB (°C) (Kuzyakov 2005) or
radioactive carbon-141C) (Trumbore 2000)

Each method has its advantages and disadvantaggsofAthem can not avoid to some

degree of disturbance of the investigated ecosystdmich can influence the results



3.3 Methods of soil CQ efflux measurement

Soil CG;, efflux is presently measured situ mainly using chamber techniques. Currently
three major chamber techniques are used (LivingstoihnHutchinstone, 1995):

* Closed static chamber method
Chambers are closed without air flow except,Q@lease from soil. The
chambers contain a chemical absorbent inside torlali33, molecules within a
certain time. The chemical absorbents for,@W@stly include soda lime, which
consists of NaOH and Ca(OH)lhe amount of C®absorbed by soda lime in
the chamber over the soil surface is determinedhbygain in soda lime dry
weight during the sampling period.

This method is also called as non-steady-stat@witinrough-flow method.

* Open dynamic chamber method
Ambient air flows from an inlet through the chamberan outlet and the air
leaving the chamber is enriched in £€oncentration relative to the air of
known CQ concentration entering the chamber due to, CG€ease from
respiration of the soil.

This method is also called as steady-state thrdloghmethod.

* Closed dynamic chamber method
The air circulates in a loop between the chamber a€Q-detecting sensor
during measurement. When the closed chamber ciéneesail surface, CO
concentration in the chamber rises due to rele&@ee@lux from soil. The rate
of CO, concentration increase is proportional to the 6@} efflux.
This method is also called as non-steady-stateigr-dlow method.



The chamber systems can be further divided intoualaand automated systems. Both
methods have advantages and disadvantages.

Automated systems

+ measure continuously for long periods

+ measure regardless of the weather and tindef
- require permanent energy supply

- have a limited number of measurement positions

Manual systems

+ can be easily implemented on a large numbepsitions. That narrows the standard
deviation from the C@efflux mean, thus increasing confidence in the sidtimation
of CO, efflux with respect to its spatial heterogeneity

+ can measure at sites without the possilmlitgnergy supply

- are usually carried out during daytime and nonyrgieriods, therefore, the immediate
response to changing factors can be missed

The choice of the measurement technique depentseosite conditions and what is to be
investigated (e.g. spatial heterogeneity, tempdsadlamics, influence of environmental
factors).

3.4 Factors influencing soil CQ efflux

Temperature is the key factor influencing soil O&flux in most of studied ecosystems.
Positive correlation between soil @@fflux and soil temperature has been observed in
many studies. Actually, soil GQncreases up to its maximum at a temperature ofitab
40 °C and then declines (Atkin and and Tjoelker20llei-Kovacs et al. 2011) (Fig. 2).
Low temperatures have mostly effect on enzymewigciAtkin et al. 2002), while under
high temperatures, soil respiration is influenced dubstrate supply (Atkin and and
Tjoelker 2003).
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Fig. 2 Soil CG, efflux response to soil temperature (Lellei-Kovatsal. 2011).

The sensitivity of soil C@ efflux to temperature is often described by anoeential
relationship, expressed as;gQ(proportional change in COefflux when temperature
changes by 10 °C), or Arrhenius type relationshilpyd and Taylor 1994). The first is
more frequently used but it has often been criéidibecause the;Qitself decreases with
increasing temperature and depends on soil moistmditions (Davidson et al. 2006a).
The Arrhenius relationship is based on activatinoergy which decreases with increasing
soil temperature (Lloyd and Taylor 1994).

Soil moisture is another important factor influergisoil respiration. Soil respiration is low
in dry conditions and increases to a maximum armediate moisture levels (Xu et al.
2004). Under high moisture condition, the soil G£¥lux begins to decrease because of
limitation of oxygen availability due to reduced diffusion for decomposition and root
maintenance and growth. The studies have showrsdilanoisture limits respiration at the
lowest and highest conditions. The dependenceibC€d efflux can be described by the
curve according to Janssens et al. (1999) (Figr't¥.shape of the moisture response curve
depends on site specific factors such as soil texéand structure, amount and type of
organic matter, and soil temperature (Howard and/aid, 1993).
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Fig. 3: Soil moisture response of soil @éfflux (Janssens et al. 1999)

Soil temperature and moisture change rapidly inetirtinerefore they are key factors
responsible for temporal changes in soil ,C&¥flux. Sometimes it can be difficult to
separate these two factors. For example, hightsoiperature often coincides with low
moisture availability, therefore soil moisture bews a driving factor of soil CQefflux
rate and that can become even independent oesogdrature (Yuste et al. 2003).
Furthermore, soil respiration is influenced byagen content in soil. Respiration generates
energy to support root nitrogen uptake and asdiimigBloom et al. 1992). High nitrogen
content is also usually associated with high growdtes, leading to high growth
respiration, and with litter decomposition ratesl #mus microbial respiration in a complex
pattern (Saiya-Cork et al. 2002).

Moreover soil CQ efflux can be affected by e. g. pH (Xu et Qi 200tae amount of
above- and below-ground biomass (Craine and We@0OR2 soil type (Arrouays et al.
2001), phenology (Byrne and Kiely 2006) etc.

3.5 Soil and climate change

Soil respiration becomes relevant to climate chamgeause the COreleased from soil
respiration is one of the greenhouse gases. Asibdedabove, rising COconcentration in
the atmosphere enhances greenhouse effect, rgsuftiglobal warming. The global
warming could substantially stimulate soil respgat (Bond-Lamberty and Thompson

2010), resulting in release of more £@ the atmosphere to hold the heat. Thus, the
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climate system and the carbon cycle form a posfeeelback loop to reinforce each other
(Friedlingstein et al. 2003). The magnitude of tesponse of soil respiration to soil
warming is expected to be greater in cold, hightlde ecosystems than in the warm areas,
and recent climatic warming has likely caused agiess of carbon from tundra and boreal
soils (Goulden et al. 1998).

The global change is also related to the changaimnfiall patterns — precipitation intensity,
frequency and timing. A reduction of rainfall oropnged water deficits between the
periods of rainfall reduce soil G@fflux in many ecosystems as a result of incregadaiait
and microbial stress (Harper et al. 2005). Howeiveecosystems with very high soil water
content, such as wetlands or peatlands, the rextuofiprecipitation and consequently soil
water contents increases soil aeration and stiesilaspiration rates by releasing oxygen
limitation to soil microorganisms (Couwenberg et2010), therefore the high amount of
organic matter, which accumulated in the soil oyears, could be decomposed and the
high amount of C@released into the atmosphere.

Also elevated concentration of G@n the atmosphere usually increases soil respirati
That is mainly result of stimulation of plant phsyathesis and growth, and subsequent
delivery of more carbon substrate stimulates rawt soil carbon processes, such as root
biomass (King et al. 2001), root respiration (Thened al. 2000), litter production and
decomposition (Finzi et al. 2001), etc.

In conclusion we can say that global change came laagreat impact on soil G@fflux in
dependence on the character of the change andctsystem characters and condition.

Therefore, more investigations of this impact difedént ecosystems are needed.

3.6 Grasslands

Grasslands cover about 30 % of the global tereddtre-free surface. Whether grasslands
act as a source or a sink of £depends on external conditions (Flanagan et &5pand
also on the management. Abandoning, grazing or ngpWwas different impact on grassland
carbon balance (Bahn et al. 2006, Rich et al. 2007)

Highest emissions from grasslands come from sadh(Rnd Frank 2007). Due to grassland
structure and thick biomass, it is, however, vaffiadit to separate C@efflux from soil

and respiration from the above-ground biomass. btithwhen the above-ground biomass
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is cut and removed have effect on radiation at sbg surface, soil temperature and
moisture, increases plant stress and disruptsssiendate supply to roots and rhizospheric
microbes (Bremer et al.1998, Bahn et al. 2006).

The impact of climatic change and management osstgad ecosystems could have a
considerable impact on the global carbon cycle.rdfoee, it is important to have a good

knowledge of different grassland types on changomglitions.
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4 General materials and methods

4.1 Study sites

4.1.1 Spruce forest

The Norway spruceRjcea abiey forest is a part of Ecological Experimental Stusiye
(EESS) Bily Kriz in Moravian-Silesian Beskydy Mtg19°30" N, 18°32" E) (Fig.4).
. It is situated in the altitude of
890 m a. s.|. (meteorological tower
position) on a slope of 12.5° with a
south exposure. The site s
| characterized by mean annual air
temperature of 6.8 °C and annual
precipitation of 1318 mm (for the
period 1998-2011) (Markova et al.
2014). The spruce stand was planted

in 1981, using four-year-old

Fig. 4 Experimental spruce stand in Bily Kriz,
Moravian-Silesian Beskydy Mts.

seedlings. The stand characteristics
are summarized in Tab.1. In the
winter in the beginning of 2012 there was a sewamage of the forest and the stand
density decreased from 1488 treeé'ha 1270 tree ha The understory is dominated by
Vaccinium myrtillus The soil type is Haplic Podzol (FAO classificaioThe depth of soll
profile is 60 — 80 cm, the highest root densityinghe depth of 3 —13 cm, pH of sall
without litter is 4.3 and the amount of soil carkaomd nitrogen is summarized in Tab. 2.

Tab. 1: Tree density, mean stand height, tree diametereaist height (DBH) and leaf area
index in the spruce forest in four years (Markovale2014).
2009 2010 2011 2012
Tree density (tree ha) 1492 1488 1488 1270

Stand height (m) 13.3 13.9 14.6 15.5
DBH (cm) 15.9 16.4 16.9 17.9
LAl (m?m?) 9.6 10.1 10.2 7.5
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Tab. 22 Amount of total soil organic carbon (C%) and mifen (N%) at the spruce forest in
2011 (Formanek, personal communication).

Depth (cm) Horizon C% N%
0-1 L 47.19 1.47
1-3 F 40.50 1.74
3-12 H 29.47 1.38

12-15 AelEp 3.49 0.16
15-23 Bhs 4.31 0.20
23-70 Bs 2.08 0.08
70-90 B/C 1.09 0.08

4.1.2 Grassland

The grassland is also a part of the EESS Bily KHzis situated in the altitude of
855 m a. s. |. (meteorological tower position) osl@pe of 8.5° with south-east exposure
(49°30° N, 18°32" E) (Fig. 5). The site is charaeged by mean annual air temperature of
6.8 °C and annual precipitation of 1 318 mm (foe feriod 1998-2011) (Markova et al.

| 2014). The grassland used to be divided
into two parts — mown grassland
(mowing was done once during the
growing season) and non-mown
_____ grassland. Since 2009, both parts of the
grassland have been mowed once a year
at the same time (in that time grass was

cut also on measurement positions of

CO, efflux measurement system

Fig. 5: Experimental grasland in Bily Kriz, SAMTOL (chapter 4.2.2) (Tab. 3).
Moraviar-Silesian Beskvdv Mt

The originnnally mown grassland is
dominated by red fescu&dstuca rubraagg.), moor matgrassNardus strictd, common
speedwell Yeronica officinali3, smooth hawkweedHjeracium laevigatumand common
tormentil Potentilla erectq The originally non-mown grassland was formedcbynmon
sorrel Rumex aceto3aimperforate St John's-wontypericum maculatuin creeping soft

grass Holcus molli$ and common yarrowAchillea millefoliun).
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The soil type is Gleyic Luvisol (FAO classificationThe depth of soil profile is about
80 cm, the highest root density is in the deptl2 ef 8 cm, pH of soil without litter is 4.9

and the amounts of soil carbon and nitrogen aramsanmed in Tab. 4.

Tab. 3 Dates of mowing of the grassland and cuttinghef grass on positions on €O
efflux measurements of the system SAMTOL.

2009 2010 2011 2012
Mowing 23 July 14 July 12 July 24 July
Cutting 25 July 15 July 13 July 30 July

Tab. 4. Amount of total soil organic carbon (C%) and ogien (N%) at the grassland site
in 2004 (Formanek, personal communication).

Depth (cm) Horizon C% N%
0-2 L 31.10 1.72
2-6 F 26.32 1.67
6-8 H 22.03 1.44

8-21 Ah 4.85 0.29
21-28 Ae 2.54 0.15
28 - 42 Btg 2.29 0.12
42 - 78 Bt 1.60 0.07

4.1.3 Beech forest

The beech Ragus sylvaticp forest is y

situated in Bilé Karpaty near Stitn
nad VI&i (49°02° N, 17°58" E), in thel
altitude 559 m a, s. . (meteorologica
tower position) on a slope of 8° with ¥
south-west exposure (Fig. 6). The si
is characterized by mean annual i
temperature of 7.5°C and annug

precipitation of 800 mm. The age d

the stand was 108 years in 2011. Th%ig. 6. Experimental beech stand in Bilé
stand characteristics are summarized in



Tab. 5. The understory is dominated in the sprisgeat byDentaria bulbifera sweet
woodruff (Galium odoratury early dog-violet Viola reichenbachiana), wood sorrel
(Oxalis acetosellp and the by perennialarex pilosa Carexbrizoideg a false brome
(Brachypodium sylvaticun{Markova et al. 2014).

The soil type is Eutric Cambisol (FAO classificafio There is an increased degree of
presence of roots with a diameter less than 10 mabout 50 cm deep, pH of soil without

litter is 7.0 and the amounts of soil carbon artitcbgen are summarized in Tab. 6.

Tab. 5: Tree density, mean stand height, tree diametereatst height (DBH) and leaf area
index in the beech forest in two years (Markovale2014).

2010 2011
Tree density (tree ha’) 285 283
Stand height (m) 32.0 32.2
DBH (cm) 35.1 35.5
LAl (m?m?) - 11.6

Tab. 6: Amount of total soil organic carbon (C%) and ogten (N%) at the beech forest in
2011 (Formanek, personal communication).

