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ABSTRACT

Nowadays, Norway spruce (Picea abies (L.) Karst.) is the most threatened commercial
tree species in Central Europe. The main reason for that is because of drought stress which
is increasing both in frequency and intensity due to climate change. Automatic band
dendrometers can evaluate tree water status and determine tree circadian phases. These
two parameters are significantly correlated with growth and tree vitality. This study was
focused on the description of circadian phases of Norway spruce during which years using
data from 25 trees in Kostelec nad Cernymi Lesy, Czech Republic. Drought stress, bark
beetle attack, and the combination between these two stress factors were evaluated. To
calculate the distribution of circadian phases the package “dendrometeR” was used in the
free software R studio. The drought stress was evaluated by comparing dry and control
periods with the same day of the year. The effect of bark beetle attack was tested by using
a generalised linear model with negative binomial distribution and likelihood-ratio test.
Our description of the circadian phases showed that Norway spruce trees were
physiologically active during the months of January to March. Months with less rainfall
showed the smallest amount of Stem Radius Increment (SRI). The month of June showed
the highest SRI values, being also the month with more precipitation. The duration of
circadian cycles kept almost constant during these months. Contraction phase was
significantly longer during the dry period. In terms of stem size variation, the expansion
and SRI phases showed significantly lower values in the dry period. Healthy and attacked
trees responded independently during the dry period. The evaluation of plant water status
showed that trees were almost not transpiring during the dry period. Precipitation was the
strongest meteorological variable that can influence the SRI. Sap flow was significantly
correlated with contraction phase. We propose that bigger samples of bark beetle attacked

trees with automatic dendrometers should be analysed after and before the attack.

Key words: Automatic band dendrometer, stem circadian cycle, stem radius increment,

maximum daily shrinkage, drought, stand transpiration, bark beetle



ABSTRAKT

Smrk ztepily (Picea abies (L.) Karst.) je soucasné dobé nejohrozenéjsi hospodarskou
dfevinou stfedni Evropy. Hlavnim divodem je stres zptuisobeny suchem, jehoZ Cetnost i
intenzita se v dusledku klimatickych zmén zvySuje. Pomoci automatickych paskovych
dendrometrti je mozné vyhodnotit stav vody ve strome a urCovat cirkadianni faze stromu.
Tyto dva parametry vyznamné koreluji s ristem a vitalitou stromu. Tato studie byla
zameétena na popis cirkadiannich fazi smrku ztepilého v pribéhu nékolik let s vyuzitim
dat z 25 stromt v Kostelci nad Cernymi Lesy v Ceské republice. Hodnocen byl stres
suchem, napadeni kirovcem a kombinace téchto dvou stresovych faktora. K vypoctu
rozlozeni cirkadidnnich fazi byl pouzit balicek "dendrometeR" ve volné dostupném
softwaru R studio. Stres suchem byl hodnocen porovninim suchého a kontrolniho obdobi
ve stejny den v obou letech. Vliv napadeni kiirovcem byl testovan pomoci zobecnéného
linearniho modelu s negativnim binomickym rozdélenim a testu poméru vérohodnosti.
Nas popis cirkadiannich fazi ukazal, ze smrky ztepilé byly fyziologicky aktivni od ledna
az bfezna. Mésice s mensim mnozstvim srazek vykazovaly nejmensi pfirtistek poloméru
kmene (SRI). Nejvyssi hodnoty SRI vykazoval mésic Cerven, ktery byl zaroven mésicem
s vétsim mnozstvim srazek. Délka cirkadiannich cyklt v jednotlivych mésicich byla
témer konstantni. Faze kontrakce byla vyrazné del§i béhem suchého obdobi. Z hlediska
variace pruméru kmene v mikrometrech vykazovaly faze expanze a SRIv suchém obdobi
vyrazné€ nizs§i hodnoty. Zdravé a napadené stromy reagovaly béhem suchého obdobi
nezavisle. Hodnoceni stavu vody v rostlinach ukéazalo, ze stromy v obdobi sucha téméf
netranspirovaly. Srazky byly nejsiln€jsi meteorologickou proménnou, ktera mize
ovlivnit SRI. Prutok mizy vyznamné koreloval s fazi kontrakce. Navrhujeme, aby bylo
automatickymi dendrometry analyzovano vét§i mnozstvi stromu pied a po napadeni

kurovcem.

Klicova slova: Automaticky pasovy dendrometr, cirkadianni cyklus kmene, pfirastek

poloméru kmene, maximalni denni smrsténi, sucho, transpirace porostu, kiirovec
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1. Introduction

Impact of drought, heatwaves and extreme events caused by global climate change (GCC)
are becoming more frequent and intense in the biosphere of our planet. and its
environmental impact on tree growth is getting evident. GCC is changing the distribution
of precipitations, causing impacts on seasonal water deficit, especially in Central Europe

(Marek et al. 2011; Brazdil et al. 2009).

Automatic dendrometers can continuously record, in high frequency and accuracy,
measurements of stem size, which are nowadays considered valuable information for
analysing and predicting wood production, wood growth phenology, and tree water status
(Drew, Downes 2009). Rhythmical variations in stem size are known as circadian
rhythms, which can be analysed with two mathematical models: the stem daily approach
and the cycle approach. The cycle approach is more used for dividing sub-diurnal stem
size variation into mathematically defined phases and might be a tool for better
understanding the effects of different factors on stem radial variations (Drew, Downes

2009; Deslauriers et al. 2011; van der Maaten et al. 2016).

Norway spruce is one of the most important tree species in Europe (San-Miguel-Ayanz
et al. 2016). Its economic importance comes from its good timber qualities, suitable for
construction and for paper production. The wood have excellent resonance properties for
making instruments such as violins (Burckle, Grissino-Mayer 2003; Stoel, Borman 2008).

This tree species has also been used to control soil erosion (Praciak et al. 2013).

Stress conditions such as droughts have a negative significant effect on tree metabolism
by reducing photosynthesis and tree biomass (Tariq et al. 2018). Recent studies have
proven that heatwaves have negative effects on tree water deficit (Salomén et al. 2022).
Drought has been directly related to bark beetle attacks. In fact, it has been proved that
the probability of bark beetle attack increases with drought stress conditions (Netherer et

al. 2021; Matthews et al. 2018).

