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ABSTRACT

Water vapor and carbon dioxide are the main atmospheric constituents which are
FRQWUROOLQJ W KFHhe(2pioWrciease RrOthd BtmbBpheric content of carbon
dioxide since the beginning of the industrial revolution is considered as one of the mai
drivers of the recent climate changes on Earth. Only about 40% of the total anthropogenic
emissions of C@remain in the atmosphere, while the rest of the emitted i€Gtored in
oceans and land. The terrestrial sinks of carbon are global soils and forests. Forests sequester
CO. from the atmosphere and assimilate carbon into above- and belowground biomass and by
that partially offset anthropogenic emission of GDd participate in a regulation of climate.
Because of these findings, monitoring of £&xchange between atmosphere and underlying
forest ecosystems has gained significant importance. Micrometeorological eddy covariance
technique has showasthe most accurate way for direct flux measurement of trace gamses,
today it is a standard tool for estimating net ecosystem exchddige) (of trace gases

between the atmosphere and the underlying surface.

Within this research 10-year eddy covariance experiment (2008-2017) was carried out
in young pedunculate oak)(ercus robur_..) stands (35-44 years old) which are part of the
forest complex of the Kupa River basin, about 35 km SW from Zagreb, Croatia. Over the
entire study period, Jastrebarsko forest acted as a carbon sink, with an averagé&lB&nual
of -319+30g C ryrl EstimatedNEE was partitioned into gross primary production
(GPP) and ecosystem respirationReco). Furthermore, Ro was partitioned into
heterotrophic R,) and autotrophic respiratiorR{). Most important carbon flux in forest
ecosystems, net primary productiofPP), was estimated by subtractingEE from
heterotrophic respiratiorin this study the causes of inter-annual variability of carN&f
were investigated. Also, the impact of extreme weather events (droughts and floods) on
carbon fluxes was investigated. For validation of EC measurenaebitsmetric estimate of
the net primary productivityNPPsm), which was built on periodic measurement and simple
modelling, was compared withlPPsc. Comparison ofNPP:c and NPRsv showed good
agreement (R=0.46).

Key words: CO, NEE, GPP, Rco, NPP, turbulence, eddy covariance, pedunculate oak
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1.Introduction

1. INTRODUCTION

Enhanced exploitation of fossil fuels since the beginning of the industrial revolution
led to an increase in the atmospheric content of f&@n ~280 ppnat the beginning of 18
century to almost 370 pm at the end of th& 28ntury [Schimel 1995]. This increase in the
atmospheric concentration of @ fluenced by human activity is considered as the main
driver of the recent climate changes on Earth [IPCC 2014]. The growth in atmospheric CO
concentration became significantly high in the last 60 yeags {Fl). Forest ecosystems have
provided mankind with raw material and food for centuries, and in the last few decades their
importance was also recognized in terms of their contribution to the regulation of climate.
Global forests act as a carbon sink [R&al. 2011]. They sequester G@om the atmosphere
and assimilate carbon into above- and belowground biomass and by that partially offset
anthropogenic emission of GQlanssenst al.2003]. Only about 40% of total anthropogenic
emission of C@remains in the atmosphere, while the rest of emitted i€6tored in oceans
(30%) and land (30%) [IPCC 2014].

Figure 1.1: Global average atmospheric €@ixing ratio (red line) with long term trend of growth (black line)
(NOAA website 2016)

Typical values of inter-annual variability in the annual rate of growth of atmospheric
CQO; are in the range between 1 and 5 gigatong £[Baldocchiet al. 2001]. Studies are
showing that terrestrial biosphere has an important role in this interannual variability [Keeling
1996]. Canadelkt al. [2007] have calculated that in the period from 2000 to 2006, global

forests werea global sink of carbon of 2.7 Pg C (6 yr)This corresponds to approximately

1
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30% of the total anthropogen@O, emissions during that period. These new learnings about
forests ecosystems have opened a new chapter in possible mitigation of the climate changes in
the future, but any efforts aimed at managing forests to mitigate increased atmospheric CO
require a thorough understanding of the carbon cycle in the forests. However, the potential of
forest to act as a carbon sink in the future is uncertain, either due to possible saturation effect
[Nabuurset al. 2013], or worse, as a consequences of climate change which would result in
directive negative economic impact [Hanewinletlal. 2013]. Thus, monitoring of global

forest productivity and understanding yéadyear variability in carbon sequestration became

an important task of numerous scientists. Inter-annual variability of forest productivity is a
result of the direct response of trees to occurring meteorological conditions [@badh

2008], but it also contains a postponed response due to carry-over effect [Udtanbki

2007, Molenet al. 2011]. The postponed response in plants is often explained with the
presence of carbon reserve pool, ie. W UXFWXUDO FDUERK\GUDWHV 1
important role in overcoming environmental disturbances [Carbbraé. 2013, Teetst al.

2018].

Development of eddy covariance (EC) technique has greatly facilitated calculation of
carbon budgets in the global forests and today EC technique is a widely used standard tool for
estimation and monitoring of high frequency (typically half-hourly) carbon and water fluxes
within the terrestrial ecosystems [Aubinet al. 2000, Baldocchiet al. 2001, 2003]. EC
measurements are typically made in the surface layer which is the lowest part of the

atmospheric boundary layer (ABL).

1.1 The atmospheric boundary layer

7TURSRVSKHUH WKH ORZHVW O D\HabtugRly d\bdddhnitoTtvo DW P RV
parts: a boundary layer near the surface and free atmosphere abaogelitdF ABL is the
lowest part of the troposphere and it is under direct thermal and mechanical influence of the
(DUWKTV VXUIDFH 7KHVH WKHUPDO DQG PHFKDQLFDO V>
transpiration and evaporation, frictional drag, turbulence, pollutant emission and

terrain- induced flow modification [Stull, 1988].
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Figure 1.2: Troposphere (from Stull, 1988, page 1)

ABL (Fig. 1.3) is highly variable during the day. In the morning, with the sunrise,
startsa heat transfer from the warm surface which destroys the stable nocturnal ABL and the
residual layer. A ewly formed layer, called mixed layer, is characterizeyl strong
turbulence and is bounded from above by the entrainment zone where the exchange processes
between the ABL and the free atmosphere take the place. Dominant mechanisms of
turbulence generation in the mixed layer are convection and wind shear. In the case of
undisturbed weather conditions, shortly before sunset mixed layer starts to be less turbulent
and the stable nocturnal ABL, which is around 100 m deep, starts to develop near the ground.
During the night, the stable ABL is capped with the remains of the mixed layer which is now
much less turbulent. This layer is called the residual layer and is bounded by a capping

inversion on top. The same process is repeating next day after the sunrise [Stull 1988].

Figure 1.3: The daily cycle of the typical atmospheric boundary layer (frétn} E L 0], page 10)
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The depth of ABL also varies in space and time. Under the conditions of strong stable
stratification, its thickness can be about 10 m or less. If the stratification is unstable ABL can
havea thickness of about 0.5 km over the oceans and 1-4 km over land [e.g. Aetbaiet
2012]. Depending on the underlying surface type, ABL can be divided into several vertical
layers. The lowest 5-10% of the ABL occupies atmospheric surface layer which is the
SUHVHDUFK DUHD" RI PLFURPHWHRURORJ\ 7KkxthxngéeDFH OD
layers in the atmosphere [e.g. Foken 2008]. Atmospheric turbulence is here the dominant
transport mechanism and fluxes are approximately constant with height [e.g. Aetbaiet
2012]. Turbulence iathree-dimensional regime of the flow characterized by chaotic changes
in pressure and flow velocity which allows the boundary layer to respond to changing surface
forcings [e.g. Stull 1988]. Turbulence consists of many different size eddies superimposed on
each other. Smaller size eddies are exhibited to strain field of larger eddies. Becthese of
strain, the vorticity of smaller eddies grows what leads to enhancement of smaller eddies
energy at the expense of larger size eddies. So, there is an average energy flaxgépm
eddies towards smaller ones. On the given wavelength, smaller eddy gains energy from
previous larger eddy. This process of energy transfer is called energy cascaded3 emuek
Lumley 1972]. Over the forests, the surface layer can be divided into a roughness sublayer,
where the flow consist of turbulence dominated by individual elements and sources and fluxes
are not constant with height [e.g. Oke 1987], and into an inertial sublayer where fluxes are
almost constant with height and micrometeorological theory can be applied [e.g. Roth 2000]
In the Ekman layer, whiclsometimes overlies surface layer, fluxes decrease and wind
changes direction with the height.

1.2 Carbon fluxes in the ecosystem

Plants absorbCO., from the atmosphere and use it in the photosynthesis.
Photosynthesis i chemical process through which plants produce oxygen and glucose
(CeH1206) from CG and HO, using only light as source of energy [e.g. Schulze 2005]. The
general equation of photosynthesis is:

X% 3 E x&l\ %*sel. E x4 (1.1)

In forest ecosystems, carbon is accumulated in live biomass, dead wood and organic

matter of forest soil [e.g. Pregitzer and Euskirchen 2004]. These are the three principal
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components of the forest ecosystems and they are continuously accumulating and
simultaneously losing carbon. Processes of accumulation or loss of carbon are called carbon
fluxes. By convention, carbon flux is positive if it leads to an increase in the amount of carbon

in certain component of the forest ecosystem, and in the opposite case the carbon flux is

negative. Conceptual scheme of the carbon flow through the ecosystem is shayvri ih. F

Figure 1.4: Carbon flow through the ecosystem (from [Schulze 2005], pagg 4

Gross primary productivity , GPP, is the main positive carbon flux in the ecosystem
and it denotes Cfassimilation by photosynthesis. The main negative carbondtosystem
respiration +Reco, denotes the amount of carbon which is released from the ecosystem
through the respiration processBsco is a sum of the respiration of the plants (autotrophic

respirationRa) and decomposition of dead organic matter (heterotrophic respirggjon,

4y,v,k doE 4 (1.2)
5
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Also, carbon can be lost from the ecosystem through harvesting and forest fires. After
subtracting the autotrophic respiration of plants fr@RP, what remains is calledet
primary productivity , NPP, and it is a measure of carbon stored in biomass within the
ecosystem in a given timé&lPP includes the production of below- and aboveground wood
biomass NPRwg), litter biomassNPR.) and fruit biomassNPP:rR).

022 L4F0"" L)22F 4L 022,E02RE 022 (1.3)

By subtractingReco from GPP we obtainnet ecosystem productivity NEP. NEP is
the measure of the amount of carbon that is accumulating in (poNiE®g or is lost from
(negativeNEP) the ecosystem if in the observed period there was no loss of carbon from the
ecosystem due to e.g. harvesting, carbon leaching orNiE®. is equal to negative afet

ecosystem exchang®EE, of carbon between the atmosphere and the ecosystem.
0'2L)22F 4,4 FO"' (1.4)

An ecosystem is a sink of carbon if the amount of carbon which has left the
atmosphere is greater than the amount of carbon which has been released from the ecosystem
to the atmosphere. Otherwise, the ecosystem is a source of ddE6onf forest ecosystem

can be measured directly with tliC technique.

1.3 Eddy covariance technique

EC techniqgue is a micrometeorological method for direct measurement of momentum,
heat and mass exchange between a flat horizontally homogeneous surface and the overlying
atmosphere [e.g. Baldoccei al. 2001, 2003, Aubinegt al. 2000, 2012]. Under th kind of
conditions, net transport between the surface and atmosphere is one-dimensional and the
vertical flux density can be calculated by the covariance between turbulent fluctuations of the
vertical wind speed component and the quantity of interest [e.g. Aulti@t2012]. It has
been proposed by Montgomery [1948], Swinbank [1951] and Obukhov [1951]. The airflow
can be imagined as a horizontal flow of many rotating, 3D different-size eddgesl B

which transport molecules of trace gases.
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Figure 1.5: Horizontal flow (from [Burba 2013])

Smaller eddies are usually located closer to the ground. They rotate faster, so more transport
is done by higher frequency movements of air near the ground. Larger eddies can be found
further away from the ground. They rotate slower, so more transport is done by lower
frequency movements of air away from the ground. In nature some transport is done at lower
frequencies and some at higher ones because there is almastsire of different eddy sizes

[e.g. Burba 2013].

Each turbulent eddy has three dimensions. Each component can be measured at the EC
tower. EC measurements are based on determining the correlation between changes in vertical
wind velocity component and deviations in a mixing ratio of a trace gas. They are typically
made in the surface layer [e.g. Aubirgtal. 2012]. The measurement system consists of
three-dimensional sonic anemometer and infrared gas analyzer. Sonic anemometers measure
three-dimensional wind speed and sonic temperature and they are well suited for turbulence
measurements because they can take measurementsverthfine temporal resolution of 10
Hz or more. They measure the difference in transit time for an ultrasound pulse between pairs
of transducers arranged at a known distance apart. Infrared gas analyzers are used to measure

CO; and BHO concentration in the air.

To derive the equation for vertical flux density we will start from the conservation

equation of a scalar quantity:
1o o) 10 10
!—gEQ.EEFﬁESﬁLSE& (1.5)

wherec denotes scalar density, v andw mark components of wind velocity in the direction
of the mean windx), the lateral windy) and normal to the surface) (fespectively S term

represents the source or sink dhds the molecular diffusion. On (1.5) will be first applied
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Reynolds averaging where every variable will be decomposed into its mean value and
fluctuations around average=(L =$ B. After applying Reynolds averaging and integration

along thez axis and assuming no horizontal eddy flux divergence, (1.5) becomes:
LU 6 LUy 1 C8 LU 8 LU 108
,°5@V tHEE 1,° 08 1,° G @ 1,° S @V (1.6)

The term on the left side of (1.6) represeMiEE if the scalar quantity in question is @Qhe

first term on the right side of the (1.6) represents vertical turbulent flux of particular scalar
variable at measurement heigh®, ) while the third, fourth and fifth term on the right side of
(1.6) represent respectively storage of scalar quantity below measurement height, horizontal
and vertical advection of scalar quantity. Horizontal advection is significant over complex and
heterogeneous terrain or at night over sloping terrain when respiredc&escape the
measurements by down-slope drainage. Under these conditions horizontal advection term
cannot be neglected. EC technique demands atmospheric stationarity and horizontal
homogeneity. Under those conditions second, third and fourth term on the right side of (1.6)
decay, so flux of the quantity of interest is equal to the product of the mean air density, and
the mean covariance between instantaneous deviations in vertical wind speed and mixing ratio

of gas of interest [e.g. Aubinet al. 2000]:
0" L S8 (1.7)

Implementation of the EC technique is very complex. Measurements are not perfect,
and thus all measurements are subject to errors or uncertainties. High frequency raw data
often contain spikes, constant and non-physical values, dropouts and noise. Sources of that
bad data are instrumental problems, eleatrpower failure, animal influence, and rain or
snowfall. Such data must be detected and removed before flux calculation. Fluxes of the gas
of interest (her€0O,) can be computed after raw data quality check. When the stratification of
the atmosphere is stable and turbulence is weak, material diffusing from leaves and the forest
soil may not reach the measurement height resulting with violation of the assumption of
steady-state conditions and a constant flux layer. Under such conditions tlst6o@@e term
becomes nonzero and must be added to measured flux to BIEBIMCO, storage term is
small during the day and on windy nights, while the greatest values p§tGfage term are
reached around sunrise and sunset when there is a transition between the daytime mixed layer
and the stable nocturnal ABL and between respiration and photosynthesis [Baktoathi

2001]. Ignoring it over the long term is acceptable because the daily mean staCaye is
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zero, but, in short term, it may laesignificant measure of ecosystem response [Auleihat.
2000]. Further processing of EC data requires the application of numerous corrections if one
wants to obtain high quality fluxes. In Table 1.1 are listed common errors during the EC

experiment and their impact on calculated fluxes.

Filtering procedures and measuring system malfunctions are leading to gaps in time
series. The biggest issues are occurring during the calm nights when the stable nocturnal layer
is fully developed. In such case, the EC technique underestimates thigu@hat could
lead to a strong overestimation of NEE at an annual scale because the ecosgseuncs
of carbon during the night [e.g. Aubirettal. 2012]. This error is called night flux error and it
significantly affects almost every EC measurement site. Such fluxes must be detected and
discarded from further processing. Numerous corrections and filtering procedures will result
in many gaps in the time series which need to be filled with one of the gap-filling techniques
[Falge et al. 2001, Reichsteiret al. 2005]. The final result of EC measurement and data
processing iNEE of CO, between the ecosystem and the atmosphere. Estilk&tedan be
partitioned intoGPP andReco with some developed flux partitioning methods [Reichségin
al. 2005, Lasslopt al.2010].

Table 1.1:Errors and their impact on calculated flux (from [Burba 2013])

For the purpose of this work, EC technique has been chosen fofll@@alculation
because it isscale-appropriate method and it provides measurements of aetxCidange of
a whole ecosystem across a spectrum of times scales, ranging from hours to years with
minimal disturbance to the underlying vegetation. Also, it enables direct measurement of net

COr exchange between ecosystem and overlying atmosphere. EC technique is not perfect and
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has some weaknesses. It is applicable over a flat terrain when the environmental conditions
are steady and when the underlying vegetation extends upwind for an extended distance
[Baldocchi 2003]. Despite that, its strengths far outweigh its weaknesses and today EC

technique is one of the most defensible ways to measure trace ga$Blurta 2013].

1.4 Review of previous research

From the 1950s to 1970s micrometeorological experiments were designed to
investigate fundamental aspects of atmospheric turbulence over the homogeneous terrain.
Later, in the 1980s, turbulent fluxes of momentum, sensible and latent heat over
heterogeneous surfaces have been investigated in numerous studies. With the development of
new generation of fast response sonic anemometers, rapid-responding infrared gassanalyze
for water vapour andCO, measurement and computer software packages in the 1990s
emerged possibility of continuous flux measurement [e.g. Aulehel. 2012]. With these
technological advancelSC technique has reached full potential and replaced flux-gradient
method which has been previously used for flux calculation. Flux-gradient method is an
indirect technique that evaluates flux densities as the product of a turbulent diffus)vairyd
the vertical gradient of scalar concentratioic/{2 [e.g. Baldocchi 2003]. It has showed as
inappropriate for Cflux calculations over tall forests where vertical gradients o @@
small and difficult to resolve because turbulent mixing is efficient. Besides that, turbulent
transport is enhanced by the presences of a roughness layer so evaluation of eddy exchange
coefficients using Monin-Obukhov similarity theory is invalid above forests [Raupach.1979]
Across the globe in the middle 1990s many EC towers had been set up and many estimations
of NEE of CO» between the atmosphere and diverse ecosystems had been performed until
today. Most sites are net sinks of £@n an annual basis and the largest values of carbon
uptake are associated with deciduous and coniferous temperate forests. Table 1.2 shows

review of several studies which were performed in temperate broadleaved deciduous forests.

NEE of CO; in broadleaved deciduous forests depends on the length of growing
season and the availability of nutrients, water and sunlight [Baldetehi2001]. During the
winter broadleaved forests lose carbon because they are leafless and dormant. During the
summer growing season, they are gaining carbon. The timing of the transition between uptake
and carbon release along with the length of growing season is one of reasons for differences

among broadleaved deciduous forests sites shown in Table 1.2. The situation is different in

10
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the conifer forests. Differences of annual sumdNBEE between EC sites in the coniferous

forests are caused by latitudinal differences, continental positions (boreal, temperate, semiarid

and humid conifers) and different physiological reasons [Baldoethal. 2001]. The

estimated annu#lEE DW +\\WLIOl VLWH VRXWKHUQ )L @8 BiE
pine Pinus sylvestri4..) forest were -234, -262 and -191 gCwrtin 1997, 1998 and 1999,

respectively [Markkaneat al.2001].