Depth (cm) Horizon C% N%

0-2 L 42.40 1.20

2-3 F+H 22.62 1.07
3-14 Ah 6.30 0.46
14 - 26 Bvt 2.35 0.15
26 - 52 Bvl 1.61 0.21
52-70 Bv2 1.53 0.14
70 - 88 BC 1.53 0.14

88< C 2.20 0.18

4.1.4 Wetland

The monitored sedge-grass marsh is a 1.5 ha patheflarge ,Wet Meadows" wetland
complex situated near the towrfebai, South Bohemia, Czech Republic, close to an
ancient man-made lake RoZzmberk. It is a flat atemnaaltitude 426.5 m a. s. |. (49°01" N,

14°46" E) (Fig. 7). The water level fluctuates rhobetween 0.2 m below and 0.2 m above
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the soil surface. During extreme floods, the watdsle can reach up to 1 m. Most

Fig. 7. Experimental wetland in South Bohemia.

frequently, the water level is situated
at about 0.1 m below the soll
surface. In some years, spring or
summer floods occurred. The site is
characterized by mean annual air
temperature of 7.6 °C and annual

precipitation of 614 mm for the 35-

| year period (1977 to 2011) (DuSek et

al. 2012). During the last 50 years,
after cessation of mowing, a distinct

stand pattern of hummocks and

hollows has developed. The hummocks are formedidgotks ofCarex acutaThe soil is

classified as histosoil (Reddy and DeLaune 2008) wie high amount of organic matter

in upper soil layers, pH of soil without litter .8 and the amount of soil carbon is

summarized in Tab. 7

Tab. 72 Amount of total soil organic carbon (C%) at thethand site in 2009 (DuSek,

personal communication).

Depth (cm) C%
0-30 14.65
30-50 28.51
60 - 80 18.72
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4.2 Measurement instrumentation
4.2.1 SAMTOC

SAMTOC is an automated modified closed gasometiicah-steady-state through-flow)
system for measurements of £€fflux from soil. The system was developed at @lob
Change Research Centre AS CR (former Instituteysfeé®ns Biology and Ecology AS CR)
03 (Pavelka et al. 2004). It consisted of
eight chambers (Fig. 8) and control
units for chamber closing, infrared
gas analyzer (Li-840, Li-Cor, Inc.,
<~ USA) and a personal computer with
a control software (INRIS, CR) and
an additional hardware (Fig. 9). The

" chambers had a cylindrical shape of

30 cm in diameter and 20 cm in

2 : ~ height and were inserted about 3 cm
Fig. 8 Chamber for continuous measurement of

soil CG, efflux in the spruce forest.

into the soil.

The system measured soil €0
efflux sequentially in all eight chambers in 10-ot intervals. Therefore, value of €O
efflux rate for each chamber was available everyn@futes. After closing the chamber
measurement started after 20s delay during whielaithsample got from the chamber into
the analyzer. The measurement took 200 secondagdwhich twenty values of GO
concentration were obtained. From these valuescdinérol program calculated soil GO
efflux and saved it to file. Then the chamber operide chambers were closed for 4 min.
Furthermore, the system involved also eight theretens PT-100 (Treston a.s., CR) which
measured soil temperature in the depth of 1.5 awuglRa et al. 2007) within each chamber
simultaneously with soil C&efflux.
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Fig. 9. Simplified scheme of the system for measuringaf CG, efflux — SAMTOC: a -
computer with control software, b - signal transels¢c ¢ - infrared gas analyzer, d -
switching valves, e - set of soil chambers, f -adfetensors to measure soil temperature, g -
pump for hose ventilation, h - a sensor for meagutemperature of air incoming to the
analyzer (Pavelka 2009).
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4.2.2 SAMTOL

SAMTOL is an automated closed gasometrical systemilas to SAMTOC. The main
difference is in the chambers. SAMTOL has thregdachambers (Fig. 10, 11) with a
diameter of 60 cm and height of 60 cm. The chamivere placed on circular bases with
height of 15.5 cm and provided with neoprene gaskets top. The bases were inserted
about 5 cm into the soil. Chambers were put orbds® in the evening and removed in the
morning to minimize the impact of
. shading of the above-ground
biomass. During manual measure-
ment campaigns, chambers re-
mained put on also during the
daytime to determine the GO
efflux dependence on temperature.

The system measured ecosystem

S Y R Y CQ; efflux sequentially in all three
Fig. 1C: Chambers for continuous measurements athambers in 10-minute intervals.
ecosvstem C- efflux in the arasslan Therefore, value of COefflux rate
for each chamber was available every 30 minuteterAtosing the chamber measurement
started after 10s delay during which the air sangplefrom the chamber into the analyzer.
The measurement took 420 seconds during whichdenrvalues of COconcentration
were obtained. From these values, the control progralculated soil C£efflux and saved
it to file. Then the chamber opened. The chamberg wlosed for 7 min.
Furthermore, the system involved also three theretera PT-100 (Treston a.s., CR) which
measured soil temperature in the depth of 1.5 ctiinveach chamber simultaneously with

soil CO, efflux.

21



o= Li-840
TR

b |' ; i
L-COR

—
=
j S
k - ; —
—\_,_\_\_'_,_,_,—'—"

Fig. 11 Simplified scheme of the system for measuringgodssliand C® efflux —
SAMTOL: a - computer with control software, b - 5@ transducers, ¢ - infrared gas
analyzer, d - flowmeter, e - throttle valve, f -teraseparator, g - pump, h - pump for hose
ventilation, i - switching valves, j - a set of ohlaers, k - a set of sensors to measure soil
temperature, | - a sensor for measuring temperafuae incoming to the analyzer (Pavelka

2009).
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4.2.3 ACSEM

ACSEM is an automated closed gasometrical systansdd CQ, efflux measurement

(Fig. 12) developed at the Global
Change Research Centre AS CR.
It consisted of a chamber with
automatic closing, the analyzer
EGM-3 (PP-System, United

Kingdom) and a battery. The
chamber was controlled and data
are stored in a data logger
DL3000 (Delta-T Ltd, UK). Flow

rate of CQ from the soil was

Fig. 12 System ACSEM for continuous measuremenmeasured at 15 min intervals.

of soil CG efflux.

Soil temperature was measured

near the chamber by the thermometer PT 1000 (Hhergéke Hradiste, CZ) usually in the

profile 0.5, 3, 5 and 10 cm.

4.2.4 Portable system

The portable system is a system for manual measmsnof CQ efflux (Fig. 13). It

consisted of an infrared gas analyzer (Li6250, bisGJSA), a control unit (Li6200, Li-

- i .
B oL
P

measurement of CCefflux.

KL W ! & LTEN (U s S
o % -g‘_;‘, 8 W | (W » 48
= Q. "’ ’Lr J

Fig. 13 Portable system Li-6200 for manual

Cor, USA) and soil a chamber deve-

loped at the Global Climate Change

: Centre AS CR. The chamber was made

of white-painted PVC, it has
a cylindrical shape, height 17 cm and
diameter 20 cm. The chamber was
applied on a set of collars. The collars
were installed (inserted about 3 cm
deep into the soil) at each
measurement position to avoid the

disturbance of the soil and to provide a
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good tightness of the chamber during measuremé&héscollars were made of PVC with a
diameter of 19.7 cm and a height of 8.5 cm.

Measurements began at least one day after thellatista of the collars to avoid the
influence of soil disturbance caused by installatibhe measurement started with placing
of the chamber on the collar. Then six measuremehtsO, efflux from the soil were
obtained. After the measurement, the chamber waswved and the procedure was
repeated on next position.

The CQ analyzer calculated G@fflux rate (R) according to the equation (LI-CQ890):

C
pEVEg?l+clul—czu2
- 2

R [1]

S
wheres is the measured area?qp the air density (mol i), v the total system volumey
andu, are the velocity of air flow from the chamber aratk into the chamber (mol ¥
c1 andc; are the C@concentration (mol md) (see Fig. 14); istime (s).
The volume of the system consisted of the volumei&200, the volume of tubing, the
volume of the chamber and the volume of the coBafore measurement, the device saved
the approximate value of the total volume of thetess (with an approximate volume of
rings). During the measurement campaigns, the d#ptbllars was measured and the total
system volume for each ring was recalculated. MeasCQ efflux was then recalculated
according to the equation :

= 2]
whereR; is a recalculated value of the soil £€¥flux, R; is the initial value of respiration
(median of six measurements per cyclg)is the approximate total volume of the system
andv; is the exact total volume of the system for eausitipn.
During measurement of thy e @QCefflux there was also manually measured soil
temperature at the depth of 1.5 cm using a permirgtermometer (Roth, Germany). The
manual measurements of ¢€@fflux were carried out at all above mentioneedsiand

during the drought experiment.
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Fig. 14 Scheme of air flow in the analyzer Li-6200 (LI-Q990).
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5 Individual experiments’ design, results and discssion

5.1 Temporal dynamics of CQ efflux

5.1.1 Experiment design and data analyses

Long-term continuous measurements of ,G&flux from the spruce forest soil and the
grassland ecosystem (soil and above-ground biomassg@ done using the systems
SAMTOC (see chapter 4.2.1) and SAMTOL (see chapt2r?), respectively, during the
growing seasons in 2009 — 2012 (Tab. 8).

Tab. 8 Overview of periods when long-term continuous sugaments of C@efflux were
performed in spruce forest and grassland.

2009 2010 2011 2012
Spruce forest 29.4.-12.10. 28.4. — 25.10. 28.4. -8.11. 1%13.
Grassland 22.4.-2.11. 27.4.-1.11. 1.5.-8.11. 244,111

Soil or ecosystem CL{efflux (Rs) was plotted against soil temperaturg)(@nd this was fit

by an exponential regression curve with the regrassquation:
R =8 (&7 [3]

wherea andp are the regression coefficients.
Qo (the proportional change in GCefflux from 10 °C increase in temperature) was

calculated (Lloyd and Taylor 1994) using equation:

Q, =€ [4]

where a is the regression coefficient obtained from thaatipn 3. Q, was calculated for

each chamber for several short periods when sojl €flux was not disturbed by external
factors (e.g. rainfall).

Then, CQ efflux was normalized for the temperature of 10(Rgy) according to equation

(van’t Hoff 1898):

Ro=— s

Qo 0 5]
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where R is the measured Gfflux rate at temperature of soildT Rip was determined
for each measurement. MeanoRrom all (eight in the forest, three in the grassl)
chambers was calculated for each cycle.

Missing temperature data were filled on the baseteofiperature measured near the
measurement positions. Missing values ef Were filled on the base of valuegoPefore
and after the gap. Missing data of £&¥flux (R) were filled on the base of estimateg,R
value Qo (calculated for the period in which the gap ocedjrand soil temperature
according to equation

R=—Ro_ [6]

10-Tg

QlO 10

Daily means of soil C@efflux, R;o and temperature were performed for the whole 24-ho

periods for the spruce forest. For the grasslamghttime means were calculated for
periods from 21pm to 3am.

Soil moisture was measured by ThetaProbe (DeltaeVides, UK) installed in the depth of
5cm in the spruce forest and in 15cm in the dmasdsin the five-minute intervals.

Precipitations in the spruce forest were measuyeithéd rain gauge MetOne 386 (Met One
Instruments, Inc., Oregon, USA) installed on a medlmgical tower at a height of 20 m.

Precipitations were recorded continuously in indidl pulses corresponding to total
0.14 mm. Daily precipitation was calculated fromasered values. Precipitations in the
grassland were measured by the rain gauge HoBo (RMIR) installed on a meteo-

rological tower at a height of 1 m. Precipitatiomsre recorded continuously in individual
pulses corresponding to total 0.385 mm. Daily pa&iion was calculated from measured

values.

5.1.2 Results

Spruce forest
We studied growing seasons in years 2009 — 2012 wbetinuous measurements of soil

CO, efflux and other characteristics were done. The feeriods of measurements were not
of the same length (Tab. 7). The period when s@} Efflux was measured in all four

years ranged from 1 May to 12 October. The climatid soil parameters for the different
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periods of four seasons are summarized in Tabd9.@nFrom now on, | will describe data
for the experimental period from 1 May to 12 Octobe

The mean soil temperature in 1.5 cm for the expamiad period ranged between 10.9 and
12.6 °C. The warmest season was in 2012, the ddld@910 (Fig. 15). The lowest mean
daily soil temperatures were about 5 °C and ocduatethe beginning and the end of the
experimental seasons. The maximum mean daily soibératures occurred in July and
August and ranged from 15 to 20 °C (Fig. 16, 17).

The season with the highest precipitation was ih020'he total precipitation amounted
about two fold than in other years. In May theragev26 rainy days, in September during
two following days fell 197 mm.

The soil moisture in the depth of 5 cm was the égghin the rainiest year 2010 and the
lowest in 2012, which corresponds with the seaseuals of precipitations (Fig. 15). The
data for 2009 are not available due to malfunctbthe sensor. The soil moisture steeply
increased after rain and then gradually decreaéidet next rain (Fig. 16, 17).