The principal aim of this study was the description of stem circadian cycle in Norway
spruce and the proportions of its different phases during the time. Data from automatic
band dendrometers was collected in periods of drought and normal conditions, and from
healthy and attacked trees by the bark beetle. the thesis establishes three other goals: 1)
Estimate the influence of prolonged drought and subsequent bark beetle attack; 2)



Estimate the effect of combined stress (drought x bark beetle attack); 3) the relationship

between plant water status and stem radius variation will be evaluated



2. Literature review

2.1. The Norway Spruce (Picea abies (L.) Karst.)

Norway spruce (Picea abies (L.) Karst.) (Figure 1) is a large coniferous tree, which height
can reach up to 50-60 m with a trunk diameter up to 150 cm. Normally, this tree species
can reach an age between 200 and 300 years. The crown is usually conic, columnar,
including whorled, short and stout branches. Buds are reddish brown, with a length
around 5 mm with an acute apex. Needles are 1-2.5 cm long, 4-angled in cross section,
rigid, light to dark green with fine white speckled lines. This tree species is monoecious,
with unisexual flowers normally appearing when the tree reaches an age of 20-30 years
(around 40 years in dense stands). Male flowers are located commonly at the base of the
preceding year’s shoot 1-2,5 cm long, globular, deep red in colour and then yellow when
mature. Female flowers are located usually at the tip of the shoot, with dark red colour
and 5 cm long, erect before pollination, becoming pendent afterwards. Cones are
cylindrical, between 12 and 15 cm long, green before maturity, turning brown in autumn.
When dry the cones open to disperse winged seeds, which are around 4 mm. The bark is
orange brown colour. The wood is creamy white and simple to work (San-Miguel-Ayanz

et al. 2016).

Figure I: Picea abies (L.) Karst. Source:
https://herbaria.plants.ox.ac.uk/bol/Content/Projects/plants400/images/hires/PICEA_A
BIES_LAMBERT T25.JPG


https://herbaria.plan.ts

2.1.1. Distribution, habitat, and ecology

The Norway spruce is one of the most important trees in Europe, both economically and
ecologically. Its native distribution (see Figure 2) is in boreal and subalpine coniferous
forests, from the mountainous areas of central Europe to northern and eastern Europe. Its
altitudinal range covers from 0 to 2400 metres above sea level. It is currently an
introduced and naturalised species in various parts of Europe, such as the Pyrenees (San-
Miguel-Ayanz et al. 2016). However, since the natural distribution of tree species depends
on climate, landscape topography, and soil properties, the change in climatic parameters

have the potential to affect their abundance (Hanewinkel et al. 2013).

.....

0 2000 km . o ]
e — [ czech republic I Picea abies native I Picea abies introduced and naturalized

Figure 2: Distribution of Picea abies (L.) Karst. The map was made with Qgis using the
shape-files data of Caudullo et al., (2017).

The Norway spruce tree has been also introduced in other countries outside Europe, such
as the United States, Canada, Japan, South Africa, Tasmania and New Zealand (Svenning,
Skov 2004; Taylor, Morin, Press 1993). This tree species is shade-tolerant, with rapid
growth after 5 to 10 years of age. Norway spruce can grow in most substrates but prefers
acidic soils. Also, Norway spruce trees have acidifying soils ability (Augusto et al. 2002;

Holusa et al. 2018).



2.1.2. Importance and usage

Norway spruce is the most economically important tree species in the Czech Republic
today and one of the most important in Europe. In year 2020, Norway spruce covered the
48.8% of the total forest area in the Czech Republic (Zprdva o stavu lesa a lesniho
hospoddrstvi 2020 (Lesy, eAGRI); San-Miguel-Ayanz et al. 2016). The economic
importance of Norway spruce tree species comes from its good timber qualities. Norway
spruce wood is a suitable building material, that has been used for construction of bridges,
mining timbers, and ship masts. Also, this wood material is economically valuable for
paper production. Its texture, weight, and bright uniform colour are greatly valued. The
Norway spruce wood has low content of resin, which facilitates its use in the production
of barrels, wooden boxes, and other packaging materials. The wood has excellent
resonance properties for making instruments such as violins. However, the mechanical
processing of this wood material is problematic due to the presence of frequent hard and
dark-coloured knots (Burckle, Grissino-Mayer 2003; Stoel, Borman 2008; Surminski
2007). In terms of its ecological importance, the Norway spruce has been used to control
soil erosion. Moreover, its fast-growing capability, makes it a crucial tree species to store

carbon from the atmosphere (Praciak et al. 2013; Marek et al. 2011).

2.1.3. Threats and diseases

Droughts, fires, storms and pathogens such as Heterobasidian annosum, Armillaria and
bark beetle (Ips typographus) are the most important disturbance factors for Norway
spruce tree species. Holusa et al. (2018) noted that the ability of Norway spruce to acidify
soils makes it more susceptible to be attacked by armillaria, due to the fact that this
pathogen proliferates faster in acidic conditions. Ips typographus (L.) is the major pest in
European forests. This bark beetle can cause extensive damage to Norway spruce stands
by feeding in the phloem and by inoculating pathogenic blue stain fungi (Sallé et al.
2003). In the Czech Republic, the attacks of bark beetle are devastating the Norway
spruces forests, both in its native and naturalized area. The volume of Norway spruce
wood attacked by the bark beetle has been increasing last year (see Figure 3), reaching
huge amounts of wood such as 20,703 and 21,904 thousands of m? in years 2019 and
2020 respectively. Furthermore, drought has been directly related with bark beetle
attacks. As a matter of fact, it has been proved that probability of bark beetle attack

increases when trees are in drought stress conditions (Netherer et al. 2021; Matthews et



al. 2018). However, effects of drought on bark beetle-induced Norway spruce mortality

are still poorly understood (Netherer et al. 2021).