Table 1.2: EC measurements in temperate broadleaved deciduous forests

LOCATION LATITUDE VEGETATION MEASUREMENT N[=1= CITATION
YEARS [gC m?2yr
USA 42.53°N Maple Acen 1991 -280 Gouldenet al.
Massachusetts Oak Quercul 1992 -220 [19964a,b]
1993 -140
1994 -210
1995 -270
USA 42.53°N Maple Acen 1992 -220 Urbanskiet al.
Massachusetts Oak Quercu3 1993 -150 [2007]
1994 -170
1995 -280
1996 -200
1997 -210
1998 -100
1999 -230
2000 -220
2001 -470
2002 -270
2003 -260
2004 -410
Indiana, USA f 11 Deciduous forest 1998 -240 Schmidet al.
[2000]
France f 91 Beech Fagug 1996 -218 Granieret al.
1997 -257 [2001]
England f 91 Broadleaf 2008 -265 Thomaset al.
deciduous forest [2011]
Denmark f 91 Beech Fagug 1997 -169 Pilegaarcet al.
1998 -124 [2001]

11
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Recently, with the improvement of infrared gas analyzers, researchers have started to
use the EC technique also for measurements of fluxes of other trace gases. For example,
Felber et al [2015] showed that EC technique is sufficiently accurate to estimate mean
methane (Ch) emissions of animals (mostly cows) on the pasture. Also, numerous
researchers have implemented the EC technique for measurement of energy exchange, water
vapour and other trace gases, pollutants and aerosols between urban surface and atmosphere.
Liu et al. [2012] carried out a four year EC experiment in the city of Bejing. The results
showed that diurnal courses of €@rgely depend on the volume of traffic. Also, they
showed that analysed urban area was a net source.db@@ atmosphere. Some researchers
started to use EC measurements in bioenergetics. Bioenergy crops have the potential to
become economically important. Some of the energy crops can even grow in very extreme
conditions and can still act as a significant sink of carbon. One such example is blue agave
cactus Agave tequilana F.A.C. Weber) which has little water demand but significant
productivity. Owenet al. [2016] showed that plantation of blue agave in Mexico was a
significant sink of carbon with the amount of -333 g€ yn!, greater than some temperate

and boreal forests.

In Croatia, the first open-path EC system was set up in 2007 for monitorindie@
latent and sensible heat fluxes in young lowland pedunculateCaakus roburl.) forest
ORFDWHG QHDU WKH WRZQ RtakRONIN WeétEd ZAYgrNR TheddeddtiD Q R Y L
EC system has been set up recently in the City of Zagreb in Maksimir by Meteorological and
Hydrological Service. In the neighbouring countries, the longest EC monitoring system is
ORFDWHG LQ +HJ\KiwViO f 1 1 f 1 ( +XQJDU\ RSHL
University (Budapest) and the Hungarian Meteorological Service, Budapest [Haszdra
2001]. Béarcza [2001] has estimated that small grassland area in Hegyhatsal sequestered 134,
146 and 92 gC rhyr?in 1997, 1998 and 1999, respectively.

There are over 650 EC towers in the world mounted today which are connected to the
global network of micrometeorological flux measurement sites called the FLUXNET network
[Baldocchi et al. 2001]. Unfortunately, the complexity and high maintenance cost of EC
systems have limited the number of sites with measurements spanning a decade or longer
[FLUXNET2015 Dataset].

12



1.Introduction

1.5 Research objectives

The forested area in Croatia amounts to 2.493 million Ha what makes 47.5% of its
total land area. Lowland forests of pedunculate @akefcus robur..) are making 32% of
growing stock in Croatia [Croatian Forests Ltd. 2017] and they are the most valuable forests
in Croatia. They appear to be the most productive ecosystems in Croatia and represent an
LPSRUWDQW HFRQRPLF UHVRXUFH IRU WKidt Al2ODIWtHHUD QG OR
monitoring of their productivity and response to climate changes is very important.
Pedunculate oak forests in Croatia can be found mostly in lowlands of rivers Drava, Kupa and
Sava. Outside of these areas, pedunculate oak forests develop in flooding pakip NfR
Imotskoand 9 U O L p N BRs &dl @3dvitdbasin of river Mirna in Istriaigf 1.6, >7ULQDMV WL L
1996]).

Figure 1.6: Prevalence of pedunculate oak in Croatid R P >7 U L Q D payeviQo) @

Main objectives of this dissertation are to: (1) estimiteE of CO, between
pedunculate oak forest and the atmosphere from long term EC measurements (2008-2017),
(2) to understand the cause of inter-annual and short term variability of the carbon fluxes, (3)
to investigate impact of weather extremes (droughts and flooding) on carbon fluxes and
productivity of oak forest and (4) to estimate NPP with biometric method and assess the

agreement ilNPP estimates from EC and biometric measurements.

13
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2. RESEARCH AREA AND MATERIALS

2.1. Research area

The research was carried out in Jastrebarsko forest whiehpat of the forest
complex of Kupa River basin, located approximately 35 km SW from Zagreb, near the town
of Jastrebarsko (§. 2.1).

Figure 2.1: Location of the river Kupa basin within which Jastrebarsko forest is located

Lowland forests of Kupa River basin cover an area of approximately 13 60bidia
makes them the second largest complex of lowland oak forests in Cré&i® (rvtie east,
spanning over 40 000 ha, is the largest one in Croatia and in Europe [Klepac 199&]).
area of state forests is dividedto four Forest Management UnitSUDJDQLUNL OXJRY
Jastrebarski lugoviPisarovinski lugovand 5 H p L p N L FgX2JFRskdws the location of the
Kupa River basin with an aerial view. Kupa River basin is surrounde&thbyborsko gorje
on NW side,9 X N R P H U L p dhHNBEI$¥ arfelby river Kupa on S side. At the centre of the
basin lay fish pond€rna Mlaka which were made after logging 650 ha of the forest at the
beginning of 28 century. Human habitations around the research area are small villages
(100-500 inhabitants) and the town of Jastrebarsko (approximately 10 000 inhabitants) with

14



2. Research area and materials

medium industrial activity. Zagreb-Rijeka highway with very dense traffic segsatiae
inhabited area from Kupa River basin on the north side.

The dominant tree species in the basin is PedunculateQuedtqus robur..), with a
significant share of other species, namely Common hornb€ampius betulud..), Black
alder @Inus GlutinosalL.) Geartn.), and Narrow-leaved adfrgxinus angustifoliavahl.).
There is also an understory of hazeb(ylus avelland..) and Common hawthorrC{ataegus
monogynalacq.). Oak forests in this area are managed in 140 year-long rotations, ending with
two or three regeneration cuts during the last ten years of the rotation, which secures a

continuous cover of forest soil.

Figure 2.2: View on Kupa River basin from thar with marked economical units [Google Earth]

The terrain of the Kupa River basin is mainly flat, with altitudes ranging from 106 m
above sea level at the central part of the basin up to 120 m and 130 m above sea level in the
SW and N parts, respectively. The soil is mainly gleysol with low vertical water conductivity,
and according to the World Reference Base for Soil Resources [WRB 2015] it is classified
luvic stagnosol. Parts of forest are waterlogged or flooded with stagnating water during winter

and early spring, while during the summer the soil dries out. Basin is intersected with many

15
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natural watercourses and man-made drench canals, and the average groundwater table depth
ranged from 60 to 200 cm [Mayer 1996].

According to the Koppen classification, the climate of the area is maritime temperate
climate (Csa) witta mean annual air temperature of 10.6°C for period 1981-2010 (data from
the National and Hydrological Service for nearest meteorological station Jastrebarsko). Fog is
frequent in autumn, while the occurrence of late frost in May is possible. Average annual
precipitation is around 900 mmtyout of which around 500 mm falls during the vegetation

season (April-September).

2.2. Experimental site and measurements

Experimental station, EC tower (Fig. LV ORFDWHG f 1 991 DQG
in young (35-44 years old), managed stands dominated by pedunculate oak which are the
result of regeneration cuts of old (~140 years) pedunculate oak stands in the early 1970s.
Tower has been erected in 2007 as a part of project CarborO®aJM D& &.2Q1i1] and
since then it provides meteorological and EC measurements. At the time of installation,
measurement height was 23 m (3-5 m above canopy). Since forest stand has grown, in April

of 2011 measurement height was elevated to 24-5nm above canopy).

Figure 2.3: Measurement statiorEC tower, near Jastrebarsko, Croatia

16
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shortwave radiation is measured with pyranometer (CMP 3, Kipp&Zonen, Delft,
Netherlands). Soil temperature was measured at three depths (5, 15 and 25 cm) with
thermocouple probe (TCAV-L, Campbell Sci. Inc., Logan, UT, USA). For measurement of
soil water content water content reflectometers (CS616, Campbell Sci. Inc., Logan, UT, USA)
has been used. GGCstorage term was measured with a profiler system for Ge
concentration measurement at six levels: 1, 2, 4, 8, 16 and 23 m (27 mSfrdpnil12011).

The profiler consigtd of six tubes, pump, set of valves, 16 channel relay multiplexer
(AM16/32B, Campbell Scientific, Inc., Logan, Utah, USA), the .Cidalyser (SBA4, PP
System, Amesbury, Massachusetts, USA) and was controlled by the CR1000 data-logger.
However, due to, occasionally compromised data from the profiler (due to ants invading the
filters of the tubes) and a final general failure of the profiler system in 2014, from 2014 until
2017 we decided to compute the storage term using only thed@@entration measured at

the top of the tower as suggested by in Wilkingnal. [2012]. Continuous half-hourly
meteorological data (air temperature, global radiation, relative humidity and precipitation)
were measured from the auxiliary meteorological station (WatchDog 2900ET, Spectrum
Technologies, Aurora, IL, USA) which is located approximately 2 km SW from EC tower.
These measurements were used for gap-filling of meteorological data measured at EC tower.
Small differences in measurements between these two stations were probably caused by the
difference between the vegetation surrounding EC tower and auxiliary meteorological station.
Auxiliary meteorological station is surrounded by saplings of pedunculate oak which were
planted in 2008.

A network of 65 permanent circular plots has been set up in a 100 x2@fdnin
PDQDJHPHQW XQLW 3-DVWUHEDUVNL the Xdar 2007 and) Wi G (& W
months of 2008 (i§. 2.5). Their radius and size had been determined by age of the stands
according to the methodology developed by Indir [2004]. The radius o0FGHQGURPHWHU
plots (marked with red colour ond- 2.5) in subcompartments 37a, 37c, 40a and 41a is 8 m
with the area of 201 frper plot, which is equivalent to sampling intensity of 2% area. The
radius of plots in subcompartment 36a is 10 m. The remaining plots (marked with yellow
colour on Fig. 2.5) were designated to be measured every 10 years. All trees within plots were

permanently marked with numbers and measured.

After preliminary footprint analysis of EC flux measurements, 24 plots which had the
highest probability to be in the footprint area were selected for installation of dendrometer
bands. Every aluminium dendrometer band has been made in the laboratory according to the

18
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method described by Keeland and Young [2004]. A total of 643 dendrometer bands were
installed on all trees witBBH (diameter at breast height) > 7.5 cm. Fig. 2.6 sletnese with
installed dendrometer band. During the vegetation season cumulative stem circumference
increment was measured walprecision of 0.01 mm using small callipers with an electronic
display. The frequency of measurements varied from weekly to monthly during the vegetation

season, with lower frequency in the most recent year dagnatation in resources.

Figure 2.5: Air view on management uniastrebarski lugowivhere circular plots had been set up. Plots with
dendrometer bands are marked with red colour. The flag shows thieroafaEC tower. (Google Earth)

Alongside stem increment measuremem&H and tree height measurementy (
using Vertex Il hypsometers (Hagl8weden AD, Langsele, Swedeat) the end of every
growing season has been performed to enable estimation of aboveground NPP. A total of 16
baskets (45 cm in diameter) were placed at reenbf randomly selected plots with
dendrometer bands for the assessment of leaf and litter production. Litterfall was collected

from baskets several times a year.

Figure 2.6: Tree with installed dendrometer band
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3. METHODOLOGY

3.1 Raw data description and treatment

EC raw data were stored in one-hourly binary files. Each binary file consists of nine
rows header and six records: u, v and w wind component, sonic temperatarancC80
molar/mass density. Measurements were recorded every 0.05 s (20 Hz) and saved by a small
hand computer in volts as an input unit. Variables were later converted in physical units: 3D
wind components into m/s, sonic temperature into °C and molar/mass density, @n@O
H20 into mmol m?. In the ideal case every one-hourly binary file should have 72000 records,
but there were bad data with much less or more records whicto leddiscarded. Also, in
the ideal case without any malfunctions of the measurement system, every year should have
8760 one-hourly binary files, that is 8784 in the case of a leap year. How much raw one-
hourly binary files were missing in the same beginning before processing and after discarding

of bad data is summarized in Table 3.1.

Table 3.1:Number of missing one-hourly binary files per year

Max number of Number of missing Share of missing

binary files files data [%]
2008 8784 392 4.5
2009 8760 1033 11.8
2010 8760 708 8.1
2011 8760 498 5.7
2012 8784 1468 16.7
2013 8760 630 7.2
2014 8760 374 4.3
2015 8760 354 4.0
2016 8784 1427 16.2
2017 8760 1871 21

Loss of data is inevitable, especially if measurement lasts several years. The EC
measurement system is very sensitive and requires a lot of care. Common problems in the
data acquisition are damages to instruments due to animals or thunderstorms, power breaks,
human actions like vandalism and robbery and incorrect system calibration. Therefore, the

measurement system can fail and measure nothing or measure bad values. It is necessary to
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This procedure removed bad data caused by rain and system malfunctions alongside
non-physical shifts, dropouts and discontinuities. Needless to say, discarding of the one-
hourly binary file created a gap of two half-hourly fluxes. The result of this procedure is

summarized in Table 3.2.

Table 3.2: Percentage of missing one-hourly binary files per year after quatlityol

Max number of Missing files after Percentage [%]
binary files quality control
2008 8784 2671 30.4
2009 8760 3011 34.4
2010 8760 3005 34.3
2011 8760 1996 22.8
2012 8784 3114 35.5
2013 8760 2692 30.7
2014 8760 2629 30.0
2015 8760 2316 26.4
2016 8784 3444 39.2
2017 8760 3414 39.0

Quality control has greatly increased the number of missing one-hourly binary files.
Most of the issues were related to instrumental problems during the bad weather. Our
measurement instrument for g©@oncentration is an open-path IRGA. Open path sensors,
such as LI-7500, have known issues during rain, snow and fog. Water in optical path of the
,5*$ VHQVRU FDXVHVY DQ LQFUHDVHG DEVRUEDQFH RI WKH ,

CO, measurements, resulted in false readings.

3.2 Flux calculation

Fluxes of CQ were calculated according to EuroFlux standards (Aulghat. 2000,

2012). Binary files were initially processed using the software tool EdiRe developed by

Edinburgh Universitytittp://www.geos.ed.ac.uk/homes/jbm/micromet/EdiF&]iRe is open

source software which includes all of the standard corrections needed for obtaining high-

quality flux data.
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3.2.1 Data quality control

High-frequency data often contain noise and impulse noise, i.e. spikes, dropouts,
constant values and discontinuities. Spikes in time series can be caused by random electronic
spikes or by instrumental problems such as insufficient electric power supply, as well as sonic
transducer blockage during precipitation, bird droppings and fly-through insects. In contrast
to noise, which is indistinguishable in a time series view of a signal, spikes are localized in
time and usually can be detected because of their amplitude and duration. This characteristic
allows us to identify spikes and to remove them from the time series. It is considered that
electronic spikes have maximum width of three consecutive points in the time series with the
amplitude of several standard deviations away from the the mean [Vickers and Mahrt 1997].
Despiking routine in EdiRe is based on procedure suggested by Hgjstrup [1993]. Spikes were
detected using the absolute values of the differences in subsequent points in time series. The
first step of the procedure was the calculation of standard deviations of these absolute values.
Values which were greater than 3.5 standard deviations were then chosen to identify spikes
After that, the largest value from the absolute value data set was selected, and if that value
was largetthan the specified number of standard deviations a search routine which identifies
spike was initiated. Detected spikes were flagged and replaced by linear interpolation of

neighbouring values.

3.2.2 Time lag compensation

The physical distance between scalar concentration and wind speed sensora causes
time lag between those time series. Due to the inability of sampling at the same time some of
the flux will be lost. If one wants to obtain high-quality flux data, it is necessary to determine
time lag and perform the correction. This step in eddy covariance data processing is important
because the incorrect determination of time lag will lead to flux underestimation. In closed-
path eddy covariance systems gas concentrations are measured always with a certain delay
because of the presence of the intake tube which can be several meters long. This delay
depends on the inner volume of filters, tubes and valves, on the mass flow through the system,
and on considered gas. The residence time of some compounds, such as water vapour is, in
the tube is a function of temperature and relative humidity. If gas interacts with tube walls,
larger time lag will be observed [Aubinet al. 2012]. The situation is different in our case

because we used an open-path IRGA for, @@d HO concentration measurement. In the
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open-path eddy covariance systems, gas analyzer and anemometer are useadllyepiaal

decimetres or less apart so the time lag, in comparison with the closed-path systems,
significantly smaller due to the smaller physical distance between sensors. In this work the
covariance maximization method has been performed for time lag removal. According to
7D\ORUTV K\SRWKHVLV RI ITURJHQ W XX &ax O itardthtedDint8 K\V L F L
temporal separation)(if the transition velocityW) is known:

TL7®P (3.1)

Minimum and maximum thresholds of time lag were calculated as a ratio between separation

of sensors and average wind speed which was fixed to 0’JBudyPro manual:

V. P=PQaxade@daQqaozyad ; o
apal oSS BEEQERETEE Y Frax O (3.2)
s ®Paxeadaerdigadchan a ..
lapel 150 T q 1ao T rax o (3.3)

The lag time between gas concentration and vertical wind component was estimated by
performing a cross correlation analysis between those variableg{la¢€1994]. Maximum
(or minimum) of the cross correlation between those two signals will correspond to lag time.

The time lag removal procedure has been performed before coordinate system rotation.

3.2.3 Coordinate rotation

It is impossible to level sonic anemometer perfectly, such that-dsis is always
perpendicular to the mean flow, i.e. mean wind streamlines. As a consequence of the
misalignment of the sonic anemometer, w component of the wind will be contaminated by
other two wind components. Such-cross contamination of velocities is the source of large
errors in flux measurements [Wilczakal.2001]. There are several ways to correct situations
of that kind, commonly called tilt corrections. Three types of tilt corrections, which are
usually used, are: double rotation, triple rotation and planar fit rotation. Currently, the planar
fit method is the most often used because it is less susceptible to-num-variations

resulting from low-frequency variations in velocity means [Finnigiaml. 2003].
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a) Double and triple rotation

In the first rotation measured wind components (subsomnpare rotated around axis into
mean wind using a rotation angle This rotation forces average crosswind wind component
(" RB) to vanish while vertical components is unaffected. The new velocity components are

given by [Kaimal and Finnigan 1994]

QLQ..2ERe<ea (3.4)
RLFQOEJaE?ROa (3.5)
SsL § (3.6)
where ais rotation angle:
N 2 ey
aLPZ3 @% A (3.7)

The second rotation is performed around neaxis to nullify mean vertical wind velocity

(7 5). Now, rotation equations are [Kaimal and Finnigan 1994]:

QL Q?KOS EOFEJS (3.8)
RLR (3.9)
Ss L FQOEJ&6 E? RO G (3.10)

where 6 denotes rotation angle:
6 LPZIEA (3.11)

After these rotations, the coordinate system of sonic anemometer is aligned with the wind
streamlines. Rotated wind vectot: ( Q& £ §; has zero mearRand S wind components,

while the value of the mean wind speed is contained iQismponent.