Soil CG, efflux followed changes in temperature. The maximadaily mean soil C®
efflux also occurred in summer and they ranged eetw5 and 7 umol fs*. Soil CQ
efflux was positively correlated to soil temperatunowever, the mean value of regression
coefficient calculated for the whole measurememiopgs was 0.48 (+0.17). That indicates
that there was an influence of another factor. X@usle influence of temperature, soil €O
efflux was normalized to 10 °C.,Rvalues ranged between 1.5 and 6.0 pmo} 6Gs*
with maxima in summer months. Soil €€fflux often responded sensitively to rain events.
The rain was followed by the fast increase iy ®Rhich afterwards gradually decreased.
This response was the most remarkable when theocauarred after a few days with no
precipitation (e.g. 19 June 2009, 17 September 2B8®%Feptember 2010, 7 October 2011,
1 June 2012, 16 October 2012). On the contrateife were more rainy days in a row or
when the rain occurred when soil moisture was Higere was no response ofpRe.g. the
first half of May 2010, the first half of June 2012

As mentioned above, the value of regression coefficof the exponential relationship
between soil C@efflux and soil temperature was low when it wakwated for data of
the entire season. Therefore, for calculation dffodent characterizing soil CQOefflux

sensitivity to temperature, the seasons were divid® shorter periods.
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The choice of periods with different relationshipsoil CO, efflux and temperature can
cause under- or overestimation of the temperateresisvity of soil CQ efflux on
temperature (Fig. 18). For example, rain on 6 20$0 increased soil GCfflux but soll
temperature decreased after the rain. If the teatyer sensitivity of soil COefflux was
determined for the whole period, there would beesestimation of the sensitivity in both
periods and in this case the sensitivity was ewegative (Fig 18-A). The rain on 30 June
2011 also increased soil G@fflux, but in this case the range of soil tempane before
and after the rain were similar. Using¢Qalculated from all data from the whole season
would cause underestimation of temperature seitgitdf soil CO, efflux in the period
after the rain and overestimation of that in theqaebefore the rain (Fig 18-B). In May
and June 2012, there would be overestimation opéeature sensitivity in both clearly
distinguished periods if calculating §rom the entire data set (Fig 18-C).

Tab. 9: Soil and climatic characteristics at the sprumredt site for the entire seasons when
the measurements of soil g@fflux were carried out (29 April — 12 October 200
28 April — 25 October 2010, 28 April. — 8 Novemi2é11, 1 May — 9 November. 2012).

2009 2010 2011 2012
Mean soil temperature (°C) 11.6 10.3 10.7 11.6
Total precipitation (mm) 486 1034 665 603
Mean soil moisture (%) - 25.1 22.3 20.6
Number of rainy days 65 91 75 78
Sums of released CQ(t ha®) 26.3 27.3 23.8 24.3
Mean daily Qo 1.48 1.59 151 1.44
Mean daily R; (umolCO, m?s?) 4.00 3.93 3.16 3.11

Tab. 10 Soil and climatic characteristics at the spruceest site for the experimental
period 1 May — 12 October in 2009, 2010, 2011 &0P2

2009 2010 2011 2012
Mean soil temperature (°C) 11.7 10.9 11.7 12.6
Total precipitation (mm) 483 1021 652.2 487
Mean soil moisture (%) - 25.2 22.5 20.9
Number of rainy days 64 87 69 64
Sums of released CQ(t ha?) 26.1 26.2 21.9 22.0
Mean daily Qo 1.48 1.59 1.47 1.39
Mean daily Ry (umolCO, m?s?) 4.02 4.09 3.37 3.20
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Mean soil temperature Total precipitations

®

Soil temperature (°C)
Precipitations (mm)

IN

5] 200

2009 2010 2011 2012 2009 2010 2011 2012

Mean soil moisture Sums of released CO,

Soil moisture (%)
Sums of CO, (t ha?)

2009 2010 2011 2012 2009 2010 2011 2012

Fig. 15 Mean soil temperature, mean soil moisture, t@edcipitations and sums of
released C®from soil for the period from 1 May — 12 Octobar2009, 2010, 2011 and
2012 at the spruce forest ecosystem.

The amount of C@released from soil during the experimental in 2888 2010 was very
similar and amounted by about 4 t5h@9 %) more than in 2011 and 2012 (Tab. 10). In
2010, there was a high amount of J@eased from soil from July to September in spite
that the soil temperature in August and Septembses the lowest from all years. There
was, however, the high amount of precipitation his tperiod. In 2011 and 2012, the
seasonal sum of GQeleased from soil was similar despite higher woiiperature in 2012
(Fig. 19). Higher soil temperature could be caulgd damage of the forest during the
previous winter when many trees in the stand felwnl That caused falling of trees also
near the measurement positions and exposing of gasidons to higher solar radiation.
This could also result in more intensive dryingloé soil on these positions. That together
with the lower amount of precipitation could resitreduction of the amount of GO
released from the soil compared to the,@&Mount expected on the base of higher soil
temperature.
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Fig. 16. Seasonal courses of daily mean soil temperataié,CO, efflux, Rip and soil
moisture, and daily sums of precipitation at theusp forest ecosystem in the growing
seasons 2009 and 2010.
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plots (2, 4 and 6) has two regression curves anol @y values for two clearly
distinguished subsets.
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In 2009, the seasonal sum of released sol ®&s higher than in 2011 and 2012 although
total precipitation and mean soil temperature werethe highest. Soil CCefflux in 2009
was higher than in 2011 and 2012 during the eptipeerimental season (Fig. 15).
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Fig. 19 Monthly sums of released G@&om soil (A), monthly sums of precipitations (B)
and monthly mean soil temperature (C) at the spfost ecosystem in the period from
1 May to 12 October in 2009, 2010, 2011 and 2012.

Grassland

We studied growing seasons in years 2009 — 2012 wdoatinuous measurements of
ecosystem C@efflux (soil and aboveground biomass) and othearatteristics were
provided during nighttime. The four periods of measnents were not of the same length
(Tab. 8). The period when there were measuremardd four years was from 1 May to
31 October. The climatic parameters for the difiérperiods of the four seasons are
summarized in Tab. 11 and 12. From now on, | wdkaibe data for the experimental
period from 1 May to 31 October.
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Tab. 11 Soil and climatic characteristics of the grasdlacosystem for the entire seasons
when the measurements of ecosystem €ffbux were carried out (22 April — 2 November
2009, 27 April — 1 November 2011, 1 May — 8 Novem®@l11, 24 April — 11 November
2012).

2009 2010 2011 2012
Mean soil temperature (°C) 12.1 11.8 12.8 12.6
Total precipitation (mm) 612.0 1 005 678 674
Mean soil moisture (%) - 44 44 43
Number of rainy days 75 106 84 88
Suma CO, (t ha?) 6.5 4.2 3.6 4.2
Mean Qo 3.3 3.7 3.7 3.2
Mean Rjo (umolCO, m?s?) 2.5 2.4 1.9 2.2

Tab. 12 Soil and climatic characteristics of the grasglacosystem for the experimental
period 1 May — 31 October in 2009, 2010, 2011 &0P2

2009 2010 2011 2012
Mean soil temperature (°C) 12.4 11.8 13.0 13.2
Mean air temperature (°C) 10.7 9.6 8.9 11.0
Total precipitation (mm) 609 1 005 678 631
Mean soil moisture (%) - 44 44 43
Number of rainy days 74 105 83 82
Suma CO; (t ha®) 6.3 4.1 3.4 3.9
Mean Qo 3.4 3.7 3.5 3.0
Mean Ryo (LmolCO, m?s™) 2.5 2.4 1.9 2.2

The mean soil temperature in 1.5 cm for this peradged between 11.8 and 13.2 °C.
The warmest season was in 2012, the coldest in 26it0 20). Also at this site it was
observed that the lowest mean daily soil tempegatwere about 5 to 10 °C and occurred
at the beginning and the end of the experimentat@es. The maximum mean daily soil
temperatures occurred in July and August and chfigen 15 to 20 °C. Soil temperature
was the lowest at the beginning and at the endhefinvestigated seasons. The maxima
about 18 and 20 °C occurred in July and August. (£lg 22).

The season with the highest precipitation was ih02d he total precipitation in this year
amounted about two fold than in other years. Thetmeecipitation occurred in May and
September (over 300 mm in both months), when in h&ye were 26 rainy days and in

September during two following days fell 197 mm.
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Ecosystem C@ efflux followed changes in temperature. The maxiatzurred in the
second half of June and in July before cutting grasd they ranged between 6 and
8 umol n’s*. The grassland GCefflux was positively correlated to soil temperatand
the mean value of regression coefficient calculédedhe whole measurement periods was
significantly higher than in the forest soil andsaequal 0.83 (x0.05). That indicates that
CO, efflux mostly depended on changes in temperature.

Normalized CQ efflux (Rio) amounted in the range between 1.0 and 3.6 pmelret?
and its maxima occurred in the first half of thasmn. After the mowing there was a steep
decrease of respiration activity due to the rema¥dhe respiring above-ground biomass.
In the second half of the season, the respiratodinity did not reach the values as before
cutting. The decrease amounted 17.4, 18.6, 39.34a1d% of CQ efflux before cutting in
2009, 2010, 2011 and 2012, respectively. After deerease, B course had a gradual
increasing trend. That was most remarkable espegdial2010 when more rainy days
occurred after clipping in comparison with 2009 &@fl2. Any immediate increase in
respiration activity was not observed as a resptmsain events as was in the forest soil.
On the contrary, in several cases decrease;®fWBs observed when it was raining (e.g.
18 June 2009, 9 October 2009, 30 August 2010, 86 2011). However, in autumn 2011
there was a rather long period with very little gypgation and Ry, was temporary
decreasing.

The amount of C@released from the grassland during period fromaly Kb 31 October
was 6.5, 4.2, 3.6 and 4.2 t"han 2009, 2010, 2011 and 2012, respectively. Tveebt
differences between individual years were in Maynel and October. On the contrary,
the biggest difference occurred in July (Fig. 23).

In 2009, ecosystem CCefflux became the highest since July despite tlreeipitation
conditions were similar to those in 2012. In 20h& sum of released GQ@or July was
the lowest from all four years. In this year, grassting was done in the earliest date
(Tab. 3). Especially comparing to 2009 and 201&8rdlwas difference of 12 and 17 days,
respectively. There was also the high amount otipitation and lower soil and air

temperature in June 2011, which could cause lopinason activity of the grassland.
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5.1.3 Discussion

Spruce forest
Continuous measurements of soil £éflux during four growing seasons from 2009 to

2012 were analysed. Soil G@fflux followed the pattern of changes in soil pErature as
temperature is the driving factor of soil €€fflux in many ecosystems. The sensitivity of
soil CQ, efflux on soil temperature is mostly characterisgdparameter ¢ (proportional
change in C@ efflux when temperature changes by 10 °C) or Al equation
(Davidson et al. 20064, Lloyd and Taylor 1994). &or analyses, parametef/Wwas used.
This value can vary with soil moisture (Jassalle@08, Qi et al. 2002) when under high
or low moisture conditions, the temperature deperoe®f soil CQ efflux decreases (Xu et
al. 2001, Vicca et al., 2009). Therefore, | dividin@ data set into several periods with
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similar soil moisture condition to estimate corhedhe value @ and to normalize soil
CO, efflux to 10 °C (Rg). The mean @) value for the forest stand was about 1.5 which is
lower than in other studies in whichyJeached mostly values between 2 and 4.7 (Morén
and Lindroth 2000, Saiz et al. 2007). Moreover eotstudies (e.g. Khomik et al. 2006,
Jassal et al. 2008, Wang et al. 2010) had estin@mtedsalue of @ for the entire season,
while | divided the season into shorter periodswsimilar soil water content conditions. Qi
et al. (2002) and McCulley et al. (2007) observedrerease in the value of,Qwith soil
moisture. According to a study by Jassal et al080however, this value can decrease
under conditions of high soil water content. Funthere, when soil moisture is too low, the
relationship between soil GCefflux and temperature may even decouple (Yustal.et
2003). It can be therefore considered that estirggtist single values of @for the entire
season can hide these effects.

It can be difficult to compare Qbetween studies as they are related to differepthdof
measured temperature. A few studies have descabegk in Qo values with increasing
depth of temperature measurement (Khomik et al62@0af et al. 2008), as the amplitude
of temperature dynamics decreases in deeper s@tdaln our study, the temperature
measurement depth of 1.5 cm was established omabkis of a study by Pavelka et al.
(2007) in which the closest relationship betweeih G®, efflux and temperature for this
site occurred at this depth. Determination of thprapriate depth for the soil temperature
measuring point depends, however, upon individitel sharacteristics and is crucially
important.

R0 showed a seasonal trend (Fig. 16 and 17). It as&@ at the beginning of the
experimental season until reaching its maximunhatend of July and in August. Then it
decreased in the autumn. A similar trend with isxmum occurring in summer months
was observed for example for a pine stand in aysthydLaw et al. (1999), and those
authors attributed that trend to fine root growsmilarly, Yan et al. (2011) determined
changes in fine root biomass to be one factor emting seasonal variation of soil €O
efflux in young poplar stands. Epron et al. (20Gdserved a seasonal course of
temperature-normalized rhizospheric respiratiopanng beech forest with its maximum in
July when fine root growth was greatest. Fine jmoduction was observed to be greatest

during the warmest months of the growing season ialother studies (e.g. Majdi 2001,
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Mainiero et al. 2010). It can be, therefore, assithat fine roots also influence seasonal
course of soil C@efflux at our spruce forest site.

It can be assumed that soil €€fflux also responses to a current photosynthrases(GPP)
and consequent allocation of assimilates to roblsgberg et al. 2001) and time lag
between photosynthesis and soil £é¥flux can reach from hours to days (Jassal et al.
2012, Martin et al. 2012). So it can be said thatindy the summer, soil GCefflux is
enhanced not only by higher soil temperature kad bl high plant photosynthetic activity
(Yuste et al. 2004).