25 000
21904
20703
20 000
15 000
11934
10 000
5345
5 000 - 4210
| 84623602621 g1 2238

Figure 3: Recorded harvested Norway spruce wood volume attacked by bark beetle in
the period 2006-2020 (thous. m3) Source:(Zprava o stavu lesa a lesniho hospodarstvi
2020 (Lesy, eAGRI) 2021)

2.2. Bark beetle

Ips typographus (Figure 4), family Curculionidae and order Coleoptera, is a moderate to
large (4.2-5.5 mm), cylindrical, brown bark beetle with an excavated elytral declivity,
which includes laterally 4 spines on each side from above, erect yellow hairs are sticked
out from the body perimeter and margins of the declivity (Cavey, Passoa, Kucera 1994).
The head is not visible when viewed dorsally and it is concealed by a thoracic shield. (Ips

typographus (L.), European Spruce Bark Beetle Screening Aid )'.

thttps://www.barkbeetles.org/exotic/htyperph.html
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Figure 4: Ips typographus. Source:

“Bark beetle” is both a taxonomic and ecological designation. In the taxonomic sense,
bark beetles are all species in the weevil subfamily Scolytinae, counting also species that
do not consume bark. However, in the ecological sense, bark beetles are species of
Scolytinae whose larvae and adults live and feed in the phloem of trees and other woody

plants (Hulcr et al. 2015, p. 2).

Baier, Pennerstorfer, Schopf (2007) made an algoritmus called PHENIPS - “A
comprehensive phenology model of Ips typographus” which was based on the concept of
degree-days (DD). The use of DD for calculating the temperature dependent development
is widely accepted as a basis for building phenology and population dynamics models
(Roltsch et al. 1999). Wermelinger and Seifert (1998) noted that the lower limit in

temperature for Ips typograhus is 8.3°C and the upper limit 38.9°C.

Flight activity starts after the amount of air temperatures (AT) are above of 16.5°C and
when ) (ATmax - 8.3) > 140DD (Baier, Pennerstorfer, Schopf 2007; Lobinger 1994) =
from 1 April in the Czech Republic. Development of each stage depends on the average
temperature of the phloem. Development is finished when ) (ATmax - 8.3) = 557 DD.
Re-emergence of parental beetles occurred at a time when 49.7% of the thermal sum for

total development (557 DD).


http://www.invasive.org/browse/subinfo.cfm?%20sub=888

In winter, the shortening day length and low night temperatures in late summer are two
major parameters that induce diapause, physiological state in which adult leafcutters
hibernate. During diapause, individuals do not take food or only in very small amounts
(Hahn, Denlinger 2007). Flying muscles and fat body development are reduced. Diapause
is completed around mid-December (after frost). Shortening the day also influences the
end of reproduction, which terminates after shortening the day to about 15 hours, i.e.

approximately mid-August (McManus, Liebhold 2003).

2.3. Drought, Heatwaves and Climate change

Extreme climatic events as heatwaves and droughts are expected to become more frequent
in a global warming (Rahmstorf, Coumou 2011). The heatwaves, which are generally
defined as periods of consecutive days with anomalously high temperatures, have been
increasing during the last decades and are expected to keep increasing (Barriopedro et al.
2011). Heatwaves are often accompanied by anomalies in other meteorological
parameters such as a lack of rainfall and high evaporative demand. (Zscheischler et al.
2018). Thus, drought stress intensifies the negative effects of extreme temperatures on
tree productivity, vigour and survival (Teskey et al. 2015; Tariq et al. 2018). Temperate
forests are expected to be specifically vulnerable to drought and soil drying due to the

fact that they are not adapted to such conditions (Salomoén et al. 2022).

To understand the effect of drought on tree productivity, it is important to clarify what is
drought. There are, numerous definitions of drought which can be grouped in four

categories (Mishra, Singh 2010):

i. meteorological drought, which is the lack of precipitation over a region for a

period of time

ii. hydrological drought, which is related to a period with not enough surface
and subsurface water resources for established water uses of a given water
resources management system.

iii. agricultural drought, refers to a period with decreasing soil moisture and
consequent crop failure.

iv. socio-economic drought associated with failure of water resources systems to
meet water demands and in this way associating droughts with supply of and

demand for an economic good (water).



In this thesis, we will refer to drought as the third definition of drought because in terms
of tree productivity it is crucial to consider the factor soil moisture. Thus, drought is not

only lack of precipitation, but the lack of available water in soil.

2.3.1. Soil water balance, field capacity and wilting point

Soil is a heterogeneous multiphase porous system, which contains three natural
components: (1) the solid phase (mineral particles and solid organic materials); (2) the
liquid phase (or soil solution); and (3) the gaseous phase (Rai, Singh, Upadhyay 2017).
The soil acts as a reservoir of water with a maximum storage capacity, related to the
saturation moisture. There is also a maximum soil water storage held against gravity,
which is known as field capacity, and a minimum water content below which plants

cannot extract water (Lidén, Ramos, Rodrigo 1999).

Field capacity depends on numerous factors, as (i) previous soil water history, (ii) soil
texture and structure, (iii) type of clay, (iv) organic matter, (v) temperature influence, (vi)
water table, (vii) depth of wetting field capacity, (viii) presence of impeding layers (e.g.,

clay, sand, gravel) and (ix) evapotranspiration? (Kirkham 2005).

The minimum water content is also known as the permanent wilting point, which depends
on plant variety, but it is usually around -1,500 kPa (-15 bars) (Rai, Singh, Upadhyay
2017). Permanent wilting point is broadly used to ascertain plant resistance against

drought stress (Garg et al. 2020).

With field capacity (FC) and the permanent wilting point (WP), available water (AW) can

be calculated (equation 1)

AW =FC — WP (D
2.3.2. Soil water potential as indicator of the wilting point

Both field capacity and the permanent wilting point are precise values that can be
measured by studying the soil, however, if one cannot measure field capacity in the field,
it is often estimated to be the soil water content at a soil matric potential of —0.03 MPa (-
1/3 bar). The permanent wilting point, it is usually estimated to be the water content at a
soil matric potential of —1.5 MPa (—15 bars). The permanent wilting point depends upon

plant osmotic adjustment. Some plants can absorb water from soil at potentials much

2 The rate and pattern of extraction of water by plant roots from soil
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lower than this (—6.0 MPa ~ -60 bars) (Kirkham 2005). In this thesis, we considered a

dry period when the soil water potential was lower or equal to -15 bars.

2.3.3. Sap flow as indicator of dry periods in forests

Sap flow means flow of water from roots to leaves. The principal method to measure sap
flow is the heat balance. Steel plate electrodes are inserted into the stem of the trees and
are heated by flow of electric. It is possible to maintain the temperature of the sensor
constant by changing the power input (voltage). Part of the heating energy is dissipated
into the surroundings by heat conductivity of the xylem tissue while the rest is carried
away by sap flow. In other words, when water is running from roots to leaves, water flux
cools the electrodes, thus more power input is needed to keep the temperature of
electrodes constant. The heat balance calculates the water flux (or the amount of water in
terms of mass or volume) by using the power input and temperature rise of water passing
through the heated space. For more details, we present the equations from the web-site
EMS Brno® (Equation 2).

