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ABSTRACT

Increase in the concentration of greenhouse gases and aerosols, mainly caused by anthropogenic
activities, alters the earth radiation budget that has led to the increase of the earth's mean surface
temperature by 1.2 °C since the preindustrial era. Carbon dioxide (CO>) is the main suspect of
causing global warming because combustion of fossil fuel injects CO> into the atmosphere.
Thus, vegetation- atmosphere exchange of CO; is being studied intensively to determine the
source and sink potentials of different ecosystems. Many methods have been used to
successfully carry out such research works but the Eddy Covariance method is one of the most
efficient recent techniques commonly used. The method depends on direct and fast
measurements of CO; concentration and vertical wind component within the constant flux layer
of the atmospheric boundary layer. These measurements are carried out over several hundreds
of sites all over the world on a long-term basis to characterize ecosystem exchanges of trace
gases, water and energy and to validate process-based models. This thesis aims to provide a
novel insight into the analysis and comparison of eddy covariance data measured at different
forest ecosystems within the Czech Carbon Observatory system (CzeCOS) over several years.
Central European beech (at Stitn4) and spruce species (at Bily Kiiz and Réjec), growing under
contrasting climatic conditions, were studied. To demonstrate how actual gross primary
productivity (GPP) courses compare to potential GPP (GPPo) courses expected under near-
optimal environmental conditions, we computed normalized GPP (GPPnom) with values
between 0 and 1 as the ratio of the estimated daily sum of GPP to GPPpo. Furthermore, the
presented results also show the impacts of a central European summer drought in 2015 on GPP
at the two Norway spruce forest sites that represented two contrasting climatic conditions — cold
and humid climate at Bily Ktiz (CZ-BK1) vs. moderately warm and dry climate at Rajec (CZ-
RAJ).

Keywords:
eddy covariance, European beech, Norway spruce, regression modeling, climate change,

drought, soil moisture, machine learning
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ABSTRAKT

Zvysovani koncentrace sklenikovych plynli a aerosolti, zptisobené pfedev§im antropogenni
¢innosti, méni radia¢ni bilanci Zemé, coz vedlo ke zvyseni primérné povrchové teploty Zemé
o 1.2 °C v porovnani s obdobim pted primyslovou revoluci. Proto je intenzivné studovana
vyména CO> mezi vegetaci a atmosférou, abychom urcili potencial vydeje a piijmu CO»
ruznych ekosystémti. Hodnoceni téchto aspekti bylo provadéno tadou rtiznych metod, ale
jednou z nejefektivnéjSich a Sifeji pouzivanych se v nedavné dobé stala eddy kovarianéni
metoda. Metoda je zalozena na pfimém a rychlém méfeni koncentrace CO; a vertikalni slozky
vétru ve vrstvé konstantniho toku hrani¢ni vrstvy atmosféry. Tato dlouhodobd méfeni se
provadi na stovkach ekosystémovych stanic napfi¢ celym svétem a umoznuji charakterizovat
ekosystémovou vymeénu stopovych plynii, vody a energie a validovat procesni modely. Tato
diserta¢ni prace ma za cil poskytnout nové poznatky z analyzy a porovnani viceleté fady eddy
kovarianénich dat méfenych v riiznych lesnich ekosystémech v ramci Ceské observaéni sité
uhliku (CzeCOS). Bukovy (ve Stitné) a dva smrkové porosty (na Bilém Kiizi a v Réjci) jako
typické dieviny stfedni Evropy byly studovany na zminénych lokalitach s kontrastnim
klimatem. Aby bylo mozno porovnat chod hrubé primarni produkce (GPP) schodem
potencidlni GPP (GPPpo) oc¢ekdvaném za témét optimélnich podminek prostredi, vypocitali
jsme normalizovanou GPP (GPPnorm) s hodnotami mezi 0 a 1 odpovidajici poméru stanovené
denni sumy GPP a GPPpot. Prezentované vysledky dale ukazuji dopady letniho sucha ve stiedni
Evropé vroce 2015 na GPP dvou porosti smrku ztepilého které reprezentuji kontrastni
klimatické podminky — chladné a vlhké na Bilém Ktizi (CZ-BK1) oproti mirné teplym a susSim
podminkam v Rdjci (CZ-RAJ).

Klicova slova:
eddy kovariance, buk lesni, smrk ztepily, hrubd primdrni produkce, regresni modelovani,

klimaticka zména, sucho, piidni vlhkost, strojové uceni
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1 INTRODUCTION

The recent rapid changes in the global climate have gradually led to rising air
temperatures (approximately 1.0 °C above pre-industrial levels), changing precipitation
patterns, increasing the occurrence and severity of climatic stress conditions that significantly
impact the distribution and survival of plant and animal species (IPCC, 2013). The effects of
these environmental changes mainly occur concurrently with other anthropogenic (human-
induced) disturbances such as pollution (greenhouse gas emissions), increased deforestation,
and land degradation due to urban expansion, increased agricultural activities, and the
exploitation of natural resources (Stocker et al., 2014). These natural and anthropogenic stress
conditions threaten the viability and resilience of individual plant and animal species.
Consequently, this affects the natural ecosystem functioning and lead to extinction in many
plant and animal species (Aitken et al., 2008; Jezkova & Wiens, 2016). With global warming,
the distribution of terrestrial ecosystems is currently changing since plants and animals follow
the shifting climate (Lenoir et al., 2010). Both the rate and intensity of global warming pose
severe threats to many natural ecosystems by altering their physiology and seasonal activities.
For instance, in Europe, phenological changes in plants, such as flowering and leaf senescence
are sensitive to the rise in global temperatures (Parmesan & Yohe, 2003; Cleland et al., 2007).
Also, research has shown that the leaf-out of temperate trees has increased by 8-15 days since
the 1950s (Fu et al., 2019). Likewise, though many species and ecosystems may migrate to
mountainous slopes from lower elevations, the intense warming effect will also shrink these
mountainous or upper latitude zones which are mainly characterized by cold conditions (Chen
et al., 2011). Thus, climate change will further alter the composition (type of species) and
function (fluxes of energy and matter) of the natural ecosystem. Subsequently, this may lead to
the local extinction of many plant and animal’s species which are unable to adapt to the
changing climate (Lenoir et al., 2010). Also, other plants may change their physiological

processes to endure the harsh climatic conditions.

Although climate extremes have negatively impacted many natural ecosystems, others
have proved to be resilient by either withstanding or recovering from these events. However,
the frequent occurrences and severity of these climatic stress conditions will further increase
their vulnerability and pose much danger to these natural ecosystems. Additionally, increase in

human-induced activities continue to exacerbate the impacts of climate change, and as such



there are many uncertainties as to how climate change will affect the complex interactions and
responses among species within many ecosystems and biodiversity across the globe (Vitasse et
al., 2021). Therefore, there is the need for more studies that seek to improve our understanding
of the impacts of climate change and how these terrestrial ecosystems may respond to these
abnormal changes. Also, advances in these studies will help identify some opportunities that
could help to better manage and prevent decline of some natural ecosystems. Such efforts
should be aimed at lessening the detrimental effects of climate change on species and

ecosystems by focusing on ways to maintain habitats and the overall ecosystem structure.

Therefore, the efficient management of these natural ecosystems could provide nature-
based solutions that could help reduce greenhouse gas (GHGs) emissions and support human
society in adapting to climate change. For example, the release of carbon dioxide (CO.) into
the atmosphere has mostly contributed to global warming the most compared to other GHGs
emitted by anthropogenic activities (Haustein et al., 2017). Its current concentration is at its
highest level of 412 parts per million (ppm) since the last 800,000 years, further representing a
47% increase in the concentration of atmospheric COz since the beginning of the Industrial Age.
These levels of COz keep rising mainly due to the intensive use of fossil fuels (electricity and
heat production, industry, transportation, etc.), land-use change, and cement production
(Friedlingstein et al., 2019). When fossil fuels like coal and crude oil are burnt, they release
much of the carbon stored in plants through photosynthesis over a million years back into the
atmosphere over a few years. Thus, the introduction of national and regional policies that
promote sustainable agroforestry practices, restore forest ecosystems, and use of certain
alternative energy sources such as renewable energy technologies (wind, solar, hydro, wave,
tidal, and bioenergy) will minimize GHG emissions and reduce global warming (Shukla et al.,
2019). Hence, countries under the United Nations Framework Convention on Climate Change
(UNFCCC) have been urged through the Nationally Determined Contributions (NDCs) of the
Paris Agreement in 2015 to adopt such national policies and strategies that minimize GHG

emissions (Keller et al., 2018).

Generally, both the terrestrial biosphere and the marine environments play a significant
role in absorbing about half of the CO> that is emitted by fossil-fuel combustion. The plant
biomass removes about 30% of anthropogenic CO2 emissions (2-3 billion tonnes of carbon per
year) from the atmosphere (Le Quere et al., 2018). To better understand the global carbon
budget (emission and absorption of COy), there is the need to understand and improve upon the

scientific techniques that measure and quantify the flux of CO,, water vapour, and energy



between the terrestrial ecosystems and the atmosphere (Aubinet et al., 2012; Baldocchi, 2014).
Over the past three decades, the eddy covariance (EC) technique has also provided the direct
means to estimate the fluxes of GHGs between different terrestrial ecosystems (forest,
agricultural fields, wetlands, urban areas, etc.) and the atmosphere, with their dynamic response
to extreme meteorological/ climatic conditions (Baldocchi, 2008). Though the terrestrial
ecosystems continue to play a vital role in atmospheric carbon sequestration (conversion of
atmospheric CO; into carbohydrates), recent changes in land use and land cover coupled with
the occurrence of harsh extreme climatic events (i.e. rising global temperatures and long
summer drought, variability in rainfall amount and distribution) have severely threatened the

sequestration capacity of carbon within these ecosystems (Grace, 2004; Ma et al., 2016).

Subsequently, further changes in the climate will affect the physiological responses of
plants. An increase in atmospheric COz is expected to increase the plant’s water use efficiency
and enhance photosynthetic capacity while ensuring increased growth (Schime et al., 2015). In
contrast, extreme temperature and variability in precipitation patterns might harm plants beyond
their physiological limits, further causing a decrease in water availability and changes to soil
conditions, making it difficult for plants to thrive (Parmesan & Yohe, 2003). Additionally, at
the ecosystem scale, increasing temperatures will increase the vapour pressure deficit (VPD)
and decrease the water use efficiency and the photosynthetic capacity of the ecosystem. It is
thus difficult to predict which effect will prevail in the future and whether terrestrial vegetation
will continue to serve as a carbon sink or even become a source. These efforts are further
complicated by non-linearity and feedbacks (positive and negative) observed in biosphere-
atmosphere exchange by its connection with human activities (Canadell et al., 2007; Monson

and Baldocchi., 2014).

Vegetation- atmosphere exchange of CO; is being studied intensively to determine the
source and sink potentials of different ecosystems (Siebicke et al., 2012). Turbulent flux
measurements of CO- are obtained by the eddy covariance (EC) technique and are collected in
a global flux tower network FLUXNET (Baldocchi et al., 2001; Aubinet et al., 2012). The EC
method provides an accurate statistical approach to measure the emission and consumption rates
of gases, such as CO,, by computing the turbulent fluxes. The method depends on direct and
fast (20 Hz) measurements of the actual gas transport by air vortices (eddies) along the vertical
axis within the constant flux layer of the atmospheric boundary layer. These measurements are

carried out over several hundreds of sites all over the world on a long-term basis to characterize



ecosystem exchanges of trace gases, water, and energy and to validate process-based models

(Pastorello et al., 2020).



2 REVIEW OF LITERATURE

2.1 FOREST ECOSYSTEM-ATMOSPHERE INTERACTION

2.1.1 Turbulent Flow dynamics above the forest canopy

Terrestrial ecosystem-atmospheric interactions mainly occur within the troposphere
(lowermost and most dynamic layer of the atmosphere with an average depth of 11 km; Stull,
1988; Levi et al., 2020). These complex and dynamic interactions are crucial for transporting
atmospheric quantities such as moisture, heat, momentum, and pollutants, both vertically and
horizontally through the atmospheric boundary layer (thin layer of the troposphere that is in
direct contact with the earth’s surface; ABL). Since the forest ecosystems cover approximately
30% of the terrestrial land cover, many studies have specifically been conducted to understand
the exchange of matter and energy between the atmosphere and the underlying forest
ecosystems (Aubinet et al., 2012; Baldoocchi et al., 2001; Law et al., 2001; Belcher et al., 2012;
McGloin et al., 2018; McGloin et al., 2019; Jocher et al., 2020). The thickness of the ABL
above the ground surface can span from tens of meters to several kilometres and changes over
time and space often with significant diurnal cycle. This layer is characterized by turbulence
(chaotic air motions approximated by eddies of different sizes and speeds), separated from the
rest of the troposphere above (the free atmosphere) by capping inversion. The mean wind and
turbulence are the main air motions that allow transport of matter and energy within the ABL.
The mean wind dominates the horizontal transport; turbulence dominates the vertical transport.
Airflow within the surface layer (the lowest layer of the ABL) interacts directly with the earth’s
surface and is modified by surface forcing on different timescales (usually about an hour or
less). In the presence of a forest canopy, the roughness sublayer (that reaches about 2-3 heights
of the forest canopy) refers to the part of the surface layer that is affected by the roughness
elements such as leaves, branches or individual trees (Garratt, 1994; Monson and Baldocchi,
2014). The roughness of the forest surface increases turbulence in the airflow above the canopy
(which causes a drag on airflow near the surface and reduces wind speed) and enhances sensible
heat and moisture exchange between the forest and the surrounding air (Rotenberg and Y akir,
2010). Moreover, convection could be caused due to the increase in moisture content of the air
above the forest canopy. This leads to cloud formation and an enhancement in rainfall
(Mitxelena, 2020). Trees also move in the direction of the wind, which further slows down the

wind speed and causes turbulence to increase (Su et al., 1998). Forests modify the weather and



climate through the exchanges of sensible and latent heat, moisture, momentum, and CO> with
the atmosphere. Micrometeorological measurements are carried out on tall towers mostly
reaching above the roughness sublayer into the inertial sublayer (the layer in which fluxes of
matter and energy are assumed not to change with height) to obtain information on fluxes of

matter and energy from a forest ecosystem.

Moreover, diurnal thermal variations also generate turbulence within the mixed layer
(about 1.5 km) above the ground (Manson and Baldocchi, 2014; Fig. 2.1). This turbulent flow
of air within this mixed layer is caused by wind shear (variation of wind velocity with height),
and buoyancy associated with canopy or surface heating aids in the uniform mixing of heat,
momentum, moisture, and pollutants both vertically and horizontally. However, the presence
of a statically stable layer of air at the top of the mixed layer (referred to as the entrainment
zone) inhibits the vertical extent of turbulence (Seibert et al., 2000). After sunset, the turbulence
that existed within the mixed layer decays, and the upper part of this layer is now referred to as
the residual layer, where concentrations of gases remain unchanged. During the nighttime, due
to the radiative cooling from near the surface of the earth, the lower part of the previously mixed
layer is marked by a statically stable boundary layer with very weak turbulence and no mixing.
The weak turbulence suppresses vertical transport coupled with pressure gradient forces that
drive horizontal winds. After sunrise, the mixed layer is restored and expands depending on the
thermal conditions within the day. Thus, the atmospheric condition (stability and instability)
affects the quality and spatial representativeness of the eddy data (Vesala et al., 2008; Mauder
et al., 2013).
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Fig. 2.1: Diurnal evolution of the atmospheric boundary layer (ABL). The black area is
the stable (nocturnal) boundary layer. S1 = late afternoon, S2 = just after sunset, S3 = just
before sunrise, S4 = just after sunrise, S5 = mid-morning, and S6 = late morning are used as

time markers. Source: Stull, R. (1988).