Ri10 mostly sharply increased after rain events and thgradually decreased. When the
soil is dry, the rainfall increases g@fflux in different mechanisms. The first is water
displacement of soil pore space gas with high €&ncentration. This process is very fast,
and stored C@®from past microbial and plant respiration is rekgh (Liu et al. 2002).
The amount of released G@& a function of soil texture and soil macropoteicture.
The second is an increase in microbial activityrd@@a et al. 2003, Huxman et al 2004,
Chou et al 2008), microorganism cell lysis (Haleer®t al. 2000) or by destabilizing soil
aggregates, making soil organic matter accessiblaitrobes (Denef et al. 2001). Small
rain events affect only top horizons which haveighhportion in soil CQ production
(Jassal et al. 2005) and they are also more exposeater stress than deeper horizons.
With increasing rain pulse size, deeper soil layastribute to the soil respiration and,
therefore, overall C@efflux from the soil surface increases with inieg size of rain
pulse. However, after exceeding of a threshold gitse size, the CPefflux pulse
declines (Liu et al. 2002, Chen et al. 2008) beeaiglecreasing of CQliffusivity (Jassal

et al. 2005). This phenomenon could be observedced}y in 2010, which was the season
with the highest total amount of precipitation ghd number of rainy days comparing to
other experimental seasons (Fig. 15).

The amount 23.8 — 27.3 t GB&* seasort was estimated for the period from 1 May to
12 October in four experimental years. These vatwen the top of the range from other
studies of spruce forests (Borken et al. 2002, &y et al. 2009, Gaumont-Guay et al.
2009). The highest seasonal amount of, @@s released from soil in 2009 although it was
not the season with highest temperature or pretipit, and we are not able to explain

sufficiently this fact. From the remaining threeay® the highest amount of ¢@as
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released in 2010 (Fig. 15). Although that was th&ssen with the lowest soil temperature,
the total precipitation was the highest (even teld than in 2012) with the high number of
rainy days. Therefore, there were no long periodthout precipitations, which would
cause any severe water limitation of soil respratiSeveral studies determined soil water
content threshold of 12 — 19 % when water availgbilecomes a driving factor for soil
respiration, exceeding effect of temperature (Yestal. 2003, Xu and Qi 2001b, Davidson
et al. 1998). At our site soil moisture rarely dsged below 20 % in 2010.

In 2011 and 2012 the seasonal amount of releasedr6@ soil was lower than in 2012
and very similar to each other. Although there Wees higher total precipitation in 2011,
the number of rainy days was similar (Fig. 15).haligh the quantity of precipitations is an
important factor having effect on G@fflux through soil water availability, the frequey

of rainfalls is of the same importance (HarperleR@05). Pang et al. (2012) pointed out
that the dry period in the spring can have effegt soil respiration in the summer.
Therefore, dry periods in some parts of the sedsmme not only the immediate but also

long-term impact on soil CLefflux.

Grassland

The grassland ecosystem regression coefficierf) @ the temperature-GOefflux
relationship was equal 0.83, which was higher timathe spruce forest soil. Therefore, it
can be presumed that nighttime L£@fflux of the grassland mainly depended on
temperature and other factors had a least effdwt. Mean ecosysterm§value was 3.4
which is about the top of the range ofpQalues with grassland found in other studies.
(Flanegan et al. 2005, Wan and Luo 2003, Xu €2@04, Zhou et al. 2006). The gy alue
higher than for the forest soil could have beenseduby counting with soil temperature
which is, however, different from that of air arauabove-ground biomass, and has lower
amplitude. Moreover, temperature sensitivity ofvesa can be higher than that of soll
(Loveys et al. 2003, Atkin 2005).

We observed an increasing trend of the grasslaspiragion activity at the beginning of the
growing seasons and after the clipping of the abgr@®und biomass, which can be
explained by the growth of the above-ground bion{aéssota et la. 2010). Together with

the growing of above-ground biomass, the amountb@bw-ground biomass (roots)
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increases too. Byrne and Kiely (2006) observed tloat respiration even exceeded
heterotrophic respiration of the soil in summer thomhen the leaf area index of the grass
was highest. The higher leaf area index and mamnsive photosynthesis, the higher
supply of photosynthesis assimilates to roots (l&lkpy and Cheng 2001). That influences
respiration of the roots themselves, but also esxe release of root exudates to the soil
(Kuzyakov and Cheng 2001).

The heterotrophic respiration activity of soil @y contrary, mainly affected by water
content. For instance Chen et al. (2008), Chol. ¢2@08) or Harper et al. (2005) observed
an increase in grassland g€fflux after rain events. We, however, did notete such an
increase at our grassland site in contrast of tlstseies and the spruce forest soil. In
several cases, there was even a decrease in thieaties activity. Soil covered by the
grass is not as exposed to solar radiation asdwalreherefore lower evaporation from soil
and lower drying of the top soil can be expectdtatTtogether with frequent precipitation,
can contribute to non-limitation of respiration vilrought. Therefore, further increase in
water content has no or even negative effect gpireg®n. Moreover, it takes some time
for water to infiltrate to root depth and persifis sufficient time to stimulate plant water
uptake and so be available for leaf cells (Huxmntzal.€2004).

Grassland ecosystem @@fflux is influenced by soil and air temperatutewer air
temperature than soil temperature was observedglarghttime when CPwas measured.
In general, soil temperature has lower amplitudéeaiperature fluctuation (and that still
decreases with soil depth) than air temperaturd.t&operature is lower in the daytime
and higher in the nighttime than air temperaturankis to slower warming and slower
cooling during daytime and nighttime, respectivéljorecroft et al. 1998). This fact can
contribute to explaining the lowest amount of reba CQ in 2011. Although the mean
soil temperature was the second highest, the mipeeature was the lowest from all four
experimental seasons. Especially, the significatdhy CO, amount released in July
compared to other years contributed to lower t@@ amount estimated for the whole
season. In this month, both soil and especially tamperature were the lowest in
comparison with July of other years, and grassrgytivas done in the earliest date from

the four years (Fig. 23).
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The total amount of released €@ 2010 and 2012 were very similar, although theye
characterized by different conditions. The seadtt?2vas warmer than 2010 in terms of
both soil and air temperature through all monthstall' seasonal precipitation and number
of rainy days in 2012 were, however, far less (E@). Especially, in August 2012 after
removing of aboveground biomass, the amount ofipitation was very low. That could
negatively affect grass regrowth (Bungener et 889) and soil devoid of above-ground
biomass is more sensitive to drying (Wang et al120

The season 2010 was the most wet from all seasbichwould have positive effect on
CO, losses from the ecosystem, but cutting and remof/dhe respiring above-ground

biomass was performed 15 days sooner than in 2012.

5.2 Spatial heterogeneity of CQefflux

5.2.3 Experiment design and data analyses

Soil (or ecosystem) CLefflux was measured during years 2009 — 2011 usiegortable
system (see chapter 4.2.4) on a net of 8 x 8 pasitin the grassland, 10 x 6 positions in
the spruce and beach forest. The distance betweewcdlars was 5 m. In the wetland,
15 positions situated in a line and 15 positionthiee groups of five were established. This
arrangement was chosen to avoid damage of thetigengicosystem. Dates of the
measurement campaigns, a number of positions andrder of measurement cycles are
summarized in Tab. 13.

At the beech forest and the wetland, the manuakoreanents were accompanied by the
several-day-long measurement by the automated sy8t8CEM (see chapter 4.2.3) to
estimate temperature sensitivity of soil £€¥flux. In the spruce forest and the grassland
the data from the systems SAMTOC (see chapter dahd SAMTOL (see chapter 4.2.2)
were used, respectively.

Parameter ¢ was determined from the measurements during thepagn using the
automated systems (ASCEM, SAMTOC, SAMTOL),,@nd soil temperature measured at
each position were used to calculatg Br each position according to the equation [5].

Spatial heterogeneity of;Rwas determined as coefficient of variation (CV):

cv =2 100 @) [7]

2
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where ¢ is a standard deviation andl is an average from measured values @f. R
Statistical analyses were performed in analyticdiveare SigmaPlot 11.0 (Systat, USA).
Correlation between different variables was tesbsdthe Pearson Product Moment
Correlation Test and ANOVA was used for testingtled effect of grass height on @O

efflux in the grassland

Tab. 13 Overview of manual measurement campaign of sof €fflux

Number of Number of

Site Date of experiment positions cycles
Spruce forest 8.-9. 6. 2010 60 3
10.-11. 8. 2011 60 3

Grassland 13.-15. 5. 2009 64 3
17.-19. 8. 2009 64 5

Beech forest 30. 9. 2009 60 2
1.10. 2009 60 2

18.-19. 8. 2011 60 3

25. 8. 2011 60 1

31.8.2011 60 1

Wetland 21.-22. 9. 2010 30 3

As the manual measurements of soil G&Hflux are time consuming, | investigated the
minimum number of measurement positions necessargufficient determination of &8
and its spatial variability at the individual site& thousand of random selections was
provided for eac, which is a number of sampled positions from oreasurement cycle
at each siten(= 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 fromimele data set of 60 or 64
positions in the spruce and beech forests and thssigndn = 10, 15, 20, 25 from the
whole data set of 30 position in the wetland).

Then the mean of soil GCefflux, SD and descriptive statistics were caltadafor each
selection. As the sufficient number of positionsnimum n, which displayed difference of
mean of Ry from those of the whole data set less than 5 9%, eesen. The data was
processed and the statistics were run in the pno&éR development core team 2012).
Precipitations were measured through the entiraviggp seasons using the rain gauge

MetOne 386 (Met One Instruments, Inc., Oregon, Ugkted above the spruce forest,
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beech forest and wetland ecosystems and usingthgauge HoBo (AMET, CR) placed
above the grassland ecosystem.

Through the entire growing seasons, soil moistur@s wneasured continuously by
ThetaProbe (Delta-T Devices, UK) installed in theptth of 5 cm in the spruce forest, in
10 cm in the beech forest and in 15 cm in the ¢aads At the wetland site, water table
level was continuously measured by hydrostatic ques sensor LP 307 (BD Sensors,
Czech Republic). Negative values indicated positdbrwater table level below the soil
surface and positive values indicated position afewtable level above the soil surface.
During the manual measurements of soil,@&@lux, soil moisture in the horizon 0-6 cm
was measured at three points in a distance of aBauh outside the collar using
ThetaProbe ML2x (Delta-T Devices, UK).

In the forest ecosystems, the distance (in cmhefriearest tree from the center of the
collar was measured using a tape measure.

As there is the thick litter layer in the beachefirwhich can influence soil G@fflux, the
distance between the top of the collar and littefage and between the top of the collar
and surface of pressed litter was measured. Ttee thickness of litter was estimated as
a difference of these two distances.

At the grassland site, the above-ground biomas# isnportant component of ecosystem
CO, efflux, therefore grass height was measured ircalars by the type measure. The
positions were divided into three groups — A (graigh maximum 5 cm), B (grass height

between 5 and 10 cm) and C (grass height over 30 cm

5.2.3 Results

Spruce forest
Measurements of soil GCfflux were carried out during two campaigns imsoer 2010

and 2011. Mean soil moisture measured next to dflars was 32.1 % (+6.9) during the
campaign in 2010 and 37.6 % (£9.6) in 2011. Tonestie the parameterignecessary for
temperature normalization of manually measureg €fux the data from the automated
system SAMTOC from periods 2 — 9 June 2010 and18 -August 2011 was usediQ
values were equal 1.57 and 1.77 in 2010 and 2@%pectively.
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The mean value of R obtained from manual measurements on 60 positicass very
similar in both campaigns in 2010 and 2011 — 3#8702) and 3.56 (+1.43) umolG@n?s

! (+1.43), respectively. The spatial variability wémwever, lower in 2010 than in 2011
and it amounted 29 % and 40 %, respectively. In02@iere was no correlation between
Ri0 and soil moisture at individual positions. In 2QXElgnificant negative correlation
(p<0.01) was found (Fig. 24). Relationship betw&gpand distance of the measurement
position from the nearest tree was also studieavaver, there was found no correlation.
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Fig. 24 Ry values over a range of soil moisture obtained froemual measurements on
60 positions in the spruce forest in 2010 (A) aad®(B).

Grassland

Measurements were carried out during periods wlhen grass was low, i.e. in the
beginning of the growing season and shortly aftewing. Under high grass conditions
it would be difficult to use the small chamber whis a part of the manual system Li-6200.
Mean soil moisture measured manually was 37.6 [#®.5and 37.7 (5.8) % during the
first and the second campaign, respectively. Thiabgity of the soil moisture was 24 and
15 %, respectively.

Qi calculated from continuous measurements were jGahnd 2.5 for the first and the
second campaign, respectively. The meap Was very similar, 2.25 (+0.34) and 2.13
(+0.36) pmolCQ m?s* for the first and the second campaign. Its valiigbivas very
similar and the lowest from the investigated ectesys, 15 and 17 % (Fig. 36).
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There was an increasing trend qb i dependence on the grass height when the data fr
both experimental periods were evaluated (Fig. ZBere was a significant difference in
Ri10 between grass height categories A (below 5 cm)Ba(el— 10 cm) and A and C (above
10 cm), and no statistically significant differengas found between categories B and C.

3.5 q

& 30 1 cb

';;’ . 0 bc % Fig. 25: Ry of the grassland ecosystem
_§ ' a ¥ during two experimental periods over
52_0 1 . three above-ground biomass categories:
= é ° A — bellow 5cm, B — 5 to 10 cm, C —
= 159 over 10 cm. Small letters, b and

=
o

c express significance in difference in

A B c R10 between the categories.
Above-ground biomass category

There was no significant difference in soil moistim dependence on the above-ground
biomass height. There was, however, an increagiegdtof Ro with soil moisture
measured at the individual positions. The statifificsignificant correlation was observed

for all measurement cycles except one on 17 Auglis¢. correlation coefficient of the
significant correlations ranged from 0.27 to 0.6Ry( 26).
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Fig. 26 Normalised CQ efflux from the grassland ecosystem over soil tooés during
two measurement cycles on 13 May 2009 (A) and 18§u&ti2009 (B) (the cycles which
showed the highest (A) and lowest (B) significamtrelation between the variables)
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Beech forest

The measurements in 2009 were done in the endeoftbwing season. The first day
(30 September), the litter layer was wet as thexe &3 mm of precipitation one day before
measurement. The soil moisture, however, was goifsiantly different from that on the
next day (1 October), when the litter was already @he mean soil moisture was 22.1
(x2.8) % and 22.4 (x2.3) %, respectively. Howewvitiere was a significantly higher
(p>0.001) Ro when the litter was wet (R= 2.44 (+1.04) umolCOm? s%) than that when
the litter was dry (R = 1.92 (+0.91) umolCOm? s?). The variation of i was 41 % and
46 % on 30 September and 1 October, respectively.