P=QXdTl xXc, +dT X z 2)
Where:

P is power of heat input [W]

- Qs sap flow rate [kg s-1]

- dT is temperature difference within the measuring point

- cwis specific heat of water [J kg 'K™!]

-z 1is coefficient of heat losses from the measuring point [W K-1].

Using equation 2, sap flow can be calculated as (Equation 3):

oo Pz ®)
cy XdxdT ¢,

Where d is effective width of measuring point (5.5 cm). First term of this equation

quantifies heat that is conducted by sap flow. Second term represents heat losses from the

sensor, which can be estimated when sap flow approaches zero. In these equations, it is

assumed that sap flow is equal to zero during the heavy rains or at night before sunrise.

Sap flow methods hold important advantages over other techniques for measuring of
transpiration by individual branches, tillers, or whole plants. Sap flow methods are simply
automated, so continuous records of plant water use with high time resolution can be

obtained (Smith, Allen 1996). Many publications about tree physiology and response of

3 http://www.emsbrno.cz/p.axd/en/Sap.Flow.large.trees.html

10


http://www.emsbrno.ez/p.axd/en/Sap.Flow.large.trees.html

tree transpiration to drought used sap flow measurements (Brinkmann et al. 2016;
Cienciala et al. 1998; Smith, Allen 1996; Stohr, Losch 2004). Tree transpiration can be
obtained by dividing the total tree sap flow into its cross-sectional area at 1.3 m height.
Tree transpiration can be upscaled to stand transpiration by using the basal area of the
stand. Potential evapotranspiration can be calculated from meteorological variables and

sap flow using the Penman-Monteith equations (Zotarelli et al. 2015).

Cienciala et al. (1998) observed the fact that under good weather conditions (sunny days
with no clouds) and available water in soil, transpiration and sap flow measurements
showed a curve which fitted with the potential evapotranspiration (figure 3, pine and
spruce 1995). When sap flow curve was drawn in dry periods, its values started to
continuously decrease day after day, and the difference between stand transpiration and

potential evapotranspiration increased (Figure 3, pine and spruce 1994).

Actual sap flow and potential transpiratk -
T T T T
[ Pine 1994 v E g

E, Ey (mmd™)

Apr  May Jun Jul Aug Sep Oct

Figure 5: Water flux in boreal forest during two hydrologically contrasting years.
Where Eq is the stand transpiration and E is the potential evapotranspiration. Source:
(Cienciala et al. 1998)

Van Camp et al. (2018) noted the fact that under good weather conditions and available
water in soil, sap flow measurements had a bell-shaped curve (Figure 6, plots “e”, “f”,

g” and “h”). When there were dry conditions, the shape of the sap flow curve changed

on hourly scale (Figure 6, plots “a”, “b”, “c” and “d”).
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Figure 6: Hourly sap flow values drawn in dry and control periods. a), b), c) and d)

show how sap Flow responds to dry periods. Pictures e), f), g) and h) how it responds to
control periods. Source: (Van Camp et al. 2018)

Declining sap flow rates can be interpretated as a reduction of the tree’s stomatal
conductance. The purpose of reducing stomatal conductance is to conserve water and to
avoid critically low water potentials that would put a tree at risk of hydraulic failure

(Brinkmann et al. 2016).

2.4. Automatic Band Dendrometers

A dendrometer is an instrument normally used for measuring the diameter of the stems
of trees. Two broad categories can be defined: those that contact the stem and those that
do not. Band dendrometers, are those which are in contact with the bark of the stem and
measure its circumference. This type of dendrometers have been broadly used in forest
research and have been designed to measure at a wide range of resolutions. Nowadays,
there are some dendrometers that have high spatial and temporal precision, which are
collecting data that is becoming better recognized to commercial forestry (Drew, Downes
2009). These devices have been used to understand growth responses to climate and
silviculture (Vieira et al. 2013; Belien et al. 2014; van der Maaten 2013). Deslauriers et
al. (2003) used high-precision data, to assess the stem water status, proving that the
variation of the balsam fir (Abies balsamea (L.) Mill.) diameter is significantly correlated
with precipitation and high vapour pressure deficit. Other studies were analysing sub-
diurnal stem size variation to determine the stem circadian cycle phases mathematically.
Deslauriers et al. (2011) used a mathematical model in a SAS routine to determine the

circadian phases, also known as circadian rhythms, from automatic dendrometer’s data
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using time series analysis. No such routine was available for the open-source statistical
software R until 2016, when the package “dendrometeR” was created by van der Maaten
et al. (2016). Two approaches can be calculated with this package: 1) the daily approach

and 2) the cycle approach. Both approaches are explained in the next chapter.

2.4.1. The Stem Circadian Cycle

Rhythmical variations in stem size are known as circadian rhythms. Two mathematical
models can describe these variations using high-temporal and spatial precision
dendrometers. 1) The stem daily approach and 2) The stem cycle approach (Drew,
Downes 2009).

The daily approach separates the data collected by the automatic dendrometers into 24 h
intervals and determines the maximum, average and minimum value, and the time of day
at which they occurred. Two variables can be calculated with this approach: the amplitude
and the growth rate. Amplitude can be calculated as the difference between the maximum
and minimum value of each day. The growth rate, or stem size variation, (4R) is usually
quantified as the average (or maximum) diameter measurement of day "i+1" minus the
measurement of the previous day "i" (Deslauriers, Rossi, Anfodillo 2007). Thus, positive
and negative results can be obtained. Negative results will appear when the maximum
diameter of the day “i+1” is lower the maximum diameter of day “i”. Otherwise, positive
values will be obtained. As it has been seen in most temperate forests examined by
dendrochronological analysis, summer rainfall is the prominent factor (if not the most
important) which explains variation in 4R. Soil moisture, temperature, and forest
management activities have been found to be influential in many stands as well (Kdcher

et al., 2012).