Near the forest canopy, shear stress increases and airflow loses momentum to obstacles
such as trees in the opposite direction of motion (due to frictional force). Hence, it is only near
the surface that the mechanical turbulence can significantly contribute to air mixing (Raynor,
1971; Jiao-jun et al., 2004; Zhu et al., 2006; Monson and Baldocchi, 2014). For conditions
within the surface layer that are considered as statically neutral, airflow in a forest stand (Fig.
2.3) follow a classic logarithmic law which can be expressed empirically by equation 1, using

the so called Monin-Obukhov similarity theory (Monin and Obukhov, 1954):
1 z—d
M=U* In () + ¢ (1)

where M is the horizontal mean wind velocity in m s™! at height z, U* is the friction velocity in
m s, K is the von Karman’s constant (0.40, dimensionless); z is the measurement height from
a reference plane in meters; Zo is the roughness length in meters; hc is the average forest canopy

height; d is the displacement distance (0 < d < h); and ¢; is the mean velocity that depends on



the Richardson’s number (Ri, dimensionless). Under statically neutral conditions, U* can be
interpreted as the tangential velocity of eddies (Foken, 2008). The term (z - d) provides scaling
that allows inter-site comparisons and eliminates singularities during daytime and nighttime

transitions.
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Fig. 2.3: Canopy airflow for forest canopies with an open trunk space (without many leaves,
branches, or smaller underbrushes). Left: Sketch of the forest canopy. Right: Solid blue line
represents the Wind profile, and the dashed green line also shows the logarithmic profile
extrapolated to zero wind M. M. is the average wind speed at the average forest canopy
height, hc; Zo is the roughness length in meters; d is the displacement distance (0 < d < h,).

Source: https://geo.libretexts.org/ (accessed on 7" March 2021)

Within the topmost part (2/3) of the forest canopy, an exponential formula describes the
average wind speed M profile (Zhu et al., 2000):

M=M_.. exp [a. (hi — 1)] for 0.5he <z <h (2)

C


https://geo.libretexts.org/

where M is the horizontal mean wind velocity in m s! at height z, M. is the average wind speed
at the average forest canopy height, h¢; z is the measurement height from a reference plane in

meters; a~ 1.0 — 1.1 for conifer trees.

Although the typical patterns of airflow above the forest canopy has been observed to
have widely been characterized by the logarithmic wind profile, other studies by Baldocchi and
Meyers (1988), Turnipseed et al. (2003), Yi et al. (2005), Queck and Bernhofer (2010), and
Sypka and Starzak (2013) have observed an S-shaped wind profile with an exponential
Reynolds® stress profile. This S-shaped wind profile is mainly due to a secondary wind
maximum that has been observed within the trunk space of the forest and a secondary minimum

wind speed in the region of large foliage density.

Also, the airflow or wind speed (air with velocity and direction) could be characterized
as three superimposing components within the Cartesian coordinate system: 1) parallel or
longitudinal component (u) along the x- coordinate; 2) perpendicular or crosswind component
(v) along y- coordinate, and; 3) vertical or oblique component (w) along the z- coordinate. The
contribution of each of these wind components to the wind speed varies with time and also
exhibits regular and chaotic patterns. Air motions could be classified into three categories: the
mean wind, waves and turbulence (Fig. 2.2). The horizontal transport of both matter and energy
is influenced by mean wind, whereas the vertical transport is dominated by turbulence (Stull et
al., 1988). The mean wind is also characterized by regional pressure gradients and local
orographic effects that are associated with the local weather conditions. The waves often exhibit
periods of several hours, and as such, their effects are often neglected in the application of the
eddy method. Turbulence which is of significant interest in micrometeorology is observed as
the random deviations from the mean wind (Monson and Baldocchi, 2014). Thus, scientists
quantify the surface-atmosphere exchanges above the forest canopy through the eddy
covariance method by measuring the variations in the vertical wind speed and the atmospheric

scalar quantity of interest from towers extending above the forest.



Fig. 2.2: The idealization of (a) mean wind, (b) waves, and (c) turbulence. In reality waves or
turbulence are often superimposed on a mean wind, where U is the component of wind in the

x- coordinate (after Stull, 1988). Source: Haggagy, 2003.

Generally, the turbulent air motions are usually described as vertically oriented vortices,
eddies, that are advected along with the mean wind. Although the eddies carry vital information
on the fluxes above the active surface, it is impossible to measure those required properties of
eddies at a given time across the relevant spatial domain. Therefore, Taylor’s frozen turbulence
hypothesis offers the solution for this challenge (Taylor, 1938). This hypothesis states that
under conditions when the properties of eddies are assumed not to change significantly over
time, their properties are sampled while they pass along the sensor. Through this way, the signal
is first obtained from the leading edge and later from the trailing edge of the hypothetical eddy.
The time delay between these registered signals is given by the eddy sizes (in diameter) and the
mean wind speed. This approach is valid in cases when the eddies develop over longer

timescales than the required time to pass the sensor.

The real turbulence comprises a mixture of eddies with different sizes (on the scales
from millimetres to kilometres) and varying timescales (from seconds to days). The eddies with

larger sizes tend to increase with height above surface and break apart into smaller ones while
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energy is transferred towards lower scales in inertial cascade. The turbulent kinetic energy
(TKE) being one of the most important variables in micrometeorology (a measure of turbulence
intensity), is produced by fluid shear, friction or buoyancy and transferred through the energy
cascade, which is later dissipated to heat by molecular viscosity. Large eddies with low cyclic
frequencies are characterized by majority of the TKE while the eddies of other intermediate
sizes neither create nor consume this energy. The Kolmogorov microscale also refers to the
length scale associated with the most efficient energy dissipation and can be approximated to
about 1 millimetre (Kolmogorov, 1941). Thus, only the eddies with smaller sizes convert kinetic
energy to internal due to their inability to overcome the viscous forces. Similarly, the main
contribution to the momentum, heat, and moisture transport comes from the larger eddies and
decreases with size. Turbulence is significantly (10° fold) more effective in the transport of
scalar entities than molecular diffusion (Foken, 2008) and produces the flow per unit surface
area per unit of time called flux density, commonly termed as flux. The direction of the net flux
mostly opposes the density gradients of transported entities since the exchange between the
atmosphere and active surface follows the thermodynamic laws. Therefore, the net flux in
biogeochemical systems is mainly determined by the magnitude of sources and sinks that
describes the general property of different processes that creates (e.g. respiration, transpiration,
inertia) or consumes (e.g. photosynthesis, condensation, viscosity) matter and energy.
Generally, a negative flux sign is used to describe situations when the turbulent flux direction

is towards the surface from the atmosphere.

The Reynolds’ decomposition introduced in 1895 by Osborne Reynolds is a mathematical
concept that allows us to estimate turbulent fluxes (Reynolds, 1895). In assuming that
turbulence is statistically not changing with time, the Reynolds decomposition is applied to split
the instantaneous values of the wind vector element (w) and the eddy entities (6, and specific

moisture, g) into mean and fluctuating parts (Kaimal and Finnigan, 1994) as shown below;
w=w+w

0=6+0 3)

11



2.2 APPLICATION OF EDDY COVARIANCE IN FOREST CARBON

MONITORING

2.2.1 The Eddy Covariance System

The EC system comprises a fast response ultrasonic anemometer, and infrared gas
analyser placed on a meteorological mast within an inertial sublayer. These instruments allow
for the measurement of the wind components (u, v, and w), air temperature, and fluxes of water
vapour and CO; at a required frequency of 10 Hz or more (Aubinet et al., 2012). Half-hourly
flux data are obtained from the post-processing of high-frequency signals. Currently, recent
improvements in the scalar concentration measurements have also enabled the measurements
of less abundant greenhouse gases such as CHa4, N2O, other volatile compounds (e.g., isoprene,

monoterpenes), and gaseous pollutants (O3, NO2, NO, SO»).

2.2.2 Theoretical Considerations of the Eddy Covariance Method

Over the last two recent decades, the eddy covariance technique has emerged as the
most direct and non - destructive approach to measure and study the matter and energy exchange
between the atmosphere and the terrestrial ecosystems over multiple years (Stull, 1988; Foken
et al. 2012). Turbulence, as observed above, the canopy leads to the transfer of atmospheric
entities such as momentum, heat, and water vapour across a plane normal to the vertical wind
component per unit mass and unit time (Stull, 2000). Hence, implying a correlation between
the wind vector and the atmospheric entity. The theoretical basis of the Eddy flux estimation
was described in chapter 2.1.1 by introducing the Taylor’s frozen turbulence and a
mathematical concept of Reynold’s decomposition. The solutions of Reynolds’ decomposition
for scalar entities (absolute air temperature- Tair, water vapour and CO3) allows us to compute

the vertical fluxes of sensible heat (H), latent heat (LE) and CO; (Fco2) as;

H= pc,wTair , 4)
LE =AE = Apw ¢, (5)
Feor = wd'coz s (6)
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Where H and LE are W m™ and Fcoz in pmol m™ s™! with additional constants and variables are
included to account for the correct units. An overbar represents the mean over averaging period,
a prime represents the deviation from the mean, with A as the latent heat of vaporization (J kg

1, q is the specific humidity (dimensionless) and dcoz is molar density of CO2 (umol m™).

Practically, the acquired raw signals need to be corrected, converted to suitable units,
and controlled as to its quality by means of a processing software. There is also the need to
correct for errors caused by challenges with the set-up (as a result to factors such as instrument
tilt and separation) and physical principles (such as instrument heating). Each of the half —
hourly flux measurement is assigned a quality code based on the operation of the instrument,
intensity of turbulence, and the steady state conditions as required by the method. According to
Aubinet et al. (2012) all data not meeting the quality requirements are rejected and gap — filled.
Analysis of the flux footprint is also very important. The fraction of the upwind surface carrying
effective sources and sinks that contribute to the measurement point is referred to as the flux
measurement’s footprint. This defines the measurement’s spatial context (Schuepp et al., 1990).
The distance from the flux tower up to the farthest point of the footprint (the fetch) should not
exceed the ecosystem of interest. Consequently, if this conditions are not met, flux data from
areas extending beyond the ecosystem of interest need to flagged and removed from further
analysis. Equations 13 — 15 impose certain assumptions as air density fluctuations, advection
(horizontal and vertical mean flow divergence), horizontal turbulent flux divergence and
horizontal variation of the vertical flux are negligible. This approximation is mainly valid under

well — mixed conditions over flat, homogenous terrain.

In order for the EC fluxes to represent the underlying physiological processes (biotic
fluxes such as ecosystem sensible heat flux, evapotranspiration, and the net carbon uptake), a
storage flux indicating time-dependent storage of matter or energy within the control volume
needs to be accounted for (Aubinet et al., 2012). This storage term mainly becomes significant
during night - time periods and shortly after convective mixing in the morning period. Thus,
for an accurate representation of the sink or source nature of the active zone, the storage flux
component must be well accounted for during the overall flux computation. Moreover, since
the maximum potential for storage of matter and energy are realized below the measurement
level within the forest ecosystem, its derivation requires sampling of Tair, relative humidity,

and CO; fluxes in the vertical profile for the respective fluxes.

Studies by Goulden et al. (1996) and Massman and Lee (2002) have shown that under stable
atmospheric conditions, the eddy method underestimates CO- fluxes. In practice, all sites are

13



affected and the simple addition of the storage term does not solve this limitation due to the
presumed decoupling and advection effect (Aubinet et al., 2012). The underestimation of the
night — time COxz flux represents selective systematic error (Moncrieff et al., 1996) and could
lead to considerable overestimation of annual NEP if not corrected (Falge et al., 2002; Goulden
2006). Therefore, the accepted treatment for such error is the u* filtering (Barr et al., 2013;
Papale et al., 2006; Reichstein et al., 2005). Since is considered as a measure of the intensity of
turbulence, the CO> flux response to u* during the night — time can be used to identify the u*
threshold (UT) below which such underestimated fluxes are derived due to low convective
mixing. This leads to the exclusion and gap — filling of CO; fluxes that are measured at u*

values below UT.

2.2.3 The complexity of vertical exchange above tall canopies

The measurement of atmospheric fluxes over complex ecosystems such as forests have
been complicated due to the height of the roughness element that interferes with the physical
interaction between the canopy and the atmosphere (Barr et al., 2007; Wilson et al., 2002;
Belcher, 2005; Dupont and Patton, 2012). As a result of these interactions, turbulence above
these tall vegetation is strongly affected by tree phenology, leaves, and branches that influence
atmospheric airflow within and above the canopy. This section discusses the effect of such

complications on matter and energy flux measurements.

2.2.3.1 Canopy Waves and Flow Decoupling

The canopy flow within and above the forest cover is significant in the atmosphere-
forest ecosystem interaction. Under convective atmospheric conditions, the airflow within the
open canopy is coupled by turbulent exchange to airflow above. However, during the transition
to strongly stable atmospheric conditions, both airflows (within and above the canopy)
decouple, and vertically coherent waves are observed to form within the forest canopy, even if
the flow above remains fully turbulent. Due to the formation of these within-canopy waves,
large random errors could be introduced into the measurement of the change in storage and

advection terms in the mass balance equation. Therefore, it is needed to better understand the
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dynamics that lead to such decoupled flow and the impact of within-canopy canopy flows on
ecosystem-scale estimates of the exchange of scalars (Finnigan, 2004; Katul et al., 2013;

Thomas et al., 2006; Thomas et al., 2013).

According to Brunet and Irvine (2000), the active turbulence near the top of a canopy
has similar flow characteristics of a plane mixing layer due to the missing rigid boundary at the
crown interface. These atmospheric flows are affected by diabatic stability and during stably
stratified airflows, turbulence is suppressed when the local Richardson number, R; exceeds a
critical value of Ri. = ¥4 (Miles 1964; van Gorsel et al., 2008). The Ri is mathematically defined
as (Richardson, 1920);

(26
)

where g represents the acceleration of gravity, with T, as the reference temperature, 0 is the

Ri = (7

potential temperature (the temperature that an unsaturated dry air parcel may assume if brought
adiabatically or reversibly to a reference pressure, Po = 100 kPa from its initial state), z is the

height, and U is the mean wind speed.

Moreover, for values of Ric > %, the turbulent flow of air loses kinetic energy as fluid
parcels get displaced in the stable density gradient at a faster rate than it can gain energy from
the mean shear. Thus, confirming turbulence suppression in real atmospheric flows under
stability, though Ri may not precisely be 4. Other studies carried out by Lee et al. (1997), and
Katul et al., 2013 in several sites have shown that large fluctuations in both temperature and
wind vector could occur within canopies even if Ri > Ric. There is strong evidence of the
significant impact of wind shear at the inflection of the wind profile on flow instabilities
(Kelvin-Helmholtz waves), especially at the top of the canopy (Katul et al., 2013). Therefore,
under stable conditions, waves retain their initial form when turbulence is weak, as Lee et al.
(1997) demonstrated. For instance, considering the structure of nocturnal inversion that occurs
on clear nights (atmospheric stably stratified conditions), the airflow above the canopy is
decoupled from the within - canopy flow. As a result, turbulence gets suppressed, leading to
the so-called night - time CO; flux underestimation, as explained by Aubinet et al. (2012),
Thomas et al. (2007), and Jocher et al. (2017). Additionally, according to studies by Fitzjarrald
and Moore (1990) and Jocher et al. (2017), sub canopy EC measurements are promising
approach for filtering periods affected by decoupling. Also, the presence of organized structures

above forest ecosystems with sloped forest floor like in the young Norway spruce forest at Bily
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K{tiz (downhill flows on the lee side of the mountain crest) have been observed (Alekseychik et
al., 2013; Potuznikova et al., 2015; Schilperoort et al., 2020). Vertical exchange of heat, water
vapour, and CO; can be significantly affected by decoupling, density flows, and advective

transport mechanisms.

