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maonocultures caused by bark beetles’ outbreaks. Comprehensive understanding of bark beetle-tree
interactions in a changing climate are still restricted by substantial knowledge gaps.

The aim of this thesis is studying the response of Norway spruce to drought episodes with regard to tree
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Abstract

Eurasian Spruce Bark Beetle (Ips typographus, L. 1758 (Coleoptera:
Scolytinae)) outbreaks have a severe impact on Norway spruce forests in Central
Europe. Forest damage is exacerbated by abiotic disturbances, logging, and forest
fragmentation, increasing the vulnerability of spruce forest stands. This thesis
explores how Norway spruce trees react to sudden exposure on a newly formed
forest edge and on infestation by bark beetles, examining physiology, defence, and
parameters related to bark beetle acceptance and attraction. The goal is to provide
ecological insights into these processes and propose innovative methods for
managing bark beetle infestations. The first study investigates the immediate effects
of forest edge establishment on critical parameters, including air and bark
temperatures, soil water potential, sap flow, resin flow, bark defence compounds,
and olfactometric cues for bark beetles. Observations in newly cut forest edges
during spring reveal elevated bark temperatures and volatile organic compound
(VOC) concentrations. Despite similar monoterpene levels in the bark, VOC
concentrations were highest in May and June, coinciding with increased Ips
typographus mobility, indicating that microclimatic conditions and olfactory signals
contribute to beetle swarming. The study demonstrates that fresh forest edges are
not disproportionately susceptible shortly after establishment, emphasizing the role
of microclimatic conditions, induced tree defence and olfactory cues in spruce bark
beetle infestation patterns. Furthermore, two publications focus on the physiological
and defence responses of Norway spruce to bark beetle infestation. Besides
studying these alterations, these publications also propose novel methods for early
detection of Ips typographus infestations. Monitoring infested and non-infested
Norway spruce trees reveals post-attack reductions in sap flow, terminated tree
stem increment, increased bark temperature, and a surge in monoterpene
emissions. Promising early detection approaches encompass the surveillance of
tree bark temperature during specific meteorological conditions, analysis of
monoterpene emissions, and the observation of elevated captures in passive traps.
The analytical chemistry part of the study focuses on detecting volatile organic
compounds, especially U-pinene, emitted by infested trees. Lab trials were
performed to optimize U-pinene detection by dynamic absorption and solid-phase
microextraction (SPME), revealing variable abundance in forest trials. Three-
dimensional cloud mapping of U-pinene distribution suggests the potential for large-
scale bark beetle detection, paving the way for alternative pest management
methods using scanning technologies.

Keywords: U-pinene, early detection, forest edge, Ips typographus, Picea

abies, sun irradiation, tree susceptibility, VOCs
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Introduction

In recent decades, natural disturbances in forests have led to significant
economic losses and global ecological imbalances, such as the intensification of
disturbance regimes, unprecedented levels of bark beetle damage, and an increase
in the frequency and severity of wildfires and windthrows (Seidl et al., 2016, 2014).
These trends are expected to continue due to ongoing climatic changes, posing
challenges to the sustainable provision of ecosystem services and the maintenance
of biodiversity in forest ecosystems (Allen et al., 2015; Seidl et al., 2016; Reed and
Hood, 2021).

In Central Europe, coniferous forests have been facing various
environmental stressors due to the climate change, including increasing
temperatures and periods of drought (Netherer and Schopf, 2010; Seidl et al., 2014).
Between 1950 and 2000, abiotic factors, such as drought, floods, heavy winds, and
forest fires, led to the destruction of 35 million m® of forests, a loss associated to an
expanse constituting 8% of the entire Europe forests. Storms with heavy winds were
the primary cost, accounting for 53% of the damage, followed by fire at 16%
(Schelhaas et al., 2003).