Triple rotation involves first two rotations described above and a third rotation around
the newx axis which is performed to eliminate the cross-stream stress compongsi ).

The new components are [Kaimal and Finnigan 1994]:

QLQ (3.12)
RL R?KOJ3 ECBEJS (3.13)
S;L FROEJ& E?X 03 (3.14)

where
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5 LPII="=p (3.15)

é 786

Triple rotation is not recommended anymore because it does not significantly influence

fluxes, and often results in unphysical orientation of the vector basis [Aabiae2012].

b) Planar fit method

In this work planar fit method has been performed for coordinate rotation. Regression
coefficients have been calculated separately and placed into appropriate fields in EdiRe.
During computation of the regression coefficients low wind speed conditions (generally
below 1 m &) have been rejected [Aubinetal. 2012].

The planar fit method proposed by Wilczak al. [2001] assumes that the vertical
wind component is equal to zero only over longer averaging periods (days or weeks). Here,
the tilting is assessed by fitting a plane to the actual measurements of the average vertical
wind componentS; as a function of horizontal componentg, and R . If the anemometer

is tilted we can write:

QL2:&F ?&; (3.16)

where @ is the vector of the planar-fit rotated wind velocitie®, is the vector of the
measured wind velocities?& a mean offset error in the measured wind & a partial

rotation matrix that places tteaxis perpendicular to the plane of the mean streamlines. The

equations of rotations are:

QLlLLsQFZELeR F3EL7S F7 (3.17)
RLLsQF2ELeR F3EL7 S F7 (3.18)
Sal s Q F 3 ELeR F3ELS F7 (3.19)

The planar fit coordinate system is defined to be aligned so3kdt r. The tilt angels can

be calculated according to equations (3.17)-(3.19) with multiple linear regressions:

S, L2 F%Q F%R L % E xQ E 3R (3.20)

where L;s L OEJ YA LF? KO U @rirlly, L ? K O U ? K@ Woordinate system rotation

can be performed after calculation of anglesand . When the matrixP is known,
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multiplying the horizontal velocities and stress tensoiPbylaces them in the plane of the
mean streamlines. After that, each single measurement must be rotated into the mean wind
direction through multiplication by the matr:

?KOU OEJU

/'L mFOEJU ?2KQU r (3.21)
r r S

where

~

OL=N?R | (3.22)
U

3.2.4 Flux determination

As it was mentioned in chapter 1.3, vertical turbulent fluxe€0$, sensible and
latent heat have been deduced from the covariance between fluctuations of vertical wind
speedZ %nd gas concentration fluctuation§ Flux values were stored as half-hourly means.
Positive flux values denote energy and mass flow away from the surface while negative flux
values represent reverse. Carbon dioxide fl6g,[ P R @2 s?], was determined from

fluctuations of vertical wind componenEZ(fland CQ concentration fluctuationsH){|

(6L S"?" (3.23)

Sensible heat fluxH [W m?] was determined from fluctuations of vertical wind
component Z) and sonic temperature fluctuationsf)( Flux value was obtained by

multiplying calculated covariance by sensible heat flux coefficiéfg( a

* L B%® Ska (3.24)

Latent heatRi), or water vapour, flux [W rf] has been calculated as a product of the
latent heat of evaporation (L) and the covariance between fluctuations of vertical wind

component ¢ fland HO concentration fluctuationsT{{

rkLa®S"M" (3.25)

Also, the momentum flux was determined from fluctuations of vertica fJand horizontal

( X)fvind components:

iLE®S"Q" (3.26)
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where @_marks density od dry air.

3.2.5 Spectral corrections

Another important step iEC data processing is frequency response corrections. EC
measurement systems remove both low- and high-frequency components of the signal. Low-
frequency losses result from instrument and setup limitations that do not allow sampling the
full turbulence fluctuations so averaging period can be too short to include all relevant low
frequencies. On the other hand, high-frequency losses are connected with sensor separation,
inadequate instrument frequency response, line averaging and, in closed path systems, tube
attenuation [Aubinegt al. 2012]. In open path-systems frequency loss is usually small, on the
order of 5-10% of flux [Burba 2013]. These flux losses are compensated by frequency
response corrections which are applied to a cospectrum via transfer functions that describe
losses at each frequency [Aubiegtal. 2012].

Measuring instruments are limited and cannot respond fast enough to small fluctuations
contributing to the flux. This loss is compensated with a time response correction. The time
response transfer functionG{ =+ wind measurementsGs =+ scalar concentration

measurements) is defined by:

> (3.27)

)éé -
8§5>:6a 34p

where iz 4 are time constants specific to the sensors (e.g. Moore 1986) @nadatural
frequency:

JL B4 (3.28)

Wind speed and scalar concentration sensors cannot measure the same volume of air exactly
at the same time. This loss is compensated by sensor separation correction which was applied

to cospectrum via sensor separation transfer funclignfMoore 1986]:

6o o N =aa@mn; el (3.29)

where Qis average wind speed, ahid physical distance between two sensors.
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Path averaging correction compensates the loss of the flux due to the fact that the flux
transport by small eddies is missed when averaged over a path, not a point. The transfer

function for the wind vector component path averagifyg)(is given by [Moore 1986]:

. Ul g«
LUl g« ———
Gie L O S LtEA = F S?éu,ox M (3.30)
a— =

where @ ds sonic anemometer path length and transfer function for the scalar path averaging
(Tps) by [Moore 1986]:

-Ipaa

5 ?Gé%la 5?é'ua0x
Bl O—Tm LU EA O F VM (3.31)
agx ag x

whered represents the infrared gas analyser path length (index s) or path length of the sonic
anemometer (index w) in the case of temperature measurements, @hRike average air

speed inside the sensor path length.

To compensate the loss of flux in the low frequency part of cospectrum recursive high-pass

filter (Thp) has been used:

(3.32)

where i is high pass filter constant anikcut-off frequency (1/2 of the sampling frequency)
(Burba 2013).

The total transfer function is the convolution of above described individual transfer functions.
For CQ and RO flux total transfer function was defined by:

Gomd- )e ® AR ®HBLHL K (3-33)
Total transfer function applied to fluxes of momentum was:
Ge L Ga®R ®9 (3.34)
and total transfer function for sensible heat flux:
6L Ga®sk ®6® 4 (3.35)
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Required parameter values were entered in appropriate fields in EdiRe and transfer functions
were calculated according to the formulas described above. Ideal model cospectra was
calculated [Kaimaet al. 1972] and divided by attenuated cospectra which was calculated as a
product of ideal cospectra and total transfer function for every flux separately. That ratio
represents the frequency response correction factor which was multiplied with calculated
fluxes to obtain frequency response corrected fluxes.

3.2.6 WPL correction

The final correction applied to the calculat€é®, and latent heat fluxes was WPL
correction by Webb, Pearman and Leuning [Wedibal. 1980]. This correction was
performed to compensate for fluctuations in the densit€@©@f and water vapour resulting
from fluctuations of temperature (thermal expansion) and water vapour (dilution) which are
not representatives of measured flux. Corrections of latent heat anfdu@@or open-path
systems [Weblet al. 1980] are:

'L :s EA& FyocE @A-%pG (3.36)

1Y A
\\)I. A
ol

(oL GoeE BA@—A" E—L |-

p (3.37)

whereE labels latent heat flux;l sensible heat flux(ycarbon dioxide flux;éymean CQ
density, & mean dry air densitygé; mean water vapor densitgratio of molar masses of air

to water (&=1.6077) andéwater to dry air density ratio. The first term on the right-hand side
of (3.37)represents raw flux and other two terms are WPL terms. The first of them is water
dilution term and second thermal expansion term. Impact of WPL correction varies from 0%
to 50% of raw CQflux [Burba 2013].

3.2.7 Self-heating correction (Burba correction)

When CQ and BO molar densities are measured with an LI-7500 open-path IRGA in
cold environments (air temperatures below -10°C) the air in the analyser sensing volume may
be warmer than ambient air because of heat release by the instruments electronics and

instrument surface heating. To correct Cix, WPL correction uses sensible heat flux
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which is measured outside the sensing volume of LI-7500 so WPL correction cannot fully
remove the effects of temperature fluctuation orn, @@nsity. Thus, correction called self-
heating or Burba correction should be applied alongside WPL correction to obtain fully
corrected CQ flux [Burba et al. 2008]. Self-heating correction has the largest impact in
relatively cold climates so there was no need to apply this correction because there were only

several occasions when air temperature was below -10°C in our measurements.

3.2.8 Stationarity test

Implementing theEC technique requires stationarity of the measuring process. This
means that all statistical parameters are constant in time [Panofsky and Dutton 1984]. In-
stationarity test was performed to check stationarity of the measurements in this work
Measured 30 min time series were divided into 6 interval®) (Whose duration was 5 min.
Every interval consists of 6000 meastirvalues (m=6000) because the frequency of
measurement was 20 Hz, while the whole 30 min period has 36000 staslues
(M=36000). For every 5 min interval covariances of specified sigrifs%!S BV &g

were calculated using equations:
< 5 X
TR Ao Tur®VBF KB g (3.38)
After that, mean covariance of 6 segments was calculated for purposes of the test:

< Aedi &
g Aed & (3.39)

For comparison of the calculated segment and full period covariances the stationarity statistics

were calculated:

. B > x?x@ﬁféﬁg ~
5 Lsrr @ndRa =29
ém%axx

(3.41)

The measurement was considered as stationary if the difference between covariances was less
than 30%. These data were considered as data with the highest quality so quality flag O was
linked with them. Measurements withdifference smaller than 100% were accepted and
linked with quality flag 1. Fluxes with quality flag 1 are suitable for general analysis such a
annual budgets [Muader and Foken 2004]. Data for which difference betvsegment and
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full period covariances was more than 100% were linked with quality flag 2 and discarded
from further calculations. This quality flag system was taken from Mauder and Foken [2004].

3.2.9CO:2 flux storage computation

CQ: flux storage term was calculated from £profile measurements. In the year
2015 profiler system sustained malfunction so profiler measurements were availgble un
2015. Measurements were quality checked, so all low-quality measurements related to ants or
other insects or animal activity were discarded. In situations of that kind and in the period
when the profiler system was not working £ Gtorage term was calculated using the,CO
concentration measured at 23 and later at 27 m above the surface [Wildird2012]:

B Jig . 10
Sl 1,° 6@V (3.42)

CO, storage term @asalso stored as half hourly value.

3.3 Secondary flux data treatment

This step in data processing involved removal of low quality data. Flux data which did
not pass stationarity test from section 3.2.7 were removed. After filtering procedures which
are described in next sections, missing and bad quality data were gap-filled with more

plausible estimates atMEE of carbon dioxide was partitioned inBPP andReco.

3.3.1 Absolute limits

Calculated flux data were initially checked for absolute limits. All data which were out
of defined range were removed from further processing. Limits for flaggiyg latent and

sensible heat flux and C@torage as unacceptable were:
Fe <-50 pmol nm?s* or F¢ > 30 pmol n¥s*
LE <- 150 W m?or LE > 800 W n¥
H <-150 W n? orH > 500 W n?

S <-50 pmol n?s? or S > 30 umol n¥s?t
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Measured C@and HO concentrations were also checked and removed if their values were
outside of range:

CO2< 300 ppm 0CO, > 600 ppm

H>O < 0.001 mmol mot or HO > 40 mmol mot

3.3.2 Secondary CQflux despiking

High-frequency spikes, i.e. spikes affecting the single instantaneous measurement
were removedy EdiRe software. Despite that, spikes were still occurring in the final half-
hourly fluxes. Under the assumption that the extreme spikes are not representatives of local
CO. flux they were detected and removed by filtering procedure proposed by Bajhle
[2006]. CQ storage term was added to £fux Fc to obtain NEE of carbon dioxide. Half-
hourly NEE values were then divided into night-time (solar radiation Rg < 20 %y and
day-time NEE and processed separately. The spike detection was based on the double-

differenced time series, using the median of absolute deviation about the nhdalan (
I#& L IA@E=@F / « ; (3.43)

where Mg denotes the median of the differences and vdlugas calculated for each half-
hourlyNEE as:

@L :0""gF 0" gosF 0"y 0'' i3 (3.44)

Half-hourly NEEwas flagged as spike and discarded from further processing if:

@O /I« F &= A (3.45)
or.
@P I E &K (3.46)

wherez is a threshold value. For nigh-time fluxes vaimsas set to 4, but to allow greater

diurnal variability of CQ flux z value was increased to 5.5.
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3.4 Night CQ; flux error and > gfiltering

During the stable conditions when stratification is usually stable and the winds are
low, turbulence might not be fully developed. In such situations the hypothesis undesying
technique theory cannot be met. Due to the strongly stable static conditions the footprint can
increase significantly and instruments can measure flux which is not representative of the
underlying surface. High wind velocity and gas concentration changes can appear and flow
become non-stationary. In the absence of homogeneity and stationarity, storage and advection
terms gain importance and can no longer be neglected. Surface air ehyatespired CQ
can be flushed away by advection and pass unnoticed by the gas analyser. This earsr app
much more often during the night when the ecosystem acts as a source of carbon than during
the day and can result with a carbon sequestration overestimation at anraudecalise it
occurs during the night, the error is named night flux error. It acts as a selective systematic
error [Moncrieffet al. 1996] and fluxes affected with night flux error must be detected and
corrected. To detect situations of such kind and to remove bad quality fluxes, Geusden
[1996a] proposed to use criterion based on the friction velocityyy It says that data
measured wher@is bellow calculated@jthreshold (@ ¢ 4 ghould be discarded from further
processing. To check what is happening with fluxes at Jastrebarsko site, night-time flux data
was divided into 20Q;classes (from 0 to 1 msincrement 0.05 m™. For eachQclass,
average and median &fEE were calculated. The procedure has been performed for every
year separately (Fig. 3.3) and for all years together (Fig. 3.4). Neither the average, nor the
median of night-time\NEE showed significant trend witlQy Hence, it was not possible to
determinea fixed value of Qs 5 fience, theQ, ¢ s¥alues were calculated by the gap-filling
online tool [Jena online tool]. Online tool deriv€gthreshold using 95% threshold criterion
described by Reichsteiat al. [2005]. Data set was divided according to quantiles into 6
temperature classes of the same sample size and further subdivided i@@l28ses. The
threshold for each temperature class is defined as@heass where the night-time flux
reaches more than 95% of the average flux at the highetasses. The finakQ, o swas
estimated as the median of all of the six temperature classes. Calculated values ranged from
lowest of 0.04 m$in the year 2010 to highest of 0.10 rhia 2015 (Table 3.3). Except in
2017, Q » a¥Alues were smaller than minimal theoretical defigthreshold value of 0.1 m
st for tall forests [Aubineet al. 2012]. It was possible to manually discard all night time half-
hourly NEE for which Qywas lower than 0.1 ni’s However, this procedure would discard

almost 10% of yearlWNEE data and validity of this step has not been proved because there
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was no significant trend of declining night-timEE with declining Q,after @ ¢ g¥alue of

0.1 m ¢' (Fig. 3.3 and 3.4).

Table 3.3Values of Q 4 o galculated by Jena online tool

year > %18 57

2008 0.08
2009 0.08
2010 0.04
2011 0.08
2012 0.08
2013 0.06
2014 0.06
2015 0.10
2016 0.06
2017 0.09

Figure 3.3: @block averaged nocturnBlEEvs Qjfor years 2008017

Figure 3.4: @block averaged nocturnBlEEvs Qacross whole 10 years of measurement
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7filtering procedure dismissed, on average 6% of total half-hdiEly values per year. For

comparisonNEE was also calculated without performirggfiltering.

3.5 Data @p-filling

Measurement system failures alongside with numerous filtering procedures lead to
significant amount of gaps in time series. Majority of gaps are occurring during the night. It is
necessary to replace these gaps with plausible values to estimate long-term ecosystem carbon
budgets. The average data coverage within a year is between 65% and 75%efFdlge
2001]. At Jastrebarsko site average data coverage per year was even smaller than that value
especially after performindyfiltering as a step in EC data processing. Table 3.4 shows the
final percentage of missing half-hourly @@uxes in time series per year with and without

performing —gfiltering.

Table 3.4:Percentage of NEE data coverage per year before gap-filling with aralitmfiltering

Data coverage before;  Data coverage afters g

filtering [%] filtering [%]
2008 46.6 394
2009 46.8 42.1
2010 47.0 45.4
2011 56.5 47.7
2012 49.8 42.7
2013 53.0 48.4
2014 51.4 47.3
2015 52.9 43.2
2016 45.1 41.6
2017 45.0 38.0

Several methods were developed for estimating the flux values for the missing data,
e.g. methods based on the look-up tables, interpolation, non-linear regression, probabilistic
filling and neural networks. It was shown that biases associated with different gap-filling
procedures are generally small and the performance of the gap-filling method depends on the
site, gap length and time of the day [Mof&tal. 2007]. In this work missing flux values
were replaced with estimates using standardized Marginal Distribution Sampling (MDS)
technique employed by FLUXNET, which is available as an online tool mentioned in the

previous chapter [Jena online tool]. MDS showed consistently good gap-filling performance
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and low annual sum bias in comparison with other techniques [Mgifi@t 2007]. Another
advantage of MDS technique is its ability to deal with the missing meteorological data. This is
important because available meteorological data helps in improving of the accuracy of gap-
filled values [Moffatet al 2007]. MDS method developed by Reichsteiral. [2005] is an
enhancement of the basic look-up table. It considers temporal auto-correlation of fluxes and
replaces missing value with the average value under the same meteorological conditions
which are present when air temperature, global radiation and vapor pressure deficit do not
deviate more than 2.5 °C, 50 W?mand 5.0 hPa respectively. The algorithm considers three
different cases. In the first one, only data of interest is missing while all meteorological
variables are known. Missing values are then replaced with average values under similar
meteorological conditions within the 7-day window. If there are no such conditions, averaging
time-window is increasedo 14 days. In the second case, only global radiation is available,
while air temperature, vapour pressure deficit and data of interest are missing. To gap-fill
missing values, the algorithm performs the same procedure as in the first case, but similar
meteorological conditions can only be defined via global radiation deviation while averaging
window length is not increased. In the third case when global radiation data is also missing,
alongside air temperature, vapour pressure deficit and data of interest, algorithm replaces
missing value with the average value at the same time of the day (mean diurnal course). If
after all of these three steps, the value still could not be filled, the procedure was repeated
with increased time-window size until value can be filled. Gap-filled data have lower

accuracy for larger gaps of several consecutive days.