There was found no significant correlation betw&ap and litter thickness. There was,
however, significantly negative correlation ofditthickness and difference betweeig &

1 October and 30 September, expressed both in p@aol@?s® (p>0.001; correl.
coefficient -0.48) and as a percentage (p>0.00dretacoefficient -0.48) (Fig. 27). There

was no dependence oifdn neither soil moisture nor the distance fromrtbarest tree.
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Fig. 27 Relationship of litter thickness and change ith 6@, efflux measured when litter
was dry from that when litter was wet in the befmriast expressed in pmolG@? s (A)
and as a percentage (B).

In 2011, there were three measurement campaigresmBan soil moisture during the first
campaign (18 — 19 August) was 32.0 (+6.7) %. OAG§ust after the measurements, there
fell 11 mm of precipitation. Then there was no p#ation before the next campaign on

25 August, therefore, and soil moisture signifibaecreased on 25.8 (£5.5) %. Before
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the third campaign (31 August), there was 14 mrpretipitation, however soil moisture
did not increase and amounted 25.3 (£5.0) %.

We excluded two positions from other calculatiorttes soil CQ efflux measured on them
was too high that they would bias the results. Theean Ry, was 2.17 (£0.88), 1.59
(+0.44) and 2.67 (*¥1.13) pmolGAOn? s during the first, second and third campaign,
respectively. The R values differed significantly between each otfAdre lowest Ry was
on 25 August after the period without rain. Theiadaitity of R;o was similar during the
first and third campaign - 42 and 45 %, respecjivBuring the second campaign, after the
non-rain period, it was the lowest - 27 % (Fig..34)

As in 2009, no correlation between soil £€fflux and litter thickness or distance from
the nearest tree was observed in 2011. There waggver, found a significant negative

correlation of soil CQ efflux and soil moisture during all three campaigip<0.001)
(Fig. 28).
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0 : : : and 31 August (C).
10 20 30 40 50

Soil moisture (%)

51



Wetland

Measurements were carried out during the periodnwthe water table was around soil
surface. The collars were installed between hummotkCarextussocks, therefore above-
ground plant organs were excluded from the €fflux measurement.

The mean value of g obtained from manual measurements on 30 positizaes 1.37
(+0.78) pmolCQ m?s*, which was the lowest of all experimental sitesefficient of
variation of Ro was, on the contrary, the highest — 57 % (Fig. 34js variation was

mostly caused by different soil water content asdrynificantly decreased with increasing
soil water content. (Fig. 29).
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Continuous measurements of soil £&lux using automated chamber ACSEM were done
during 20 — 26 September 2010. During this perimtd was a controlled discharge of the
lake therefore the water table slowly decreasé®%ilSeptember when it started raining.
During this period the water table gradually desesafrom +0.4 cn-8.0 cm. After the
rain the water table increased up to +4.2 cm altbeesoil surface and on 26 September,
measurement had to be stopped because of incrasategtable and danger of damage of
the measuring system. Soil ¢@fflux fluctuated during days as it followed chargn
temperature but simultaneously it had an increasiagd (Fig. 30). After the rain on
25 September when the water table raised aboveoihsurface, soil C@efflux decreased
fast to nearly zero.
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In the investigated soil depth 0 to 10 cm, the angbe of diurnal temperature fluctuation
decreased from 9.3 °C at 0 cmto 1.1 °C at 10 cBlin 24 September 2010 (before rain).
Minima and maxima at depths of 1.5, 3, 5 and 10lagged behind temperature of soil
surface by 0.9, 1.3, 2.2 and 3.2 hours for miniarad 1.9, 2.9, 4.1 and 6.8 hours for
maxima, respectively. After the rain, there wasw fluctuation of soil temperature and it
was difficult to determine minima and maxima.

The dependence of soil G@fflux on soil temperature was the tightest fanperature
measured in the depth of 1.5 cm witl ®alue of 0.59. The Q value for CQ efflux
normalization calculated from this temperature @&s

Calculated Ry was plotted against the depth of water table (Fig. The data were fitted

with a modified exponential curve:

_ -(-b)|@
y=ale o) (9,

wherea, b, c andd are coefficients of the equatioa=1.54,b=10.34,c=10.27,d=3.96) and
Dwr is depth of water table. This relationship wasonporated into the equation 6 for
calculation of CQ efflux instead of parameter;i® Then, the modeled soil GQR,) was

calculated as

o5/ Dwr +1034 3%
_ R, _1b4le ' '™ |
Rm - 10-T, ~ 10-T, [10]
Qp 10 Quo ©

When soil CQ efflux was modeled only on the base of measunegbéeature (equation 6)
there was not good agreement with measured dateel@ioon coefficient 0.56, p <0.001)
(Fig. 32, 33). There was not observed the incrgasend of CQ efflux as the water table
decreased. After the rain, this model estimateti kG efflux (about 1.3 pmol ifs?) in

comparison with measured data. When the depth ¢érwtable was included into the
simple model (equation 10), modeled soil C€fflux was in better agreement with

measured data (correlation coefficient 0.97, Peacsorelation; p<0.001) (Fig. 33).

53



15 2.0
(6]
< - 1.8
e
S 10 1 - 1.6
s
o 1.4
£
3 5+ 1.2
= - 1.0
€ L
£ 0 0.8
o2 - 0.6
)
-.E -5 {—— Water table - 04
o Soil temperature L 02
= .
= —e— CO, efflux

'10 T T T T T T 00

20.9. 21.9. 22.9. 23.9. 24.9. 25.9. 26.9. 27.9.

Fig. 30. Diurnal courses of studied parameters at the wetkite during 20 — 26

tember 2011.

Fig. 31 Dependence of normalized 6bil efflux on 10 °C (k) on fluctuating water

table.
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Fig. 32 Soil CG efflux measured, modeled according to the soiperature (equation 6)
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Fig. 34 Soil (or grassland ecosystem) £€fflux normalized to 10 °C () (A) and its
variability expressed as the coefficient of vadat(B) during individual campaigns in four
investigated ecosystems. Each bar represents oaguneenent campaign in the same order
as stated in Tab. 12.

Determination of the number of measurement postion

Mean Ro from thousand selections for any individumabf positions did not significantly
differ from mean R, from the whole dataset (60 positions for spruag la@ech forest, 64
for the grassland and 30 positions for the wetlaBthndard deviation of;Rmeans from a
thousand random selections decreased with an singeaumber of sampled positions (a
sample is drawn in Fig. 35-A). That shows thatldss number of measurement positions,
the higher dispersion of the;RRmeans of the individual thousand selections aedldks
probability of the correct mean;R To estimate soil COefflux with the maximum 5 %

deviation of the whole dataset mean, it is necgssameasure at least on 35 positions in
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the spruce forest, on 10 positions in the grassland35 positions in the beech forest and
on 25 positions in the wetland.

Also standard deviations of SD calculated from #damd selections for any individualof
positions decreased with an increasing number ropksad positions (a sample is drawn in
Fig. 35-B). Therefore, with an increasing number pafsitions, the accuracy of the
estimation of the variability increased too. Toireste spatial SD (or variability) of soil
CO, efflux with the maximum 5 % deviation of the whalataset SD 60 positions in the
spruce forest, on 50 positions in the grasslandgSopositions in the beech forest and on 25

positions in the wetland.
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Fig. 35 Distribution of means (A) and SD (B) of soijfor different number of positions
(n) sampled from the whole 64-position data set Gushnd ransom selections for eagh
on 9 August 2009 at the grassland site. The bo&lis the mean soil G@fflux, the boxes
refer to the T and 3 quartiles and the whiskers refer td"land 98' percentile of soil C®
efflux.

5.2.3 Discussion

The variability in soil CQ efflux at the forest sites was found to range leetw27 — 46 %

(expressed as the coefficient of variation). Thatesponds with the variability 20 — 60 %
observed in other studies for forest soils (Kosetgal. 2007, Law et al. 2001, Ohashi et al
2007, Yan et al. 2011, Yim et al. 2003). The vdlighin the spruce forest was lower than
in the beech forest, except for the measurementierbeech forest on 25 August 2011
which followed after one week with no precipitati@and it was comparable with 39 % for
this site observed in the study of Acosta et all@0In the beech forest, soil moisture

measured manually in 0 — 6 cm was higher duringfitee campaign in 2011 than during
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the second which followed the period with no préaimpns. The soil moisture did not
responded to 1.4 mm precipitations which fell befdhe third campaign. That can be
explained by the presence of a thick layer of rlittevering the soil surface in the
experimental beech forest. The litter layer carduerice water and energy exchange
between the soil and the air above. It may intdr@egignificant portion of throughfall
(Putuhena and Cordery 1996), stop most of the imogmadiation and reduce consequently
soil respiration (Ogee et al. 2001). Thus, the Itesn differences in C@efflux between
campaigns should be looked for in the shallow twiplayer and the litter, which are most
affected by the moistening and the consequent grylinerefore, thickness of the litter
layer should affect soil COefflux as observed in previous studies (Fang.et298, Rout
and Gupta 1989). In 2011 no effect of litter thieka on the variability in soil GCefflux
was observed in the beech forest although the hifityaafter the dry period was far lower
than during the other two campaigns. However, i092the correlation between litter
thickness and difference between soil G&fluxes during the day with the freshly wet
litter after a gentle rain and the following dayhem the litter got dry, was found (Fig. 27).
These result showed that the litter layer is venpartant component of soil G@fflux
from the beech forest soil and in dependence ontheeaconditions it can influence
changes in C@efflux from the soil surface and that measurenwnsoil moisture in
several centimeters deep in the soil can not recheshges of water content in the litter
layer.

Several studies determined dependence of soil &iix on the distance from the nearest
tree (Wiseman and Seiler 2004, Yan et al. 2011)e Ticreasing distance of the
measurement position can reflect in decrease inlmomass (Saiz et al. 2006), decrease in
accumulation of organic matter (Butterbach-Bakdle2002) or increase in solar irradiation
and precipitation throughfall through lower leaéarnndex (Bequet et al. 2012). However
this effect on the variability on soil G@fflux was not observed at any of our forest sites
In the spruce forest, it can be explained by higk tlensity which results in more even root
biomass distribution and a high amount of gravelthe soil, which variability can
overshadow effect of other factors on spatial wemmaof soil CQ efflux. The beech forest

represents deep-rooted tree species and as indhg&amd, contribution of heterotrophic
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respiration to total soil respiration becomes haghsupported by the study of Luan et al.
(2011).

In 2011 in both spruce and beech forests, a negatwrelation between soil G@fflux
and soil moisture was observed (Fig. 24 and 28)s &hmostly observed under high soill
moisture conditions when soil respiration is lirditey the oxygen supply (Lopéz et al.
1998). However, lower meamngafter the six-day period without rain at the besith was
observed. Therefore there should be another pHy$icdogical and chemical properties
co-varying with soil water which drive spatial \ation of soil CQ efflux, as suggested by
Kosugi et al. (2007).

At the grassland site, the spatial variability ml <O, efflux was 15 and 17 %. These
values are near the bottom of the range 17 to 2886ribed in Hirota et al. (2010), Tang
and Baldocchi (2005) and Wang et al. (2005). Tlesgstem CQefflux increased with the
height of grass at measurement positions (Fig. 2B above-ground biomass was
determined to be an important factor of Le€fflux from grassland in several studies
(Hirota et al. 2010, Wang et al. 2005). The infleerof the amount of above-ground
biomass can be attributed to the amount of biomas§ibuting to ecosystem respiration
and to the amount of photosynthesis assimilatelguppoots which affect soil respiration
(Kuzyakov and Cheng (2001). The biggest effect led amount of the above-ground
biomass on ecosystem g€fflux and on heterogeneity of G@fflux occurs in the summer
when the activity of the above-ground biomass ghhand contributes the most to total
ecosystem respiration (Flanagan et al. 2002). Neskss, this was not confirmed by
Nakano et al. (2008) as in their study the vegatawas very sparse and the ecosystem
respiration was regulated not by plant respiratah by microbial decomposition of soil
organic matter, which is not directly related te timount of the above-ground biomass.

In the wetland, a period with water level arouné #oil surface was chosen for the
measurement campaign as this is common conditionshfs site. Mean R calculated
from manual measurements was 1.41 p@Ts", which was the lowest from all four
investigated sites, which was caused by the etietigh water content. When soil water
content increases, water fills pores and the Badfiporosity and oxygen content decreases.
Therefore, aerobic decomposition of organic mastesuppressed and starts to be alternate

with slower anaerobic decomposition as describe8dmtiickova et al. (2004). That leads
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to evolution of methane (Cjland its release into the atmosphere (Altor antsdi 2008,
Knorr et al. 2008).

In the wetland, the highest spatial variation (58d¥soil CQ efflux from the investigated
sites was observed. The measurement campaign taok m the period when water table
moved around soil surface and there was a gradierthe water table level in the
measurement plot caused by the increasing distaocethe pond. Therefore, there was a
high variability in soil water content between m@&asnent positions, which resulted in
high variation in soil CQefflux (Fig. 29).