The cycle approach is more used for dividing sub-diurnal stem size variation into
mathematically defined phases and it might be a tool for better understanding the effects
of different factors on stem radial variations. It has been proved that the radius of tree
stems reaches a minimum in the mid-to late-afternoon and a maximum in the early
morning, driven by water movement in the tree through the soil-plant—atmosphere
continuum. This patterns of shrinkage during the day (especially with good weather
conditions when the trees have open stomas and transpiration is happening) and
expansion during darkly nights or heavy raining (with closed stomas and there is no

transpiration) have been described in terms of five phases or three phases. In this thesis,
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we used the three phases approach, which is summarised as follows (Drew, Downes 2009;

Deslauriers et al. 2011; van der Maaten et al. 2016):

. Contraction (phase 1) — It is the period from a previous local maximum to a local
minimum
. Expansion (phase 2) — It is the growth from a local minimum until the magnitude

of the previous maximum

. Stem radius increase (phase 3) — It is the growth from a previous maximum to a
new maximum.

Using the package dendrometeR, these phases can be determined and studied (see Figure
7). The package is capable to determine the beginning and the end of each phase and
calculate its minimum and maximum values. The difference between maximum and
minimum values of each phase is called “magnitude”. Magnitude is usually expressed in
units of micrometres [um]. The time that elapses between the maximum and minimum
values of each phase is called "duration". Duration is usually expressed in units of hours
[h]. It is important to say that some authors refer to phases 1 and 2 as “shrinkage” and
“recovery” respectively. Both phases are usually studied for understanding the stem

rehydration (Deslauriers et al. 2003).
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Figure 7: example of circadian phases plotted by the package dendrometeR. Source:
(van der Maaten et al. 2016).

The stem circadian cycle usually lasts around 24 h, but due to meteorological variables

as heavy rain in summer or freeze—thaw events in other seasons of the year might produce
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long cycles of more than 24 h. cycles lasting around 24 h (+ 3 h) are defined as regular
(REG), those lasting more than 28 h were defined as long cycles (LG). The very short
cycles are defined as those which lasts less than 20 h. However, this very short cycles are
not very frequent compared with the long cycles and are used to be considered as regular

(Deslauriers, Rossi, Anfodillo 2007).

2.4.2. Growth and Tree Water Deficit

Tree growth is a product of the interaction of genes and environment. However, this
interaction is not the same for every species and individuals. Since the process of
photosynthesis and maintenance of living trees requires some energy, the process of
photosynthesis does not mean tree growth. In other words, some part of the
photosynthesis is used to conserve the cells and different activities which do not imply
growth. The part of the photosynthesis which is used for growing corresponds to the net
primary production (NPP), while the gross primary production (GPP) is a synonym of all
the energy produced by photosynthesis. The difference between the GPP and NPP is

known as autotrophic respiration (Ra).

Time series of automatic dendrometers showed the fact that stem radius changes during
time. During the day, when transpiration is high, the stem loses water from elastic tissues.
This loss of water is proportional to a decrease in stem radius. This process is called tree
water deficit (TWD). (Zweifel et al. 2016) stablished two concepts to quantify the growth
and the tree water status from automatic dendrometer data: The LG concept (linear growth
during periods of stem shrinkage) and the ZG concept (zero growth during periods of

stem shrinkage).

The LG concept assumes a constant and positive growth rate between two peaks in stem
radius data with the assumption that increasing tree water deficit (TWD) does not affect
growth processes. This method can be used to compare peaks in stem radius data (Zweifel

et al. 2016).

The ZG concept assumes no growth during periods of stem shrinkage (i.e. increased
TWD). The result of this concept is a curve, which represents the irreversible stem

expansion (GRO), with a stepwise shape.

Mathematically, TWD and GRO can be formulated as:
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_ (SR(t) —max [SR(<t)], SR(t) =2 max[SR(<L )]
GROw = { 0, SR(t) < max [SR(< t)] “)

_ (max[SR(< t)] — SR(t), SR(t) <max [SR(L1)]
TWhe = { 0, SR(t) = max [SR(< t)] )

Where GRO is irreversible stem expansion, SR is stem radius data and TWD is tree water
deficit. t refers to the current record, < t refers to historical records. For a better

understanding, Figure 8 shows the calculations of GRO and TWD.
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Figure 8: Example of irreversible growth (GRO) and tree water deficit (TWD)
calculated from automatic dendrometer data. Source: (Salomon et al. 2022)

Salomén et al. (2022) used the concept zero-growth to analyse high-resolution
dendrometers (see Figure 8). To quantify how much the drought can influence the net
growth and rehydration of many broadleaf and conifer species used a sample of 157 trees
in 37 different locations around Europe during three different years. Year 2018, with
extremely hot and dry conditions and other years (2016 and 2017) as control years.
Relative to the two control years, GRO was not significantly reduced by the hot and dry
year, but stems experienced twice the temporary shrinkage (or contraction) due to
depletion of water reserves. The Norway spruce, showed particularly less capability of
rehydrating overnight than broadleaves across gradients of soil and atmospheric drought,

suggesting less resilience toward transient stress.
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3. Aims of the Thesis

The principal goal of the thesis will be the description of stem circadian cycle in Norway

spruce and the proportions of different phases during the years.

As data was collected in dry and normal conditions periods, and from healthy and attacked

trees by bark beetle, the thesis establishes three more goals:

1.

Estimate the influence of prolonged drought and subsequent bark beetle attack
and correlate them with different phases of circadian phases. The null hypothesis
expects a lower number of days with stem radius increment (SRI) in trees affected
by bark beetle compared to healthy one

Estimate the effect of combined stress (drought x bark beetle attack) with respect
to the weather of the studied year. SRI values will be extracted and correlated with
meteorological data

As the sap flow sensors (EMS81, EMS Brno, CR) are used simultaneously with
the dendrometers the relationship between plant water status and stem radius

variation will be evaluated

Based on the objectives we have set following hypothesis:
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H1: The dry period will limit the duration and magnitude of SRI in healthy trees
H2: There should be a difference between the duration of SRI of the trees attacked
by the bark beetle and the control trees during the dry period

H3: There should be a difference between the duration of SRI of the trees attacked

by the bark beetle and control trees before and after the attack



4. Methods

4.1. Site description

The study site was carried out in a forest near Kostelec-Praha (09' 48" - 41° 10' 55" N,
28° 57 27" -28° 59' 27" E, see Fig. 9). Two localities, called site 3 and 4, were located
under semi-humid climate conditions. The average annual temperature is 7.6°C, average
annual precipitation is 665 mm and Lang’s rain factor is 87.6 (according to the
Meteorological Station of Czech Hydrometeorological Institute in Ondfejov, the average
values for the period 1961-2000). The experimental plots are situated at the altitude of
430 m above sea level. The mineral bedrock is granodiorite (so-called Ri¢anska zula)
covered by Luvisol, in some parts with transition to Pseudogley. Soils have good nutrition

levels. Both sites are situated at plain or slight slope and the dominant tree species is

A

Norway spruce.