To minimize the effect of decoupling in flux measurements, Papale et al. (2006), Barr
etal. (2013), and Alekseychik et al. (2013) used the so-called “u- filtering” method at the quality
control stage to flag and remove all flux data with low friction velocities (u*). Hence, ensuring
the analyses of eddy covariance data with sufficient turbulence. Based on the sensitivity of CO2
flux to u* over different timescales, u* threshold derived from the u* filtering method could
vary for various forest sites. However, in the study by Barr et al. (2013), a stable u* threshold
was derived for 28 out of 38 tested sites, though they were higher in other studies where u*
threshold varied with time. Another limitation in the u* filtering method as highlighted by
Jocher et al. (2020), is the inability of this approach to consider the significant impact of
buoyancy forcing. To avoid such limitation, Bosveld et al. (1999) proposed the inclusion of a
term into the u* filtering method that examines an aerodynamic Richardson number based on
the u* above the canopy and the difference in temperature within the forest canopy and the
ambient temperature. Even so, very accurate information on the profile of air temperature and
radiometric surface temperatures above the canopy is needed to derive the decoupling

threshold, and these are generally not available (Schilperoort et al., 2020).

Moreover, another method that analyses deviations in the vertical wind speed (ow)
within and above the forest canopy has been proposed by Thomas et al. (2013) to address the
challenges with u* filtering. In a recent study at the spruce forest stand with complex terrain in
Bily Kfiz, Jocher et al. (2020) applied Telegraphic approximation (TA) to determine the
relationship between the “above - and below - canopy” air flow. High values of TA between
the two air masses indicated coupling, while low values showed decoupling (Cava et al., 2004).
Such filtering approach employing below — canopy EC measurements has the potential to
improve and minimize the effect of decoupling, thus improving the accuracy of measurements

(Thomas et al., 2013; Jocher et al., 2018).

16



2.3  FOREST ECOSYSTEM CARBON DYNAMICS

Forest ecosystem comprises the living organisms of the forest, and extends from the
lowest soil layers affected by the roots and biotic processes to the surrounding air over the forest
canopies (Waring and Running, 2010). Since most living organisms depend on plants for life,
a good knowledge about the practical factors that affect the productivity of plants or the forest
through photosynthesis is of great significance (Prentice et al., 2001; Nemani et al., 2003).
These forest ecosystems also serve as open systems that directly exchange matter and energy
with other systems (atmosphere, and aquatic ecosystem). The carbon cycle begins with the
forest ecosystems when plants sequester CO> from the atmosphere through photosynthesis into
reduced sugars. Mostly about half of the total amount of CO; fixed into the forest stand (termed
as the gross primary production- GPP) are later used by plants in autotrophic respiration (R.) to
produce and maintain living cells. This process releases the stored CO» back into the
atmosphere. The net primary productivity (NPP) refers to the carbon products that remain after
the balance between GPP and carbon released by R, (i.e. GPP — R,) stored in leaves, branches,
stems, roots and other plant reproductive organs. Both the GPP and the NPP are generally
measured at the ecosystem scale and over more extended periods. Plants usually shed their
leaves and roots, and their dead organic matters form detritus that release CO2 back into the
atmosphere through heterotrophic respiration (Ry). Thus, the net ecosystem production (NEP)
also refers to the net amount of CO> that is fixed by photosynthesis and lost by both autotrophic

and heterotrophic respiration (as shown below):
NEP = GPP — R, — R» (8)

Through the NEP, an ecosystem may be considered a carbon sink or source (typically
drought spell or prolonged cloudy conditions) in relation to the atmosphere. Therefore, the
estimation of the forest GPP (total amount of CO- fixed into the forest stand) from the net
ecosystem CO, exchange (NEE; Fig. 2.3) is useful in providing detailed information on the
ecosystem’s photosynthetic capacity (in sequestering carbon) and how these environmental
factors could control forest productivity at specific periods (Beer et al., 2010; Marek et al.,
2011; Lal et al., 2018; Murthy et al., 2019). Thus, over the last few decades, ecologists have
continuously sought to gain a broader understanding on the significant impact of such
environmental factors (such as radiation, temperature and water) and other biological factors

on these exchange of matter and energy between the forest ecosystem and the atmosphere. NEE
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measured during the day — time include GPP, photorespiration (Rp), maintenance respiration

(Rm), and growth respiration (Rs) of autotrophic plants with Ry:
Day — time NEE = GPP — R, — R — Ry — Ry, 9)
However, at night — time hours, the photosynthetic terms such as GPP and R, are absent:
Night — time NEE = - Reco = -Rmn —Rs— Rp (10)

where Reco 1S the total ecosystem respiration without the R, and is mainly controlled by

temperature.

Canopy Carbon Balance

Net Ecosystem
Carbon Exchange

O TR R B

Gross Photosynthesis

Dark and
Photo Respiration

Figure 2.3: Net Ecosystem CO2 Exchange (NEE) within a Forest Ecosystem.
Source: https://slideplayer.com/slide/2407916/ (accessed on 7" March 2021)

2.3.1 Environmental drivers of forest carbon fluxes

The rate at which plants photosynthesize mainly depends on the amount of the sun’s
visible radiation that is absorbed by the plant canopy, i.e., the interception of photosynthetically
active radiation (PAR, MJ m day!, from 400 to 700 nm) due to its low albedo (reflectivity of
the surface = 0.08). Thus, the amount of PAR is a key biophysical factor in controlling basic

biological processes like photosynthesis and assimilate production (Fleisher et al., 2010; Tian
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et al., 2016). However, the amount of light energy (from the sun) that can be absorbed or
intercepted by trees and forest stands primarily depends on the forest ecosystem’s crown and
canopy characteristics (Binkley et al., 2013). The Beer’s Law for absorption of sunlight explains
the logarithmic trend of light absorption through the crown of a forest stand, as the existing
layer of leaves successively absorbs the incident light (Binkley et al., 2013). There are also
other studies that have been conducted to investigate further the effect of such variations in the
intensity and quality of light absorption on forest GPP, forest dynamics, and competition
between individual tree species (Duursma and Makeld, 2007; Balandier et al., 2009; Urban et
al., 2007; Tian et al., 2010; Urban et al., 2012). For instance, Urban et al. (2007) showed how
the spruce forest canopy CO2 absorption in Bily K#iz of the Czech Republic varied directly with
a change in the balance of direct and the diffuse components of the incoming solar radiation.
Within such a dense forest canopy structure, diffuse radiation was more efficiently utilized for
canopy photosynthesis than direct radiation. This phenomenon explains the less efficient use of
radiation by the forest stand at high irradiance (during clear sunny conditions) due to the

saturation rates at which photosynthesis occurs (Roderick et al., 2001).

Additionally, other environmental factors that could significantly affect forest growth and
health are air temperature, humidity, and soil moisture. Generally, plants obtain water by
absorbing water by the roots and distributing it to all parts of the plant via the xylem. On the
other hand, water is lost into the atmosphere via transpiration through the plant stomata (i.e.,
small pores that appears on the surface of leaves through which gas exchange occurs between
plants and the atmosphere) which also controls the uptake of CO- for photosynthesis. As such,
through photosynthesis, carbon is assimilated and allocated to plant tissues. Hence, any change
in the balance between photosynthesis and respiration/ decomposition will alter the carbon
sequestration potential of the forest ecosystem. If the cost of photosynthesis (loss of water
vapour) becomes too high, the stomata close to avoid water stress (Gu et al., 2002b).
Subsequently, during clear sky conditions with high temperatures and low relative humidity,
the stomata close due to increased evaporative demand, and photosynthesis can be significantly
reduced (Muraoka et al., 2000). At the forest ecosystem scale, the water use efficiency (WUE,
ratio of photosynthetic carbon assimilation over transpiration) is widely recognized as an
important variable between the carbon and water cycle and is usually described as the ratio of
GPP over evapotranspiration (ET) derived from EC measurements (Law et al., 2001; Hu et al.,
2008; Niu et al., 2011). It has also been described in other literature as the ratio of instantaneous

photosynthesis to stomata conduction (Beer et al., 2010; McCarthy et al., 2011; Sun et al.,
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2016). It is a well — known fact that during meteorological and edaphic drought events, high
vapour pressure deficit (VPD; which is defined as the difference between the saturation and
actual vapour pressure) within the forest ecosystem typically causes a decline in the plant’s
stomatal conductance, which minimizes the loss of water from the plant and also prevent water
tension within the xylem at the cost of reduced photosynthesis (Zhu et al., 2011). As a
consequence of its direct effect on plant physiology, high VPD values leads to an increased rate
in loss of water vapour from moist soils and in turn causes drying and heating of terrestrial
surfaces, which contributes to the frequent occurrences and severity in drought events and plant
stress (Dai, 2013). Thus, the impact of increasing VPD on the WUE of plants remain a major
determinant of plant water relations and continues to become an important point of study for
different forest ecosystems with contrasting climatic conditions and water availability over the
upcoming decades due to the global temperature — driven rise (Way et al., 2013; Grossiord et

al., 2020).

2.2.2 Seasonal variations of Net Ecosystem CO2exchange (NEE) within temperate forest

ecosystem

The changes in the photosynthetic capacity of plants comprise both diurnal and seasonal
cycles. The variations in light availability, which is associated with the earth’s rotation, mainly
drives the diurnal photosynthetic cycle. However, the seasonal photosynthetic cycle is more
complex as it is controlled by internal biological processes and also driven by the periodic
variations in a set of interdependent environmental factors such as photoperiodic signals,
radiation, temperature, nutrient and moisture availability (Parmesan and Yohe, 2003). For
instance, the phenology of woody plants within the temperate latitudes alternate between
periods of rest (dormancy) to shoot growth and flowering mainly due to both photoperiodic
signals (relative length of days/nights) and the annual course of temperature (heating or cooling)
(Schwartz, 2003; Cleland et al., 2007; Leith, 2013). Also, the effect of phenology on NEP in
both the boreal and temperate forest ecosystems has well been documented, and this is
evidenced by its control on the seasonal onset and ending of the carbon uptake period (CUP;
Black et al., 2000; White and Nemani, 2003; Barr et al., 2004; Churkina et al., 2005; Baldocchi
et al., 2008). Thus, the timing of leaf-out and dormancy (senescence) plays an important role in

determining the length of the growing season and subsequently the carbon sequestration
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capacity of forest ecosystems (Tang et al., 2005; Richardson et al., 2006; Xie et al., 2016).
These seasonal variations of the CUP within the forest ecosystems affect the global carbon
cycle and, therefore the need to better understand the physiological responses of different plant
species to the changes in environmental conditions across different forest sites. The continuous-
time series of EC fluxes provide detailed analysis on these key phenological factors that regulate
the seasonal cycles of canopy conductance and the photosynthetic capacity of specific forest
ecosystems (Gu et al., 2002b; Barr et al., 2007). These EC analyses also have the potential to
explain the main processes that control the spring startup and autumn break in photosynthesis,
which indicates factors and threshold values that are similar across different forest sites and

years (Baldocchi et al., 2008).

The temperate forests are mainly dominated by deciduous and coniferous evergreen tree
species that are physiologically dormant during the cold winter conditions. For the deciduous
tree species, the plants drop their leaves in autumn, thereby causing high seasonal changes in
the light availability to the understory. During the leaf senescence, the chlorophyll is
deteriorated by plant hormonal signals to the leaves. As such, the nutrients from the leaves are
translocated to the stem and trunk tissues before the leaves fall off (Huctchison & Matt, 1977;
Hoch et al., 2003; Dreiss and Volin, 2013). Buds get formed and become dormant until the
following spring period when a rise in temperature triggers leaf growth. The timing of the bud
break and expansion of the leaf area differs for canopy tree species, with the development of
the forest canopy starting over a month or more (Hoch et al., 2003). Once the leaf—out period
starts and the growing season begins, about 1% - 5% of sunlight gets to the forest floor, and the
openness of the forest canopy due to the leaf senescence creates an opportunity for maximum
light penetration to the understory vegetation (Gill et al., 1998; Dreiss and Volin, 2013).
However, with the onset of the warm season, herbaceous plants, shrubs and small trees start
their growth before the forest canopy. Also, since there is maximum incident solar radiation
flux mostly in the spring months, light is efficiently transmitted through the forest, and most
understory plants easily reach photosynthetic capacity before leaf — out (Augspurger, 2008;
Richardson & O’Keefe, 2009). Other shade-tolerant species within the forest ecosystem

continue to grow after the forest canopy closure (Kudo et al., 2008).

Additionally, the seasonal cycles of the carbon fluxes within the temperate deciduous
forests are unique since foliage must first be produced before the occurrence of photosynthesis.
As aresult of this, the growing season is shortened, and Reco becomes the dominant carbon flux

during the first 4-5 months of the year (Richardson et al., 2007). Therefore, the CUP, which is
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potentially a useful indicator of annual carbon sequestration, is mainly controlled by the length
of the main growing season and this has much predictive power on the spatial variation of
annual NEE (Baldocchi et al., 2001; Barr et al., 2007). For instance, the length of CUP can
explain about 80% of the spatial variance in the annual NEE of deciduous forests across the
temperate region. Although photosynthesis begins later in a deciduous forest compared to an
evergreen coniferous forest, the photosynthetic carbon gain rates of deciduous forests are much
higher (sometimes twice the rate as in the coniferous evergreen forest stands) (Gaumont-Guay
etal., 2008). Also, due to the shortening of the growing seasons, the temperate deciduous forests
are potentially susceptible to the change in climate and other related extreme weather events

(Vose et al.,2012).

In contrast to the temperate deciduous tree species, the evergreen conifers either have flat,
triangular-shaped or thick needle-like leaves that increase their leaf area for photosynthesis and
also make them well-adapted against desiccation (Sprugel et al., 1989; Brodribb et al., 2010).
The rate of an area or massed—based leaf photosynthesis in the needle-leaved evergreen tree
species is lower than in deciduous tree species except when reduced over the leaf’s life (Bushing
& Fujimori, 2005). The evergreen forests are well known to retain their leaves for a more
extended period, whereas the temperate deciduous trees only keep their leaves for one growing
season. Due to the evergreen nature of the canopy of these temperate forests, the understory
vegetation generally experiences low light availability (Brantley & Young, 2009). As a result
of this effect, the understory plants within these evergreen temperate forests are well adapted
to respond quickly by maximizing their light capture as well as their photosynthetic capacity
under such low light conditions (sun flecks, and brief unpredictable periods of high sunlight).
The shaded plants within these forests allocate more growth to leaves and are displayed as larger
and thinner leaves that have a more horizontal area to easily capture light (Boardman, 1977,
Bushing & Fujimori, 2005). Physiologically, shady leaves saturate at low light levels and have
lower light compensation points that enable them to maintain positive rates of photosynthesis

at such low light conditions.