To normalize soil C@efflux from both manual and continual measureme@isequal 2.2
was determined from automated measurements which ke range (1.4 — 3.4) of its
values estimated for wetland or peatland soilstieostudies (Bonnett et al., 2006; Vicca
et al., 2009; Inglett et al., 2012). During contos measurements fegatively correlated
with the depth of water table. The most pronoundecrease of B with increasing water
table was between levels —3 and +3 cm. Therefooani be stated that the most respiratory
active layer is in 0 — 3 cm at this site and chaggionditions, such as temperature or water
content, at this layer will drive changes in solDLefflux. Other increase or decline of
water table had a little effect on soil g@fflux. Only few studies described a weak
relationship between CQefflux and water table position during season lgwaf et al.,
2005; Bubier et al., 1998). However, a strong negatelationship was found in most
studies (e.g. Jaatinen et al., 2008; Lloyd, 200&c& et al., 2009) similarly to our
investigation.

CO, efflux model based on temperature is commonly usethod how to easily estimate
the amount of released G(Davidson et al. 2006a). That can be suitably wskdn soil
temperature is the driving factor of temporal dyr@nof CQ efflux. The influence of
temperature can decrease when soil water contemtryslow (the temperature-G@fflux
can be even decoupled) (Xu et al., 2004) or, ortrapn too high which is common in
wetlands or peatlands. Therefore, it is very imgtrto include soil water conditions into
models estimating CLefflux. In this study, the depth of water tableswesed. The simple
model (equation 6) described well the measured aadlathe model seems to be sufficient
for this site which is characterized by the rangevater table level between 0.2 m below

and 1.0 m above the soil surface. Although the ma@es calculated for water table from
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8 cm below to 4 cm above the soil surface, theraldvoot be expected increase of soll
CO, efflux with more decreasing water table. Similadpil CQ efflux close to or equal
zero would be measured also under conditions oémtable higher than measured during
the experiment.

The study site is situated in the inundation arfeth® lake and there is a slight gradient of
water table level, the further from the lake, theeger is the water table from the soll
surface. Therefore, when the water table is arahedsoil surface, the water table can
significantly affect spatial variability of soil CQefflux. Measurements of the depth of
water table on several positions and consequerdrrdetation of its spatial gradient
together with the model of soil G@fflux should improve estimation of G@fflux of the

whole ecosystem.

5.3 Time of measurement

5.3.1 Experiment design and data analyses

The aims of this part is to determine the diffeenmn the response of soil €@fflux on
temperature and to compare seasonal sums of rdlesse carbon calculated from
continuous measurements and from models based asumnanents taken at different times
of day and night. For this study data from twovgrg seasons from 1 May to 11 October
2008 and 2009 were analysed. The continuous measuate of soil CQ efflux and soil
temperature were carried out in the spruce forestguthe automated system SAMTOC
(see chapter 4.2.1).

The data sets from the continuous measurements susampled according to the time
of day or night when individual measurements weagle Those measurement values were
divided according to times closest (max 40 minetémlf of the measurement cycle) to the
chosen hours, as follow: 12 midnight (00:00), 2 @#:00), 4 am (04:00), 6 am (06:00),
8 am (08:00), 10 am (10:00), 12 noon (12:00), 2(fat00), 4 pm (16:00), 6 pm (18:00),
8 pm (20:00) and 10 pm (22:00)

Values of Qo were calculated for each position and the enticeving season for all data
sets according to the equation 4. Then,, @@lux was normalized for the temperature
10 °C (Ro) according to the equation 5;Rwvas determined for each measurement and

then the seasonal average was calculated for tallsgas.
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Parameters g and Ro were used for estimating modelled soil 8flux (Rn) on the basis

of continuously measured temperature) (ieasured in 80-minute step using the following

equation:
Ry= 2. 8]
Qp 10

Finally, the amounts of the released carbonde) for the investigated seasons were
calculated from measured values of Qfflux and R, calculated from the individual data
sets. The values of Gfflux were assumed as a mean value for the 8Qxmimterval
(=one measurement cycle). Missing data of,@®lux were filled using the equation [8]
where Qo reached a value calculated for the period in withehgap occurred and,Rvas
estimated on the base of meaip Rree days before and after the gap.

Statistical analysis was carried out using thevgri SigmaPlot 11.0 (Systat Software
Inc.). To test differences of released carbon betwbe individual data sets the Bonfernoni
procedure was applied and then Wilcoxon test wad.uStatistical significance was tested
at the levela = 0.05. The test was applied for each of eighindbexs. If the test was
significant for four or more position in one yetren the difference between the measured
carbon release and those for individual datasessstaded as significant.

5.3.2 Results

The mean daily soil temperatures at the depth Bfch in the stand were 11.2 °C and
11.7 °C for the experimental periods from 1 May ltb October in 2008 and 2009,
respectively. The temperature was about 5-8 °Ché ldeginning of May and reached
a maximum of about 16 °C in summer for both yedte second half of September was
much colder in 2008 than in 2009 and the daily ms@htemperature dropped on about
5 °C. There was however no statistically significdifference in mean soil temperature
between years. Total precipitations were 637 mmh(8¥ rainy days) and 468 mm (with
99 rainy days) for the experimental periods in 2608 2009, respectively. There was no
so long period without precipitations which coultlise severe drought.

Measured soil C@efflux showed an increase with rising soil tempam for all data sets
(Fig. 38). The average regression coefficient§ (Br the relationship between soil GO

efflux and soil temperature from eight measureditipps were 0.48 (£0.20) and 0.49
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(x0.16) for 2008 and 2009, respectively. Howeveil €0, efflux and soil temperature
exhibited a closer relationship for the data setsvben 00:00 and 08:00 and for 20:00 and
22:00 in both years. The looser relationship wasmdbfor the data sets between 10:00 and
16:00 (Tab. 25).

° 00:00 04:00

04:00 00:00
71 08:00 /’ 08:00

CO, efflux (umol m?s™)
N

Stem temperature

Fig. 38 Exponential dependence of soil £@fflux on soil temperature obtained from
continuous measurements (all) and from measureraéntgividual times of day and night
at one position at the Bily Kriz site in 2009 (fwetter clarity only six datasets out of twelve
were chosen).

The Qo means from the eight measured positions obtainad fll data of continuous
measurement were 1.9 (x0.4) and 2.0 (£0.2) in 20882009, respectively. In both years,
the Qo values calculated for 00:00, 02:00, 04:00, 06:0®8,00, 20:00 and 22:00 were
higher, while the @ values calculated for 12:00, 14:00 and 16:00 wester (Tab. 26).

The average seasonajoRvalues for the eight measured positions were 41416) and
3.63 (+0.81) pmolC®m s in 2008 and 2009, respectively. Values af Rere slightly
above the average for 00:00, 02:00, 04:00 06:0@008nd 22:00 and below the average
12:00, 14:00, 16:00, 18:00 and 20:00. The lowe$tmince was found for 10:00 (Tab. 14).
The obtained parametersdand Rp and the continuously measured soil temperatunes fo
individual time data sets were used to estimata warbon released from soil during the
period from 1 May to 11 October 2008 and 2009 usewgation [8]. The average
cumulative amounts of carbon released from thetetgrasured positions calculated from
continuous measurements were 9.0t k#2.3) and 7.5 t Ha (+1.6) in 2008 and 2009,
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Tab. 14: Mean values (£SD) of temperature sensitivity of,@Blux (Qig) and CQ efflux
normalized for the temperature of 10 °C;dRumolCQ m ™) calculated from the
individual data sets, as well as regression cdefftoqR) for the relationship between soil
CO;, efflux and soil temperature and the total amoudntasbon released from soil during
the experimental seasons in 2008 and 2009. Thesd&tavere established according to the
time of day and night when the measurements wdwentéd‘all” denotes all continuously
measured data). Asterisks indicate a statisticsiiyificant difference between deased
calculated for individual data sets andigseqCalculated from continuously measured data.

2008
Time of day Temp Qo R1o R? Creleased
Al 112 (x01) 19 (04) 474 (z1.16) 048 (x0.20) 0 @273
0:00 104 (+0.1) 2.2 (+0.4)  4.84 (+1.21) 0.55 (0.20) 4 Q:2.5)*
2:00 102 (+0.1) 2.2 (+0.4)  4.89 (+1.23) 0.54 (x0.20) 5 @:2.5)*
4:00 9.9(30.1)  2.2(x0.4) 491 (+1.24) 0.55(x0.19) 085"
6:00 10.0 (+0.1) 2.2 (x0.4)  4.90 (+1.23) 0.55 (+0.20) 6 Q:2.5)*
8:00 10.6 (+0.1) 2.0 (x0.4)  4.80 (£1.22) 0.49 (+0.19) 2 @:2.5)*
10:00 117 (#0.3) 1.9 (+0.4) 474 (+1.17) 0.45(:0.22) 9 @2.3)*
12:00 125 (+0.3) 17 (+0.4)  4.66 (+1.14) 0.42 (:0.21) 7 @2.2)*
14:00 129 (x0.2)  1.7(x0.3) 467 (x1.12) 0.41(x0.22) 6 @2.1)*
16:00 125(0.1)  1.8(+0.4) 4.63(+1.08) 0.44 (:0.23) 6 @2.1)*
18:00 120 (+0.1) 1.9 (+0.4)  4.62 (+1.07) 0.48 (:0.21) 7 @2.1)*
20:00 112 (+0.1) 2.0 (+0.4)  4.69 (+1.12) 0.51 (:0.22) 0 @:2.2)
22:00 108 (+0.1) 2.1 (+0.4)  4.79 (+1.17) 0.54 (:0.20) 3 Q:2.4)*
2009
Time of day Temp Qo R1o R? Creleased
Al 115(01) 20(*02) 363081 049 (x0.16) 2 &L6)
0:00 108 (+0.1) 2.3 (+0.2)  3.69 (£0.84) 0.57 (x0.14) 4 BL.7)*
2:00 105 (+0.1) 2.3 (0.2) 3.74(x0.87) 0.57 (:0.13) 6 E1.8)*
4:00 103 (x0.2) 2.3 (0.2) 3.77 (x0.89) 0.57 (x0.13) 6 E1.8)*
6:00 103 (x0.1) 2.3 (0.2) 3.77 (x0.89) 0.57 (x0.13) 6 E1.8)*
8:00 10.8 (x0.1)  2.2(x0.2) 3.72(x0.87) 0.53 (x0.15) 4 E1.8)*
10:00 117 (#0.2)  2.1(x0.3) 3.60 (x0.83) 0.47 (x0.16) 1@L.7)
12:00 12.6 (+0.4) 1.9 (x0.3) 3.55(0.78) 0.41(+0.18) 8 €t1.6)*
14:00 131 (+04)  1.8(+0.3) 3.52(x0.74) 0.38 (20.17) 7 GL1.5)*
16:00 129 (x0.2) 1.9 (x0.3) 3.51(x0.71) 0.43(x0.18) 8 6t1.4)*
18:00 123 (#0.2) 2.1 (0.3) 3.49 (£0.72) 0.49 (x0.17) 8 G1.4)*
20:00 117 (#0.1) 22 (+0.2) 3.56 (x0.75) 0.54 (0.16) 1 RL.5)
22:00 112 (x0.1)  2.2(x0.2) 3.64 (x0.80) 0.55(x0.15) 3 EL.6)
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respectively. Differences between the amounts ibicadbon actually measured as released
and those calculated based on the parameters femindividual data sets and from
continuously measured data ranged up to 7.5 %.

Generally, the models based on the measuremefiGGa, 02:00, 04:00, 06:00, 08:00 and
22:00 overestimated seasonal soil carbon flux, randels based on the measurements at
10:00, 12:00, 14:00, 16:00 and 18:00 underestimagasonal soil carbon flux in both
years. In 2008, statistically significant differenlobetween fGeaseqCcalculated for individual
data sets and LeaseqCalculated from continuously measured data wasddor all data
sets except for 20:00. In 2009, there was no saif difference for 10:00, 20:00 and
22:00. The lowest differences (0.1 % and 0.5 %)ewund for the 20:00 subsample
(Fig. 39).

12 4

e 2008
9 1 o 2009

ity
i

: %

Fig. 39: Percentage differences between the seasonal asnofinteleased soil carbon
calculated from continuously measured soil,@8lux and from modelled soil CCefflux
using parameters 1@ (temperature sensitivity of GOefflux) and Ry (CO, efflux
normalized for the temperature of 10 °C) obtaineanfindividual data sets. The data sets
were established according to the time of day aigtitrwhen the measurements were
taken.
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There was no statistically significant difference I %; p > 0.05) between the total
amounts of released soil carbon as calculated frontinuously measured data and from
the model based on the entire data set at any m&masnt position. However, the seasonal

course of soil C@efflux modelled using single value of parametersdd Qo calculated
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from the whole data set differed from measured €4k efflux. The model tended to
overestimate (by up to about 60 %) soil {&HKlux during periods without rain, when the
soil was dry, and to underestimate (by up to alB@u¥o) soil CQ efflux when rain events

occurred and soil moisture increased (Fig. 40).
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Fig. 40 Precipitation and measured and modeled soi} €E@ux at one position in the
spruce forest in 2008. The soil @€fflux was modeled using equation §{Rnd Qo were
calculated the whole data set).