3.6 Flux partitioning

After gap-filling of missing valuedNEE was partitioned int&PP andReco. This was
also done by using online tool [Jena online tool]. In the first step, algorithm estimates the
short-term temperature sensitivity parametés) (using the exponential regression model
[Lloyd and Taylor 1994]:

Yy
e AR R YRR
4y,1,6 ; L 4y,eadpy¥ef 270 (3.47)

where Reco(T) marks ecosystem respiration at given air temperatBeep ef denotes
ecosystem respiration at reference temperaftieg@ (vhich was set to 15°C whil& is a

constant temperature of -46.02 °C as proposed by Lloyd and Taylor [1994]. Night-time data
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was divided into short subperiods of 14 days and the latter regression was performed for each
subperiod separately. Also, the relative standard error of the estimates of panveasr
calculated for each subperiod. Only three estimat&s wfith the smallest standard error, and
which were within an accepted range of 0-450K [Reichsteial. 2005] were accepted and
averaged to obtain the value &f for the whole dataset. In the second step, the algorithm
calculatesReco,ref USING the same non-linear regression model with a seven-day moving
window in steps of four days. All parameters are fixed ex&epb, et Missing values of
Reco,reffor the periods in whichReco,ref could not be estimated were linearly interpolated.
With known Reco,ref and Eo ecosystem respiratioReco can be estimated as the function of
temperaturdl using the exponential regression model. In this work for estimating respiration
rate, air temperature was used because air temperature varies more than soil temperature so
more variance ifReco can be explained with air temperature [Van Dijk and Dolman 2004].
GPPwas calculated as the difference betwBeto andNEE [Reichsteiret al. 2005]:

0" L)22F 4,dP )22 L 0" E 4,¢ (3.48)

In order to estimat&PP from EC measurement®PP:c), Reco was partitioned to
heterotrophic R,) and autotrophicRa) part. Heterotrophic part &®:co was estimated in 2008
and 2009 from soil respiration measuremertO{U M D& &.2Q1d]. Using data foR, from
0D UM D& &.Y2D11] andReco obtained fronNEE flux partitioning for 2008 and 200®Ra
and the ratioRW/Reco were calculated. The average ratio of 39.19% was then used for the
partitioning of Reco into Ry and Ra for the remaining yeardNPP:c was calculated by
subtractingRa from GPP.

022,L 49F 0" L réa{s{®#y,F 0" (3.49)

3.7 Estimation of NPP based on biometric measurementdNPPsw)

Estimation of forest standPP with biometric method requires assessment of different
components, namely the production of: stems and branches, leaves, flowers and fruits, coarse
and fine roots, ground vegetation and non-woody plants, herbivory losses, pollen, volatile
organic compounds (VOCs) and non-structural carbohydrates (NSC). Some of these
components of NPP like VOCs, NSC and herbivory are very difficult and/or costly to
measure while some, like pollen, hav&airly insignificant contribution to the tot&PP and

could be disregarded. Within this research, production of total woody bioNB&sd) was
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estimated by components: stem and branch#2P{.g), twigs (NPPr) and roots NIPFR).
FurthermoreNPP of leaves and fruitsNPPLF) was estimated from litterfall measurements.
The sum ofNPRr and NPRwg: is denoted ad\PPsm. Net primary production of a given
component is expressed in units of g&, while net primary productivity is expressed in

units of gC mPyr?,

3.7.1NPP of total woody biomass KPPws)

Stem production was estimated using stem diameter at breast tdigh¢rément
measurements during the vegetation season with dendrometer bands on selected trees, as well
asd and tree height measurements on all trees at the end of the vegetation season. This
provided sample data for construction of species-specific, age-dependent height curves. All
measured data have been manually quality checked for errors before further analysis. At the
beginning of vegetation season small notch next to the number marked on the band has been
made on every dendrometer. The band was stretching with tree growth iansteth
increment was measured using small calliper with an electronic display (red ling. @bl
In Fig. 3.5rp denotes tree radius at breast height before the beginning of growing geason,
marks radius at the moment of measuremeid,the angle between two radiimarks length
of arc andt tendon. It is not possible to directly recalculate measured tendon into the tree
diameter at breast height; therefo®2, PHWKRG EDVHG RQ LWHUDWLRQV KD\
2009).

Figure 3.5: Measurement of stem increment on dendrometer bancawtP DO O FDOOLSHU ;GDUMDQRYL
denotes tree radius at breast height, r is radius at the moment of measureésirat,angle between two radii

marks length of arc artdendon
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Equations for the arc and corresponding angle are:

. LN® U—ZL; ® U (3.50)
ULt:N?%‘iaE:JLBt:N?@CEJB (3.51)

Inserting (3.51) into (30) gives:
. L@ ®=NPOEJ > (3.52)

The equation for tree circumference is:
le L @é (3.53)
1:L @é L @ E . (3.54)
Diameter at the moment of measurement can be estimated as:
GL@E. e (3.55)
Now, inserting (3.53) into (3.93jives:

L:@EX @ =N2DHEJ > (3.56)
XY,
Finally, diameter at the moment of measurement can be estimated as:

@ L @Eé?5®=N?-X@EJ> (3.57)

Equation(3.57) can be solved by an approximation method. With krtcavrtldp, diameter at

breast height can be obtained by an iterative procedure:
@-sL @E &5® @ :N?%eas L rasatduad a »3.58)
In this work the diameter at breast heidhtwas calculated using only the first iteration:
G:L @.7°® g@=; ® =N?OEJESP? . @ (3.59)

The measurement error dfwas around 1% Q@ D U M D Q R)Y The increment ird, until a
given day of the year, of trees without dendrometer bands was calculated using their

measured annual increment and the average percentage of the realization of total increment
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estimated from trees with dendrometers. Furthermore, height curves were constructed,

separately for each species and year, using Michailoff function [Michailoff 1943]:

71
DL =®/A& sar (3.60)
Parametersa andb were calculated using linear regression on In-transformed varig@es
andh { h fh-1.30). Thus obtained parametersandb were then regressed again stand age
(Age using linear regression(L YWE U® #CA L YWE Y ® #Lwith the aim of
obtaining age-dependant and species specific height curves that have following form:

7: 6 _®20D;

DLUE U®#CBA %  E Ss@ér (3.61)

where U, U, U,and U are parameters listed in Table 3.5.

Table 3.5:Parameters for species specific, age-dependent tree height curves; *Basedbore86-4ld stands;
**For all other tree species the parametersGarpinus betulusvere used

Species** Parameters*
Alnus glutinosa 10.31 0.37 0.59 0.1385
Carpinus betulus 6.60 0.59 -2.31 0.2863
Fraxinus angustifolia 6.25 0.58 -3.89 0.3275
Quercus robur 3.86 0.63 -1.61 0.2496

Volume (8,64 RYHU EDUN RI WUHH VWHP DQG EUDQFKHV G
allometric equation of Schumacher and Hall [Schumacher and Hall 1933] using local, species

specific parameters:

8.04L 208 @D (3.62)
where >, > and >;are parameters listed in Table 3.6.

Taking into account (3.61) and (3.62) the total aboveground tree voldne ) was
calculated as:

. o]
6 .®20D ’

8,04L 708 ®MLE U® #CA A% E sdér q (3.63)
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Table 3.6:Parameters of Schumacher and Hall function (eq. 3.62) for the vebmthe (including bark) of tree
stem and branches; *For all other tree species the paramet@arfanus betulusvere used

Species* Parameter Source
bo by b,

Alnus glutinosa A% 2002354 1.001300 [Cestar and
.RYDpLU

Carpinus betulus A% 2022705 1.102119 >A4SLUDQH

Fraxinus A0S 1.974875 1.001444 [Cestar and

angustifolia .RYDpLU

Quercus robur A% 2048384 0.892124 >aSLUDQH

Volume of thin branches and twigs (< 3cm in diameter) was assumed to be 5% of total

aboveground tree volume [Balboa-Muretsal. 2006].
870aL 8702® W (3.64)

Volume of below ground coarse roots (>2 mm) was calculated assuming a constant, species-
invariant, rootto-shoot RS ratio of 0.257. The value @&Sratio was obtained as the average

of the RSratios for stands with pedunculate oak published in Cairrad. [1997]. Total tree
volume was converted to biomass using species specific basic wood deB%$i@s famely

450, 630, 570 and 580 kghfor Alnus glutinosaCarpinus betulusFraxinus angustofolia

and Quercusrobur, respectively BXPDUVND HQFLN éni $dh@ited Do carbon

using a carbon fractionC§) of 0.5 [IPCC 2003, 2006]. Carbon stodk) (at the time of
measurementt{) was calculated for each tree compone®. (,: R ; £stem and branches,

%:R ; ttwigs and%: B ; froots) as:

%>»é:"a ; L 18 Oad'-é) ; ® $9 &0 ® (365)
%auR: L rw ® %R ; (3.66)
%aR;, L t&y® K¥%dR:E %uR;o0 (3.67)
Total tree woody biomass was calculated as a sum of all three components:
WrcalB; L kXal%aiR E %aR ;0 (3.68)

hence, theNPP was calculated from changes #of each tree components on a given plot.

Total NPP of woody biomass was calculated as:
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022, L BREHSEHEP;
5 ~ 5

X - P - P- Ci a . D
L CUxugpaBaCQ@g? '%I oqg%»gédg, F %, .4@; OF AYI(%IéUYYDQU RI%»‘;;}\R =

O/B»gé:Y'Ig; oC (369)
Where 05z 3 denotes the number of circular plofsjs the plot areag and R are times of
the beginning and the end of the period of interest #ngl. 4y} is estimated carbon stock of

treej at the time R; of its deaths or removal{ O PO .

3.7.2NPP of tree foliage and fruits (NPP.r)

Collected litterfall from litterfall baskets was sorted into three fractions: leaves, twigs
(d<lcm) and fruits. Samples were dried and weighed with precision of 0.01 g. Value of
biomass (dry weight) was divided by the area of the sample and multiplied by the carbon

fraction of 0.5 to obtain the production from leavek33), fruits (13 3) and their sum
(133).

3.7.3 Modelling within-seasonal dynamics diPPsm

The stem increment of deciduous trees growing in the continental parts of Europe
starts in the spring before the new leaves develop. Part of that stem increment is due to tree
re-hydration and it should not be considered as growth in terms of increase in carbon stock.
Furthermore, although all of the carbon in leaf biomass is usually accounted as part of the
F XU UHQ WNRRJDparR@ that carbon actually comes from tree reserves of the previous
season(s) and not from carbon fixed in the current season [Cabah&013]. On the other
hand, stem increment almost ceases in summer, particularly after the mid of August [Granier
et al. 2008]. However, from the COflux measurements we can observe that the forest
continues to accumulate carbon; apparently more than the amount required for the growth of
stems and branches (see Results). The fixed carbon is likely stored in tree reservesdGranier
al. 2008]. These facts should be addressed when comparing within-seasonal dyn&iRies of
estimates from EC and biometric measurements.

6LQFH PHDVXUHPHQW DQG DVVHVVPHQW RI FKDQJHV LQ

was beyond the scope of this work, in order to account for the within sed@Ral we
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assumed a simplistic model where the amount of carbon mobilisedWddHHV Y UHVHUYH'
used in early spring for the formation of new tissues (primarily that of leaves), is
approximately equal ttNPRr. ConsequentlyNPPR.F of the current season should not be
accounted for in the spring, but only later in the season, when reserves are being replenished.
The actual mechanism of carbon reserve management in trees is significantly more complex
and is currently still being researched [Diettel. 2014, Martinez-Vilalta 2014, Richardson
et al.2013].

In simple model, we assumed that the production of every tree component under the
average growing conditions exhibits the pattern which can be described by the logistic curve
of the form:

133'2 ; ——>%8D0QXDO (3.70)

HN'2 -2 pp[L

whereNPR(DOY) is the cumulative net primary production of the i-th component (e.qg.
stem and branches, leaf, fruit) from the first until a given D&y-ear OQOY), NPP_annual IS
the annualNPP of the component, DOYma(i) is the DOY when the rate-of-change of
NPP(i, DOY)is at its maximum (i.e. the inflexion point of the annN&P curve), ank is a
parameter related to the maximum rate-of-chang€¥R® (may wherermaxis the quotient of
the maximum daily net primary productiodNPPnay) and the annual net primary production
(NPPannua):

G138
g1
Bo[ 57— 1330000 (3.71)

If rmaxis known (or estimated) the parameétean be calculated using:

GLV®=PHJDLt®A >:""‘A (3.72)
Inversely,
QP %do 0

Using the nl routine for nonlinear least-squares estimation in STATA 14 statistical
software [StataCorp LP, College Station, Texas, USA] we fittedN®PByg: with (3.70) for
each year separately and obtained estimates for the paraMeRVs: annuat DOYmax wetand
k (Table 3.7). Seasonal dynamicsNPP_F was estimated assuming that the shape parameter
k for NPRr is the same as foMPRye. ParameteNPR r annual €quals the measurédPP.r.
Looking into the characteristics of the logistic curve, we propose th&@heax 1 F Occurs
on DOY at which the time derivative diPRwgt has the second inflexion pointigF 3.6 A),
resulting with the general behaviour 8PPsy analogous to that shown ing-3.6 B. In that
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case DOYmax Lr must be the value in which the second derivative of the logistic function has
its minimum and the third derivative is zero.

An analytical solution foDOYmax_Lrin this case exists and it is:
R &6 740,

&ljoem.L &lioup-d—Fp—a (3.74)
Finally,
022P L 022 PREO02R,P (3.75)
Table 3.7 Parameters of thiPRwg: fit with equation (3.70)

Parameter Year Estimate Std. Err. t P>|t| Cl195ier Cl95per \
DO Yomax_wat 2008 151.6 0.5 317.43 0.000 150.7 152.6
2009 154.1 0.7 227.61 0.000 152.7 155.5
2010 158.3 1.1 138.99 0.000 155.9 160.7
2011 144.7 1.6 91.91 0.000 141.3 148.0
2012 143.2 1.3 108.31 0.000 140.3 146.1
2013 152.0 2.0 75.94 0.000 147.6 156.4
2014 156.3 1.2 126.73 0.000 153.5 159.0
2015 155.3 1.7 93.04 0.000 151.5 159.1
2016 154.4 2.7 57.64 0.000 146.9 161.8
2017 163.5 0.3 590.49 0.001 160.0 167.0
k 2008 0.0476 0.0011 42.77 0.000 0.0453 0.0499
2009 0.0426 0.0012 36.81 0.000 0.0402 0.0450
2010 0.0397 0.0015 26.67 0.000 0.0365 0.0428
2011 0.0431 0.0027 15.83 0.000 0.0373 0.0490
2012 0.0356 0.0015 23.36 0.000 0.0323 0.0389
2013 0.0287 0.0017 16.5 0.000 0.0249 0.0325
2014 0.0322 0.0010 31.4 0.000 0.0299 0.0345
2015 0.0404 0.0026 15.63 0.000 0.0346 0.0463
2016 0.0293 0.0019 15.24 0.000 0.0240 0.0346
2017 0.0307 0.0001 248.18 0.003 0.0291 0.0322
NPPwet annual 2008 504.9 2.3 216.26 0.000 500.1 509.8
2009 550.9 3.7 150.55 0.000 543.3 558.6
2010 5715 75 76.41 0.000 555.7 587.3
2011 513.1 9.7 52.89 0.000 492.3 533.9
2012 457.0 5.3 85.69 0.000 445.3 468.6
2013 540.4 9.1 59.64 0.000 520.5 560.4
2014 486.5 4.8 102.17 0.000 475.9 497.1
2015 409.9 6.3 65.16 0.000 395.7 424.1
2016 526.9 11.6 45.46 0.000 494.8 559.1
2017 302.0 0.3 900.4 0.001 297.7 306.2

45



3. Methodology

Figure 3.6: Proposed theoretical framework for calculatioiNefPsu. Logistic curve model dNPRyes: (Y) has
an upper asymptote BiPRystannuaiand the inflexion point and the maximumYofl DQYmax wet DO Ymax LFiS
assumed to occur at the second inflexion poikf L H WKH SRLQW ZKHUH WKLUG GHULYDYV
annual dynamics dfIPRys:andNPP s modelled using the same paramdtésee text), and their SUNP Py
(panel B)

3.8 Meteorological data treatment

Meteorological data measured at EC tower were checked for outliersyasmthysical
values. Absolute limits for global radiatioRd), air temperatureTg), soil temperatureTg),
relative humidity (H) and precipitationK) were respectively:

0 >Rg> 1200 W n¥
-50>T,> 50 °C
-20>Ts>50 °C

0>rH > 100 %
0> P > 200 mm (30mirt)

All data which were out of defined range were removed from further processing.
Shorter gaps in time series of the latter meteorological variables were linearly interpolated.
Longer gaps in time series of air temperature were gap-filled using the data measured at the
auxiliary meteorological station. A linear model has been assumed between air and soil

temperature data measured at EC tower and at the auxiliary meteorological station.
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3.9 Flux footprint

Flux footprint analysis was carried out to describe the position and spatial extent of the
source area that contrilagtto a carbon flux measurement. Source area represtatgion of
the surface that contains sources and sinks which contribute to a measurement poiet [Kljun
al. 2002] and depends on measurement height, wind speed and wind direction. According to
such flux, the footprint is definelly the relative contribution from each element of the
surface area source or sink to the measured vertical flux. Functions that describe the
relationship between the spatial distribution of sources or sinks and a signal are called

footprint functions. They are commonly defined by an integral equation of diffusion:
R:T&:;iL6:T& & IR @ T& (3.76)

where Rrepresents quantity which is measuredadbcation T&hile 3:T& represents the
strength of the surface source or sink [e.g. Aubatetl. 2012]. To determine flux footprint
function 3D Lagrangian stochastic particle dispersion model was used in this study. In a
Lagrangian formulation diffusion of scalar released from the surface is assumed to be
statistically equivalent to the dispersion of an ensemble of particles that impact the ground
within the surface area source and thereafter transport the scalar ljah 2002]

Generalised Langevin equation describes the diffusion of scalar:

@R TR M P EI&& e 773.
@ R @ (38)

where T& :dhd @ Prepresent trajectory coordinates and velocity as function of time, ahile
andb are functions of trajectory coordinates, velocity and time. Hexaare the increments

of a vector-valued Wiener process. Equation (3.77) determines the evolution of a particle in
space and time by combining functioas that determine correlated part depending on
turbulent velocity components an), that determine uncorrelated random contribution
[Thomson 1987].

Lagrangian footprint model was 2D scaled and parameterised [&ljah 2015]. 2D
SDUDPHWHULVDWLRQ GHVFULEHV IOX[ IRRWSULQW IXQFWLI
of the footprint. Before calculation of flux footprint function, the data was quality checked for

stationarity and horizontal homogeneity of the flux. Criteria for data rejection were following:

QO rimst
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Fsvﬂiwéj

wherez, measurement height, whileis Monin-Obukhov length. All half-hourly data outside
of defined range were dismissed before footprint calculation. Model is available as an online

tool [FFP online tool].
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4. RESULTS AND DISCUSSION

4.1 Meteorological conditions during the study period 2008-2017

During the study period, average air temperature was 11.23 °C, while average
precipitation was 1058 mm. Annual averages of air temperakskespil temperature at 5 cm
depth Ts), global radiationRg), vapour pressure defict/PD), soil water contentSWQ and

annual sums of precipitatio) are summarized in Table 4.1.

Table 4.1: Annual averages dfa, Ts Rg VPD, SWCand total annual sums Bf

_ SEH00)
2008 11.34 11.12 153 4.1 45 899
2009 11.25 11.23 155 4.7 42 940
2010 10.22 10.26 143 4.2 52 1255
2011 11.05 10.63 160 5.7 40 576
2012 11.49 11.06 162 6.3 42 987
2013 10.92 10.52 148 5.2 49 1238
2014 12.11 11.82 140 4.4 59 1755
2015 11.47 11.10 152 5.3 50 1260
2016 11.05 11.01 147 4.5 51 744
2017 11.39 10.76 164 6.0 49 927
2008-2017  11.23 10.95 152 5.0 47.9 1058

Lowest &$of 10.22 °C was recorded in the year 2010, which was the only year with
lower &$than the 30-years (1981-2010) averdgeof 10.62 °C for Jastrebarsko (data from
National Meteorological and Hydrological service) (Fig. 4.1). The year 2014 had the highest
&$and &pof 12.11 °C and 11.82 respectively. In the same year, highest ahnfial7’55 mm
has been recorded which is for 793 mm greater than the 30 yeageResh 962 mm (data
from National Meteorological and Hydrological service). With anriaf 576 mm, year
2010 was the driest year over the study period. The highest rate of radiated easrgy w

recorded in the year 2017, while the lowest was recorded in 2014.