Plant phenology remains as one of the most visible biological indicators of ongoing
climate change. Despite the significant effect of photoperiod on the phenology of some
European tree species (Vitasse and Basler, 2013; Way and Montgomery, 2015), Tair has a
rather dominant effect in determining the seasonal onset and senescence (Vitasse et al., 2009;
Shen et al., 2014). Thus, given the effect of temperature on the seasonal changes of NEP within

the temperate forest ecosystems, global warming is the most immediate threat to the structure
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and function of these temperate forest ecosystems. Long-term observational ecological records
have shown that due to regional and global change in temperatures, there have been observed
shift in phenological events such as earlier leaf-out and flowering in spring and the overall
delayed leaf senescence in fall especially for deciduous forest canopies (Sparks et al., 2000;
Chuine and Beaubien, 2001; Linderholm, 2006; Tape et al., 2006). The warm spring periods
coupled with the late cessation of the growing season (Groisman et al., 1994; Fu et al., 2020)
has caused the leaves to grow earlier, sometimes by up to a month, thereby increasing the
growing season’s length and the CUP of these temperate forests (Beaubien and Freeland, 2000;
Ahas et al., 2002; Lu et al., 2006; Schwartz et al., 2006; Sherry et al., 2007). Results from
several studies (Menzel and Fabian, 1999; Jackson et al., 2001; Cao et al., 2004) have shown
that the lengthening of the growing season by ~ 5 — 10 days may cause a 30% increase in the
annual NPP of these temperate forest ecosystems. However, such a significant increase in the

NPP can only be possible if the GPP responds well to higher temperatures than Reco.

Furthermore, studies by Barr et al. (2004) and Piao et al. (2008) have shown that the
lengthening of the growing season by a number of days due to the earlier onset of the spring
phenology will enhance the net carbon uptake than a lengthening of the growing season by the
same number of days in autumn. Though not all forests may respond similarly, these studies
based their findings on the more significant radiative inputs with longer days, adequate moisture
availability from snowmelt, and relatively lower evaporative demand in spring than in autumn.
The increase in the carbon sequestration capacity of these forest ecosystems due to the
lengthening of the growing season will help mitigate climate change by increasing the terrestrial

carbon sink.

Moreover, due to global warming, more frequent and intense heat waves (IPCC, 2014)
coupled with low precipitation amounts that mainly occur during the growing season period
may further advance or delay leaf senescence (Breshears et al., 2006; Allen et al., 2010).
Consequently, the impact of these hot drought periods on forest productivity will be severe,
especially over forest sites characterized by drier climatic conditions with limited availability
of moisture (Ciais et al., 2005; Allen et al., 2010; Orth et al., 2016; Mensah et al., 2021a).
Additionally, the decrease in GPP with such hot drought conditions during the growing season
will result in a lower net carbon uptake (NEE) within the temperate forest ecosystems and turn
these forests into carbon source ecosystems (Ciais et al., 2005; Richardson et al., 2006; Xu et
al., 2011). However, the GPP response to drought may vary from site to site depending on the

type of species, the local climate and other additional factors (Teuling et al., 2010; Wolf et al.,
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2013). For instance, the 2003 European heatwave and drought was considered as the most
severe drought stress event on the continent over the last century and resulted in an estimated
loss of about 30% in GPP and a net carbon release of 0.5 P gC yr! mostly within eastern and
western European (14 forest sites) forest ecosystems (Cias et al., 2005; Granier et al., 2007).
According to Cias et al. (2005), although microbial and plant respiration were expected to be
enhanced under warmer temperatures, a significant reduction in both the GPP (in response to
stomatal closure) and Reco (due to diminished substrates and drought) was generally observed
over all the 14 investigated forest sites. Subsequently, similar impacts of severe drought
conditions across Europe during the growing season were also observed for 2015 and 2018
(Trnka et al., 2020). However, unlike for the 2003 summer drought impacting central France,
the Mediterranean region and parts of eastern Europe, the 2015 and 2018 summer droughts
affected mainly central Europe, Southern Scandinavia and an area surrounding the Baltic sea,
that were less likely adapted to extreme dry climatic conditions (Buras et al., 2020). This further
resulted in forest dieback and an increased frequency of forest fires (Orth et al., 2016; Buras et
al., 2020). In Europe, the frequent occurrence of extreme drought events (such as that in 2003,
2015 and 2018) may hinder the effects of the expected warming and lengthening of the growing
season and affect the long-term health and productivity of forest ecosystems which will reduce
their carbon sequestration capacity. Thus, given the wide-ranging impacts of drought under
both short and long-term periods across different forest ecosystems, there is the need for more
studies to understand the physiological responses of different tree species to drought and to
predict the future impacts connected with climate change (Horton et al., 2015; Sippel et al.,

2017; Zscheischler and Seneviratne, 2017; Pfleiderer and Coumou, 2018).

In forest ecosystems that are repeatedly affected by drought stress conditions, the survival
of the tree species depends on species‘ resistance, avoidance, or tolerance to environmental
stress conditions (acclimation potential) during its life cycle (Beikircher and Mayr, 2009; Taiz
and Zeiger, 2010). The acclimation potential of specific tree species is mainly driven by either
structural or functional adjustments or by a combination of both to the changing environmental
conditions. High phenotypic plasticity, which refers to the ability of a specific genotype to
exhibit different phenotypes in response to unique environmental factors (Sultan, 2000), may
therefore be necessary to allow individual species to acclimatize well to the changing climatic
conditions. Some other long-lived woody plant species may instead adapt well (experience
genetic changes over several generations and through natural selection) than acclimatize (Debat

and David, 2001). Also, through acclimation, trees sustain a more negative water potential
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without suffering hydraulic failure during repeated drought events. For example, some forest
ecosystems within a moderately dry climate adapt to severe and frequently occurring drought
episodes by adjusting the species diversity, the leaf area index and thickness, and undergoing
some physiological acclimation mechanisms. Despite these adaptation processes to withstand
drought within these types of forest ecosystems, the primary productivity measured is usually
very low as compared to other forest sites with humid climates (Reichstein et al., 2003;

Reichstein et al., 2005; Bréda et al., 2006).
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3 AIMS

The thesis will focus on the analysis and comparison of eddy covariance data measured
at different forest ecosystems within the CzeCOS sites for several years. The comparison of
matter and energy fluxes across different sites will help to better understand the response of
forest ecosystem gross primary production (GPP) under contrasting climatic conditions and
forest types. The fluxes of GPP and net ecosystem productivity (NEP) provide integrated
information about ecosystem evapotranspiration and the balance between photosynthesis and
respiration. The measured variables representativeness of the physiological processes can be
however reduced under certain conditions. The identification of such site specific
micrometeorological features within different forest types would increase the reliability of
measured eddy covariance data. The seasonal courses of GPP provide in-depth details on the
forest response to changes in environmental factors. However, these systematic changes in
estimated GPP differ from site to site during the growing season, depending on the species type,
local climate and additional factors. Such contrasting GPP responses of specific species
(representing physiological responses of individual species to warming and other climatic
conditions) under comparable environmental conditions across different forest sites are poorly
understood. Hence, the need to investigate near-optimal environmental conditions for different
plant species, under which GPP could reach maximal theoretically attainable values (potential
GPP, GPPpot). Moreover, analyses using the mean daily estimated GPP during the growing

season will also ensure the exclusion of suboptimal environmental conditions on forest GPP.
The specific objectives include:

e to determine the main environmental variables that influences the ratio between actual
and optimal GPP across beech and spruce forest ecosystems within the CzeCOS sites

and the potential role of acclimation to local climate using two sets of regression models.

e to assess the different effects of a severe drought stress event during the growing season
of 2015 on GPP at two spruce forest ecosystems with contrasting climatic conditions-
cold and humid climate at Bily Kfiz vs. moderately warm and dry climate at Réjec
within the CzeCOS sites.

e to determine the effect of critical site-specific environmental variables (such as the VPD
and soil volumetric water content) on the drought stress response at two spruce forest

stands with contrasting microclimatic conditions.
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4 MATERIALS AND METHODS

The material and methods section of this study gives a well detailed information about
the eddy related measurements and other approaches in estimating certain micrometeorological

terms of the doctoral thesis.

4.1 CzeCOS ecosystem stations

For this study, EC measurements from the growing season of 2012-2016 at three
different forest ecosystem stations that represent different climatic conditions within the Czech
Republic (Central Europe), and which belong to CzeCOS (the Czech Carbon Observation
System; http://www.czecos.cz/, website accessed on 7 March 2021) and the FLUXNET

Network (Flux Tower Network; https://fluxnet.fluxdata.org/, website accessed on 7 March

2021) are used. The EC data were collected from the wet spruce forest site at Bily Ktiz with a
FLUXNET site ID of CZ-BK1, a dry spruce forest site at R4jec with a FLUXNET site ID of
CZ-RAJ and European beech forest site at Stitna with FLUXNET site ID of CZ-Stn. CZ-BK1
is a candidate for ICOS (Integrated Carbon Observation System; https://www.icos-cp.eu/,
accessed on 6 March 2021) network. All the forest stands are even-aged monocultures whereas
the forest stands in both CZ-BK1 and CZ-RAJ are dominated by Norway spruce with CZ-Stn
representing an European beech monoculture. Characteristics of the sites used in this research

are presented in Table 4.1.
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Table 4.1: Characteristics of the investigated Sites (as in Mensah et al., 2021b).

Site Name CZ-BK1 CZ-RAJ CZ-Stn
Location Moravian-Silesian Drahanska nghland White Carpathian
Beskydy Mountains Mountains
Coordinates 49°30'08"N 49°26'37"N 49°02'09"N
18°32'13"E 16°41'48"E 17°58'12"E
Elevation (m a.s.l.) 875 625 540

Topography

Ecosystem type

Prevailing species

Canopy height (m)
Stand age (years)

Mean seasonal air
temperature (May —
September, °C)

Total seasonal
precipitation (May —
September, mm)

Seasonal sum of
reference
evapotranspiration (May
— September, mm)

Soil type

References

Mountain ridge (13° slope
with SSW exposure)

Coniferous evergreen
forest

Norway spruce (Picea
abies (L.) Karst.)

16 (mean, as of 2015)
35 (as of 2016)

14

2730*

2036*

Haplic and Entic Podzol

Jocher et al., (2020)

Hilly (5° slope with NEE
exposure)

Coniferous evergreen
forest

Norway spruce (Picea
abies (L.) Karst.)

33 (mean, as of 2015)
113 (as of 2016)

16%*

1635*

2325%

Modal Cambisol
oligotrophic

McGloin et al., 2019

Mountainous (10°
slope with WSW
exposure)

Deciduous broadleaf
forest

European beech
(Fagus sylvatica L.)
31 (mean, as of 2015)

115 (as of 2016)

17*

1719*

2166*

Eutric Cambisol

Krupkova et al., 2019

*2012 — 2016 study period
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4.2  Micrometeorological Measurements

Standardized measurements of the following parameters were made at each site: air
temperature (Tair) and relative humidity with the EMS33 temperature and humidity sensors
(Embedded Moisture Sensor, Vancouver, BC, Canada); the hourly precipitation (P) was
determined by using a Precipitation Gauge 386C (Met One Instruments, Grants Pass, OR,
USA); the incoming photosynthetic active radiation (PAR) were also made using LI-190R
Quantum Sensor (LI-COR, NE, USA) at both Bily Ktiz and Stitna and with an EMS12 sensor
(EMS, CZ) at Rajec; soil moisture profiles were measured by using the CS616 (Campbell
Scientific, North Logan, UT, USA) sensors at the spruce forests in . Overall description of the
instrumentation at the studied forest stands, including soil temperature measurements (Ts), is
given in Table 4.2. The vapour pressure deficit (VPD; hPa) at each forest stand was computed
from Tair (°C) and relative air humidity (RH; %) according to Monteith and Unsworth (2013).
The daily sum of PAR values (MJ m day!) were also derived following Thimijan & Heins
(1983).

The effect of both diffuse and direct radiation on the daily mean GPP values were also
analysed by grouping the dataset into sunny and cloudy days based on the clearness index
(CNI). The CNI refers to the ratio of solar irradiation transmitted through the atmosphere onto
the earth’s surface relative to extra-terrestrial irradiation. The sunny days are classified as days
with CNI > 0.7, with cloudy days characterized as CNI < 0.4, and all CNI values of 0.4 - 0.7
were grouped as partly cloudy days (Sanchez et al., 2012).
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Table 4.2: Description of ancillary microclimatic measurements (as in Mensah et al., 2021b).

Site Name CZ-BK1 CZ-RA) CZ-Stn

Air Temperature and

Humidity Profile

Instrument EMS 33 EMS 33 temperature EMS 33 temperature
temperature and and humidity sensor  and humidity sensor
humidity sensor

Height (m) 2.0,7.6,12.6,13.5, 2.0,11.0,23.0,29.0, 2.0,12.0,22.0, 28.0,
14.3,14.8, 154, 35.0,42.0 33.0, 38.0, 44.0
16.5, 18.7

Net Radiation

Instrument CNRI1 Net CNRI1 net CNRI1 net radiometer
radiometer (Kipp radiometer (Kipp &  (Kipp & Zonen)
& Zonen) Zonen)

Measurement Height (m) Sensor initially 42 m 42 m
placed at 20 m,
then changed to 22
m in August, 2013

Soil Temperature (Ts)

Instrument Pt 1000 NA Pt 1000

Measurement Depth (m) 0,0.05,0.10,0.20, NA 0, 0.05, 0.10, 0.20,
0.30, 0.50 0.30, 0.50

* EMS - Environmental Measuring System

4.3 Soil water content simulations

The soil volumetric water content (SVWC) was not directly measured through-out the

entire day within the period of analyses, and as such, a simulated daily SVWC values were used

instead. These simulated daily SVWC values were performed by the soil water balance model,

R-4ET (which is an R

software package for Empirical

Estimate of Ecosystem

EvapoTranspiration, Fischer et al., 2018). The soil water balance model was calibrated by using

the Bayesian statistics implemented in the R package BayesianTools (Hartig et al., 2019) with
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Differential-Evolution Markov chain Monte Carlo sampler. In the Bayesian calibration, the
model input parameters were iteratively updated to provide a probability distribution of the
calibrated parameters which represents the uncertainty in the measured data and the model
structure. A repetition of the simulations was done 4.8 X 10° times, with the first 1.8 X 10° runs
based on prior distribution, while the remaining 3.0 X 10° constrained by a posterior distribution
that results from the first set of runs. A number of these iterations were treated as burin-in and
set to 0, with the thinning parameter that determines the interval of recording was set to 1. These
high number of iterations were necessary to attain a good input parameter convergence with the
narrow distribution. To inspect convergence, the Gelman diagnostics was applied with a
criterion for potential scale reduction factor being less than 1.2 for all the parameters (Gelman
and Rubin, 1992; Brooks and Gelman, 1998). Finally, a selection of parameters from their
probability distributions was also conducted using a maximum posteriori probability estimate,

i.e., value indicating the mode of posterior distribution.

The input variables of the main model included meteorological data and leaf area index (see
Fischer et al., 2018, for more details). Also, the soil was stratified into 12 layers and was
observed to increase in thickness with increasing depth down to 3 m. These soil layers were
selected in such a way that the soil layers (used for optimization) all matched the depths of the
sensors with an extra 2.5 cm considering the volume measured by the sensors. At all the sites,
the SVWC measurements were carried out within the main root zone area. At the wet spruce
forest site in Bily Ktiz, the CS616 (Campbell Scientific, Inc., Logan, UT, USA) sensors were
placed at soil depths of 0.05, 0.1, 0.22, 0.34, and 0.42 m. At the dry spruce forest site R4jec, the
same type of sensors was also placed at specific soil depths at 0.05, 0.1, 0.2, 0.5, and 0.8 m.
Also, at the beech forest stand in Stitna, the ThetaProbe (ML2x 355, Delta-T, UK) sensors were
placed at soil depths of 0.05, 0.1, 0.3, 0.6, and 0.9 m. The soil parameters that include the SVWC
at saturation, field capacity, wilting point, and the saturated hydraulic conductivity were
optimized at all the 12 depths (Fischer et al., 2018). There were additional single parameters
relevant for SVWC simulations that were optimized and this included the rooting depth with a
Beta parameter that describes the root profile shape (Jackson et al., 1996), surface resistance
and the degree of isohydricity (Oren et al., 1999), the water interception capacity of the leaf and
bark areas, and curve number indicating a runoff parameter (Fischer et al., 2018). In addition,
a uniform distribution of priors was used with the lower and upper limits set to be within £50
% of the values that was based on the field measurements of the wilting point, the field capacity,

and the saturated water content and 100 % of the remaining parameters that were estimated
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from literature or from previous anecdotal analysis. Furthermore, in providing the model with
a sufficient spin up time to stabilize and ensure a reliable and robust parametrization, the
simulation process was initiated at the start of the year 2010 with the initial conditions of SVWC
being set to the field capacity that was estimated from the soil texture (2010 was one of the
wettest years at all the forest stands based on a computed standardized precipitation-
evapotranspiration index over the region). The overall simulation was performed from 2010-
2019 where the observed data for Bayesian calibration were spanning from 2016-2019. Also,
these simulated SVWC values averaged over all the depths yielded low root mean square error
(RMSE) values at all the forest stands, suggesting realistic SVWC estimates. At the wet spruce
forest stand, the simulated SVWC values averaged over all depths yielded a root mean square
error (RMSE) of 0.037 m* m™, with a RMSE of 0.017 m* m™ at the dry spruce forest stand and

0.032 m® m™ at the beech forest site, suggesting realistic SVWC estimates.