Pe
/i
3ggp
8
@A
Stribrna
Skalice
0 500 1000 m 0 5)0 100 I?m 4 ; ¢
I 00 B e I
W {
[ Borders of the Czech republic ® Location of the study areas

Figure 9: Location of the study site. Map made with Qgis. Coordinates in table 1.

Each plot was divided in four sub plots. Each sub plot was named with alphabetic letters

from A to D.
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Table 1: Coordinates of the study area.

Site Longitude Latitude

3A  14°52'26" 49°54'39"
3B 14°52'29" 49°54'41"
3C 14°52' 24" 49° 54' 46"
3D 14°52'26" 49°54'46"
4A  14°52'36" 49°54'49"
4B  14°52'35" 49°54'52"
4C 14°52'40" 49°54'52"
4D 14°52'38" 49°54'53"

4.2. Data collection

Meteorological variables

Data for air temperature (Tair, [°C]) air relative humidity (RH, [%]), precipitation [mm]
and photosynthetic active radiation (PAR, [umol/m?/s]) were collected with an automatic
weather station during the study period. The weather station (EMS Brno, Czech Republic)
was located at 2 m height in a bare open space close to the studied sites (<200 m in linear
distance). Data were recorded with 5 minutes intervals and mean hourly values were
calculated as an average of all measurements. The air vapor pressure deficit (VPD) was
calculated by combining the air temperature and relative humidity according to the

equation 6 (Campbell, Norman 1998):

VPD = 0.611 X e[17.502XT/(240.97+T))]><(><1—HR) (6)

where VPD is air vapor pressure deficit (kPa), T is air temperature (°C) and RH is the air

relative humidity (%).

Soil water potential (SWP) (¥, kPa) was recorded at topsoil (10 cm depth) with 5 soil
water potential sensors in each sub plot with 10-minute intervals (Delmhorst Inc, New
Jersey, U.S.A) and Microlog SP3 data logger (EMS Brno, Brno, Czech Republic) for each
site. Mean daily SWP was calculated by averaging overall measurements from five

sensors for each site.

Sap flow

Sap flow sensors (EMS 81, EMS Brno, Brno, Czech Republic) functioning according to
the trunk heat balance method (equation 3, described in the chapter 2, Literature Review)
were set on different trees in each site since 2018. Trunk heat balance method includes

three heated electrodes and one reference (non-hetated, central) electrode placed 10 cm
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below the upper electrodes. Tree trunks were covered with reflective shield after
installation of the sensors to isolate the created field of temperature around the sensors
from convective heat loss and effects of the sun (see Figure 10). A sample of 21 sensors
were selected for the site 3 (6 sensors in sub plot A, 6 in sub plot B, 5 in sub plot C, and

4 in sub plot D). A sample of 4 sensors was selected in site 4 sub plot C.

Automatic band dendrometers

Automatic band dendrometers (sensor DRL26C, Brno, Czech republic) were installed in
same trees as were sap flow sensors (see Figure 10). Data was collected in 10 minutes

interval and mean hourly values were calculated as an average of all measurements.
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Figure 10: Example of sensors. Sap flow meter EMS81 with isolation and automatic
band dendrometer EMS81 without isolation.
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4.3. The selected trees and periods for the study

In order to select the dry and normal periods for the study, first we looked into the soil
water potential data. All periods which showed soil water potential lower than -15 bars
were considered as dry periods. Two small dry periods were detected in year 2018 for site
4, from June 25" to 27" (DOY 176-178) and from October 22™ to 24™ (DOY 295-297).
The longest and driest period in year 2018 was recorded from August 13" to September
1%t in site 4 (DOY 225-244), which shared the dry period with site 3 from August 19 to
September 1°' (DOY 231-244). Year 2019 was a normal year without dry periods. Despite
there are some gaps in soil water potential of year 2019, precipitation and vapor pressure
deficit do not show any signal of possible drought in this year. Year 2020 was dry in site
3 from September 21° to 24" (DOY 264-267). Data from soil water potential in site 4 was

missing in this period (see Figure 11).
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Figure 11: Dry and normal conditions for years 2018, 2019 and 2020. SWP [KPal] is soil
water potential. Black and red lines correspond to site 3 and 4 respectively. VPD [KPa]
is vapor pressure deficit (green dotted line). Precipitation [mm] is plotted with blue bars.

A sample of 21 trees in site 3 and 4 trees in site 4 was studied in this thesis. All trees in
site 3 are in healthy conditions. Since year 2020 showed humid conditions and normal
range of temperatures and there were less gaps in data than in other periods, we selected
this year as the best candidate for studying the distribution of different circadian phases.
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For studying the differences in circadian phases between dry and normal conditions, we
decided to select the dry period from year 2018 DOY 225 to 244. The same DOY was
selected in 2020 as a control period. Year 2019 could be also a control year, but because
of the gaps shown in Figure 12, we decided to not consider this year for the study. All
trees from site 3 were studied and compared between these two periods. Also, we did
some supplementary calculations to compare the irreversible growth (GRO) and tree

water deficit (TWD) between these two periods.

For comparing the attacked and healthy trees, we studied trees located in site 4 (see Figure
12) in three different periods: i) in dry conditions (DOY 225-244, year 2018); ii) one
month before the attack (DOY 117-147, Year 2020); and iii) one month after the attack
(DOY 150-185, Year 2020).
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Figure 12: Trees and periods selected for the Thesis. Plot A) and B) shows single tree-
dendrometer measurements (each line is a different tree) for site 3 and 4 respectively.
Grey background are the same day of the year (DOY) in different years. The period from
225 to 244 covers the longest dry period detected in 2018. The same DOY are marked in
control years (2019 and 2020). Red and blue arrows indicates the trees and the moment
when the bark beetle attack was detected. Missing values are gaps due to lack of battery.
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Table 2: Dimensions of the trees selected for the study. Codes with number 3 and 4
correspond to site 3 and 4 respectively. Characters A, B, C and D correspond with
different sub-plots of each site.