Maximum half-hourly averagé&a of 38.92 °C was recorded in August 2013. August
and July were hottest months with the average dailpver 25°C. Coldest months were
December, January and February with minimal half-hotidyof -20.68 °C recorded in

February 2012. Daily averagesTefandTs are shown in ig. 4.2.
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Figure 4.1: Average annual air temperature and total annual precipitation from 2008B18¢K lines mark
average air temperature and average precipitation for period 1981-2016@r¢Duabdeteorological and

Hydrological Service)

Figure 4.2: The average daily values of air and soil temperature [°C] over the studd p

Most of the precipitation falls in summer and early autumn. In the wettest year of
2014, total rainfall during the summer months was 727 mm wimale 44% of the total
annual precipitation in that year. Lowest total rainfall during the summer months of 143 mm
was recorded in the year 2088\ Cin the top 30 cm of soil is closely relatedRoDue to the
geography and soil textue# the site, theSWCduring wintertime was always high (at, or
close to, the saturation point) with the beginning of gradual soil drying as the vegetation
season progresses. The exception was year 2014 when, because of heavy rainfall during the
summer, soil has not drie$it did during the summer months in other years and over almost
the whole 20145WCwas between field capacitfF{ 53% by volume) and saturation point
(SWGp, 61% by the volume), {§. 4.3). During warmer and deysummers of the other years
in the study period, the soil dried out, especially in 2011, 2012 and 20173W€m the top
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30 cm has dropped almost to the wilting pofa¥MGve, 20% of volume). A similar situation
had occurred in 2017, but in that year drought had started during the spring months, extending

throughout the summer, and ending in late August with a sudden transition into relatively cold

and wet September.

Figure 4.3: The daily sum of precipitation [mm/day] and the average daily soil wategrdd@b] over the study

period

The daily averages oRg [W m?] and VPD [hPa] are shown ini§. 4.4 and 4.5. Both

meteorological variables had highest values during summer mdfRBswas especially high

during the hot and dry summer of 2012.

Figure 4.4: The average daily global radiation [W?hover the study period

Figure 4.5: The average daily vapor pressure deficit [hPa] over the study period
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The highest averag@ during vegetation season of 17.68 °C and 17.87 °C were
recorded in the years 2011 and 2012 respectively, while the lowest aVeaEdE5.49 °C and
16.46 °C occurred in 2010 and 2013, respectively (Fig. 4.1). Highest total rainfall of 1154 mm
was achieved in vegetation season of 2014 what is even more than total annual rainfall in the
years 2008, 2009, 2011, 2012, 2016 and 2017. With total rainfall of 322 mm the vegetation
season of 2011 was driest vegetation season during the study period. The lowestTayerage
RgandVPD during the summer of 2014 are the result of many rainy days. Total rainfall in the
summer of 2014 reached 777 mm and resulted with the saturation of soil with SYAErg(
60%). Spring of 2014, with 368 mm of rainfall was also the rainiest. Because of mild winter
with highest averag&a of 5.94 °C and warm autumn with the highest average aufioh
9.56 °C the year 2014 was the warmest year among yetrs study period. With only 144
mm of total rainfall, the year 2011 had the driest summer. As a result of dr@Wa,
dropped to 29 % during summer months of 2011. The same situation occurred in the
following year. In those two years the highest average sundfBrvalues of 10.3 and 11.8
hPa and highest average summer air temperatures of 20.60 and 20.96 °C, respectively, were
measured. Also, the years 2011 and 2012 had driest winters among the investigated years with
only 32 and 78 mm of precipitation during winter months. The third instance of severe
drought occurred in spring of 2017 when total rainfall was only 41 mm. It seems that 416 mm
of total rainfall during the summer of 2017 were enough to incif8##eto the maximum of
33 %. According to this, four years can be singled out as extreme years: warm and wet 2014,
and warm and dry 2011, 2012 and 2017. Anomalies of air temperature and precipitation
during the vegetation season are showni@ E.6. Average seasonal valuesTaf Ts, Rg
VPD, SWCand total sums d? are summarized in Table 4.2.

Figure 4.6: Air temperature [°C] and precipitation anomalies [mm] during vegetatiGosea
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Table 4.2: Average values of,, Ts, Rg, VPD, SWCand total sums d® by season

Winter
Year Ta[°C] Ts[°C] Rg[W m? VPD[hPa] P[mm] SWC[%]
2008 4.02 4.2 82 2.6 131 54
2009 1.77 3.53 74 1.9 149 53
2010 0.96 2.88 67 1.7 225 55
2011 2.11 2.81 71 2.4 32 53
2012 1.45 3.02 95 3.2 78 42
2013 1.78 2.14 65 1.5 313 55
2014 5.94 591 72 3.0 232 57
2015 3.31 3.39 77 2.4 161 56
2016 4.23 4.30 66 2.3 96 56
2017 2.08 3.41 61 2.2 304 54
- ... sping . |
2008 13.93 12.11 214 4.8 231 53
2009 15.11 12.77 226 6.9 202 47
2010 14.36 12.27 202 6.2 349 56
2011 14.96 12.82 245 7.5 178 48
2012 14.96 12.78 234 7.9 252 46
2013 13.77 12.37 217 6.7 144 55
2014 14.55 13.24 215 6.5 368 58
2015 14.88 12.99 234 7.6 226 55
2016 14.05 12.38 203 6.1 214 58
2017 15.17 12.81 246 7.9 41 51
2008 19.53 17.96 245 7.1 267 33
2009 19.92 17.98 242 7.4 301 34
2010 19.01 17.43 235 7.0 359 42
2011 20.6 18.35 249 10.3 144 29
2012 20.96 18.44 253 11.8 288 29
2013 19.6 17.66 242 9.6 292 35
2014 18.71 17.79 203 55 777 60
2015 20.56 18.65 238 9.0 318 36
2016 20.28 18.81 242 7.6 319 41
2017 20.21 18.09 242 10.1 416 33
2008 8.27 10.10 74 2.0 268 39
2009 7.34 10.17 77 2.4 240 34
2010 6.52 8.40 66 1.9 316 55
2011 6.45 8.25 74 2.8 220 32
2012 8.15 9.79 69 2.3 346 50
2013 7.65 9.31 68 2.5 261 52
2014 9.56 10.40 68 2.3 360 59
2015 7.04 9.08 59 2.2 285 55
2016 6.4 8.72 75 2.2 109 51
2017 7.33 8.89 80 2.6 285 57
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4.2 Length of growing season

Broadleaved deciduous forests release carbon darstgte of dormancy and gain
carbon during growing season. It is important to know when growing season has started and
ended and how many days it lasted becaNiS& of carbon in this type of forest strongly
depends on the length of the growing season [Baldatcdi 2001]. In this work, the length
of growing season@SL) was defined aa number of days between the first and the last day
with a negative integrated 3-ddEE [Wilkinson et al. 2012]. GSLvaried from year to year
(Table 4.3). The longe€&SL of 218 days during the research period was recorded in the year
2008 (Fig. 4.7) while the shortest of 180 days in 2013. Growing season in the year 2008
started 8GS on 17" of March and endedEGS on 2F! of October. The averaggSLover the
study period was 196 8 days (95% confidence intervaCl]). On average, th&€GSwas
aroundDOY 93 (29 April) while EGSwas aroundOY 288(14" of October).

Figure 4.7: GSLin the year 2008 (vertical dashed black lines n8@&8andEGS; a) NEE b) GPP
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(GSL) at Jastrebarsko forest

Year SGS[DQOY] EGS[DOY] GSL [days]
2008 77 295 218
2009 98 293 195
2010 86 287 201
2011 88 295 207
2012 90 296 206
2013 111 291 180
2014 90 272 182
2015 86 278 192
2016 101 282 181
2017 100 292 192
Mean 93 288 196
Std 0.8 8.2 12.7
SE 3.1 2.6 4.0
95% CI 6.1 5.1 7.9

Table 4.3:DOY for the start of growing seaso8GS, end of growing seasoEGS and growing season length

4.3 Flux footprint analysis

Flux footprint analysis showed that the distance from the tower, which encircles the
area encompassing 90% of the footprint, was approximately 400 m before the elevation of the

tower and 600 m after the tower was elevated (Fig. 4.8).

Figure 4.8: Flux footprint; a) before the elevation of EC tower (23 m); b) after the edevatiEC tower (27 m);

little cyan circles mark the location of 24 circular plots
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Wind rose for Jastrebarsko forest confirms that footprint area is spreading in direction

of the dominant wind (Fig. 4.9).

Figure 4.9: Wind rose for Jastrebarsko forest, 2008-2017

Jastrebarsko is a town with medium industrial activity. Industrial zones are located
approximately 5 km from EC tower. Furthermore, Zagreb-Rijeka highway is approximately
2.4 km N from from the EC tower. Footprint analysis has excluded these anthropogenic
emissions of C@as a significant contributor to a measured carbon flux. Algp, 48 shows

that all of the 24 circular plots with the installed dendrometer bands on the trees lie in the
fetch of EC tower wat justifies the comparison of EC measurements with the biometric

measurements.

4.4 Net ecosystem exchange of GO

Here the results of EC measurements of cafiBi are described. First, in section
4.4.1, the diurnal cycle MEEis presented. The annual cycleNEE in Jastrebarsko forest
described in section 4.4.2. In the final section of chapter 4.4, the annual SINEE @ire

summarized.
4.4.1 Diurnal cycle ofNEE

Fig. 4.10 shows daily cycle dEE for a random day during growing part of the
season when vegetation was fully developed and one random day during the dormant part of

the season.
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Figure 4.10: Diurnal cycle of NEE [gCr] (295% CI) for a random day in a) growing seaschafliuly 2008);
b) dormant season'{4f January 2008); negative valuesSNEE indicate that the ecosystem is acting as a sink of

carbon

Exchange of C®showeda clear daily pattern. During the growing season @
uptake, i.e. negative values NEE, took place with the onset of photosynthesis soon after a
sunrise. Photosynthesis is the processvhich light energy is captured and used by green
plants to synthesize reduced carbon compounds from &@ HO [e.g. Kozlowski and
Pallardy 1997]. The peak of GQiptake occurred usually around noon and that correlates
well with the peak in global radiatidRg On the other hand, positive valueSNEE represent
that the ecosystem respiration outgr&®P, which typically occurs around 1 h prior to
nightfall. During the dormant seasdlEE was small and had values around zero. The lowest
NEEwas observed in January. Because there are no evergreen species of trees in the footprint
of the EC tower, negativiEE during dormant season is probablyesult of CQ uptake by
gras®s and mosses. The highest half-hourly O@take of -1.00gC m? (30 min)* was
measured on 18 July 2013, while the highest half-hourly €CQrelease of 0.63
gC m2(30min)™* on 20" May 2011.

To getacloser into how daily cycle dfIEE varies by months, half-hourlNEE values
were averaged by time of day, month and year, so every poind.id.E1 represents mean
of the half-hourly values dNEE in the specific month through ten years. On average, half-
hourly values ofNEE were lowest during the dormant part of the season which entirely
includes months January, February, November and December. With the appearance of leaves
at the end of March and the beginning of April, HEE starts to become more negative
especially during May, and reached on average the highest absolute values during June when
vegetationis fully developed. A daily period of COuptake was gets longer with the
elongation of the dadight until the summer solstice. Half-hourly valuesNEE remained
high on average during July and August, while their lower values during September indicated
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the beginning of leaf senescence. Leaf senescence is the final and important stage of leaf
development during which nutrients are recycled to the other parts of the deciduous plants
[Gan and Amasino 1997]. During November, after leaves are fully rejected, half-hourly

values ofNEE are small.

Figure 4.11: Mean diurnal variation dlEE by months during the years 2008 to 2017; blue dashed line tharks

standard deviation; vertical dashed line marks the time of sunrise and sutiset5" day of the month

4.4.2 The annual cycle oNEE

To obtain dailyNEE of CO, half-hourly values oNEE were summed by day so every
daily NEE represents the sum of 48 half-houN$£E values. Highest daily uptake of COf
-10.2gC m2 day* was recorded on $9May 2008 while the highest daily release of QD
5.01 gC m? day* was recorded on Y0December 2011. Exchange of £€howeda clear
seasonal pattern (Fig. 4.12). Uptake of-Gfarted in early spring with the development of
leaves. During May, carbon GQncreased strongly and reachageak in June. However,
there were also days when ecosystem lost carbon to the atmosphere during the growing
season which indicates that the respiration was stronger than the uptake due to unfavourable
conditions. With the start of leaf senescence in early autumn, carbon uptake rapidly declined.

During winter, when vegetation was astate of dormancy, absolute values\EE reached
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their minimum values and ecosystem w@aset source of carbon indicating active respiration

even during the cold winter days.

Figure 4.12:The daily sums oNEE [gC m?day?] in Jastrebarsko forest, 20@8-17

4.4.3 Total sums oNEE

Daily values of NEE were summed to obtain annual net carbon budgets. Annual sums
of NEE ranged from -147 + 1§C m?2yrtin 2017 to -496 15gC m?yr? in the year 2009.
The average sink of carbon over the study period was+=&0yC m2yr?, while the overall
net sink of carbon was -319f& m2 (10yr)*. Annual values oNEE are summarized in Table
4.4,

Furthermore, the growing seastEEss was calculated as the sum of daMyEE
values from the start to the end of the growing season (see Table 4.3). Growing season of
2009 achieved highest carbon sink of -2085 gC n¥ grs?® (Table 4.5). Growing seasons of
2017 and 2012 achieved the smallest sinks of carbon over the study period. The average sink
of carbon during growing seasons was -48381 gC m? grs’. Causes of inter-annual

variability of carbon fluxes will be discussed later.
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Table 4.4: Annual sums oNEE [gC m?yr?] for years 20082017

Year NEE + SE[gC m2yr?]

2008 -352+ 13
2009 -496+ 15
2010 -286+ 14
2011 -353+ 14
2012 -261+ 14
2013 -356+ 13
2014 -232+ 14
2015 -373+ 13
2016 -339+ 13
2017 -147+ 13
Average -319+ 30
Overall sum -3195gC m2 (10 grs)*

Table 4.5:NEEss during the growing seasons [gC?grs?]*

Year NEEgs+ SE [gC m?grs?]
2008 -501+ 13
2009 -703x 15
2010 -453+ 13
2011 -483+ 13
2012 -439+ 13
2013 -509+ 12
2014 -441+ 13
2015 -508+ 12
2016 -493+ 12
2017 -298+ 12
Average -483+ 31
Overall sum 48289gC m2 (10 grs)*

* grs xgrowing season

Estimation of NEE with EC technique possessasigh degree of uncertainty and
probably largest uncertainties are related to @xes during calm periods when turbulent
mixing is insufficient and thermal stratification is stable. Usually, calm periods appear during
the night when ecosystem acts as a source of carbon, so underestimatiorflak€CQduring
the night leads to overestimation NEE at the annual scale. This underestimation of sigh
time CQ fluxes is an example of selective systematic error, i.e. an error that applies to one
part of the daily cycle (Moncrieft al. 1996). During calm night€ O, can be either stored in
the canopy air or removed by advection and this represents a big problem b&Cause
removed by advection from measurement area will be lost and measured flux will be
underestimated. Advection occurs mainly in the presence of flows associated with terrain
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slopes or with land use changes [Aubiael. 2010]. Since terrain around the EC tower is
flat, significant advection fluxes due to sloping terrain could not occur, and the advection was
not regarded as a problem. A common approach to night-time flux error is filtering.of CO
fluxes for which Qis lower than the estimate@ s s Jzor comparison, EC fluxes were
calculated with and without applying th@filtering. TheNEE estimated with the application

of Qfiltering during the flux calculationNEEus) was more frequently larger in magnitud
than NEE estimated without performingQ, filtering procedure NEE.ous) (Table 4.6)
Difference inNEEnoust and NEE;st for years 208, 2009, 2010, 2011, 2013, 2014 and 2016
wassmall and ranged fromgC m?yrtin 2013 to 13C m2yr!in 2009. Significantly larger
difference betweeMEEust andNEE,st of -73, -50 and 2@C m? yr! was estimated in
years 2012, 2015 and 2017, respectively. Overall suni¢Edf and NEE,stt over the study

period were almost identical (Table 4.6).

Table 4.6: Comparison of annual sumsNEE estimated by applyinggfiltering (NEE.s) with annual sums of
NEE estimated without performingyiltering (NEEno-us)

NEEno-ust + SE [gC m?2yr-1] NEEust+ SE [gC m2yr-]
2008 -342+ 12 -352+ 13
2009 -482+ 15 -496+ 15
2010 -280+ 14 -286+ 14
2011 -347+ 13 -353+ 14
2012 -188+ 13 -261+14
2013 -357+ 13 -356+ 14
2014 -225+ 14 -232+14
2015 -423+ 13 -373+ 13
2016 -348+ 13 -339+ 13
2017 -173+ 12 -147+ 13
Average -316 + 29 -319+ 30
Overall sum 3164gC m?(10 yr)* -3195gC m2 (10 yry*

Furthermore, Qfiltering procedure removed approximately 5-10% of measured data
per year, producing even more gaps in time series which should be filled. Thus additional
uncertainty is induced. In this work, gaps were filled by using enhanced MDS technique.
According to this method, a missing half-houN\EE was replaced by the average value
under the similar meteorological conditions (see chapter 3.5). In this way, miEIRg
values under the calm periods discarded@jyiltering procedure are replaced with average

NEE values under the windy conditions which might be questionable. Implementing EC
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experiment is very challenging, large errors are possible and(tétering should be
considered in data processing. However, tQfiltering is to some degree subjective, site
dependent procedure with some shortcomings. It is hard to say whether applyiy the
filtering is good decision or not at the Jastrebarsko site. In any case, the comparison showed
that there were no big differencesNIEE for majority of years. However, for three years the
difference was considerable (Table 4.6). Since @péltering is a standard step in the EC
technique and in our case yields differences in the results, at least in some years, all EC-

originating fluxes presented below are calculated by applyiagQfiltering procedure.

4.5 Partitioned fluxes of carbon:GPP, NPP and Reco

Net ecosystem exchange of £@Was partitioned ito three carbon fluxes: gross
primary productivity, GPP, ecosystem respiratioReco and net primary productivityNPP.
Respiration rates were extracted from air temperature using Lloyd-Taylor [Lloyd and Taylor
1994] regression model. Half-hourly values Rdco were summed by day to obtain daily
values ofReco. Highest dailyReco values of 12.9C m? day* were achieved on"of July
2015. Fig. 4.13 shows the temporal variation of the d@ily throughout the measuremsnt
period. Largest negative carbon fluReco, has followed yearly pattern of air and soil
temperatures, saexpected, becaudg=co was estimated using the air temperature. Highest
daily values ofReco were achieved in the summer, while during dormant season daily values
of Reco were significantly lower. Higher dailReco values during some winter days are the
consequence of higher air and soil temperatures in that period. Secondary peaks which occur
during autumn are probably the result of decomposition of new litterfall. Daily suRsof
were summed by year to obtain annual sum&eb which are summarized in Table 4.7,
alongside with yearly sums of autotrophi®y)(and heterotrophidR) respiration which were
partitioned fromReco to obtainNPP (see chapter 3.6). Highest annual sumB=eb of 1402
gC m? yr! were obtained in 2015 which is in good agreement with theehigir
temperatures in that year, while the lowBsto of 1117gC m? yr! was obtained in 2008.