44  Eddy Covariance Measurements

Unified Eddy systems for flux measurements were installed at all the investigated forest
ecosystems. These systems were mounted on meteorological towers at respective height above
the forest canopy within the inertial sublayer (detailed description in Table 4.3). The EC system
at each of the forest ecosystems consisted of an ultrasonic anemometer (Gill, Instruments,
Lymington, UK) measuring at 20 Hz frequency, and a fast-response infrared gas analyser (LI-
COR, Lincoln, NE, USA). The processing of EC data (wind components, sonic temperature,
CO», and water vapour mixing ratios) was performed by using an open-source software known

as the EddyPro (Li-COR, USA).
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Table 4.3: Description of the eddy covariance systems at the investigated sites (Mensah et al.,

2021b).

Site Name

CZ-BK1

CZ-RAJ

CZ-Stn

Ultrasonic Anemometer
Instrument

Gas Analyzer
Instrument

Measurement Height for the Eddy
covariance Set-up (m)

Gill HS-50 (Gill
Instruments, UK)

LI-7200

Sensor initially
placed at 20.5 m,
but was later
changed to 25 m
on 7" June 2016

Gill R3—100 (Gill
Instruments, UK),
and later changed to
Gill HS-50 on 5%
June 2015

Initially LI-7000
(IRG-0226) closed-
path gas analyzer,
but later changed to
LI-7200 on 5™ June
2015

41 m

Gill R3-100 (Gill
Instruments, UK)

LI-7000 closed-path
gas analyzer

44 m

4.5  Data processing and Analysis

4.5.1 Post-processing of eddy covariance data

The EddyPro was used to calculate fluxes of half-hourly averages of CO; and water vapour

fluxes from the high frequency (20 Hz) raw data. During this process, the most recent methods

for flux corrections, conversions, and thorough quality control scheme (Aubinet et al., 2012;
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Foken et al., 2012) were applied. The process involved despiking of raw data and statistical
screening, basic quality checking of the turbulent fluxes (integral turbulence characteristics tests
and flux stationarity), coordinate rotation by using the planar fit method (Wilczak et al., 2001),
detecting and compensating for time lags of signals from the ultrasonic anemometer and the
infrared gas analyzer, spectral correction (Moncrieff et al., 2000; Ibrom et al., 2007 and Horst

& Lenschow, 2009), footprint estimation and calculating corrected half-hourly final fluxes.

4.5.2 Quality control (QC) of measured fluxes

QC was performed on the corrected half-hourly fluxes output of the EddyPro following
Mauder et al. (2013). The automated QC (AQC) scheme comprised checking for problems with
instrumentation and data sampling, plausibility limits of the variables used, missing raw data
within the half-hour (maximum of 10% is allowed), high-frequency spike percentage within the
half-hour (maximum of 1% is allowed), combined steady-state test and test of integral
turbulence characteristics (Foken and Wichura, 1996), a large spectral correction factor (an
indicator of large flux uncertainty), a large mean vertical wind velocity after planar fit rotation
(an indicator of vertical advection), test for the interdependency of CO> and water vapour fluxes
flags, due to corrections/ conversions (Mauder et al., 2013). A quality flag criterion was set for
each flux, and their interdependency due to conversions and corrections was taken into account.
Also, a low-frequency despiking method based on the median of absolute deviations from the
median (Sachs, 2013) was applied to Papale et al. (2006) to ensure that outliers would not affect
the gap-filling results. A directional footprint filter (5° resolution) ensured that most of the flux
contributions came from the desired areas. This AQC workflow for all fluxes (t , CO> and water
vapour) was applied by using the R software package eddyczechr. The eddyczechr package
supports EddyPro output statistics and contains functions for flux aggregation with extended
plotting functions for data visualization. The eddyczechr package incorporates the QC flag
naming conventions that simplify QC documentation and QC flag aggregation and analyzes the

individual sources of flux quality reduction.

Moreover, flux measurements over periods with insufficiently developed turbulence,
1.e., low friction velocity (u*), were detected and filtered out. This filtering procedure ensured
the exclusion of CO> fluxes that were not necessarily indicative of the ecosystem-scale biotic
flux due to the insufficient mixing across the forest canopy (Papale et al., 2006; Reichstein et

al., 2005; McGloin et al., 2018). The flag system follows the classification of flux data within
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the CarboEurope-IP (Mauder and Foken, 2004). Flux data with excellent quality and suitable
for fundamental research and development of parametrization are flagged as 0, whereas other
flux data with good quality and ideal for general analysis and annual budgets are flagged as 1.
However, flux data flagged as O refer to those with bad quality and need to be excluded and

gap-filled.

On the other hand, a manual QC (MQC) scheme combines steady-state test and test of
integral turbulence characteristics (Foken & Wichura, 1996), instrument diagnostics evaluation,
plausibility limits (based experience), and visual inspection of data based on the comparison

with different meteorological variables and adjacent half-hours.

4.5.3 Gap-filling and flux partitioning

In estimating annual budgets, there was the need to create a continuous flux time series
by gap-filling all the missing or excluded data through the application of an R software (R Core
Team, 2018) package ‘REddyProc‘ (Wutzler et al., 2018) using marginal distribution sampling
(Reichstein et al., 2005). CO: flux (which is subsequently considered to be equal to NEE) was
partitioned into GPP and ecosystem respiration (Reco). The flux partitioning approach by
Lasslop et al. (2010) using daytime data was used in estimating half-hourly GPP values (umol
m2 s!). These half-hourly GPP values were aggregated to derive daily and monthly sums of

GPP values.

4.5.4 Footprint calculation

Two footprint functions applied in EddyPro were used to estimate the footprint fetch of
the study sites. Under stable conditions, the Kormann-Meixner analytical model (Kormann and
Meixner, 2001) was applied, whereas, under other atmospheric conditions, the Kljun stochastic
Langragian model (Kljun et al., 2004) was used to calculate the footprint fetch. Under unstable
and neutral conditions, the Kormann-Meixner becomes computationally demanding. The mean
70% fetch (distance from the tower at which cumulative contribution to turbulent fluxes is 70%)

was applied in the filtering of the directional footprint.
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4.5.5 Estimation of potential and normalized GPP

Potential GPP (GPP,) is defined here as the estimate of daily GPP sum that can be obtained
under near-optimal environmental conditions (PAR, CNI, SVWC, VPD, Tair, Ts, and P) at the
given site on a particular day of the year (DOY; Gu et al., 2009). The GPPpy formed the
boundary line of a scatter plot of GPP against the DOY values (especially for May-September)
pooled over multiple years of data. In estimating the GPP,, the following set of procedures

were applied until there were no outliers as described in Gu et al. (2009):

- Derive the 95" percentile values from the daily sum of GPP pooled over 2012-2016 for
each DOY value over a 7-day window (iteratively applied).

- All outliers are detected and removed using the percentile method (i.e., all observations
that were found outside the interval formed by the 1 and 99 percentiles were considered

as outliers).

Moreover, to better compare the changes in GPP response across all the investigated forest
stands, daily normalized GPP (GPP,om) values were derived at each forest ecosystem as the
ratio of the estimated daily GPP per the GPPpo. Therefore, GPPuorm values ~ 1 indicate days
with maximum assimilation rates under the near-optimal environmental conditions. GPPnorm
values ~ 0 also showed days with extreme adverse effects on forest productivity. In addition, a
smoothing spline curve was applied to depict the main trends in seasonal courses of GPPuom

during the growing seasons of 2012 - 2016.

A Pearson’s correlation coefficient matrix was plotted to determine the statistical

relationship between GPPuom and the environmental variables based on a covariance method.

4.5.6 Multi-linear and tree-based regression model analyses

In assessing the response of GPProm to the environmental factors (PAR, CNI, SVWC,
VPD, Tair, Ts, and P) at each site, two methods were tested; (i) a stepwise multi-linear
regression (SMLR) and (i1) random forest algorithm (RF). P was excluded from the analyses as

this does not represent a direct measure of soil moisture and as such SVWC was used for the
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regression analysis. The SMLR selection with interaction terms was used by applying the
stepwise regression method (using both the forward and backward direction) in determining the
significant terms in the model and eliminate the nuisance (i.e., non-significant terms) variables
with 95% probability. In addition, quadratic terms were included in the model to test for non-
linearity of the environmental variables with GPPnom. All the statistical analyses were

performed using the R software package ‘stepAIC’ (Version 7.3-54, R Core Team, 2018).

The RF model was also trained and applied to predict GPPyorm at each of the forest
ecosystems and benchmarked with the SMLR model’s performance. The R software package
‘randomForest’ (with Version 4.6-14, Liaw and Wiener, 2015) was used with the following
parameters: the number of trees of the model (ntrees) = 300, with the number of variables in
each mode (representing the nodesize) = 5, and the number of variables used in each tree
(indicating the mtry) = one third of the total number of samples, as in Liaw and Wiener, (2002)
for RF regression. As part of the RF byproduct, the built-in variable importance measures or
ranks the environmental variables (the features) according to their relevance (computed from
permuting the Out-Of-Bag samples based on the mean decrease in accuracy) in predicting
GPPuom at each of the forest ecosystems has been provided (Breiman, 2013). The higher the
value of importance of the variable in the model, the higher the value of the mean decrease in

accuracy.

4.5.7 Accuracy Test of regression models

The predictive performance of GPPuorm at each of the forest ecosystems by both the
SMLR model and RF techniques was evaluated. The model prediction accuracy indicators
showing the Pearson correlation, the percentage of the variance explained (R?) with regards to
the estimated and predicted GPPnom, and the root mean square error (RMSE) values were

derived and compared.
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4.5.8 Drought Stress determination

According to Mishra & Singh (2010), drought refers to low available soil moisture and
high atmospheric VPD. Thus, to quantify and define dry periods within the context of this study
for 2014-2016, the Standardized Precipitation-Evapotranspiration Index (SPEI) was used. The
SPEI considers both precipitation and potential evapotranspiration for determining drought
over the main growing season. Additionally, the SPEI was calculated for various lags (1, 3, 6,
12, and 24 months) from monthly records. The period of 1981 - 2010 was used as the main
baseline years for the SPEI computation. Moreover, the computation of SPEI was performed
according to Begueria et al. (2014) and Vicente-Serrano et al. (2010) by using the R package
SPEI (Begueria and Vicente-Serrano, 2017). The SPEI indicates an anomaly in the
climatological water balance, that is explained as the difference between the reference
evapotranspiration and precipitation amount. In deriving the SPEI, the input data were mainly
obtained from monthly averages of climate reanalyses ERAS that is available at 0.25° spatial
resolution. The reference evapotranspiration was derived from the air temperature at 2 m, with
air dew point temperature in 2 m, and the wind speed in 2 m that is converted from the original
10 m height using the logarithmic profile law, and shortwave incoming radiation following the
methodology by Allen et al. (1998). Using the SPEI values, Table 4.5 shows the categorization
of dryness/wetness severity at each of the investigated forest site, according to the SPEI
classification as used by Yu et al. (2014) in Table 4.4. The positive values represent moisture

and the negative values indicates drought.

Table 4.4: The Standardised Precipitation- Evapotranspiration Index (SPEI) categories based
on the classification of SPEI values by Yu et al., 2014.

Drought/ Wet Severity SPEI Value
Extremely Wet >2.00
Severely Wet 1.50-1.99
Moderately Wet 1.00-1.49
Near Normal -0.99 — (-0.99)
Moderate Drought -1.00 — (-1.49)
Severe Drought -1.50 — (-1.99)
Extreme Drought < -2.00

38



Table 4.5: Categorization of dryness/wetness using Standardised Precipitation-
Evapotranspiration Index (SPEI) indices for the wet spruce (CZ-BK1) and the dry spruce (CZ-
RAJ) forest stations in years (2014 — 2016).

YEARS CZ-BK1 CZ-RA)J

SPEI VALUE CLASS SPEI VALUE CLASS
2014 0.94 Near Normal 0.56 Near Normal
2015 -1.75 Severe Drought -1.55 Severe Drought
2016 -0.20 Near Normal -0.87 Near Normal

4.5.9 Light Response Curve Fitting

Using the logistic sigmoid approach by Moffat et al. (2010) as below, the light- response
curves (LRC) for the daytime GPP were fitted at half-hourly time resolution:

GPP =2 X GPPyuy [0.5 — ——z757] 3)

where PAR represents the photosynthetically active radiation, with a representing the apparent
quantum yield in mol (CO2) mol™! (phot.) which provides details on the effectivity on the rate
of photosynthesis at low light conditions, with the GPPnax indicating the asymptotic maximum

assimilation rate at the light saturation point in pmol m? s™.

The LRC fitting was performed separately for half-hourly GPP values from 2014 —
2016. However, to eliminate night-time measurements within the two spruce forests, a PAR
threshold of 10 pmol m? s™! representing light compensation irradiance of 10 umol m? s! (the
light compensation point of NEE) was set to filter out flux data with PAR values below that
threshold.

Also, since GPP is affected by changes in VPD and soil moisture (Lasslop et al., 2010
and Migliavacca et al., 2011), the impact of VPD and SVWC on LRC residuals (GPP values
without the strongest PAR dependence) were further analysed for both spruce forest stands over
the period under study (2014-2016). Subsequently, a piecewise regression was applied to
analyse the effect of VPD and SVWC on the LRC residuals in determining site-specific
environmental stress thresholds at which the forest GPP declined in both the normal and

drought-affected years.
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4.5.10 Piecewise regression analyses for the assessment of drought effect

Since both changes in VPD and SVWC are not accounted for by the LRC model used,
a piecewise regression of residuals against these environmental variables was analysed.
Through this analyses, the specific response of each of the studied spruce forest ecosystem with
contrasting climates to severe drought conditions was determined over the growing season
during the normal and drought-affected years. The piecewise regression analysis (using the R
package in ‘segmented’ (Muggeo, 2003) and the Davies test (Davies, 2002)) was used to detect
the breakpoints in the regression and test for the significant differences in the slope of the

residual plot from the LRC model to high VPD and low SVWC conditions.
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5 RESULTS

In this chapter, results on the climatic conditions across the forest ecosystems are
compared to determine the dryness or wetness of the forest ecosystem. Through this analyses,
the main environmental variables also affecting the ratio between estimated gross primary
productivity (GPP) and potential GPP (GPPyot) across all the forest ecosystems are compared.
Secondly, the impact of severe drought conditions on GPP of drought-sensitive spruce species
growing at sites with contrasting climatic conditions are analysed. All these analyses are made
using data from May to September from 2012 — 2016 across the wet and dry spruce forest sites

in Bily K#iz and Réjec respectively and at the beech forest ecosystem in Stitna.