5.3.3 Discussion

We used the relationship between soil lux and soil temperature to model soil £0
efflux. This relationship is often described byim@e exponential function (equation 3).
The temperature sensitivity parameter;gjQcan be determined from this relationship
(Lloyd and Taylor 1994). The paramete;,@ commonly used for normalizing measured
CO; efflux to a reference temperature (equation Srdaer to investigate factors other than
temperature (Jassal et al. 2008, Noormets et &8)2@r it is used in carbon models to
simulate soil or ecosystem G@uxes (equation 8) (Khomik et al. 2006, Wangle2810).
The mean values of@estimated for the whole season from eight meaguosdions were
2.2 and 2.0 pmolCOm st in 2008 and 2009, respectively. The parametes \@as
estimated for temperature measured at a depthSo€rh. Similar @ values have been
reported for spruce forest soil in other studiesri®n et al. 2002, Saiz et al. 2007).
Estimated cumulative seasonal (from 1 May to 1lo®et) carbon efflux from the forest

soil based on continuous measurements was 9.0 &nd € ha' in 2008 and 20009,
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respectively, which is comparable to that deterwchiime other studies on spruce forests
(Borken et al. 2002; Bergeron et al. 2009; Gauntaudy et al. 2009). As there was no
significant difference in mean soil temperatureimnigithe experimental period 2008 and
2009, the reasons for the difference between thesyean be related to differences in the
amounts of precipitation during these two seasassin 2008 the precipitation was by
about 220 mm (35 %) higher than in 2009. During eéRperimental period in 2009 there
was, however, by 12 more rainy days than in 20Q8.tBere was no so long period without
precipitations which could cause severe limitatdsoil CQ, efflux.

There was no significant difference (<1 %) betwessasonal flux calculated from
measured soil COefflux and soil CQ efflux modelled using parameters calculated from
the whole data set (equation 8). The model tendeavéerestimate COefflux, however,
when the soil was dry and G@fflux was limited by water supply. On the othand, the
model tended to underestimate £&flux when soil moisture increased after rainrgse
(Fig. 40). That is due to the effect of soil morstwn parameters @and Ro (Qi et al.
2002, Davidson et al. 1998). It can be thereforesmiered that estimating just single values
of Q10 and of Rq for the entire season can hide these effects.

The seasonal soil carbon flux obtained from datsets differed by as much as 7 % from
that obtained using the overall mean. The largéfgrdnce was for the 04:00 and 06:00
subsample and the lowest for those at 10:00 anaD2€x which time of day mean annual
temperature was also the most similar to that ¢tated from the whole data set. Generally,
the measurements from 00:00 to 08:00 and at 22v@Pestimated seasonal soil carbon
flux, while measurements from 12:00 to 18:00 unskemeated seasonal soil carbon flux.
Annual and/or seasonal cumulative soil carbon flag been estimated in several studies on
the basis of manual measurements over periodsngngilength from days to a month
(e.g. Davidson et al. 1998, Epron et al. 2004, Kikoeh al. 2006). The measured soil £0
flux was subsequently extrapolated to 24 hoursthed interpolated between days when
the measurements were performed (Savage et al, P@d&n and Kaspar 2004, Savage et
al. 2008). This method can inaccurately estimatiecaobon flux depending on the time of
day at which the measurements are taken, as sail é@ffdix changes during the day
(Flanagan and Johnson 2005). Parkin and KaspaB)2@fr example, found up to 40 %

overestimation of daily soil COflux when measurements were performed in early
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afternoon. They found unbiased daily soil £€¥flux to occur around 08:30 and 19:00.
Those authors also observed a decrease in theunaagc of daily soil CQ efflux
estimation when they corrected measured soip €flux for daily average temperature
using the parameter,Q

Such a sampling strategy with several days betwesasurements can also miss important
changes in soil moisture, such as a sharp incida@s¢o rainfall (Liu et al. 2002, Harper et
al. 2005). If the intervals between sampling dagstao large, then the GGlux response
to rainfall may be inadequately characterized. Rkt problems include underestimation
of cumulative soil C@flux if significant rainfall events are missed {@ge et al. 2008) or
overestimation of cumulative soil GQlux if flux measurements performed following
rainfall events are weighted too heavily becausamfunrepresentative number of dry
periods being included into the data set (Parkid Kaspar 2004). Savage et al. (2008)
observed up to 23 % difference between estimatesdoan continuous, automated
measurements and manual measurements carried ekitvibetween 09:00 and 15:00.
Khomik et al. (2006) estimated annual respiratiériboreal forest soil on the basis of
continuously measured temperature ang €@ux manually measured once a month. This
approach is not suitable for sites with highly ahte soil moisture, where periods of
limited water occur, and the model is not sensitwvdree physiology (e.g. variability in
photosynthesis or root activity (Hogberg et al. ROdisson et al. 2006).

The relationship between soil G@fflux and soil temperature measured at the same t
can be biased by time lag of soil €€fflux behind soil temperature, assimilate supply
roots or transpiration stream. There is usually esalelay of soil CQ efflux behind soil
temperature measured at the same time and thénlehgte lag is highly dependent on the
depth of the measured soil temperature (Parkinkampar, 2003; Pavelka et al., 2007).
When the soil temperature rises (in the morningjl €0, efflux can be lower than
expected from the actual temperature. On the cgntnghen soil temperature decreases (in
the afternoon or evening) soil G@fflux can be higher than expected from the actual
temperature

Assimilates transported by phloem from leaves t@tgocan increase root and
rhizomicrobial respiration (Kuzyakov and Cheng 20@hd consequently to bias the

relationship between soil GQGefflux and soil conditions. There is however tifag of
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measured C@efflux from soil surface behind photosynthesisledves. The time lag
depends on the transport distance between leawksoats, uptake by micorhizal fungi,
release of root exudates, respiration rate and @iffusion through soil (Kuzyakov and
Gavrichkova 2010). According to Kuzyakov and Gadvkizva (2010) the time lag for our
study stand can range from 1.5 to 4 days when derisg stand age and height.

Soil CG; efflux can be also influenced by sap flow. O@oduced by root respiration can
be dissolved in the xylem sap and moved upwardthcstem via the transpiration stream
and may contribute to trunk G@fflux (Teskey and McGuire 2007). This transpdrC®;
from roots can lower the amount of g@iffused from roots to soil and consequently ® th
atmosphere during daytime (Aubrey and Teskey 20B8€)ssiord et al. (2012) suggested
that, on average, 17 % of root respiration mightliverted from soil C@efflux during the
daytime, with a maximum of 24 % between 11:00 afi@Q h

5.4 Drought experiment

5.4.1 Experiment design and data analyses

Six roofs (2 x 3 m) were installed at the grasslsitel in Bily Ktiz during the experimental
seasons from May to October 2011 and 2012. Thes mmisisted of a wooden construction
and acrylate plates. There were two arrangementleoplates. On three roofs the plate
arrangement resulted in capturing precipitationd amduction of drought and on three
roofs it resulted full release of precipitationsatiigh the roof (Fig. 41).

For CQ efflux measurements, the portable system was (seel chapter 4.2.4). Four
collars under each roof were installed before t& measurement in 2011, then they
remained at their positions through two years.

Soil moisture was measured continuously (in 10 mirerval) using ThetaProbe Soil
Moisture Sensor ML2x (Delta-T Devices, Cambridgd) UA couple of the sensors were
inserted at the depth of 10 cm under each roof.

The grass in the collars was clipped on 4 Augudti2zénd 10 July 2012 when the grass-
land was mowed. The grass from each collar wasl égimel weighted. On 9 August 2011
and 30 July 2012, wetting of the dry variant wasfgrened. It simulated about 30 mm
rainfall captured by roofs during the first halftbe growing season.
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The schedule of manual measurements and othenadtigpresented in Tab. 26.
T-test was performed to test potential differencksgariables between individual variants
using analytical software SigmaPlot 11.0 (Syst&8AY Statistical significance was tested

at the leveh = 0.05.

Fig. 41 A - one of six roofs installed in the grasslamd; arrangements of the plates
resulting in capturing precipitations, C - arranges of the plates resulting in drought
induction.

5.4.2 Results

Measurements were carried during the growing sed6&t and 2012 and the schemes of
the measurement dates and daily sums of precgugatiare drawn in Fig. 42. The
measurements of soil moisture in 2011 started afiglr installation and it can be assumed
that soil moisture was not different between theavas before the experiment. During the
second measurement of €@fflux (on 16 June 2011), soil moisture in the watiants
reached values about 50 %, while in the dry vasidinéy were about 20 %. Soil moisture
held this pattern till 9 August when the soil morst measurements stopped due to failure
of data logger (Fig. 43).

In 2012, soil moisture was slightly lower in they drariant before roof installation. Then
the difference in soil moisture between the dry amd variants increased and the highest

differences were on 7 June and 22 June as in énisgpintensive precipitations occurred.
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After removal of the roofs soil moisture in the dvariant remained lower but the
difference between variants was less remarkabte 44).

In several cases, soil temperature in the dry mémas significantly higher than in the wet
variant. The most significant differences in 20ttwred on 16 June and on 4 August, the
day when the grass was clipped. Similarly in 20ff# highest difference in soil
temperature between the variants was in the patiodnd clipping of the grass (10 and 11
June) (Fig. 43, 44).

CO, efflux measurement clipping
—= instalation of roots —> watering o8
—>= removal of roots o
11.8.

25.5. 16.6. 7.7. 13.7. 4.

5.5.

Precipitations (mm)

1511 1.6.11 1711 1.8.11 1.9.11 1.10.11

9.5. 10.5. 23.5. 7.6. 22.6. 10.7. 11.7. 30.7. 8.8. 21.9.

§ .. o LI

15.12 1.6.12 1.7.12 1.8.12 1.9.12 1.10.12

104] Il

Precipitations (mm)
N
o
1

Fig. 42 Daily sums of precipitations during the growireason in 2011 (A) and 2012 (B)
with marked days when measurements of €flux, roof instalation/removal, clipping and
watering were performed. The arrows represent iddal actions. If there were more
actions during one day, their sequence is showthdprder of the arrows.
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Because of technical reasons in 2011, measuremémsisil CO, efflux started after roof
installation. There was no significant differenceGQO, efflux between three roofs of the
wet variant (One Way ANOVA, p=0.24) and low coeiat of variation of CQ efflux of
the twelve positions of the wet variant (18.4 %]jinly the first two measurements of €0
efflux (25 May and 6 June). | do not, thereforesumse a significant difference of GO
efflux between wet and dry variants before the erpent. There was, however,
a significant difference in CQefflux between dry and wet variant already duriing first
measurement (25 May). The gé@éfflux of the dry variant was by 19.2 % lower th@@,
efflux of the wet variant. During following four rasurements the difference was even
about twofold (by 35.8 — 44.2 %). On 4 August 20tlipping of the above-ground
biomass in the collars was done. The differenc€E@ efflux decreased on about 30 %.
Then it slightly increased on 37 % up to the fifthy after the clipping (9 August 2011)
(Fig. 43, 45). Clipping of the above-ground biomhasd a significant effect on G@fflux

in both variants. The CCefflux decreased by 28.7 and 11.8 % in the wetdmgdrariant,
respectively. In the wet variant there was a sigaiftly higher amount of aboveground
biomass than in the dry variant (434.6 § #71.3) and 181.4 g M(+96.7) in the wet and
dry variant, respectively) (Fig. 46). There wasaworelation between CCefflux and the
amount of the clipped biomass (p=0.3) in the wetava, in contrast to the dry variant,
where the significantly positive correlation wasetved (Fig. 46).

After the measurement on 9 August 2011, wettinghefdry variant was performed. The
next measurements of G@fflux were done on 11 August 2011 after 5 mmotedltrainfall.
During these measurements there was no signifiddfdgrence in CQ efflux between

variants (p>0.05).
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Fig. 43 Soil moisture, soil temperature and L£@fflux measured at the grassland

ecosystem under roofs in 2011. Stars in graphgatelistatistically significant difference
between wet and dry variants: * p>0.05, ** p>0.001.
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Fig. 45 Percentage difference in G@fflux in the dry variant from the wet variant2011
and 2012.

In 2012, there was a significant difference inGsfflux between the wet and dry variant
already before the roof installation and the ,@flux in the dry variant was by 23.1 %
lower than in the wet variant (mean from two meam@gnts on 9 and 10 May).
The difference of C@efflux in the dry variant from Cg&efflux in the dry variant increased
till June and then it remained on the same levieba 43 %). After clipping on 10 July
2012 the difference decreased on about 28.2 % @y. Then the roofs were removed.
The next measurement was performed on 30 July 882mm precipitations. There was
no significant difference in CQefflux between the variants. After the measurement

wetting of the dry variant was performed and sigaifitly higher CQ efflux in the dry
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variant than in the wet variant was observed. Nuags after wetting (after 14 mm
precipitation), there was no difference in £€¥flux between the variants again. The last
measurements were done on 21 September 2012. e@lDx in the dry variant was
significantly lower than in the wet variant withetlifference of 17.5 %.

After clipping on 10 July 2012, there was a sigwfitly higher amount of clipped
aboveground biomass in the wet variant (302.12g(#107.2)) than in the dry variant
(205.3 g nif (+85.1)) (Fig. 45). No correlation between C€¥flux and the amount of the
clipped biomass was found in the wet variant. HeveWCQ efflux was significantly
positively correlated with the amount of above-grduin the dry variant as in 2011
(Fig. 45).
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5.4.3 Discussion

Expected global climate change includes an increagmbal surface temperatures, change
in intensity and frequency of precipitation as waslevapotranspiration in most regions of
the earth (IPCC 2001). Many climate change premhstisuggest that periodic droughts will
become more common and extreme rainfall events rfrequent (Mearns et al. 1995,
Frederick and Major 1997, Easterling et al. 200l)e combination of increased dry
periods interspersed with larger individual raihalents will result in extended periods of
soil moisture deficit and greater variability inls@ater content (Giorgi et al. 1998, Jackson
et al. 2001). This study investigated responsecosystem C@efflux of the grassland to
induced drought in the first half of the growing@sen and rewetting with 30 mm simulated
precipitation after this period.