In subsequent years (20031 2007), drought became the primary factor, linked

to climate patterns evolving from global warming( Sc hr °t er .éis trand .

affected the entire Central European region, including the Czech Republic, leading
to reduced soil moisture and precipitation-induced physiological stress in forest

trees. Extreme conditions were particularly notable in 2015 and 2018, with 2018

experiencing above-average temperatures ( + 2. 1 AC de v i aavedragen )

precipitation (77% of normal precipitation) ( Lub oj ac kT ,evhich aaused

exponential increases in outbreaks of the Eurasian spruce bark beetle Ips

typographus (L. 1758) (Coleoptera: Scolytinae) peaking in 2020 ( Luboj §c kT

2023).

Knowledge about the population dynamics of Ips typographus and
resistance of Norway spruce Pices abies (L.) Karst to bark beetle attack is
fundamental for predicting mass outbreaks. Yet, a comprehensive understanding of
bark beetle-host tree interactions in a changing climate is still restricted by
substantial knowledge gaps (Biedermann et al., 2019; Huang et al., 2019). The

response of individual trees to external stressors such as drought, solar irradiation
13
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2019)
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exposure, or temperature fluctuations are a key factor in Norway spruceE stress
biochemistry and physiology. These factors influence both constitutive and induced
defence mechanisms of the trees. The intricate interactions between bark beetles
and trees are very complex and new advancements in this research field will
enhance our knowledge on |. typographus attraction to susceptible host trees and

colonization success ( St S2 br sk§ .et al ., 2023a)

14



1. Aims and overview of the dissertation

In Central Europe, conifer forests experience significant changes related to
climate change such as increased temperature and drought periods. Nowadays, the
most economically important consequence of these disturbances in Central Europe
are severe damages to Norway spruce (Picea abies) monocultures caused by
outbreaks of the spruce bark beetle, Ips typographus. Substantial knowledge gaps
still restrict a comprehensive understanding of spruce bark beetle-spruce tree
interactions in a changing climate.

This thesis hypothesizes that discernible differences in physiological,
biochemical, and spruce bark beetle (BB) behaviour can be seen between the
stressed or naturally attacked trees and the intact ones. The hypothesis suggests
that these distinctions will be readily measurable, contributing to a deeper
understanding of the intricate interactions between trees and bark beetles.
Furthermore, it is hypothesized that the identified changes can be leveraged as
valuable tools for developing innovative "BB attack early detection methods." This
conjecture anticipates that the insights gained from observing these variations will
pave the way for novel and effective strategies to identify bark beetle attacks,
ultimately enhancing forest management practices and tree protection.

This thesis aims to study the response of Norway spruce to stress episodes
regarding tree physiology as well as constitutive and induced defence reactions of
mature trees against bark beetle attacks. The specific objectives were:

1) to evaluate the existence of measurable differences in physiological,
biochemical, and bark beetle (BB) behaviour between stressed or naturally attacked
trees and their intact counterparts (Chapter 4.1);

2) to study the features of mature Norway spruce trees under stress
conditions based on tree physiological data and defence chemistry profile (Chapter
4.1);

3) to establish the susceptibility of mature spruces to bark beetle attack on
adult Norway spruce trees (Chapter 4.2), which will be subjected to stresses
resulting from water regime modification and sudden sun exposition on freshly
created forest edges (Chapter 4.1);

4) to evaluate that these changes can be utilized as tools for the

development of 'BB attack early detection methods (Chapter 4.2, 4.3).