5.1 METEOROLOGICAL CONDITIONS AT THE EXPERIMENTAL STATIONS

5.1.1 Variations in meteorological conditions at the spruce and beech forest sites

During the main growing season period of 2012 — 2016, the seasonal sum of
precipitation at the spruce forest site in Bily K#iz was found to be approximately 40% higher
than the seasonal sum of precipitation at the dry spruce forest site and 37% higher than in the
beech forest site in Stitna (Table 4.1 and Figure 5.1). Additionally, both July and August were
mainly characterized by hot and dry conditions across all forest sites, especially at the dry
spruce forest site in R4jec with high mean monthly Tair values (which was 10% higher than at
the wet spruce forest site and 6% lower than at the beech forest ecosystem in Stitnd) and low
mean monthly SVWC values (14% lower than at the wet spruce forest stand and 52% lower at
the beech forest site in Stitna, Fig. 5.2). Though the highest Tair values were consistently
observed at the beech forest site in Stitna, there was sufficient supply of soil moisture during
the study period. Between June — September, there were observed statistically significant
differences (p < 0.01) in the mean monthly VPD and SVWC values at the wet spruce forest site
(with low mean monthly VPD values) in comparison with that at the dry spruce and beech forest
sites. Thus, these results show a moderately dry climate at the dry spruce forest site in Rajec as

compared to the humid climate within the wet spruce forest site in Bily KtiZ. The results further
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indicate the contrasting soil water availability at both spruce forest sites with different climatic

conditions.
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Fig. 5.1: Monthly sums of precipitation for May-September from 2012-2016 at the spruce forest
sites in Bily Kz (CZ-BK1) and Rajec (CZ-RAJ), and the beech forest in Stitna (CZ-Stn).
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Fig. 5.2: Monthly averages of (a) air temperature, (b) the soil volumetric water content
(SVWC), and (c) vapour pressure deficit for May - September of 2012 - 2016 in the spruce
forest sites in Bily Kiiz (CZ-BK1) and Rajec (CZ-RAJ), and the beech forest in Stitna (CZ-
Stn).
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The mean value is shown as the thick horizontal line in the box plot whereas the box represents
the upper and lower quartiles. The vertical dotted lines also represent the minimum and

maximum values with the error bars (whiskers) portraying the standard deviation.

To understand the effect of a typical drought stress condition as was observed in 2015
on forest GPP within a drought-sensitive species such as the Norway spruce grown at different
sites with different climatic conditions, climatic conditions in 2015 was studied and compared
with that of two adjacent years (2014 & 2016). The year 2015 was selected as the year with
severe drought conditions, while 2014 and 2016 were also characterized as years with normal

conditions, based on the SPEI analyses in Table 4.5.

A closer look at the climatic conditions during the growing season of 2015 shows
significantly high mean VPD values with low mean SVWC values (p < 0.01; Table 5.2)
especially in the months of July — August as compared to that of the two adjacent years across
both sites. The observed statistically significant differences of the mean VPD and SVWC values
(p <0.05; Mann-Whitney-Wilcoxon ranksum test) between the drought stress year of 2015 and
the adjacent normal years showed the difference in meteorological conditions during the main
growing season of the years under study. Thus, the high mean VPD and low SVWC values of
2015 were good indicators of drought (dryness stress) during the growing season, whereas the
mean Tair values were comparable for both 2015 and 2016. Additionally, VPD values during
the drought-affected year (DY) of 2015 were mostly observed to be higher at the dry spruce
forest with lower mean SVWC values as compared to that of the wet spruce forest. This also

depicts the moderately dry climate as observed in the dry spruce forest site in Réjec.
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Fig 5.3: Histogram showing the frequency in occurrence of; (a) the vapour pressure deficit
(VPD) and (b) the soil volumetric water content (SVWC) during the main growing seasons
from 2014 - 2016 at the spruce forest stands in Bily KtiZ (CZ-BK1) and Réjec (CZ-RAJ). The
dark colour represents the years with normal conditions (NY) while the grey colour represents
the drought-affected- year (DY).
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Table 5.2: Mean values of vapour pressure deficit (VPD), air temperature (Tair) and the soil
volumetric water content (SVWC) during May- September from 2014-2016 for the spruce
forest stands in Bily Kiiz (CZ-BK1) and Réjec (CZ-RAJ).

YEARS CZ-BK1 CZ-RA)
VPD Tair SVWC VPD Tair SVWC
(hPa) °C)  (m’m3) (hPa)  (°C)  (m*m?)
2014 7.6 13.4 0.28 8.7 14.9 0.21
2015 10.2 14.6 0.19 11.2 15.8 0.19
2016 7.7 14.4 0.25 9.3 16.0 0.22

5.2  Environmental effects on potential gross primary productivity (GPPpot) in spruce

and beech forests using a set of regression methods

The annual changes in the mean daily sums of estimated GPP values across all the forest
ecosystems under study are shown in Fig. 5.4. The area under the red curve indicates the
seasonal changes of GPP,o that shows how much carbon could potentially be assimilated over
the years under certain near-optimal environmental conditions at each of the forest sites.
Additionally, the changes in estimated GPP during the growing season that shows the
phenological responses to warming and other climatic conditions have well been captured in
Figure 5.4. Across all the three forest ecosystems, the maximum GPPpo value of approximately
15.81 gC m™ day! was realized at the wet spruce forest ecosystem and obtained on DOY values
ranging from 197 — 203. These were days within the month of July that were characterized by
lower mean Tair and high SVWC values as compared to other sites (Fig. 5.2). The results also
show that high maximum GPPpe values of approximately 12.97 gC m? day ™! and 14.48 gC m’
2 day! were recorded in the month of June at the dry spruce (with DOY values from 170 — 177)
and beech (with DOY values of 165-166; 178) forest stands in Rajec and Stitna respectively.
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The seasonal changes in the daily GPPyom values during the main growing season period
were compared across all the three forest sites (Figure 5.5). The DY period was characterized
by a lower GPPhom values showing depression of GPP in 2015 especially at the dry spruce
forest site as compared to other years. Moreover, the GPPyom values at the beech forest site
were found to be comparatively higher at the beech forest site than at both spruce forest stands

over the study period (Figure 5.5).
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Fig. 5.5: Annual variations of estimated Normalized gross primary productivity (GPPnorm)
within the spruce forest sites in Bily K#iz (CZ-BK1) and Réjec (CZ-RAJ), and the beech forest
in Stitna (CZ-Stn) during the main growing season of 2012 —2016.

The smoothing spline curves was depicting the trends in seasonal courses of GPPyorm during the

growing seasons of 2012 —2016.

The Pearson correlation matrix (Fig. 5.6) to detect linearity in GPPporm with the
environmental variables shows a moderate positive linear relationship between GPPnorm and
PAR across all the forest ecosystems. However, at both the dry spruce and beech forest sites,
CNI showed a moderate positive linear relationship with GPPpom, unlike in the wet spruce forest
with a non-linear relationship (Fig. 5.7). Also, at the wet spruce forest site, the correlation
coefficients between GPProrm and other environmental variables such as PAR, P, VPD and Tair
were found to be statistically significant (p < 0.05). Statistically significant correlation
coefficients between GPPnorm and PAR, CNI, SVWC, P and Ts, were obtained for the dry spruce
forest ecosystem. Moreover, the correlation coefficients between GPPyorm and PAR, CNI, VPD,
Tair and P were observed to be statistically significant (p < 0.05) at the beech forest site in

Stitna.
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Fig. 5.6: Pearson correlation coefficient matrix showing correlation coefficient between the
environmental variables (clearness index: CNI, photosynthetic available radiation: PAR, air
temperature: Tair, soil temperature: Ts, the soil volumetric water content: SVWC, vapour
pressure deficit: VPD, precipitation: P) and estimated Normalized gross primary productivity
(GPPnorm) within the spruce forest sites in Bily Kiiz (CZ-BK1) and Rajec (CZ-RAJ), and for
the beech forest stand in Stitna (CZ-Stn) during the main growing season of 2012-2016
(indicated in the upper panel).

1.001 cz-BK1 % 80 0 98
0.75

0.50

0.25

0.00
1.001 cz-RAJ

0.75

0.50

0.25

Estimated Normalized GPP

0.00
1.001 cz-stn

0.75

0.50

0.25

0.00

0.2 0.4 0.6 0.8
Clearness Index

51



Figure 5.7: Correlation between the clearness index (CNI) and the estimated Normalized gross
primary productivity (GPPnorm) Within the spruce forest sites in Bily Kiiz (CZ-BK1) and Réjec
(CZ-RA), and for the beech forest stand in Stitna (CZ-Stn) during the main growing season
(May- September) of 2012-2016.

5.2.1 Normalized gross primary productivity (GPPnorm) prediction through stepwise

multi-linear regression (SMLR)

In identifying the main environmental parameters that influence GPPyom across both

spruce forests and beech forest stands, an SMLR model was developed and evaluated (Fig. 5.8).
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Fig. 5.8: Plot of predicted daily GPPnorm estimated from the stepwise multiple linear
regression model (SMLR) vs. estimated daily normalized gross primary productivity
(GPPnorm) within the spruce forest stands in (a) Bily Ktiz (CZ-BK1) and (b) Réjec (CZ-RAJ),
and the (c) beech forest stand in Stitna (CZ-Stn).

The 1:1 relationship between the predicted GPPyorm and estimated GPPnorm values from the
SMLR is shown by the red line. The 95% confidence interval is shown by the shaded blue line.
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The results from the pearson correlation showed a good model fit (Figure 5.8 and Table
5.3) in GPPyom prediction with strong linear relationship between the predicted and estimated
GPPom values across all the forest ecosystems. However, the model overpredicted for lower
GPProm values and also under predicted for high GPPnom values across all the forest sites.
Within the SMLR model, about 40 — 49% of the variance in GPPnorm prediction was influenced
by PAR, CNI, SVWC, VPD, Tair, and Ts with a minimum prediction error (RMSE) of 0.14 at

the dry spruce forest site.

From the results derived from the SMLR analyses, the coefficients of PAR, SVWC,
VPD and Ts were statistically significant (p < 0.01) and found to have similar effects on GPProrm
at both spruce forest stands (Table 5.3 and Table 5.4). Additionally, at the wet spruce forest
stand, CNI was found to have a secondary effect on GPPnorm values (Table 5.3). However, all
the environmental variables (especially PAR, Ts and CNI) used in the SMLR model had

significant effect on GPPnom values at the beech forest stand in Stitna (Table 5.5).

Also, across both spruce forest stands, there were similar quadratic terms such as PAR?,
Ts?, and CNI? that were statistically significant (p < 0.01) with negative coefficients. This
indicated a downward slope in GPPnom values with an increase in PAR, Ts and CNI values
(Table 5.3 and Table 5.4). Moreover, VPD? and CNI?> were statistically significant (p < 0.01)
and inversely related to GPPyom (Table 5.5). However, a negative coefficient of SVWC? across
all the forest stands indicated an increase in GPPyorm with high SVWC values (Table 5.3 — Table
5.5).

The VPD:SVWC interaction term from the SMLR analyses was statistically significant
(p <0.01) and found to be similar across all the forest stands. This indicates the influence of
both VPD and SVWC on GPPuom values. Moreover, at the wet spruce forest stand in Bily Ktiz,
the interactive effects between VPD and SVWC, PAR and Tair were statisitically significant (p
< 0.01), whereas at the dry spruce forest stand in Ré4jec, GPPnorm was mostly affected by
interactive terms between SVWC and other environmental variables such as PAR, CNI and
VPD. In addition, interactive terms such as Ts:SVWC, Tair:SVWC, CNI:PAR, Tair:PAR,
VPD:SVWC and VPD:Ts had significant effect on GPPnorm within the beech forest stand in
Stitna.
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Table 5.3: Coefficients of the significant environmental variables (clearness index: CNI;
photosynthetic available radiation: PAR; air temperature: Tair; soil temperature: Ts; soil
volumetric water content: SVWC; vapour pressure deficit: VPD) influencing normalized gross
primary productivity (GPPnorm) from the stepwise multi-linear regression (SMLR) model at the
wet spruce forest stand in Bily K#iz (CZ-BK1).

Estimate Standard Error t value Pr (>|t|)

(Intercept) -6.397 e-01 1.397 e-01 -4.581 5.47 e-06 ***
PAR 1.659e-01 1.541e-02 10.772 < 2e-16 ***

PAR? -8.813 e-03 1.025 e-03 8.601 <2e-16 ***
SVW(C? -1.095e+01 1.938e+00 -5.649 2.34e-08 ***
PAR:Tair -5.234e-03 9.454e-04 -5.536 4.36e-08 ***
SVwC 5.048e+00 9.514e-01 5.305 1.51e-07 ***
Ts:PAR 4.884e-03 1.062e-03 4.598 5.04e-06 ***
Ts? -2.002e-03 4.817e-04 -4.155 3.64e-05 ***
VPD:SVWC 9.490e-02 2.389e-02 3.972 7.84e-05 ***
CNI? -3.623e-01 1.025e-01 -3.533 0.000437 #**
CNI 4.589¢-01 1.326e-01 3.461 0.000571%#**
VPD? -2.191e-03 7.005e-04 -3.128 0.001830 ***
VPD -3.745e-02 1.525e-02 -2.456 0.014300 *
Ts 2.550e-02 1.077e-02 2.367 0.018214 *

VPD:PAR 3.094e-03 1.367e-03 2.264 0.023906 *
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CNI:Tair

CNI:PAR

VPD:Tair

1.066e-02

-1.544e-02

1.937e-03

5.007e-03

7.571e-03

9.802e-04

2.128

-2.039

1.976

0.033690 *

0.041772 *

0.048507 *

Signif. codes: “***’ p <0.001 “**’ p <0.01 “*’ p<0.05

Table 5.4: Coefficients of the significant environmental variables (clearness index: CNI;
photosynthetic available radiation: PAR; air temperature: Tair; soil temperature: Ts; soil
volumetric water content: SVWC; vapour pressure deficit: VPD) influencing normalized gross
primary productivity (GPPnorm) from the stepwise multi-linear regression (SMLR) model at
the dry spruce forest stand in Rajec (CZ-RAJ).

Estimate Standard Error t value Pr (>|t])
(Intercept) 1.2416627 0.2834895 4.380 1.39e-05 ***
PAR 0.1957506 0.0157165 12.455 < 2e-16 ***
PAR? -0.0055807 0.0006615 -8.436 < 2e-16 ***
Ts:SVWC 0.2931591 0.0448089 6.542 1.25e-10 ***
Tair? -0.0009479 0.0001752 -5.409 8.97e-(08
CNP? -0.9090371 0.1592056 -5.710 1.74e-08 ***
Ts? -0.0015452 0.0002921 -5.290 1.68e-07 #**
SVWC:CNI 4.0751744 0.8162736 4.992 7.71e-07 ***
Ts:Tair 0.0016139 0.0003835 4.208 2.94e-05 #**
PAR:SVWC -0.3523768 0.0896162 -3.932 9.35e-05 ***
SVWC -8.4537169 2.2630082 -3.736 0.000204 *3**
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VPD -0.0364140 0.0102154 -3.565 0.000392 *3**
Ts -0.0404096 0.0149492 -2.703 0.007053 #**
VPD:SVWC 0.1377881 0.0518878 2.656 0.008118 #**
SVW(? 10.9036492 5.0661812 2.152 0.031754 *

Signif. codes: “***’ p <0.001 “**’ p <0.01 “*’ p<0.05

Table 5.5: Coefficients of the significant environmental variables (clearness index: CNI;
photosynthetic available radiation: PAR; air temperature: Tair; soil temperature: Ts; soil
volumetric water content: SVWC; vapour pressure deficit: VPD) influencing normalized gross
primary productivity (GPPnorm) from the stepwise multi-linear regression (SMLR) model at the
beech forest site in Stitna (CZ-Stn).