Code N DBH [cm] Bark [mm] Circumference [cm]
3A2 1 40 -- -
3A4 2 38 7 106
3A5 3 36 7 103
3A6 4 30 7 86
3A8 5 33 5 96
3A10 6 41 7 110
3B2 7 41 9 122
3B3 8 37 7 100
3B5 9 43 8 134
3B6 10 35 6 106
3B9 11 38 8 108
3B10 12 47 8 139
3C2 13 37 7 103
3C5 14 36 8 105
3C7 15 38 9 112
3C8 16 35 6 105
3C10 17 31 6 97
3D3 18 34 7 103
3D4 19 36 8 104
3D6 20 40 6 121
3D8 21 43 9 122
4C3 22 54 9 145 *
4C5 23 43 8 124
4C8 24 33 6 97 *
4C1 25 40 7 116

N - Tree n°; DBH — diameter at breast height; (*) Attacked trees by the bark beetle

4.4. Data processing
4.4.1. Dendrometer data

Four parameters were derived from automatic band dendrometer data; 1) Growth rate; 2)
Irreversible growth (GRO); iii) Tree Water Deficit (TWD); and iv) The Stem Circadian

Phases.

Growth rate calculation

Growth rate, or stem size variation, was calculated as the difference between the daily
mean values of stem diameter of two consecutive days (Deslauriers, Rossi, Anfodillo
2007). These mean values were obtained using the daily approach from the R package

dendrometeR (van der Maaten et al. 2016).
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Irreversible growth (GRO) and Tree Water Deficit (TWD)

For a better comparison with Salomén et al. (2022), we calculated GRO and TWD for the
same day of the year as they used (DOY 208-264). Dry period was in year 2018 and
control period in 2020. We used equations 2 and 3 (written in the literature review, chapter

2) to calculate GRO and TWD.

Based on the methodology of Salomén et al. (2022), GRO values were processed
afterwards by calculating the difference between the maximum and minimum for each
tree and period. TWD values were divided in daily intervals, and maximum and minimum
values of each day were averaged. Thus, one value of GRO and TWD per tree per period
was worked out. After that, a ratio between dry and control period was calculated (i.e.,
GRO2018/GRO2020; TWDmax2018/TWDmax2020; TWDmin2o1s/TWDminaoo). Ratio values
were decimals when control period obtained higher values than dry period, otherwise
values reached numbers equals or higher to 1. We calculated the logarithm in base 10 for

each ratio (log-transformed ratio hereafter).

The Stem Circadian Phases

For determining the stem circadian phases, the dendrometer data for each period was
processed with the R package “dendrometeR™* (van der Maaten et al. 2016). As we
described in the literature review (chapter 2), this package calculates the duration and
magnitude (difference between maximum and minimum stem diameter value) of 3
circadian phases: 1) contraction, 2) expansion and 3) SRI. Also, a 4" phase was calculated
as a summary of all previous phases, which contained the duration and magnitude for the
entire cycle. A log-transformed ratio was calculated for the maximum and mean values

of mentioned circadian phases.

4.4.2. Meteorological and sap flow variables

Minimum and maximum values per day were calculated for VPD [KPa] and temperature
[° C]. Hourly precipitation [mm] was cumulated by day and by month. To estimate stand
transpiration, we upscaled sap flow [kg/h/tree] to the stand level. For upscaling, averaged
tree sap flow values were divided by the mean cross-sectional area at 1.3 m height [m?]

and then was multiplied by basal area of the stand [m?/ha].

* For more information about the package dendrometeR, see appendix 1.
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Stand transpiration was compared with potential evapotranspiration, which was

calculated by using penman-monteith equation (Zotarelli et al. 2015).

4.5. Statistical methods

4.5.1. T-test and Wilcoxon test

To determine if log-transformed ratios were significantly different from 0 we used a one
tail T-test and Wilcoxon signed-rank test. For that, log-transformed ratios were classified
into two groups: those which had normal distribution and those which not. The ones
which fell in the first category were tested using a one tail T-test. The ones which fell in
the second category were tested using Wilcoxon signed-rank test. To prove if they had

normal distribution, we used a Shapiro test.

4.5.2. Generalized linear model for negative binomial distributions

The change in the duration of different circadian phases was predicted with generalised
linear model (GLM) assuming a negative binomial distribution. We used magnitude
[mm], phases of circadian cycle (contraction, expansion, and SRI), health status (attacked
or healthy), and all possible combinations (Magnitude x Phases, Magnitude x Health
status, Phases x Health status, Magnitude x Phases x Health status) as independent
variables. Log-transformed duration was the dependent variable. A likelihood ratio was
applied to determine which variables had a significant weight in the prediction of the

duration.

The GLM was executed using the function glm.nb from the R package “MASS”. To apply
this model, we used data from a sample of two healthy and attacked trees (n = 4). The
model was calculated for three different periods, i) dry period (two years before the

attack), ii) one month before the attack and iii) one month after the attack.

4.5.3. Correlations

GRO, TWD, the stem circadian phases and the stem size variation were correlated with
meteorological and sap-flow data using the Spearman correlation. Also, we calculated the
Spearman correlation between all approaches (GRO, TWD, stem circadian phases and

stem size variation).
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S. Results

S5.1. The distribution of circadian phases during the year 2020

From a sample of 5 trees, tree code = 3AS5, 3A8, 3C8, 3D3, 3D4; mean DBH = 34.8 cm,
maximum DBH = 36 cm, minimum DBH = 33 cm (for more dimensions see table 2), we
calculated the stem circadian phases from their automatic band dendrometers data using
the R package dendrometeR (van der Maaten et al. 2016) (see Figure 13).We calculated
the percentage of total hours of each phase for each month. Also, we calculated the total
SRI per tree per month. The mean maximum and minimum values of all 5 studied trees

were plotted with meteorological data (see Figure 14).
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Figure 13: Circadian phases. Green colours represent the stem radius increment (SRI),
red colour represent the expansion phase and black colour the contraction phase.
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Distribution of Norway spruce circadian phases during months (2020)
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Figure 14: The duration [%] of the stem circadian phases per month during the year
2020. Red line shows the mean total SRI [um] from 5 trees in each month. Dotted red
lines shows the maximum and minimum SRI values. Green line shows the maximum
values of vapor pressure deficit (VPD) [KPa] during the month. The blue bars are
cumulated precipitation [mm] by month.