During the experiment, higher soil temperatureha try variant than in the wet variant
was measured, especially during the period arolipging of the grass in measurement
collars, performed at the time when the grasslaasl mowed (Fig. 43 and 44). That can be
a result of the difference in the amount of abok@igd biomass between the variants. That
works as an isolation layer (prevents the sun tadigo warm the soil surface) and the
lower amount of biomass resulted in faster warnohgoil surface (Bremer et al 1998,
Zhou et al. 2007). On the contrary, at night motensive decrease of soil temperature at
positions with low amount of grass could be expgttecause of higher heat flux from the
soil surface.

The negative effect of the drought on the amounthaf above-ground biomass was
observed in both experimental years (Fig. 46). ditoeight in our experiment was induced
in the first half of growing season, which is th@snhactive period of plant growth, and
therefore it has the highest potential to influemdant production. This assumption
suggests that spring drought can be more critiwatarbon dynamics than for example
summer lack of precipitations as suggested by Ketaal. (2008).

The decrease in the amount of above-ground bioneasdis also in decrease in the amount
of photosynthesis assimilates going to the rootstaen to the soil (Johnson et al. 2011).
Therefore, the amount of the substrate for rodtfegpiration is reduced and that results in
lower soil CQ efflux. The drought effect on biomass growth mesult in lower amount of

plant remains and litter available for decomposit@nd long-term effect on soil GO
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efflux. This can explain the lower G@fflux from the dry variant than from the wet \aari

at the beginning of the second season of our expeeiri

Ecosystem C@efflux significantly decreased in the dry varianthin two weeks after roof
installation. This decrease was likely caused manyl decrease in soil Gfflux as soil
respiration responds faster to the lack of preafjwh than plant respiration as the most
active is the top of soil which is sensitive to idg (Davidson et al. 2006b). Plants can
postpone the response to drought as they can reatdr from deeper horizons through
their root system (Dong et al. 2011). Other de@eaasCQ efflux was caused by above
mentioned lower amount of plant biomass and phoitbggis assimilates.

Removal of the roofs and watering of the dry variasulted in significant increase in the
grassland C@ efflux. That even exceeded g@fflux from the wet variant in 2012
(Fig. 45). Sudden rewetting of the dry soil canré@ase its respiration activity due to
enhanced availability of labile organic substrat@®ugh microbial death and cell lysis
(Halverson et al. 2000) or by destabilizing soig@gates, making soil organic matter
accessible to microbes (Denef et al. 2001).

The manipulation of precipitation pattern had amiediate effect observed during the first
experimental year. But the manipulation reflectisd & the beginning of the next growing
season before roof installation as significantiywdo CQ efflux in the dry variant than in
the wet one was observed. That can be explainedcastain time-lagged response of the
productivity of plants to restoring ambient pretagions (roof removal in our case)
resulting in the lower amount of biomass (Yahdj®6). The C@efflux course in 2012
had a similar trend as in the previous season, €@ux in the dry variant, however,
temporarily exceeded efflux in the wet variant afteatering. This measurement of €0
efflux was done shortly after watering in contr@as2011 when the measurement was done
after a rain event occurred. Therefore a strongspanse of CPefflux in 2012 than in
2011 was observed.

The drought has an immediate effect on grasslanabnabalance but it can significantly
affect the carbon balance during following peridést example Zhang et al. (2012) found
that spring drought negatively affected also primaroductivity of the grassland in
summer. In this study, it was confirmed that chaggprecipitation distribution with
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drought in the first half of the growing season gy term effect on COefflux from the

grassland ecosystem.
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6 Conclusions

In the frame of ecosystem stations equipped witlyaavariance tower to measure carbon
balance at four ecosystems (spruce forest, grakslamech forest and wetland), the
supporting measurements of soil £€¥flux were carried out. The spatial heterogeneity
soil CO, efflux was assessed at each ecosystem and, moréewgoral dynamics of soil
CO;, efflux in the spruce forest and ecosystem, @fflux in the grassland was investigated.
The possible effect of the time of the manual mesaments of soil C@efflux and soil
temperature on the seasonal cumulative estimafioeleased carbon from the forest floor
was also analyzed. And, finally, the impact of ioéld drought and change in precipitation
distribution on the grassland respiration was stidi

The main factor driving temporal dynamics of soDLCefflux in the case of the spruce
forest and ecosystem G@fflux in the case of the grassland was soil tewatpee. The next
important factor affecting soil CQefflux of the spruce forest was soil moisture lasré
was often a strong positive response of soib €fflux on rain events. In summer months,
an increase in soil respiration activity was obedreven after the exclusion of the effect of
soil temperature. That can be assumed to be aat effehe growth of fine root biomass
and enhanced gross production. On the contrary, @aénts did not have such a strong
effect on CQ efflux from the grassland ecosystem. Instead,attm@unt of the growing
above-ground biomass was an important factor ofetwsystem CQefflux. The study
confirmed that soil moisture and phenological phasgluence determination of the
parameters of CLefflux dependence on temperature.

The spatial heterogeneity in G@fflux, respiration activity and the influence fafctors
differed among investigated ecosystems. In thestaad, the variability amounted 15 —
17 % and was the lowest from the investigated estesys. Differences in GQOefflux
among positions were caused mainly by the incre&20, efflux with soil moisture and
with the height of the above-ground biomass. Inftinest stands, the variability of soil GO
efflux was higher than in the grassland and amalr#é — 46 %. We were quite
unsuccessful to sufficiently explain the causehsf variability. Several times a negative
effect of soil moisture on soil G(&fflux rate on the positions was found. The ottairses
should be probably looked for in the soil propestisuch as the amount of organic matter,
litter, fine roots or gravel. The variability is #tese sites very high, therefore manual
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measurements on a similar number of positions dlisnstudy is highly recommended to
be provided several times per year to accompanyimgus measurements in order to
correctly estimate carbon losses through soil raspn.

The lowest respiration activity and, on the confraéine highest spatial variability of GO
efflux was found in the wetland. That was becaust® high level of water table, which
results in reduction of organic matter decomposijtend of the gradient of the water table
at the experimental site. Because of the high lditig it would be difficult to precisely
estimate soil C@efflux from the ecosystem. Therefore, more measargs of water table
and recording of its gradient together with the slodescribed in this study should
contribute to correct estimation of soil €€éfflux at this site.

The results of this study confirmed, that timelod tlay when the manual measurements of
soil CG, efflux are performed can have the effect on dateation of parametersi;Rand
Q10 and then on calculation of the total amount oboarreleased during the season using
these parameters and continuously measured temperdleasurements from 00:00 to
08:00 and at 22:00 overestimated, and the measatemeom 12:00 to 18:00
underestimated estimation of the seasonal soilocaflux. The lowest differences were
found for the measurements at 10:00 and 20:00tiffeewhen the bias of estimation of the
seasonal soil carbon flux is the smallest, is iidial for different ecosystems. Although
the intervals between measurements can have s&gedtact on the estimation, the effect
of the measurement time of the day should not lggented. There should be some ways
how to minimize the effect of the measurement tifiest, the time when the effect is the
smallest can be found and measurements done dh®yart of day. Or, measurements can
be done at different parts of day.

In the study the induced drought has and immedé#fect on the grassland ecosystem.
It reflected in lower soil moisture, respirationdathe amount of biomass, and in an
increase in soil temperature. Changing precipitatistribution with drought in the first
half of the growing season had the effect on, €fflux from the grassland ecosystem also
in the beginning of the following year.

This study brings important knowledge about soil ,Gfflux, as a main component of
ecosystem respiration, at the investigated sitag;wis crucial for understanding of carbon

balance at the investigated sites, and the resuiltscontribute to knowledge of CO
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exchange measured by eddy-covariance method. Ty ®till also contribute to design
sufficient protocols of C@efflux measurements at these sites. And finalig, $tudy will
help to better understanding of response of @@lux at the individual ecosystems to
external factors.

82



7 Souhrn

V sowasné dob je velkd pozornost&novana kolobhu uhliku v ekosystémech, jelikoz
béhem poslednich desetiletich doslo v atmiesfié vyraznému néstu koncentrace oxidu
uhli¢itého (CQ), ktery je vyznamnym sklenikovym plynem. Tato gr&e proto souidila

na tok CQ uvolreného z idy, pripadré celého ekosystému, jakoZto vyznamného zdroje
CO, v atmosfée.

V ramci prace byla vetyiech ekosystémech (smrkovy les, bukovy les, loukao&iad)
provacgna nereni toku CQ z pidy/ekosystému pomoci automatickych i manuélnich
systéni. Ve vSechityrech ekosystémech byla sledovana prostorova hetdtadeku CQ

z pady/ekosystému a ve smrkovém porostu a na louce bgldc sledovanaasova
dynamika toku C@z pady (les) a z ekosystému (louka). Déle byl analymoviiv denni
doby manualniho #teni na odhad mnozstvi uhliku uvétrého z idy smrkového porostu
béhem Gstové sezony. A nakonec byl sledovan vliv sucheény distribuce srazek na tok
CO; z luéniho ekosystému.

Hlavnim faktoremridicim ¢asovou dynamiku toku CQz pidy ve smrkovém porostu a
z luieniho ekosystému byla teplotagy. DalSim dlezitym faktorem ovliviujicim tok CQ

z pady ve smrkovém porostu bylaigni vihkost a byla sledovana silna pozitivni reakce
toku CQ z pady na srazky. V letnich &sicich byl sledovan nést respirani aktivity pidy,
ktery mohl byt zisobeny narstem jemnych kieni a zvySenou primarni produkci lesniho
ekosystému. Na rozdil od lesnidy, srazky nerly tak velky efekt na tok COz lu¢niho
ekosystému. Zde byl spiSe hlavnim faktorem mnozsstouci nadzemni biomasy. Studie
potvrdila, ze vihkost fdy a fenonologické faze maji vliv na stanoveni paatt zavislosti
toku CQ na teplog.

Prostorova heterogenita toku €@ respirani aktivita pidy/ekosystému i vliv faktdr se
liSily mezi sledovanymi ekosystémy. &ni ekosystém vykazoval variabilitu toku €O
Rozdily mezi mitenymi pozicemi vtoku C@ byly ovlivnény piredevSim mnoZstvim
nadzemni biomasy a vihkostaqy. V lesnich porostech byla variabilita toku £Opidy
vySSi nez u louky &inila 27 — 46 %. Nepod#o se mi zcela vysitlit pficinu této
variability. V rekolika pripadech byl nalezen negativni viivaigni vihkosti na tok C@

DalSimi gicinami by mohly byt vlastnosti tgly, jako je napp mnoZstvi organického
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materialu, opadu, jemnych #em nebo kamel Heterogenita toku CObyla v €chto
ekosystémech vysoka, proto by bylo pro spravnéstni uhlikovych ztrat zialy vhodné
rozsfit automaticka réreni toku CQ z pady manualnimi ré‘enimi na vice pozicich, a to
nekolikrat v pribéhu roku.

nalezena na ma&dnim ekosystému. Toto bylo tgmbeno vysokou hladinou podzemni
vody, ktera mila za néasledek zpomaleni rozkladu organického mhiera jejim
gradientem na experimentalnim stanovistiiKvysoké variabilit by bylo slozité sprawh
odhadnout tok C®z pady celého ekosystému. Proto by vic&temi hloubky vodni hladiny
a zaznamenani jejiho gradientu spoées modelem popsanym v této praci mohfisjpet

k presrgjSimu stanoveni toku G pidy na tomto experimentalnim stanovisti.

Vysledky této prace potvrdily, Z&as, ktery jsou prové@&ta neieni toku CQ z pady a
pudni teploty, nize mit vliv na stanoveni parametR;o a Qo a nasledé na vypaet
celkového mnozstvi uhliku uvainého z idy béhem fKistové sezony za pomogcichto
parameth a kontinudld meéiené teploty pdy. Meéieni od 0:00 do 8:00 a ve 22:00
nadhodnocovaly a #&eni od 12:00 do 20:00 podhodnocovaly stanoveniogého
mnoZzstvi uvoliného uhliku. Nejmensi rozdily vykazovalaieni v 10:00 a 20:00Cas
Ackoli délka intervalu mezi manualnimigtenimi mize mit na vysledky&si vliv, ani vliv
doby n®teni by nemil byt zanedban. Toho lze dosahnout tim, Zze pro dedosystém
najdeme dobu, kdy je zkresleni vyslédkejmensi, nebo Ze provadimeisni v fiznou
hodinu.

Tato prace potvrdila, Ze periody sucha maji okameéfekt na ldni ekosystém. To se
odrazilo v poklesu {dni vihkosti, toku CQ@ z ekosystému a mnozstvi biomasy, a naopak
zvySeni teploty pdy. Zmena rozloZeni srdzek s obdobim sucha v prvni potokistove
sezony nilo negativni vliv na tok C®s ekosystému i na &atku nasledujici tistové
sezony. To potvrzuje, Ze dlouhé periody sucha biglynmit i dlouhodoby vliv na celkovou
uhlikovou bilanci l¢nich ekosystém

Tato prace pnasi dilezité poznatky o tocich G pidy, ktera je, jakoztoidezité slozky
ekosystémové respiracenlézita pro porozurmi uhlikové bilance na experimentélnich

stanovistich. A vysledky dalefippgji k poznatkim ekosystémové vyény CO, mérené
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eddy-kovariatini metodou. Prace také&igpeje k tvorké vhodnych protokdi méieni toku
CO, z midy/ekosystému na¢hto stanovistich. A tato prace také [dm Iépe porozuit

odpowdi toku CQ v jednotlivych ekosystémech namici se vijSi podminky.
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