Estimate Standard Error t value Pr (>|t))
(Intercept) 1.6324051 0.2913214 5.603 3.00e-08 ***
PAR 0.1035450 0.0089856 11.523 < 2e-16 *#*
Ts:SVWC 0.4954804 0.0627527 7.896 1.08e-14 ***
Ts -0.1794898 0.0233970 -1.671 5.56e-14 **
CNI 0.8213389 0.1378886 5.957 4.04e-09 **
Tair 0.0988082 0.0178532 5.534 4.38e-08 ***
SVWC -6.3883130 1.3261064 -4.817 1.78e-06 ***
Tair:SVWC -0.2274474 0.0467787 -4.862 1.43e-06 ***
Tair:PAR -0.0024049 0.0005103 -4.713 2.93e-06 ***
CNI:PAR -0.0558883 0.0148897 -3.753 0.000189 *3#:*
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VPD? -0.0008560

VPD:Ts 0.0021074
VPD -0.0561466
SVW(C? 4.9409576

VPD:SVWC 0.1048877

CNI? -0.5376705

0.0002309

0.0006005

0.0176605

1.5641808

0.0339888

0.2101539

-3.708

3.510

-3.179

3.159

3.086

-2.558

0.000225 ***

0.000477 *#*

0.001540 **%*

0.001651 ***

0.002107 ***

0.010718 *

Signif. codes: “***’ p <0.001 “**” p<0.01 “*’ p<0.05

5.2.2 Normalized gross primary productivity (GPPnorm) prediction through random

forest analyses (RF)

Comparison of the validation statistics from both the SMLR and RF models are shown
in Table 5.6. The RF analyses showed higher R? (> 0.54) and pearson correlation values (>
0.70) with low RMSE (< 0.15) in GPPnom prediction. This indicates the better performance of

the RF model in predicting changes in GPProrm with the environmental factors across the forest

sites (Fig. 5.9).
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Fig. 5.9: Plot of predicted daily GPProm estimated from the the random forest (RF) analyses vs.

estimated daily normalized gross primary productivity (GPPnorm) within the spruce forest stands

59



in (a) Bily Kiiz (CZ-BK1) and (b) Rajec (CZ-RAJ), and the (c) beech forest stand in Stitna (CZz-
Stn). The 1:1 relationship between the predicted GPPnorm and estimated GPProm values from
the RF are shown by the red line. The 95% confidence interval is shown by the shaded blue

line.

Table 5.6: Comparison of the accuracy indicators (the Pearson correlation, root mean square
error: RMSE, and R2 values) from both the stepwise multi-linear regression (SMLR) and
random forest (RF) analyses in Normalized GPP (GPPnorm) prediction across the spruce forest
stands in Bily Kiiz (CZ-BK1) and Rajec (CZ-RAJ), and the beech forest stand in Stitna (CZ-
Stn) for the main growing season (May-September) of 2012 - 2016.

Variants CZ-BK1 CZ-RA) CZ-Stn

SMLR RF SMLR RF SMLR RF
Pearson correlation 0.67 0.82 0.69 0.82 0.72 0.79
R? 0.43 0.65 0.44 0.62 0.51 0.60
RMSE 0.16 0.12 0.14 0.12 0.14 0.12

The importance of environmental variables in predicting GPPuom derived using the
mean decrease error of the RF analyses were derived and compared across all forest sites (Fig.
5.9). PAR was observed to be the most important environmental variable in GPPnom prediction
across all forest sites. VPD was also observed to be the second most important environmental
variable affecting GPPnorm prediction at the spruce forest sites, unlike in the beech forest site
where VPD was rather the third most important variable after SVWC. Similar output on
environmental variables’ importance was also observed across all the sites for both the SMLR
and RF models. Moreover, the Ts, which is a function of the heat flux in the soil as well as the
heat exchanges between the atmosphere and the soil, was observed to have higher importance
at the dry spruce forest than at all the forest sites. Also, within the spruce forest sites, SVWC
was found to have higher feature importance in the dry spruce forest than at the wet spruce

forest site.
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Fig. 5.9: Predictor variable importance measures from the random forest analyses for the spruce
forest stands in (a) Bily Ktiz (CZ-BK1), and (b) Rajec (CZ-RAJ), and the (c) beech forest stand
in Stitna (CZ-Stn).
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The significant effect of environmental variables on GPPyom prediction across all forest

sites was graphically represented and compared in a decision tree (Fig. 5.10).
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Fig. 5.10: Decision tree showing the influence of environmental variables (clearness index:
CNI; photosynthetic available radiation: PAR; air temperature: Tair; soil temperature: Ts; soil
volumetric water content: SVWC; vapour pressure deficit: VPD) on normalized GPP (GPProm)
prediction at the spruce forest stands in Bily Ktiz (CZ-BK1) and Réjec (CZ-RAJ), and the beech
forest stand in Stitna (CZ-Stn) from the random forest analyses. The mean square error (mse)
shows the closeness of the predicted GPPyom values to the estimated daily GPPnorm values. The
light coloured areas indicate conditions leading to low GPPnorm values and the areas with deep
colour show conditions leading to high GPProrm values.

As seen from the decision tree, PAR is the most important environmental variable in
grouping the GPPnorm values into high and low values across all the forest ecosystems. Within
both spruce forest sites, higher GPPnorm values (right branches in Fig. 5.10) were separated by
similar PAR thresholds of approximately 4 MJ m™ day! while high GPPnorm values were
realized at PAR values above 4 MJ m™ day'1 at the beech forest site. However, the left branch
in Fig. 5.10 represents exceptional cases with low PAR and GPPnom values. These exceptional
cases were mainly observed at the wet spruce forest with about 72 cases in comparison with
about 38 cases in the dry spruce forest and with 62 cases in the beech forest. Moreover, there
some periods at the dry spruce forest site when lower GPPhorm values were recorded at low
SVWC values (< 0.16 m? m™; 4 cases) and CNI values (< 0.2; 13 cases). Additionally, other
environmental variables aside from PAR were also important for the GPProrm group separation.
At the wet spruce forest site, SVWC values (< 0.16 m® m™; 250 cases) and Tair values (< 19
°C; 28 cases) were observed to have secondary effects on GPPyorm values. Also, lower GPPporm
values were attained at extremely low PAR (< 2.2 MJ m day'l) and CNI (< 0.2; 49 cases)
values. In comparison with the RF predictor importance in Fig. 5.9, PAR, SVWC, and Tair
variables were observed to be the main limiting factor of GPPnom within the wet spruce forest

ecosystem.

Moreover, at the dry spruce forest, the main limiting factors for GPPyorm values were
found to be PAR, Ts (255 cases), and SVWC (24 cases). Also, lower GPPnorm values were
realized on days with low PAR and CNI (< 0.2; 20 cases) values or for days characterized by
extremely high Ts values (> 20 °C) with low SVWC (< 0.16 m® m; 4 cases). However, higher
GPPuorm values were realized on days characterized by Ts values approximately < 20 °C with

PAR also approximately > 5.5 MJ m™ day ..

At the beech forest site, PAR, SVWC and VPD values were found to have secondary
effects on GPPhorm values. High GPPuom values were realized on days characterized by high

SVWC (> 0.3 m®> m™) and PAR > 5.1 MJ m? day! (192 days). However, on days with low
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SVWC (< 0.3 m®> m?), VPD was the main limiting factor for GPPyom values (51 cases). On
such days with high VPD (> 9 hPa; 28 cases) GPPnorm values reduced.

53 Contrasting effects of drought on the carbon dynamics at two Norway spruce

forests sites with different climatic conditions

As already observed from above, the response in GPPnom for the spruce species was
sensitive to environmental factors related to soil water availability. Thus, we further
investigated the impact of a severe drought stress condition (like recorded in the summer of
2015) on two Norway spruce forest sites at different climates with contrasting water availability
(cold and humid climate at Bily Kfiz vs. moderately warm and dry climate at Réjec). This
comparative analysis of GPP is based on three years eddy covariance dataset, where 2015

represented the year with dry conditions while normal conditions characterized 2014 and 2016.

5.3.1 Light response curves (LRC) of GPP at spruce forest sites with different climates

The LRC parameters for the normal years (NY) of 2014 and 2016 are compared with
those for the drought-affected year (DY) for both experimental spruce forest sites (Fig. 5.11;
Table 5.4). The apparent quantum yield () at the wet spruce forest site in Bily Kiiz was found
to be higher than in the dry spruce forest site at R4jec. During the NY, a in the wet spruce forest
was 12% higher than in the dry spruce forest at PAR < 500 umol m s™!. Moreover, during the
DY, a at the dry spruce forest site further declined by 25% in comparison with that in the wet

spruce forest site.
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Fig. 5.11: The response of forest gross primary production (GPP) to photosynthetically active
radiation during the years with normal conditions (2014 & 2016; shown with black line) and
affected by drought stress (2015; shown with a red line) at the spruce forest stands in Bily KtiZ
(CZ-BK1) and Rajec (CZ-RAJ). Half-hourly GPP values (in points) have been fitted using the
logistic sigmoid light response curves (both black and red lines).

The value for the maximum gross primary production at light saturation (GPPmax) at the
wet spruce forest in Bily K#iz was generally higher than at the dry spruce forest in R4jec during
the year from 2014 — 2016 (Fig. 5.11). Note that GPPmax in the wet spruce forest was 34%
higher than in the dry spruce forest during the years with normal conditions (Table 5.7).
However, there were a significant reduction in the GPPmax values recorded at both spruce forest
stands during the DY period (18% decline in the wet spruce forest site and 17% decline in the
dry spruce forest site) in comparison with those recorded for the NY. Also, it was further
observed that the GPPmax value at the dry spruce forest site was 33% lower than that in the wet
spruce forest stand during the DY period. Interestingly, the GPPmax value at the wet spruce
forest site during the DY period still remained higher than the GPPmax value recorded at the dry

spruce forest even during NY periods.
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Table 5.7: The parameters of the Light response curve (LRC) for the normal (2014 and 2016)
and dry (2015) year periods at the wet spruce forest stand in Bily Ktiz (CZ-BK1) and dry spruce
forest stand in R4jec (CZ-RAJ) within the main growing season period (May — September). The
apparent quantum yield shown by a, the maximum gross primary production at light saturation
also shown as GPPpax and the coefficient of determination (R?) have all been indicated in the
table below.

Variants CZ-BK1 CZ-RAJ
Years with Normal  Dry Year Years with Normal  Dry Year
Conditions (2015) Conditions (2015)
(2014 & 2016) (2014 & 2016)

o [mol (COz2) mol? (phot.)] 0.0383 +0.0003 0.0446 £ 0.0006 0.0338 +0.0003 0.0312 + 0.0006

GPPmax [Umol m? s 26.91+0.14 22.03+0.13 17.77 £ 0.08 14.75+0.12

R? 0.88 0.78 0.78 0.73

5.3.2 Response of light response curve (LRC) residuals to VPD and SVWC at spruce

forest sites with different climates

The applied LRC model showed the light response of the forest GPP. As such, its
residuals were used to assess the additional effects of other environmental parameters such as
VPD and SVWC (known to affect GPP; Fig. 5.12 and 5.13). Results showed that the residuals
remained consistently more negative when VPD increased with declining SVWC values
(depicting dry conditions). Thus, VPD was observed to significantly affect GPP than SVWC
across both sites, as shown by the piecewise regression analysis (using the LRC residuals for
2014 — 2016). However, during the DY period, there were stronger effects of both VPD and
SVWC on GPP at the dry spruce forest stand in R4jec. At the wet spruce forest stand in Bily
K{tiz, a minimal effect of SVWC on GPP during the NY periods was mainly observed.
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Fig. 5.12: Relationship between residuals of the light response curve (LRC) of gross primary
production (GPP) and vapour pressure deficit (VPD) at the wet spruce forest stand in Bily Kz
(CZ-BK1) and dry spruce forest stand in Rajec (CZ-RAJ) for the normal (NY) and dry years
(DY). The red dots represent low soil volumetric water content (SVWC) conditions and the
blue dots show high SVWC conditions. The black dashed lines represent the breakpoint values
whereas the grey dashed lines show the piecewise regression model slope.
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Fig. 5.13: Relationship between the residuals of the light response curve (LRC) of gross primary
production (GPP) and the soil volumetric water content (SVWC) at the wet spruce forest stand
in Bily Ktiz (CZ-BK1) and dry spruce forest stand in Rajec (CZ-RAJ) for the normal (NY) and
dry years (DY). The red dots represent high VPD conditions and the blue dots show low VPD
conditions. The black dashed lines represent the breakpoint values whereas the grey dashed
lines show the piecewise regression model slope.

Overall, the relationship between the LRC residuals and changes in VPD and SVWC
showed a biphasic response to drought except during the DY period at the dry spruce forest
stand (Fig. 5.12). As observed in Table 5.8, all the breakpoints from the piecewise regression
were statistically significant (p < 0.001). However, there were observed steeper slopes after the
VPD breakpoint values from the initial slope for both DY and NY periods, especially at the dry
spruce forest, and only for the DY period in the wet spruce forest stand. Therefore, GPP
decreased faster after the breakpoint in the dry spruce forest than as observed in the wet spruce
forest from 2014 — 2016. Moreover, GPP declined faster after the breakpoint across both sites
for the DY period.
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Table 5.8: Summary of the breakpoints and slopes of the piecewise regression showing the
relationship between the residuals of the light response curve (LRC) to both vapour pressure
deficit (VPD) and the soil volumetric water content (SVWC) over May — September.

Variants CZ-BK1 CZ-RAJ
Years with Normal  Dry Year Years with Normal  Dry Year
Conditions (2015) Conditions (2015)
(2014 & 2016) (2014 & 2016)
VPD [hPa] 2.6 *** 5.3 *** 6.8 *** 23,5 ***
Slope before breakpointin 1.12 £ 0.30 0.02+0.12 0.08 £0.05 -0.55+0.01
VPD
Slope after breakpointin  -0.39 £ 0.02 -0.70+£0.02 -0.54 £ 0.02 -0.22 £ 0.06
VPD
SVWC [m®*m™3] 0.20 *** 0.16 *** 0.18 *** 0.19 ***
Slope before breakpoint in -85.49 + 68.37 305.61 +23.43 164.61 £ 25.14 187.22 +£8.78
SVWC
Slope after breakpoint in 14.75 + 2.60 5.03+2.51 -1.27+2.84 52.16 £ 6.24

SVWC

Significant code for the breakpoint values: p<0.01 “***’
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5.3.3 Impact of drought on the carbon fluxes at monthly timescale within the spruce forest sites with different climates

For a comprehensive comparison between the carbon fluxes of the NY and the DY in both spruce forest sites, the monthly averages of the

daily sums of forest GPP and Reco were investigated to assess the impact of drought on the net ecosystem production (NEP) for both spruce forest

stands (Figs. 5.14, 5.15, and 5.16).
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Fig. 5.14: Monthly mean daily sums of gross primary productivity (GPP) for May-September of the normal years (NY) and dry year (DY) at the
wet spruce forest stand in Bily Kiiz (CZ-BK1) and dry spruce forest stand in Rajec (CZ-RAJ). The tables within the figure indicate the mean
monthly vapour pressure deficit (VPD) and the mean monthly soil volumetric water content (SVWC) values from May-September for each forest

station.
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Fig. 5.15: Monthly mean daily sums of ecosystem respiration (Reco) for May—September of the normal years (NY) and dry year (DY) at the wet
spruce forest stand in Bily KiiZ (CZ-BK1) and dry spruce forest stand in R4jec (CZ-RAJ). The tables within the figure indicate the mean monthly
air temperature (Tair) and the mean monthly soil volumetric water content (SVWC) values from May-September for each forest station.
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Fig. 5.16: Monthly mean daily sums of the net ecosystem production (NEP) for May — September of the normal years (NY) and dry year (DY) at
the wet spruce forest stand in Bily KtizZ (CZ-BK1) and at the dry spruce forest stand in Rajec (CZ-RAJ).
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The total GPP during the main growing season period of the DY was observed to decline
by 14% in the dry spruce forest as compared to a 6% decline in the wet spruce forest site. There
were also observed statistically significant differences (p < 0.001) in the mean monthly GPP
values recorded for July and August of the DY as compared to that of the NY at both forest
sites, especially in the dry spruce forest site (Fig. 5.14). Interestingly, the significant reduction
of the mean monthly GPP values at both spruce forest sites during July and August coincided
with high mean daily VPD values (exceeding 12 hPa) and low mean daily SVWC values (<

0.16 m* m) as compared to the same period for the adjacent years during the NY periods.