The averagd®eco over the ten years of measurement was #2938 gC n? yrt. Cumulative

curves ofReco show rapid increase during the spring and the summer months (Fig. 4.14).
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Figure 4.13: Annual variation of daily sums &&co [gC m?day?] in Jastrebarsko forest, 2008-2017

Table 4.7: Annual sums oReco, Ra andR, [gC nr2yr?], 20082017

Reco [gC m2yr-] Ra[gC m2yr-] Rn[gC m2yr-]
2008 1117 679 438
2009 1126 685 441
2010 1329 808 521
2011 1289 784 505
2012 1382 840 541
2013 1275 775 500
2014 1290 785 506
2015 1402 852 549
2016 1305 794 512
2017 1236 752 484
Average 1275+ 94 775+ 57 500 + 37
Overall sum 12751gC m? (10yr)* 7754 4997

GPP, the amount of carbon fixed by photosynthesis, was calculated as a difference
betweenNEE and Reco. Daily sums of GPP were calculated as a sum of 48 half-hourly
values. The maximum rate GPP of 16.83gC m? day* was measured or"#f June 2015

Fig. 4.15 shows clear seasonal pattern GPP.
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Figure 4.14: Cumulative curves dReco [gC m?] in Jastrebarsko forest 2008-2017, black dashed lines mark

beginnings of different seasons

Figure 4.15: Annual variation of daiGPP[gC mi?day?] in Jastrebarsko forest, 2008-2017

During dormant season daily values@PP were small. Carbon sequestration started with
development of leaves in early spring which is manifestedahigh increase in daily values

of GPP. Maximum rates oGPP were achieved during summer months. Aé@eak in early
summer,GPP started to decline slowly and dropped again to near zero after the leaf fall.
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There were several days over the study period with negative daily val@&B3Roivhich is
impossible. Such situations resulted from gap-filling and were regarded as errors in
measurements. An interesting situation occurred during the summer 2012GMehas

rapidly dropped to small values. This can be explaineddsvere drought which occurred in

the middle of August 2012. After an episode of drought valu€R#t grew to typical values

for Jastrebarsko forest for that part of the year. Despite the drought, 2012 was the year with
the third highest annual sums @PP of 1642 gC rf yr. Rapid and strong growth in daily
GPPvalues during spring and summer months can be also se&n /16 where cumulative

curves ofGPP are shown.

Figure 4.16: Cumulative curves d&PP [gC n1?] in Jastrebarsko forest 2008-2017, black dashed lines mark
beginnings of different seasons

Annual sums ofGPP ranged from lowest of384 gC m? yr! in 2017 to highest of 1775
gC m? yr! in 2015 (Table 4.8). Averag&PP during ten years of measurement was
1594+ 109gC m?yr,

NPP was calculated as a difference between heterotrophic respirBtjoand NEE
The yearly cycle oNPP followed the yearly cycle d&PP. Highest daily values dfiPP were
also achieved in June and lowest during dormant season (Fig. 4.17). Nddafves

possiblelt indicates that autotrophic respiration was stronger @RR. The situation of that
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kind occurred mainly during the cold part of the year when vegetation was in the state of
dormancy. Hasty drop iNPP during August 2012 is probably a consequence of drought.

Table 4.8: Annual sums o6GPP [gC m2yr1], 2008-2017

Year GPP[gC m2yr?] |

2008 1469

2009 1622

2010 1615

2011 1642

2012 1642

2013 1630

2014 1522

2015 1775

2016 1644

2017 1384
Average 1594+ 109
Overall 15945gC m? (10yr)?

Figure 4.17: Annual variation of dailNPP[gC m2day?] in Jastrebarsko forest, 2008-2017

Cumulative curves diPP are shown in ig. 4.18. Effect of drought in August 2012 is
visible from declining ofNPP cumulative curve in the middle of the summer in that year.
Despite that, the annual value PP of 802gC m?yr! in 2012 was not the lowest among
investigated years. Highest daiNPP of 10.78gC m? day! was achieved on 21of June
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2011. AverageNPP during ten years of measurements was 8189 gC n¥ yrl. Highest
annual value oNPP of 937gC m?yr! wasachieved in 2009, while the lowest of 6§2 m?
yrlin 2017 (Table 4.9). Overall sum bPP over the ten years of measurements was 8192
gC m? (10 yry™.

Figure 4.18: Cumulative curves dfiPP [gC m?] in Jastrebarsko forest 2008-2017, black dashed lines mark

beginnings of different seasons

Table 4.9: Annual sums oNPP [gC m?2yr], 2008-2017

Year NPPec [gC m2yr]

2008 790
2009 937
2010 807
2011 858
2012 802
2013 855
2014 738
2015 923
2016 850
2017 632
Average 819+ 89
Overall sum 8192gC m2 (10 yry*
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4.6 Inter-annual variability of carbon NEE

Except for the dependence on the lengtl gfowing season, inter-annual variability
of NEE is also driven by differences in the balancessfP and Reco which is controlled by
environmental variables [Mallat al. 1999, Lawet al. 2002]. Long-term measurements allow
us to examine the response of the meastE#& to the environmental factors. The main
variables that control the behavior of vegetation are global radiation, temperature, soil
moisture and vapor pressure deficit. Availability of light controls photosynthesis and
determines the maximum length of the growing season in spring and autumn in mid-latitudes
[e.g. Malhiet al. 1999]. The major influence of temperature on net carbon balance is through
its effects on rates of both autotrophic and heterotrophic respiration [Mfaki. 1999]
BesidesReco, temperature, through the effect on vapour pressure de¥iBiD)( affects
stomatal opening and closure. At high’D (e.g. ina hot summer afternoon during dry
period) stomata close in order to reduce the transpiration and control the loss of water
[Anthoni et al. 1999, Schulze 2005]. Stomas are openings (pores) which can be found in the
epidermis of leaves, that facilitates gas exchange. If they are closed, plantsotaaing O,
from the air and cannot perform the photosynthesis. Low soil moistusd\i@can restrict
photosynthesis in the late summer and reduce carbon uptake by inducing stomatal closure and
by this it has a direct effect on the rate of photosynthesis. 8Cin Jastrebarsko forest
rarely occurs in spring becauS&VCreserves are mainly replenished by autumn and winter
precipitation, although spring 2012 was an exception when the drought of 2011 continued
also during the winter. The lo8WGC as a result of drought, can affect carbon and nutrient
release through decomposition by restricting microbial activity [Matllai. 1999].

Ten years of EC measurements of carbiiE showed high inter-annual variability.
Difference between year with the highest (2009) and a year with the lowest sink of carbon
(2017) was 349IC m? yrl. The year with the most pronouncBEE anomaly, wheNEE
deviated more than one standard deviation from the av&tBfevas 2009. To ged closer
insight into causes of inter-annual variability of carBdBE seasonal anomalies @8, Ts,
precipitation P, SWG VPD and Rg were calculated. Anomalies of stated environmental

variables are shown ind: 4.19 +4.24.

68



4. Results and discussion

Figure 4.19: Seasonal anomalies of air temperature [°C], 220B?

Figure 4.20: Seasonal anomalies of soil temperature [°C], 2008-2017
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Figure 4.21: Seasonal anomalies of precipitation [mm], 2@08-7

Figure 4.22: Seasonal anomalies 8/WVC[%], 20082017
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Figure 4.23: Seasonal anomalies BH[W m?], 20082017

Figure 4.24: Seasonal anomalies ¥PD [hPa], 20082017
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Fig. 4.25 shows the cumulative curvesN&E per year while the vertical dashed black

lines mark beginning of given seasons.

Figure 4.25: Cumulative curves dlEE for years 2008-2017; vertical black dashed lines mark beginnings of

different seasons (winter, spring, summer and autumn)

The rapid increase of carbon uptake during spring of 2008 and 2010 was followed by
the significantly slower evolution of carbon sink during summer of stated years (Fig. 4.25).
The year 2008 had the longest growing season among investigated years that resulted with
higher annual sums MNMEE for that year. High summe&sPP values in 2010 were balanced
with high Reco values, resulting with lower summiREE values in comparison to years 2009,
2013, 2015 and 2016 which also had h@gRP during summer but lo&r Reco values. The
result was that the summer valueN&EE during those years were significantly higher than in
2010 (Fig. 4.26). LoweGPP values during the spring of 2008 and 2010 can be explained by
the lower amount of radiated energy during the spring in those yagrs4(E3). LowReco
values during autumn and winter of 2008 resulted with lowest annual suRig®among
investigated years. Due to favourable environmental conditions over almost the whole year,
the year 2009 had the highest annual sumNEE despite that the growing season of 2009
was for 14 days shorter than the growing season of 2008. Summer and spring v&lBés of
in 2009 were relatively high, while values Réfco during stated seasons were relatively low,
especially during the summer of 2009 whe#co achieved lowest summer values among

investigated years. Higher summer sum&&fP alongside with the lowest summer sums of
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Reco in 2009 resulted with the largest magnitude MEE summer sums among the

investigated years. Pronounced drought occurred during the year 2011.

Figure 4.26: Seasonal sums of carbon fluXeEE (red bars)GPP (green bars) anBeco (black bars)

Negative anomalies of precipitation were recorded in all four seasons of 2011 (Fig. 4.21).
Significantly high negative anomalies of precipitation of -200 mm were recorded in summer
of 2011. The low rate of precipitation continued during winter and summer of 2012 resulting
with the drying of the soil. Anomalies @WC were negative from winter of 2011 until
autumn of 2012 (Fig. 4.22) confirming the existence of water stB8&¢lose to wilting

point value of ~20%). Despite large amount of radiated energy and higher temperatures, sums
of GPP during summer of 2011 and 2012 were lower in comparison to summer of 2008,
2009, 2010, 2013, 2015 and 2016 which is probably due teehigilues of VPD during
summer months of 2011 and 2012ig(F4.24), suggesting that the photosynthesis was
probably restricted. Due to unfavourable conditions, carbon uptake in the year 2012 started
significantly later than in other years in the investigation period. As a consequence, the 2012
had lowest spring sums BIEE among investigated years. Sum$Reto were high during the

whole of vegetation season 2012, especially during spring and autumn, thus 2012 was a year
with the highest annual sums BEco. This can be probably explained with the higher air

temperatures during spring and summer months of 2012. Due to the unfavourable conditions
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in the second part of the summer of 20R2;0 was even larger tha@PP resulting in the
ecosystem starting to act as a source of carmoan be seen inigr 4.25. Similar situation

but with lower magnitude occurred during the summer of 2011. The most likely reason for
that was severe drought which occurred during the summer months of 2011 and 2012. High
air and soil temperatures alongside with the lack of precipitation dried out the soil and
restricted the photosynthesis thus reducing the carbon uptake. After the rainfall, carbon uptake
continued until early autumn, but slemthan in other investigated years. Soil water reserves
were replenished during autumn of 2012 and winter of 2013. Warm winter of 2014 followed
by early, warmer spring enabled the earlier start of carbon uptake. The situation changed in
summer of 2014 which was the coldest summer during the measurement period.
Comparatively low amount of radiated energy, along with heavy rainfall has négative
affected the rate of photosynthesis and resulted avldw summer sums oGPP in 2014.

Also, because of heavy rainfall, the soil became saturated with water and as a reRedlp the

was reduced. Due to unfavourable environmental conditions during summer, 2014 was a year
with the shortest growing season and carbon uptake stopped earliest among the years in the
investigated period resulting witirelatively small carbon sink in 2014. Due to the suitable
environmental conditions, the carbon sink in 2015 was large. Lower spring sua#Poh

2016 were probably caused bByower amount of radiated energy during spring of that year.
Despite that spring sums MNMEE were high because spring sums Rdco were lower.
Although 2016 was a year with the low rate of precipitation, the soil did not digsdaudid

during 2011 and 2012. Lowest spring and summer sun@P&f were achieved during the

year 2017. The most likely reason was h\@AD values during the spring and summer of
2017. As a consequence spring and summer sul&EBfwere small. So, weak carbon sink
during vegetation season combined with relatively strong winter carbon source, which was
caused by higliReco during winter months of 2017, resulted with low annual suni$&F in

2017.
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4.7NPP estimated with biometric method NPPsw)

Most important part of the stand production, at least from the perspective of timber
production, comes from the formation of new xylem in tree stems and branches. In addition,
coarse root increment, new foliage, fruits, fine root production as well as root exudates,
volatile organic compounds and ground vegetation have to be taken into account when
estimatingNPP of a forest stand. While it is relatively easy to assess the contribution of a
given tree species to the part of thieP that is attributed to aboveground woody growth, the
situation is much more complex for non-woody plant components. Therefore, we present only

the results of th&lPRws (total woody above- and below-ground biomass).

Results oNPRyvs measurements are presented in Table 4.10. Lowest aMR&ak of
299 gC m? yrl, alongside with lowest annual values MPPs.s (Production of stem and
branches) an8lPPs.:g+7 (production of stem, branches and twigs) of BZZm?yr? and 238
gC m2 yrl, respectively, were estimated in 2017. In 2010 highest annual valiéRRefs
andNPPs:g+1 of 430gC m2yrt and 451gC m?yr? respectively were estimated. In the same
year highest annuaNPPys among investigated years of 5T m? yr! was recorded.
AverageNPRysover the study period was 484 + @8 m2yr?,

Table 4.10:Annual production of (meafstd.erro): stem and brancheblPPs.g), stem + branches + twigs
(NPPs.5.+7), total woody above- and below-ground biomassem + branches + twigs + root$HRyg)

~ Year  NPPsig[gC m?yr1]  NPPsigsr[gC m2yr?]  NPPws [gC m2yr]

2008 387 406 511 + 20
2009 413 434 545+ 24
2010 430 451 567 + 24
2011 395 415 521 + 22
2012 351 368 463 + 28
2013 403 423 532+ 34
2014 359 377 474 + 25
2015 310 326 409 + 17
2016 393 413 519 + 26
2017 227 238 299 + 21
Average 367 + 18 385+ 19 484 + 24

Results of measurement of annual production of leaf lit?R)) and tree fruits
(NPPFk) in the stands which surround the EC tower are summarized in Table 4.11. A total
number of installed littertraps in the period from 2008 to 2015 was 16. In 2016 a total of 23
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new littertraps were added to existing 16, so in 2016 and 2017 total number of littertraps was
39. Data from littertraps that were damaged were discarded, lemaeber of littertraps
(Niitertraps) Was always lower than 16 and 39. Littertraps were occasionally damaged by wild
boars, presumably if acorns were present in them. For example, in 2015 which was rich with
tree fruit, data from only 8 littertraps were taken for NPEstimation.

Table 4.11:Annual production of leaf litter and tree fruits (mean * std. erraf)érstands around the EC tower
estimated using littertraps

Niiterraps ~ NPPL [gC m2yr-Y] NPP: [gC m?yr1] NPPLr [gC m2yr?]

2008 14 163 + 20 1+0 164 + 20
2009 13 207 + 10 4+1 211+ 10
2010 13 206 + 15 9+4 215+ 16
2011 16 200+ 11 18+5 218 £ 12
2012 13 166 + 8 1+0 167+ 8
2013 12 204 + 12 20+ 6 223 + 13
2014 11 174+ 8 6+2 180+ 9
2015 8 163 + 13 60 = 25 223 £ 28
2016 35 166 + 5 4+1 1705
2017 38 183+5 1+0 184 +5
Average 15 183 + 23 12+ 17 195 + 20

Values of annuaNPPr ranged from the lowest 164 + 3C m2yr?! in 2008 to the
highest 223yC m? yr?! recorded in both 2013 and 2015. Interestingly, the year 2015 was a
year with the lowest annual production of leaves (163 @812 yr?), but because of very
high annual production of tree fruit (60 + 86 m?2yr?), NPR had the highest annual value
among investigated years.

To obtainNPPsv the NPRr was added to th&lPRye. Total NPPsm ranged from
483 + 34gC m?yrtin year 20170 782 + 33 gC myr?t in 2010 with the mean of 680 + 26
gC m2 yrt during the period 2008-2017. Annual valuesN#®#Psu are presented in Table
4.12.
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Table 4.12 Annual NPRy (mean + std. error) estimated in the stands around the EC towgbigimetric

method as a sum of NBPandNPRwvs

NPPLe [gC m2yr1]  NPPws[gC m2yr-] NPPsm [gC m2yr]

2008 164 + 20 511 + 20 675 * 26
2009 211+ 10 545 + 24 756 *+ 33
2010 215+ 16 567 + 24 782 + 33
2011 218 + 12 521 + 22 739 = 32
2012 167+ 8 463 + 21 630 * 28
2013 223 +13 532+ 34 755 + 49
2014 180+ 9 474 + 25 654 + 31
2015 223 + 28 409 + 17 632 *+ 26
2016 1705 519 + 26 689 + 34
2017 184+ 5 299 + 21 483 + 34
Average 195 + 20 484 + 24 680 * 26

4.8 Comparison ofNPP estimates from EC and BM measurements

To validate EC measurementdPP estimated from EC measuremeMPP:c) was
compared withNPP estimated from biometric measurememmi?Psy). Sums of NPP are
shown in Table 4.13. Our results are in line with previous studies stating that only long-term
monitoring of carbon fluxes can reveal correlation between biometric and EC estimates
[Goughet al. 2008, Ohtsukaet al. 2009]. The comparison showed good overall agreement
(R’=0.46, Fg. 4.27), although EC estimates were higher in every year than the biometric one.
There could be several plausible explanations. First oN&R:c includes the production of
whole ecosystem (trees, understory and ground vegetation) with all of its above- and
belowground carbon pools, whiPPsm (in our study) includes only the production of trees,
excluding fine roots and grasses. Consequently, we can assume thatNkghels due to
incomplete biometric estimate [Campieti al. 2016] from which productions of fine roots
and understory vegetation are missing. Production of fine roots and understory vegetation can
be significant contributors to totAlPP biometric estimate, ranging from 10% [Granggral.

2008] and 28% [Ohtsukat al. 2007] for fine roots or 45% for fine roots and understory
vegetation together [Ohtsulked al. 2007]. Furthermore, the fixe®/Reco ratio assumption is
questionable, and probably not true [Sulekeal. 2006, Bond-Lambertgt al. 2018], but we
think that it is not fully unjustified. Namely, the forest in the footprint was thinned in 2006
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and 2007 with average intensity of 8% by volume. Thinning residues constituted a one-time
addition to the litter pool probably causing slight increas&iirn several years following
thinning. In addition, Bond-Lamberist al. [2018] recently provided evidence that gloBal

is rising due to shifts in soil organic carbon (SOC) forms and enhanced SOC mineralization
driven by rising global temperatures. At the same time, according to éflal [2010],
continuous accumulation of living biomass during the study period should have resulted with
an increase iRa. Considering both studies [Bond-Lambeetyal. 2018, Moriet al 2010],

Reco should have exhiban increase with time. At our sitBgco exhibited small, positive,

but not statistically significant trend (p=0.140). All these facts do not point unanimously
toward conclusion that there should be a significant trem iReco during the study period.
Therefore, in the absence of sufficient evidence, we considered that the use of the constant
Rn/Reco ratio is the only justifiable approach. Nevertheless, further research at Jastrebarsko
site is needed on the partitioning of the ecosystem respiration into autotrophic and
heterotrophic in order to improve the estimateBlBP from eddy flux measurements.