As it can be seen above, the SRI [um] values reached their maximum when there was more
quantity of precipitation (cumulated precipitation during June = 161.0 mm). The month of April
had almost no precipitation (0.2 mm) and showed less variability between the maximum and
minimum values of SRI [um]. July showed decreasing SRI values with also a small amount of

precipitation (31.0 mm) and high VPD values (3.21 KPa). Maximum values of VPD were reached
in August (3.42 KPa).

The distribution of the phases in terms of duration was changing during the year. April was the
month with the lowest percentage of SRI and also the month with the least rainfall (SRI =12.33%,
precipitation = 0.2 mm). This month had the highest percentage of MDS (44.13%). The month
with the most SRI hours was June (31.8%), as the month with the most precipitation. The month
with the lowest percentage of MDS was August (32.49%), which also had the highest percentage
of expansion phase (47.54%).

5.2. The difference between dry and normal conditions
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A daily approach was elaborated for a sample of 21 trees in control and dry periods.
Positive values showed a correlation with precipitation, vapor pressure deficit and sap

flow data (see Figure 15).
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Figure 15: The daily approach for a sample of 21 trees. Grey lines show the stem size
variation from individual trees [mm]. Black line is the average of individual values.
Blue bars show precipitation in mm measured in hourly intervals. Orange line is vapor
pressure deficit (VPD) [KPa] and green line the mean of the sap flow values of each
tree [kg/h/tree]. Black dotted background shows the dry and control periods, 2018 and
2020 respectively.

As can be seen above, the humid year (2020) showed more variability in diameter fluctuations.
Days with precipitation showed mostly positive values of stem radius variation. VPD values were
higher on year 2018. Sap flow values were close to zero on year 2018. Due to the scale of the y
axe in sap flow, the period from year 2018 had almost unrecognizable sap flow values. It is
important to mention that the dry period was selected by looking into the soil water potential (see
Figure 11), concretely for those values under the permanent wilting point, where trees cannot

extract water from the soil. Thus, close to zero values in sap flow confirms that the tree water

deficit was happening strongly in this stand.

Log-transformed ratios are shown in box plots (see Figure 16). Each box of the box plots contents
the information that its inside the first and third quartile. Farther information is shown with bars

and white points out of the boxes. The thicker black line represents the median. Crossed marks
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shows where the average is. Negative log-transformed ratios are the result of lower values in the
dry period (year 2018). Positive log-transformed ratios shows the opposite. Otherwise (Log-
transformed ratio = 0), occurs when there is no difference between control and dry periods.

Significant difference is calculated by t-test and Wilcoxon test P-values (Table 3).
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Figure 16: Log-transformed ratios for irreversible growth (GRO), minimum and
maximum values of tree water deficit (TWD), and the mean and maximum values of
duration [h] and magnitude [um] of circadian phases in boxplots. Crosses and thicker
black lines are mean and median values respectively. P-values are shown in table 3.

Log-transformed ratios showed a significant difference between the dry and control
period for the maximum and mean values of magnitudes [um] of all circadian phases. All
these log-transformed ratios had negative values, showing that the dry period had lower
values than the control period. GRO and maximum TWD were also significantly lower
in the dry period. Log-transformed ratios calculated from duration [h], showed
significantly lower values in the dry period in most of the circadian phases. Only the mean
duration of contraction phase showed to be significantly longer in the dry period. The
mean duration values of expansion phase, and the mean duration of the entire cycles had

non-significant p-values. Minimum values of TWD did not show any significant

difference from zero (see Table 3).
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Table 3: Test and P-values for the Log-transformed ratios

Units Group Shapiro test Wilcoxon test t-test 95% CI
Size \ P-value V-statistic P-value t P-value

SRI mean [h] 21 0.980 9.250E-01 -4.575 1.839E-04 -0.43;-0.16 ok
MDS mean [h] 21 0.945 2.780E-01 5.810 1.102E-05 0.05; 0.11 ok
Expansion mean [h] 21 0.980 9.230E-01 -0.361 7.221E-01 -0.04;0.03

Cycle mean [h] 21 0.862 6.873E-03 83 2.722E-01 -0.04; 0.01

SRI mean [um] 21 0.910 4.707E-02 0 9.537E-06 -1.30;-0.71 ok
MDS mean [um] 21 0.974 8.272E-01 -7.443 3.489E-07 -1.33;-0.75 ok
Expansion mean [um] 21 0.960 5.195E-01 -12.430 7.275E-11 -0.98; -0.69 Hkk
Cycle mean [um] 21 0.964 6.002E-01 -15.051 2.261E-12 -0.86; -0.65 ok
SRI max [h] 21 0.905 4.436E-02 0 6.403E-05 -0.70;-0.43 ok
MDS max [h] 21 0.922 9.658E-02 206 8.516E-04 0.08; 0.19 ok
Expansion max [h] 21 0.975 8.328E-01 1.321 2.013E-01 -0.03;0.16

Cycle max [h] 21 0.951 3.557E-01 -7.97 1.239E-07 -0.20; -0.12 Hokk
SRI max [um] 21 0.903 4.036E-02 0 9.537E-07 -1.62;-1.10 Hokk
MDS max [um] 21 0.954 4.116E-01 -11.82 1.77E-10 -1.63;-1.14 Hokk
Expansion max [um] 21 0.954 3.992E-01 -12.01 1.341E-10 -0.97;-0.68 ok
Cycle max [um] 21 0.863 7.248E-03 1 1.907E-06 -1.11;-0.89 ok
GRO [um] 20 0.955 4.504E-01 -6.87 1.494E-06 -1.01; -0.54 ok
TWD min [um] 20 0.886 2.301E-02 99 8.408E-01 -0.06; 0.05

TWD max [um] 20 0.872 1.265E-02 42 1.718E-02 -0.12;-0.02 ok

CI = Confidence intervals; SRI = Stem radius Increment; MDS = maximum daily shrinkage; GRO = irreversible growth; TWD = Tree Water Deficit; max = maximum values;