Moreover, there was an observed increase in the mean monthly Reco values during July
- September of the DY period, except in August within the wet spruce forest (Fig. 5.15). These
months (July — August) within the DY period were characterized by high mean air temperatures
(above 20 °C) with low mean daily SVWC values (< 0.19 m? m?) in comparison with the two
other adjacent years. Also, during the DY period within the dry spruce forest site, monthly mean

Reco values significantly decreased as compared to the years with normal conditions.

Additionally, at the dry spruce forest in Réjec, there was a significant decline in the
mean monthly NEP values by 38% during the dry year period than a 12% decrease in the mean
monthly NEP values at the wet spruce forest stand in Bily Ktiz (Fig. 5.16). Also, during July
and August, there were statistically significant differences (p < 0.001) in the mean monthly
NEP across both spruce forest stands. Therefore, causing a significant decline in the mean
monthly NEP values during the DY period as compared to the two other adjacent years,

especially within the dry spruce forest site.

Generally, the large decline in GPP, Reco and NEP during the dry year period (especially
from July - August) at the dry spruce forest site showed that the impact of the drought was more
severe in the spruce forest site with a moderately dry climate than at the wet spruce forest site.
However, during the months of July - August of the DY period, Reco at the wet spruce forest
site was observed to have significantly increased as compared to that in the adjacent years with

normal conditions.
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6 DISCUSSION

The results confirm the humid and cool climate within the spruce forest station at Bily
Kiiz with high mean SVWC and low mean Tair values (Fig. 5.1) during most part of the
growing season as compared to the moderately dry climate in Rajec (Kvéton & Zak, 2007).
Though there were warmer conditions (high Tair values) within the beech forest site in Stitna,
the higher SVWC values recorded during the entire period under study indicated a higher rate
of soil evaporation that cooled the soil within this site. Additionally, the wet spruce forest was
generally characterized with a high yearly precipitation pattern compared to that in the dry
spruce and beech forest sites (with higher atmospheric evaporative demand than the mean
annual precipitation). Moreover, the effect of the severe drought stress condition during the
summer of 2015 was mainly experienced at the dry spruce forest site with high Tair and VPD
values than at the wet spruce forest ecosystem (Orth et al., 2016; Van Lanen et al., 2016; Ionita
etal., 2017; Trnka et al., 2020). Low precipitation patterns and low SVWC values were mainly
recorded in 2015 across both spruce forest sites as compared to the immediate adjacent years
of 2014 and 2016. The impact of this summer drought condition experienced in 2015 was
further used to determine the difference in responses of forest GPP among similar forest
ecosystems (such as spruce species) grown under different climates with contrasting water

availability.

6.1  Environmental effects on potential gross primary productivity (GPPpot) in spruce

and beech forests using a set of regression methods

To identify the main environmental variables that influenced changes in the ratio
between the actual and optimal gross primary productivity (GPPnorm) across the three forest
ecosystems (beech and two spruce forest sites grown under contrasting climatic conditions),
two sets of regression models (SMLR and RF) were applied and compared. The presented
results showed that the RF regression model outperformed the SMLR and proved to be highly
effective in predicting the changes in GPPuom across all sites (Table 5.6). It’s worth noting that

statistics from these regression analyses may not be enough to show the mechanistic cause of
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the observed patterns but rather provide useful information on the key environmental variables

and the impact of their significant interactions on GPPnorm Within the specific forest site.

Generally, diffuse radiation (PAR) across both forest types was the most significant or
important variable influencing GPPyorm using both the SMLR and RF regression methods. The
PAR values (~ 4.0 MJ m2 day!) were found to increase the light use efficiency and forest GPP
across all the forest ecosystems. This shows the impact of the total intensity of PAR and its
diffuse fraction on forest ecosystem photosynthesis across the forest types during the growing
season (Urban et al., 2012). However, the intensity, duration and quality of PAR penetrating
the forest canopy and reaching the forest floor may differ for spruce and beech forests due to
their different crown structures (Lichtenthaler et al., 2007; Leuchner et al., 2012). In the beech
and dry spruce forest sites, the GPPyorm was observed to increase with CNI until it saturates at
some point (Fig. 5.6 and Al), indicating that high GPPnom values were realized within these
forest ecosystems under partly cloudy conditions. This is as a result of anisotropic diffuse
radiation entering the forest canopy at its west-southwest slope orientation under such partly
cloudy conditions (Cater and Diaci, 2017). On the other hand, at the wet spruce forest site, the
effective penetration of anisotropic diffuse radiation at all layers of the forest canopy, especially
in shaded leaves, was only reached under cloudy conditions, which led to the high realization
of high GPPuom values (Fig. Al and Fig. A2; Urban et al., 2012). Lower GPPnorm were realized
at extremely lower PAR values (< 2.5 MJ m? day™).

Moreover, analyses from SMLR and RF showed some similarities in the importance of
the environmental variables that influenced GPPnom at all forest sites. For instance, aside from
PAR, VPD and SVWC were observed to have secondary effects on GPProrm. SVWC was found
to be the main limiting factor after PAR for grouping GPPnorm values within the wet spruce
forest (Fig. 5.10; Cias et al., 2005; Chapin et al., 2011; Agren and Andersson, 2012). However,
the groupings of GPProrm values at the dry spruce forest were decided by Ts, SVWC Tair, and
CNI values (Fig. 5.10). In addition, the sum for the Ts and SVWC variables at the dry spruce
forest stand were higher than that of both the wet spruce and beech forest sites (approximately
0.2; Fig. 5.9) further indicating their importance in grouping GPPuom values. The significant
interactions between Ts and other variables such as SVWC, VPD, CNI, Tair (as also confirmed
in analyses from the SMLR) in predicting GPPuorm values show interactions of multiple
environmental factors limited forest productivity at the dry spruce forest. Thus, the complexity
in identifying other environmental parameters that drive GPPyom values other than PAR. These

confirm earlier studies by Lopes de Gerenyu et al. (2005) and Jassal et al. (2008) on the
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sensitivity of forest GPP to soil moisture, which modulates the effects of solar radiation and T's
on carbon uptake within ecosystems characterized by a moderately drier climate. The intensity
of radiation received by the soil affects Ts, the availability of soil moisture to plants and other
biological processes in plants (Nishimura and Laroque, 2011; Zang et al., 2012; Boden et al.,
2014; Novick et al., 2016; Sulman et al., 2016; Krupkova et al., 2019). Thus, at higher
temperatures and low SVWC as was observed in the dry spruce forest during the study period
(Fig. 5.10), reduced water uptake reduces the rate of photosynthesis. This was the case for 24
cases in the dry spruce forest when strong ephadic drought led to the realization of lower
GPProm values (~ 0.22). There were 16 cases of ephadic drought in the wet spruce forest, but
the impact was not as severe as in the dry spruce forest (GPPnorm value of 0.44 at the wet spruce
forest site). High GPPyorm values were realized at the dry spruce forest site on days with high
PAR (> 5.5 MJ m? day™') and low Ts values (< 20 °C) for 193 cases. However, within the wet
spruce forest site, high GPPyorm values were realized at approximately the same PAR values but
for 197 cases when SVWC > 0.16 m® m™. This indicates the significant impact of water
vailability on GPPnorm within the wet spruce forest ecosystem. Generally, the sensitivity of
GPPorm to environmental factors related to water availability such as SVWC, temperature (Ts
and Tair) and VPD within these spruce forests depict the isohydric strategy in the spruce species
in reducing stomatal conductance at early stages of soil drought (Kodrik and Kodrik, 2002; Gu
et al., 2006; Hlasny et al., 2017; McGloin et al., 2019).

At the beech forest site, PAR and SVWC were identified as the main limiting factor for
photosynthesis (Fig. 6 and 7). However, VPD only had a secondary effect and limited GPPorm
only after SVWC was observed to be low (< 0.3 m* m?; 51 cases). However, the impact of high
VPD on GPPuorm within the beech forest site was minimal compared to the other forest
ecosystems, with a GPPnorm value of approximately 0.61. At the spruce forest sites, under higher
temperatures and lower SVWC, there was a significant decline in the GPPnom values (0.22 at
the dry spruce forest and 0.44 at the wet spruce forest site). Thus, in contrast to the spruce
species, an anisohydric strategy exhibited by the beech species, with less stomatal control to
soil drought, enables carbon uptake even under prolonged exposure to mild or moderate drought

stress conditions (Leuschner, 2009; Nikolova et al., 2009; Pretzsch et al., 2020).
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6.2  Contrasting effects of drought on the carbon dynamics at two Norway spruce

forests sites with different climatic conditions

Due to the isohydric behaviour of the spruce species, the study assessed the contrasting
effects of the 2015 severe summer drought on both the wet and dry spruce forest ecosystems.
Results from the study corroborate earlier published results by Orth et al. (2016); Van Lanen et
al. (2016), and Ionita et al. (2017) of the occurrence of severe drought stress conditions during
the summer of 2015 across Europe (Table 5.2) as compared to the adjacent years (2014 and
2016). July and August of the DY period were characterized by high mean monthly Tair values
(> 20 °C), with high mean monthly VPD values (> 10 hPa), and low mean monthly SVWC
values (< 0.19 m® m™) across both spruce forest ecosystems. This shows the significant impact

of the drought in 2015 during July - August.

Findings from this study show the significant decline in the rate of forest ecosystem
photosynthesis (with the immediate closure of the stomata) by high VPD, Tair, and soil water
deficit during July - August of 2015. Thus, both forest GPP and NEP significantly reduced
stands during the DY period of 2015, especially in the dry spruce forest in Réjec than at the wet
spruce forest in Bily Ktiz (Fig. 5.14 and Fig. 5.16). The strong decline in forest GPP and NEP
with low SVWC conditions at the dry spruce forest ecosystem was due to the high atmospheric
evaporative demand experienced at this forest ecosystem as compared to that in the wet spruce
forest (Krupkové et al., 2018). However, within the humid climatic conditions of the wet spruce
forest site, an increase in Tair even for the months of July - August in 2015 only aided by the
rise in the kinetics of enzymes participating in microbial decomposition and root respiration
under warm conditions, thereby causing an increase in the overall forest ecosystem respiration
(Reichstein et al., 2007; Jassal et al., 2008; Mahecha et al., 2010; Wu et al., 2011; Frank et al.,
2015; van Gorsel et al., 2016; von Buttlar et al., 2017).

Additionally, plotting the residuals from the LRC model against VPD and SVWC using
a piecewise regression analysis highlights the effects of both VPD and SVWC on forest
ecosystem GPP, since both photosynthesis and transpiration are mediated stomatal conductance
which are affected by these environmental variables. A steeper decline in the forest ecosystem
GPP (Fig. 5.12 and Table 5.8) was observed with increasing VPD values across both forest
stands even under non-drought years (when SVWC was non-limiting). This further supports

recent findings, that show that high VPD values aggravate drought effects in forests due to the
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quick changes over very short timescales within a day, even without dry soil conditions (Ruehr
et al., 2014; Novick et al., 2016; Sulman et al., 2016). These results also explain the strong
suppression of GPP by high VPD even during the years with normal conditions (2014 and
2016), as the SPEI (for determining dryness) indicates some observed changes in temperature
and soil moisture on longer time scales of weeks or months (Sheffield et al., 2012; Potopova et
al., 2016). Therefore, there is the need to incorporate the influence of such quick changes in
VPD on the photosynthetic rate with limitations in SVWC into future LRC models to better
analyse the impact of drought on GPP especially at different forest ecosystems that are exposed
to regular strong edaphic droughts (Lasslop et al., 2010; Migliavacca et al., 2010; Laaha et al.,
2017; Pretzsch et al., 2018).

78



7 CONCLUSIONS

Forest productivity is strongly dependent on species type and site-specific
environmental conditions. Thus, in this study, the main environmental variables that influences
the ratio between the actual and optimal gross primary productivity (GPP) across central
European beech (at Stitna) and spruce (at Bily K#iz and Réjec) species were identified by
developing and comparing results from two set of regression models - the traditional Stepwise
multiple linear regression model (SMLR) and Random forest (RF) regression model. The RF
model outperformed the SMLR and proved to be highly effective in predicting the important
environmental factors that influence GPPnorm at all sites. The anisotropic diffuse radiation
entering the forest canopy and reaching the ground under cloudy conditions at the wet spruce
forest stand and partly conditions within the dry spruce and beech forest was observed to be the
main limiting environmental factors of the ecosystem photosynthesis. However, there were
secondary effects from some other environmental variables such as the vapour pressure deficit,
soil moisture, and temperature (air and soil) on the ecosystem photosynthesis, depending on the
local conditions and forest type. The occurrence of edaphic drought cases was mostly recorded
at the spruce forest than at the beech forest site and this had significant impact on GPPuorm,
especially in the moderately drier climate at R4jec. This explains the isohydric behaviour of the
spruce species in sustaining the plant’s functionality while reducing forest GPP. However, in
contrast to the spruce species, beech exhibited an anisohydric strategy that enabled carbon
uptake even under prolonged exposure to mild or moderate drought stress conditions with less

stomatal control to soil drought.

The results of this study further revealed the strong influence of VPD on carbon uptake
within forest ecosystems characterized by precipitation typically equal or smaller than the
atmospheric evaporative demand. Therefore, increasing the vulnerability of the Norway spruce
forest to the severity of drought, especially at sites with moderately dry climate such as in the
dry spruce forest site at Rajec. Moreover, the drought effects on forest ecosystem
photosynthesis was further worsened by the decline in soil moisture. The effect of high VPD
and low SVWC values on GPP was especially noticeable during the severe drought stress

conditions within the drought year of 2015.

Consequently, the study suggests that elevated temperatures due to climate change, will
further exacerbate the drought impacts on forest (Norway spruce) ecosystems at sites with

precipitation equal or smaller than the atmospheric evaporative demand. The significant decline
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in the forest GPP and NEP as was observed in the dry year of 2015 questions not only the
sustainable productivity but also the existence of Norway spruce per se in such areas,
considering the prolonged period of drought in future climatic conditions. These findings also
call for more studies on forest productivity across other different forest types and contrasting
climatic conditions, as productivity is strongly dependent on species type and site-specific

environmental conditions.
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APPENDIX
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Fig. Al: Correlation between the estimated Normalized gross primary productivity (GPPnorm)

within the wet and dry spruce forests and beech forest ecosystems from May-September of
2012-2016.
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Fig. A2: Correlation of daily Diffusion Index (DI) with daily Clearness Index (CNI) for the wet
spruce forest (CZ-BK1) from May-September of 2012-2016, showing diffuse radiation on
partly cloudy days (highest point).
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