Figure 4.27 Comparison oNPP estimates from eddy covariand¢RP=c) and biometric measurements
(NPPsw) at Jastrebarsko forest

When comparing trends of twedPP estimates, we can see tiNRPsv has a stronger
negative trend (-18.7 gCfiyr?) thenNPP:c (-10.7 gC n? yr?) (Fig. 4.28). The probable
cause of such trend NPP could be the fact that the stands became denser and competition

among trees for resources increased.
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Table 4.13:Comparison of NPR with NPRyy for years 2008017

Year NPPec [gC m2yr] NPPgv [gC m2yr-]
2008 790 675 £ 26
2009 937 756 + 33
2010 807 782 + 33
2011 858 739 £ 32
2012 802 630 + 28
2013 855 755 + 49
2014 738 654 + 31
2015 923 632 £ 26
2016 850 689 + 34
2017 632 483 + 34
Average 819 + 23 680 + 26

Overall sum 8192 gCn¥ (10 yr)* 6795 gCn¥ (10 yr)*

Figure 4.28 Negative trend of botNPP estimatesNPP:zc andNPPav)

Analysis of seasonal dynamic NPP (Fig. 4.29) reveals clear difference in seasonal
NPP dynamics from two independent estimates, but before comparing seasonal dynamic of
NPP it is important to recall processes which drive each estidBsv estimate represents
biomass growth which uses carbohydrates from current assimilation as well as previously
stored NSC [Gaudinslat al. 2009, Delpiereet al. 2016, Palaciet al. 2018. On the other
hand, NPP:c is primarily driven by canopy photosynthesis [Baldocchi 2003], therefore it
reflects current accumulation of atmospheric carbon that can further be partitioned into
structural growth and labile C storage [Gouggtel. 2009] This is visible on k. 4.29 during
the spring wherNPPRsw starts beforeNPP:c on the account of carbon reserves stored in
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previous years. Later in the vegetation season, stem growth slows down and even ceases, but
forest ecosystem continued to absorb carbon, most likely in the NSC pool [Getraker

2008, Curtiset al. 2002]. NSC represent very important storage/reserve pool of carbon mostly
used for spring growth [Delpierret al. 2016, Palacicet al 2018], but also important for
overcoming unfavourable meteorological conditions, i.e. such as drought. To account for this
carbon pool we used a simple modelling approach, assuming that this year NSC equals to this
year leaf and fruit production and its seasonal dynamic is modelled with logistic function.
NPP estimated in this way improved the agreement WEP:c (Fig. 4.29). Nevertheless, we

are aware of the limitations of our approach due to the complexity of the NSC and wood
formation dynamics [Delpierret al. 2016, Begunet al. 2018].Thus, further development of

the used model is highly needed. Understanding and modelling of seasonal carbon allocation
to reserve pool is still a matter of discussion [Die¢teal. 2014, Martinez-Vilalta 2014,

Richardsoret al.2013].

Figure 4.29 Comparison of cumulativiPP determined with EC technique and with biometric measurements
in Jastrebarsko pedunculate oak forest for years 2008 until RIPRE{ +eddy covarianceyPPsy +biometric
method;NPRyg;: - total woody biomass including coarse rod#?Pr +twigs; NPPsg- stem and branches, points

indicateDOY of dendrometer measurements)
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Furthermore, it is hard to say which method is more accurate because both of them
possess certain degree of uncertainty. Uncertainties related to the EC technique were
described before. During early spring tree stems swell and grow, but the part corresponding to
swelling should not be accounted for as increment. Opposite situation occurs during summer
and droughts. In that case, trees tend to shrink so measured stem incamvergmall and
estimated\PP for these periods might be underestimated. All that, alongside with possible
human error during stem and tree height measurements, are the main source of uncertainty for

estimation oNPP with the biometric method.

Finally, comparison of models with field measurements has shown to be highly
important as it quickly highlights the discrepancies in estimates and it sensegax
platform for productive discussion which can bring autew understanding of underlying

processes responsible for observed differences.

4.9 Comparison with other carbon flux estimates

The observed seasonal variability of carbon fluxes at Jastrebarsko forest shows a
pattern typical for the temperate broadleaved forest in the northern hemisphere [€aatara
2004, Wilkinsoret al. 2012]. Annual sums of carbon fluxes are within the range of values for
temperate deciduous broadleaved forests published in a recent review by Ba&toalchi
[2018] (Table 4.14). It should be also noted tHBP estimates are rather rare, as can be seen
in Table 4.14, where onIl}{PP for Hesse forest in France has been provided. One of the
limiting factors in assessingPP:c is the need for the assessmenRofSuch assessments are
rare at the yeatie-year scale, andrR, is usually calculated as a share Raco which is
modelled [Stoyet al. 2006]. The use of fixed proportion of R, in Reco enables the
estimation oNPP, but at the same time implies that the r&itRecois also fixed. In the case
of Jastrebarsko forest it is 0.6081, which is smaller than the older forest at Hesse for which
Granieret al.[2008] have reported tHe/Reco of 0.722. Significantly highelEE at Hainich
site [Herbstet al. 2015], in comparison to Jastrebarsko site, might be related to the difference
in forest structure. Hainich forest is characterised as an old-growth forest (up to 250 years),
with highly diverse horizontal and vertical structure. Also, while avefagEs are similar,
higher NEE at Hainich might be due to low&eco as a result of significantly lower average
air temperature at Hainich site (8°C) compared to Jastrebarsko (11.2°C). There are two sites

(the UK and Duke Forests) where all fluxes are significantly higher than the ones observed at
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Jastrebarsko site. The UK Straits Inclosure site [Wilkinstosl. 2012] is an 80-years old oak
plantation in a climate that typically does not exhibit summer drought, which can contribute
to the higher annual carbon accumulation than Jastrebarsko natural forest in a climate with hot
and, comparatively, dry summers. Nevertheless, relatively large fluxes observed at the UK
site are still interesting and more detailed comparison would be needed. On the other hand,
higher fluxes observed at Duke Forest might not be directly comparable due to some
differences in methodology, namely gap-filling and partitioning [Nowtll. 2015, Sulman

et al. 2016]. The aim of this simple comparison with other sites is not to explain the reported
differences in fluxes but to emphasize the multitude of possible issues and the very limited
number of sites with long time-series that might help in explaining the observed differences.

Table 4.14 Carbon fluxes [gC myr?] in temperate deciduous broadleaved forests (average + standard
deviation)

Country, Genus Meas. NEE GPP Reco  NPP Reference
Site year

Denmark, Fagus 1996-2009 -156+103 1727+136 1570497 Pilegaarcet al.
Soroe [2011]
France, Fagus 1995-2005 -386+171 1397+192 1011+138 674184  Granieret al.[2008]
Hesse

Germany, Fagus, Fraxinus 2003-2012 -483+70 1498+83 1015+51 Herbstet al.[2015]
Hainich

UK, Straits Quercus 1999-2010 -486+115 2034+228 1548+192 Wilkinson et al.
Inclosure [2012]

US, Harvard Acer, Quercus 1992-2004 -242+100 1400+164 1153+105 Urbanskiet al.
Forest [2007]

US, Duke Quercus, Carya 2001-2008 -402+96 1982+300 1580+237 Novick et al [2015]
Forest

Croatia, Quercus 2008-2017 -319494 1594+109 1275494  819+89 This research

Jastrebarsko
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5. CONCLUSIONS

Micrometeorological eddy covariance experiment was implemented in young
pedunculate oak stands to determine net ecosystem exchange dfetW@en forest and
overlying atmosphere=C technique is far from perfect and strongly prone to errors which
were minimized by careful application of all standard filtering procedures and corrections.
Measurement instruments were insta#@3 m and later at 27 m high tower which is located
approximately 6 km near the town of Jastrebarsko, Croatia. Footprint analysis showed that the
contribution to the measured fluxes arriving from areas outside of the forest (i.e., agricultural
areas, highway, and the town of Jastrebarsko with distances from EC tower of 1.2 km W,
2.4 km NW, and 5 km NW, respectively) is likely negligible. Measurements lasted 10 years,
from 1% of January 2008 to $%of December 2017. Over the study period, young pedunculate
oak stands were total sink of carbon of -3§@5m2 (10yr)!, while the average value of net
sink was -319 30 gC m? yrl. NEE showed high inter-annual variability. Highest carbon
sink of -496+ 159C m2yr! was measured in 2009, while the lowest sink of 443 gC m™
yrlwas measured in 2017. Difference between year with highest and a year with the lowest
sink of carbon was 34§C m? yrl. High inter-annual variability oNEE was driven by

meteorological conditions and length of growing season.

NEE was partitioned t&PP, Reco andNPP. Observed seasonal variability of carbon
fluxes at Jastrebarsko site showed pattern typical for the temperate broadleaved forest in the
northern hemisphere. Annual sums of carbon fluxes at Jastrebarsko site are within the range
of values for temperate deciduous broadleaved forests [Baldetcah018]. To validate EC
measurementd\PP estimated from EC measurementPP:c) was compared wititNPP
estimated from biometric measuremet®Psm) which were performed on 24 circular plots
which are lying in the footprint of the EC tower. Biometric measurements, combined with
simple modelling approach on one side, and EC on the other, can provide two independent
estimates oNPP that are comparable at the annual and within-seasonal scale. The use of
simple theoretical model for the replenishment of carbon reserves in the late season greatly
improved the seasonal agreementN$fPsm and NPP:=c estimates The comparison showed
good overall agreement $R0.46). NPPec was higher thanNPPsw in every year of
measuremenwhich indicates thaNPP components which were not measuirethis research
(e.g. fine roots, grasses and understory bushes) significantly contribute to the ecbd3Btem

For better agreememMPP of fine roots and understory vegetation should be estimated and
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5. Conclusions

added toNPPRswv. FurthermoreNPP:c was estimated by using fixed ratio of heterotrophic to
ecosystem respiration. BoMPP estimates showed negative trend over the study period. The
probable cause of such trend NiPP could be the fact that the stands became denser and
competition among trees for resources increaS&Rsv had stronger and more statistically
significant trend (-18.7 gC ¥yr2 p=0.046) thalNPP:c (-7.8 gC n? yr?, p = 0.290). Further
research is needed on the contributionN®BP of fine roots and understory vegetation
partitioning of the ecosystem respiration into autotrophic and heterotrophic, as well as on the

non-structural carbohydrates dynamics.
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6. Extended abstract (on Croatian)

6. EXTENDED ABSTRACT (in Croatian)

6.1 Uvod

Vodena para (ED) i ugljikov dioksid (CQ) glavni su atmosferski sastojci koji
kontroliraju klimu na Zemlji. ‘RN VDGUAaDM YRGHQH SDUH X DWPRVIH
XWMHFDMHP DQWUR SR JE tHatDhosiati,. Kofa ke Wi WohstaNtRo®) [ppraspui»d
SRPHWND LQGXVWULMVNH UHYROXFLMH GLUHNWEOR MH X
Schimel 1995]. Od ukupne antropogene emisije @M% ostaje u atmosferi, dok se preostali
postotak emisije COpohranjuje u oceanima i kopnu [IPCC 2014]. GlobatnE PH |[DMHGQR \
WORP SUHGVWDYOMDMX ]QDpMHpDRan N BUS. QRBIQ|L PHE&eepRU X JO
IRWRVLQWH]H &XP HDWPRINWVXUXJI WM LN LY J pdizexiibiomadd G]HP Q
bLPH GMHORPLPQR XEODA&XNNX VDI QDR S/PM @ HRACH/DAGHM .0

kime >-DQVVHQV L VXU @ &DQDGHOO L VXU > @ SUR]
razdoblju od 2000. g. do 2006. g. bile globalni ponor ugljika u iznosu oB@T (6 god)*
aAaWR RWSULOLNH pLQL XN X SQuHtorD QeVibdlIROFFRIFH|@ N LHi PHIQW_H H

[Nabuurs i sur. 2013], zajedno s klimatskim promjenama, ld@weu pitanje postojanost i
snaguSRQRUD XJOMLND X &XBSiddaleP FHUNIRIMXQYMHD SIgRmsmtN W LY Q R
aXPD NDR L UD]XPLMHYDQMH PHYyXJRGL&AQMH YDULMDELOQI
AXPDOPmwstaR YDabDQ |]DGDWDN EURMQLK ]JQDQVWYHQLND
SURGXNWLYQRVWL aXPD UH]XOWDW MH G LdteHGOWHQIRU.RG]LYD
2008 QR WDNRYHU VDGUAL L RGJRYHQ RG]JLY NRML VH pHV\
ugljika (nestrukturalni ugliiRKLGUDWL 16& NRMHJ GUYHUH SRKUDQ

nepovoljnim uvjetima [Carbone i sur. 2013, Teets i sur. 2018].

Razvitak PLN U R P HW Hieidde (k&vajdrdce turbulentnih vrtloga (eneddy
covariance(EC) method RPRJXULR MH GLUHNWQR P]NH#§MSfstedd WRNRY
ekosustava NDR L GUXJLK VWD NOQUIPHON L KMERRYRN DRGLaAQMLK [
kompletnog ekosustava [npr. Baldocchi i sur. 2001, Aubinet i sur. 2012]. Tok ugljika
RGUHYyXMH VH (& PHWRGRP SRPRUOX L]JUD YVYEDLKOMPpdvemt HQ M D
EUILQH YMHWUD WH R]QDenipNebEcpsyster ExXcRaVIgENEK). RIBE je
rezultat razlike dva glavna toka ugljika u ekosustaiaruto primarne produkcije (enGross
Primary Production £ GPP) i respiracije ekosustava (engcosytem Respiratiort Reco).
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GPP MH JODYQL SR]JLWLYQL WRN XJOMLND X HNRVXVWDY X
atmosferskog C@ procesom fotosinteze. Glavni negativni tok ugljiRsco, predstavija
NROLpLQX XJOMLND NRMD MH SURFHVLPD UHYV Stottbihkr LMH RW
(Ra) 1 heterotrofnu R,) respiraciju. Oduzme li SSEE od heterotrofne respiracijg RELWL UH VH
neto primarna produkcija (entlet Primary ProductiontNPP) ekosustava koja predstavlja
NROLPLQX SRKUDQMHQRJ XJOMLND X ELRHA®&MIzer200B]VXVWDY
NPP XNOMXpXMH SzéeReX NddzdvhiXe QD& biomaddPRyey), lista (NPR) i

ploda NPPR-r 8 NROLNR MH NROL pdimjlitanXz) @rivoEfarey NNFDMRGUNROLp L |
XJOMLND NRML MH RWSX&aWHQ L] HNRVXVWDYD HNRVXVWD
ekosustav predstavlja izvor ugljika.

(& PHWRGD MH PLNURPHWHRURORA&GND PimpudiBaGGasegD G L UH
L WRSOLQH L]P HrtxndHORRRH KQRKW LY R Y U a LigpH AubibeW2PRVUHUH >
WDNYLP XYMHWLPD QHWR WUDQVSRUW-dnjénhtHohAlarspaYs AL QH |
YHUWLNDOQL WRN PRAaH L]JUDpXQDWL NRYDULMDQFRP L]P
komponente vjetra i skalarne varijable od interesa (jedn. 168 PMHUHQMD VH WLSLPD
SRYUAGLQVNRPswiacR dy¢r HBRX UALQVNL VO R-ID% Atmpkfereko® U Y L K
JUDQLPpQRJ VORMD $WPRVIHUVNL JUDQLpPpQL VORM QDMQL
termaOQLP L PHKDQLpNLP XWMHFDMHP =HPOMLQH SRYUAaLQH
X XYMHWLPD VQDA&QH VWDELOQHmMVW VDW h DIMOO FMLQDH @GR GRA
stratifikacije [npr. 6 W X O O @ 'RPLQDQWDQ PHKDQL]DP WUDQVSR
WXUEXOHQFLMD NRMD VH VDVWRML RG PQRaAWYD YUWORJ
komponente brzine koje se mogu mjer8iR P REHCXsustava. Za mjerenje 3D brzine vjetra
koriste seXOWUD]YXpQL DQHPRPHWUL NRML PRJX PMldkseWL QD |
za mjerenje koncentracije GO NDR L GUXJLK VWDNOHQLpNLKN2QLQRYD
plinski analizatori IRGA).OMHUHQMD QLVX VDY U ahpQJ dd Wiskk UOR SR
IUHNYHQWQL SRGDFL pHVWR VD Gspiked kaaRaatday Na-L | NIR\VH. VW
vrijednostii aXP ,]YRUL ORALK SRGDWRWB &SR REOW B X PXH I @/HDNOW L
napajanju ALYRWLQMVNL XWMHFDM Wddadi trébBju bRtiRIgtekbrani t& Q L M H J
LIEDpHQL SULtMiblledtbipW@DQ@MD NDNR EL LJUDpXQDWL WRNRY
'"HWHNFLMD L RGEDFLYDQMH OR&ALK SRGDWDND YUaL VH N
SUREOHPL QDVWDMX WLMHNRP PLUQLK QRUL NDGD MH VW
takvim uvjetima nema vertikalnog transporta jerturbulencija slabaSD VH JUDN RERJDC
CO, QDNXSOMD X VORMX LVSRG PMHUQLK LQVWUXPHQDWL
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podcjenjuie C@ WRN aA4WR PRaH GRYHVMEE 5 R 3 URGMEQEMEYD QMD
WLMHNRP QRUL HNRVXVWDY SRQDAabD NDR L]YRU XAQMLND 7
L LIEDpHQL L] G D @avi @)drhogRsEsthizaGAdjedns®GEDpPHQLP PMHUHQML|
QLVX SURAOD NRQWUROX NYDOLWHWH VWYDUDMX SUD]QLC
raznim metodama popunjavanja praznina (eggp-filling methodg [Falge i sur. 2001,
Reichstein i sur. 2005] (& PHWRGD QLMH VDYUa&AHQD WH MH SULOLN
SDAOMLYR SURYHVWL VYH SRWUHEQH SURFHGXUH ILOWULU
uvelike Q DGMD p D Y ibavie EQ MhetQlll je danas postala standardan alat za izmjeru
WRNRYD VWDNOHQLPpNLKSE@In® Rnfd) u>oYoi UdED su tok@vi ugljika
LIJUDpXQDWL (& PHWRGRP

1L]JLQVNH aXPH KUDVWD OXaQMDND VSDGDMX X QDMSU
SUHGVWDYOMDMX YDabDQ HNRQRWRBNLMHHVRUWRID GUADIVHX
SURGXNWLYQRVWL WH RG]LYD QDU SkohPmdie¢ktaN EarsProP M HQ H
+UYDWVNL aXPDUVNL LQVWLWXW MH X J PRQWLUDR P
O X & Q RQuemdu3 roburl.) kojom od tada provodé & L PHWHRUR O.RCdjMDgP MHUHQ
rada je: (1) odrediiNEE XJOMLNRYRJ GLRNVLGD L]J]PHYyX VDVWRMLQH K
WHPHOMX GHVHWR @ERBRAQMLK PWIHHWHIIWID XJURNH @XJRURp(
YDULMDELOQRVWL WRNRYD XJOMLND LVSLWDWL XWMHF
VXaH QD WRNRYH XNPMQ®DWHPHGWH GIHVIHWRIRGLAQMLK EI
usporediti ga s EC procjenoNPP-a.

SRGUXpMH LimatetplaLYDQMD

,VWUDAaL YyD@déhd WM kladim (~35-44 godina starim) sastojinama hrasta
OXaQMDND NRMH VX GLR KD YHOLNRJ aXP.2NRNaNRPSOF
(& WRUQMX NRML MH YLVRN P R &visok 230 Gar@reini sk SRpHW
XOWUD]YXpQL DQ HavBréndgMipalkoji mjére $ra frekvenciji od 20 Hz, te ostali
senzori komasePMHUH PHWHRUROR&NH YDULMD K@ jgodapadhs D O MH C
RG (& WRUQMD SRVWDYOMHQD MH SRPRUQD PDQMMm PHWHR
zaSRSXQMDYDQMH SUD ] Qtjepdnjma sFEa \éidjR TifekomR diMdkP mjeseci

L JRGLQH PUH&D RG WUDMQLK NUXaQLK SORKD
Nakon preliminarne analiz& R G Uotigkisl toka (engfootprint areg, na 24 plohe koje su
LPDOH QDMYHUX YMHURMDW Q R Vhetaligb sii iderisitoWdtri ¥61.Q.B)Vidd J X (&

87



6. Extended abstract (on Croatian)

VWDEOD pLML MH SUVQL SUR PokiHd m&adRlogfjiHapisar®jcu radu FP L
Keelanda i Younga [2004]. Tijekom vegetacijske sezone, na tjednoj ili dvotjednoj bazi,

S URY Rsyhnjgi@nja kumulativnhog prirasta na dendrometrima. Osim toga, na kraju svake
YHIHWDFLMVNH VHIJRQH LIPMHUHQH VX YLVLQSHuplja8j¢VQL SUI
L &XPVNL RWSDG JUDQpPLFH SORGRYL OL&UH ttkKkomWNiRaDUD
na kraju vegetacijske sezone. SpomenitaRPHWULMVND L]PMHUDNPFPRVOXALO!

biometrijskom metodom.

6.3 Metodologija

6.3.1 Tretiranje sirovih podataka

EC sirovi podaci spremani su u jednosatne binarne datoteke. Prije obrade podataka
QDSUDYOMHQD MH NRQWUROD NYDOLWHWH VLURYLK SRG!

jednosatne binarne datoteke unutar kojih mjerenja nisu zadovoljila kontrolu kvalitete.
, ] U D p X Q ugljiRaNER YhBtodom

=D L]JUDpXQ WNRNRYWKBQ MH URWORPWHQRRIURISEDRGL5H |
VYH VWDQGDUGQH NRUHNFLMH NRMH VX SRWUHELWH NDN
7RNRYL VX LJUDPpXQDWL SUHPD (85 2i)st8.;2006, R0R2E Rr@ koddkM L > $ X
X LJUDpXQX WRNRWHUWR@RP MHVW pLaAatHQMH YLVRNRIUHNYI
SRGDWDND té&l Rovistantviit U @eHfizikalnih vrijednosti. Ta procedura je izgladila
YUHPHQVNH QL]RYH WH LIEDFLOD VYH ORAH SRGDWNH NRMI
podataka. Novonastale praznine popunjene su linearnom interpolacijom susjednih vrijednosti.
Obzirom da su senzori za mjerenje koncentracije idfdzine vjetra udaljeni, izmjera u istom
WUHQXWNX QLMH PRJXuD SD QDVWDMH NUDWNR NDaQMHQI
SURYH XGDOMHQRVW L]PHYyX WD GYD VHQ]JRUD aWwWR GRYRGL
QH EL,GRALERH QD MH SURFHGXUD X N[CeB (3iv.[19D4].9 OYNIHIPIN @ PONLE
DQHPRPHWDU QHPRJXUH MH VDYUaHQR <ZRWHE ykQriit/na QD QD
srednji tok, tj. na strujnice srednjeg vjetra. Kao posljedica neporavnatog anemometra javlja se
kontaminacija vertikalne komponente vietlf i RUL]RQWDOQLP NRPSRQHQWDPD
velkih poJUHADND X PMHUHQMX WRNRYD 3rodoBHOpldparnbgd UL MH
uklapanja (eng.planar fit) [Wilczak i sur. 2001]. TokCO,» MH L]J]UDpXQDW NRYDU

fluktuacija vertikalne komponente brzine vjetra i koncentracije ¢€n. 3.23). Vrijednosti

88



6. Extended abstract (on Croatian)

su spremljene kao polusatni srednjaci. EC mjerni sustav uklanja i nisko- i visoko frekventne
komponente signala. Nisko-frekventni gubitci rezultat RW U D Q lofperh@ MhEtrumenata

NRML QH GRSXawbDMX X]RUNRYDQMH FLMHOLK WXUEXOHQW
biti prekratak da obuhvati sve relevantne niske frekvenSigruge strane, visoko frekventni

gubitci nastaju npr. uslijed separacije senzora, te neadekvatnog frekventnog odziva mjernog
instrumenta. [Aubinet i sur. 2012]. Ti gubitci su u mjernim sustavima otvorenodRigd- p Q R

mali i iznose 5-10% ukupnog toka. KakbekbVH WDM JXELWDN NRPSHQ]JLUDR L]
prjienosaNRMH RSLVXMX JXELWNH QD VYDNRM IUHNYRB&OQFLML
S R P QsRa@kom kako bi se dobio korigirani tok. Na kraju, da bi se kompenzirale fluktuacije

X I XV WR udde&epare koje su rezultat fluktuacija temperature i vodene pare a koje nisu
reprezentativne za mjereni tok, provedena je WPL (Webb, Pearmann i Leuning) korekcija.
Nadalje, obzirom da EC metoda zahtjeva stacionarnost procesa, proveden je test
stacionarno®WL WH VX VYL SROXVDWQL WRNRYL NRML QLVX SURAa
odrediiNEE L]UDpXQDWRWWHEDXORMH GRGDW Lzajile D@)ikduV OLMH G
VORMX JUDND LYV SReag. B Jlux sidiag® iy Tok zbog promjene zalihe

L ] U D e X&xténwlju mjerenja vertikalnog profila koncentracijaG@@®D aHVW YLVLQD

16, 23 m tj. 27 m) posebnim sustavom, odnosNRUL&WHQMHP NRQFHQWUDF
SRPRUX ,5*$ (edrH3.42NKDV O X b D Metealprafiba kBrMdentracija zakazala.

, JUDpXQDWL WRDNRWRALYXGMBEBQRP SRGYUJQXWL WHVWRYLI
LVNOMXpLYR YLVRNRNYDOLWHWQL WRNRYL 1DMSULMH MH
tokovi koji nisu bili unutar def UDQLK JUDQLFD L]JEDpHQL 1DNRQ WRJD
sekundarnog ODQMDQMD SRGDWDND NRML WEEA PHEMA radWHPHQV
Papale i sur. [2006]. Potom je provede@pl LOWULUDQMH NRMLP VX L]JEDpPHQL
tjekom VWDWLPpNL VWDELOQLK QRUL

.YDURYL PMHUQRJ VXVWDYD |JDMHGQR V ILOWULUDQMLPI
rezultirali su velikim brojem praznina u vremenskim nizovikBEa. Kako bi odredil

JR G L & Q MNEEY Yizhine su popunjene standardnom metodom popunjavanja praznina
(MDS *Marginal Distribution Samplingkoju su predstavili Reichstein i sur. [2005] a koja je
dostupna kaoP U H & Q LonliHéDdlat. Metoda je pokazald RQ]JLVWHQWQR GREDU X
GDQDYV VWDQGDUGQR NRULVWL SULOLNRP REUDGH (& SRGLEL
Isti PUHaDQA.DW LV NR thipadield Qenil partitibning) NEE toka u GPP i Reco
5HVSLUDFLMD MH RGUHYVHQE MiRR eksKdpeEijalMD ragtesiskitd U D W
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PRGHORP >/OR\G L 7D\ORU @ L] QRUQEPR LSRG PXUDIND SNV HE
(jedn. 3.48).

,JUDPpXQ QHWR SULPDUQH SMRRRXNFLMH (& PHWRGRP

Da bi odrediliNPP EC metodom,Reco je razdijeljena u autotrofnuRg) i heterotrofnu
respiraciju Rn), aNPPec M H R GaddtzimagemNEEa od heterotrofne respiracije (jedn.
3.49).

, JUDpXQ QHWR SULPDUQH SURGXN®PRi) ELRPHWULMVNR

NPPsv e RGUHYHQ JEURMHP QHWR SURGXNRRRE teXhNe¥oSQH G U
SURG XN F(NRR) i pladdvel\NPPr). 3BURGXNFLMD GHEOD MH LJUDpXQDW
na dendrometrimal DNRQ aWR MH L] PMHUHQMD RGUHYHQ SURPMHU
mjerenja, Schumacher HQARYRP MHGQDGAERB L6FRRMDFK @ L]JUDpXC
volumen debla i grana do 3 cm promjeBUHWSRVWDYOMHQR MH GD YROXPHC
5% volumena debla [Balboa-Murias i sur. 2006] te je dodan volumenu debla. Volumen
NRULMHQMD L]UDpXQDW MH PQRAHQMHP YR @odem@®i GHEOD
nadzemnog dijela stabla (engloot-to-shoot ratig koji je iznosio 0.257. Omijer
podzemno/nadzemnd- |]UDpXQDW MH NDR VUHGQMD YULdtd®QRVW |
O X 4 Q M Davlr®h & Edifns i sur. [1997]. Volumen korijena dodan je volumenu debla i
VLWQLK JUDQpLFD WH MH WDM XNXSQL YROXPHQ SUHWYRL
JXVVWR éaku vrstuG U Y pbgdbno>aXPDUVND HQ F L NEdadd e LAstin @
SUHUD pX@d WgikaPQRAHQMHP V IDNWRURP > 3&& ,3&¢
NPRwet LIUDPpXQDW MH NDR VUHNPGMRDIXULMBEBRRYVWBURE X\EYOLMH |
RWSDG L] NRabpub UD]JYUVWDQ MH QD OLaudH JUDQPpPLFH L ¢
PDVD VXKH ELRPDVH SRPQRaHQD V IDNWRURP NDNR EL V
su NPR i NPP:r zbrojeni te dodanNPRwer-u kako bi se odredidlPPsv. Unutar-sezonska
dinamikaNPPsv-a aprok PLUDQD MH ORJLVWLPNRP IXQNFLMRP MHGC

6.4 Rezultati i diskusija
6.410HWHRURORANL XYMBRWAL X SHULRGX

Srednja temperatura zraka tijekom 10 godina mjerenja iznosila je 1&24WR MH ]D
0.62°& YLAH RG WULGHYVRWUR)IROGEka QdMIA.6Z & >SRGDFL RG 'UADY
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hh GURPHWHRURORANRJ |JDYRGD |]D SRVWDMX -DYWUHEDU)
temperaturom zraka od 10.22 °C, je bila jedina godina s pp@3@ P WHPSHUDWXURP
QLARP RG WULGHVHWRJRGLAQMHJ SURVMHND 3URVMHpPQD .
iznosila 1058 mm. Glavnina oborine pala je u ljetnim mjesecima i ranu jesen. 2011. godina,
XNXSQRP JRGLAQMRP RERWLERPDRGDMVXED JRGLQD GRN M
QDMNLARWKINXISMPIRP JRGLAQMRP RERUL QkRphaRI®rina tijgRd aWR Y L
YHIHWDFLMVNH VH]RQH MH SUHPdR3DOIR G DAQ Mo BRIERRV K
PP 7R MH ]QDpDMQR XWMHFDOR Q [ goove tjgkoicigRGH X W
2014te, ELR EOL]X ]DV I€LHQ@M\lja ukazati i naVUL HSL]JRGH VX&H NR!
GRJRGLOH WLMHNRP OMHWQLK PMHVHFL-t&godine. L JRGLQ!

6.4.2 Neto izmjena CQ - NEE

NEE XJOMLNRYRJ GLRNVLGD MH SR NDIPD HijeMdn\sBz@nel R G L & Q
mirovanja dnevne vrijednGsNEE-a su bile minimalne i kretale su se oko nule. Ekosustav je
X WRP SHULRGX ELR L]JYRU XJOMLND &aWR tijgkérd habthith QD DN
zimskih mjeseci. Nadalje,tMHNRP JLPVNLK PMHVHFL PRJOH VX VH XR|
vrijednostiNEE-a koje se vjerojatno posljedica fotosinteze trava i manjih zimzelenih grmova.
8 UDQR SUROMHUH UD]YLW N R Pasithilbbijg ¥ JIO M DIQIR 1 JOD WIFCR VS R P
OpLWRYDOR Q DnhgnittiRleNHE\DWIRRML MH ELR L]JUD]JLWR VQDAaDQ >
SRVWLJDR X OL $daM tfek@RKojih@elu R vegetacijske sezone ekosustav bio
LIYRU XJOMLND awR XND]XMH QD WR GD &eHuglikhv& LUDFL N
najvjerojatniji razlog za to su nepovoljni vremenski uvjeti (razmjerno niska razina svjetlosti ili
VXaD WH YLVRND W H P SUHj&senexldien8EFEEVIH B IUBPHVWOR SRVW XSQF

i naposljetku odbacivanije lista.

Na dnevnoj bazi, asimilacik JOMLND L] DWPRVIHUH SRpHOD MH XE
te je maksimum postizala oko podneva. Nakon zalaska sunca asimilacija je prestala te je
ekosustav postao izvor ugljika uslijed kontinuirane respiracije. Srednja dnevna varijacija

NEE-a po mjesecima prikazana je na sl. 4.11.

OODGD VDVWRMLQD KUDVWD2@X &ia MkDpwiDpobHugik& i1 U L R G X
iznosu od -3195gC m? (10god).. NEE ugljikovog dioksida je pokazala izrazitu
PHYyXJRGLaAQMX YDULMDELOQRVW WH MH ELOD XYMHWRYDC
vegetacijske sezond DM Y LA H JR QNEEQ MIH4A96 X RBIC m? god! postignute su u
2009. godini GRN VX Q47 M QIy@ 2 god?) postignute u 2017. godini (tablica 4.4).
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6UHGQMD YULMHGQRVW SRQRUD XJOMLND WLMHNRP SURXPp
319+ 30gC m?god! $QDOL]D RWLVND WRND WM SpomtekpiMD NRM
daju Q D M]Q Ddoprio® i) RP WRNX LVNOMXpLOD MH REOLAQMD
Jastrebarskom kao i autoput Zagreb - Rijeka kao antropogene doprinose mjerenom toku.

7 D N R jaHdliza otiska toka je pokazala da je usporedba biometrijskin mjerenja s EC
mjerenjima opravdana jer se sve 24 plohe na kojima su se obavljala biometrijska izmjere

nalaze unutar 90% otiska toka (sl. 4.8).

6.4.3 Razdijeljeni tokovi ugljika GPP, Recoi NPP

Neto izmjena C@razdijelienaMH X GYD JODYQD WRND XJOMLND X &
GPPi Reco NPP MH RGUHYHQ N D RhéfdiolOfheNrBspirdéjeiVeEa. Tokovi
XJOMLND X PODGRM VDVWRMLQL KUDVWD OXAaQMDND SRND
WLSLpQD |]D XPMHUHQH OLVWRSDGQH aXPHTiekb¥dddn®@ H KHPL
mirovanja dnevne vrijednos@GPP-a kretale su se blizu nule (sl. 8 UDQR SUROMHI
razvitkom lista, dnevne vrijednosBiPP-a naglosuporal D QDMYLAH YULMHGQRVW
u lipnju. Nakon vrhunca u rano ljeePP MH SRODNR SRpHR RSDGDWL WH VF
YULMHGQRVWL RNR QXOH QDNRQ a4WR MR:o& pastignR#sS DOR 1
tijekom ljetnih mjeseci (sl. 4.13), a tiiekom zilReco MH LPDR QDM Q IUgéseN UL MHG QF
VH PRJOL XRpLuunckdjNsXi Qafvjprojanije rezuts RMDpDQRJ UD]J]ODJDQM
VYMHaH @WASDD RYIR BRPEQM M K R/@ L M H G GRP-d BIGA. 7)) Mjekom R N
hladnog dijela godine vrijednosNlPPc VX pHVWR ELOH QHJDWLYQH &WR
autotrofna respiracijisSUHP D &BPP.BBOBRUHGED V L]PMHUdnB Bewernre UXJLP
KHPLVIHUH SRND]DOD MH GREUR VODJDQMH WH VH L]PMH

nalaze unutar okvira rezultata objavljenim u drugim radovima (Tablica 4.14).
6.4 Usporedba EC mjerenja s biometrijskim mjerenjima

Na kraju radaXVSRUHYHQD MH LIPMHUD QHWR SIPRLGXNFLMH
biometrijskom metodom NPPsm). Usporedba je pokazala dobro slaganje u rezultatima
(R?=0.46, sl. 427 *RGL &Q MPPy3URIHvim godinama (Tablica 4.13)ELOH YL&H RC
JRGLAQMNRRPRY XBD]JORJ WRPH QDMYMHUR MNP® ignhjévled BECHAL X p
metodom predstavljBlPP cijelog ekosustava, ddkPPsy SUHGVWDYOMD VDPR SURG?
WH QH XNOMXpXMH SURGXNFLMX WUDYRem® e/ taklikd UPRY D
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6. Extended abstract (on Croatian)

LIPHyY X GY L MNHPPIa] rajetdjdthije je nastala zbog neizmjerene produkcije trava,
JUPRYD L VLWQRJ NRULMHQMD 'U XartjelpvBnjeXrizspiradijé Ry QHV O
PHPX MH KHWHURWURIQD #iksrnV oktotakFukuyria redpiraziexeobustavaN D R
(Ri=0.3919Rec0). 8 WRP VO Xp D M XrespitddliaR ahosital QeR,=0.6081Reco.
$XWRWURIQD UHVSLUDFLMD XYHOLNH RYLVL L R VSHFLILNI
SUHGODAa&X GD EL DXW R WUdilcbdmasi WSrLildm.R01DONEUZER O D
pokazale su negativan tretdPP-a (sl. 4.28)NPRsm je pokazaga p hegativni trend (-18.7

gC m?god?) u odnosu n&PP:c (-10.79C m? god?). Za bolje slaganje tih dviju nezavisnih
LIPMHUH SRWUHEQR MH SURQDUL EROML QDpPLQ NRMLP EL |
na heterotrofni i autotrofni dio. Analiza sezonske dinanmile®-a (sl. 4.29) pokazala je jasne

razlike u sezonskom kretanNPP.

=DNOMXpDN

8 UDGX MH REDYOMHQ RSVHAaD Q. & dledbjOsks®jirk kiréstaH Q M D
OXaQMDND B5H]XOWDWL VX SRND]DOL GD MH YDULMDELORQR
SRNUHWDpPLPD 'UXJL XJURN YDULMDELOQRVWL WRNRYD XJ
OODGD VDVWRMLQD KUDVWD OXZQMBURV HHPD LMERXY RAH XUEK
-319+ 30 gC m?god?. IzmjereniNEE razdijeljen je UReco, GPPi NPP. IzmjeraNPP-a EC
metodom validirana (lPP-RP RGUHYHQLP L] ELRPHWULMVNLK PMHUHC
su negativan trenlPP-D NRML MH X VO XpD Mebi& L RPHAWRIONMILAIH L]P M
rezultata dobivenih EC i biometrijskim mjerenjima pokazala je dobro slagafi®.@®).

%ROMH VODJDQMH PRAH VH RpPpHNLY DNPRaprNRIGENPRRavé,H ELRPF
grmova i sitnog korijenja koji u ovom radu nisu mjererW H XNROLNR VH QDYyH EROI
bi se ukupna respiracija ekosustava razdijelila na heterotrofni i autotrofni dio.
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