15



2. Literature review

2.1. Implications of climatic changes on forest vulnerability

to bark beetle outbreaks
The anticipated global temperature increase of 2-4  Ac@npared to pre-
industrial times is expected to result in more frequent and severe droughts (Allen et
al., 2010; Liu et al., 2018). These evolving environmental conditions are likely to
impact the distribution of tree species and other plants and affect their vulnerability
to both abiotic and biotic stressors. In the recent decades, there has been a global
increase in tree mortality, partly attributed to the climate change, contributing to the
escalation of insect outbreaks and the proliferation of pests (Allen et al., 2010; Ayres
and Lombardero, 2000; Hartmann et al., 2022).
The most significant economic consequence of forest disturbances in
Central Europe has been the extensive damage to Norway spruce (Picea abies)
monocultures caused by bark beetle outbreaks since the beginning of the 21
century (Marini et al., 2017; Seidl et al., 2016; Stadelmann et al., 2014). These
outbreaks have thrived on weakened tree defences induced by the main triggers
such as storm throw, snow or ice damage (Schelhaas et al., 2003), but recently the
most important factor is drought stress (Fernandez-Car ri | I o et al ., 202
al., 2021a). The colonisation of trees by bark beetles together with the introduction
of associated fungi have resulted in extensive tree mortality, involving the
deterioration of wood quality and considerable economic losses( HI 8§ sny et al . ,
Wermelinger, 2004).
In the Czech Republic, the European spruce bark beetle (Ips typographus)
is the primary aggressive insect pest attacking the Norway spruce (Picea abies). In
the past ten years its population has exceeded epidemic levels in numerous regions
of the Czech Republic ( Lub oj § c kT .ddrossate .CzechRepaiic) there
have been reported cases of dead and rotting spruce trees on thousands of
hectares, culminating in 2020 at an estimated loss of 23 million m® of wood
(Fernandez-Car ri I | o et al ., 2 0. F@rthermidre, 8nsthe years t al .,
2019 and 2020, the salvage logging reached its peak (approximately 15 million m?),

gradually decreasing to 5.5 million m3in the last years (Luboj §c k1 .et al .,

16



Historic data (from year 1945) show periodic fluctuations in bark beetle outbreaks

with recurrence every 20to 30 years( HlI 8 sny et. al ., 2021a)

2.2. Abiotic disturbances

Abiotic factors represent non-biotic, environmental factors that can affect the
susceptibility of tree species or whole forest stands to bark beetle attack. Drought
and wind are most important abiotic disturbance agents that can affect spruce
stands (Schroeder, 2010). Abiotic stress factors such as solar radiation, high
temperature, and drought profoundly impact tree physiology and cause shifts in
carbon balances, with effects on primary and secondary metabolism. Consequently,
these alterations play a role for tree growth and defence and thus, in the attraction
of bark beetles, their host acceptance and development (Erbilgin et al., 2021,
Netherer et al., 2021). Despite studies demonstrating increased susceptibility to
biotic attacks under abiotic stress (Huang et al., 2020; Netherer et al., 2015), several
aspects of climate-plant-insect interactions remain unexplored.

For example, according to Lindner et al., (2010), site conditions in northern
Europe are often poor, involving low fertility, terrain steepness, and high soil erosion
risk. Consequently, these challenging site conditions in northern Europe may lead
to increased difficulty in establishing and maintaining forests, potentially impacting
timber yield, ecosystem stability, and overall forest health. Additionally, such
conditions may necessitate specialized forest management practices to mitigate the
identified challenges.

In a complexity of natural systems, it is almost unexpected to find a single
stress that occurs on its own (Caldeira, 2019). The interplay of abiotic stresses
poses a crucial selective pressure on the adaptive traits of long-lived organisms,
particularly woody plants. Despite the significance of this phenomenon,
comprehensive patterns and mechanisms outlining how woody plants adapt to

withstand various abiotic stressors, are still lacking (McDowell et al., 2022).
2.2.1.Wind

In summary, heavy windstorms are key contributors to the spread of bark
beetle infestations in forests. The escalating damage from disturbances, particularly

storms, is driven by changes in forest structure, such as the expanding coniferous
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forest area and a significant rise in coniferous growing stock. As Europe experiences
continuous growth in forest volume, area, and stand age, effective forest
management emerges as a crucial factor in curbing the escalating risks associated
with these disturbances.(Schelhaas et al.,, 2003). Storms contribute to an
abundance of suitable host material, which is colonised by bark beetles rapidly, as
wind-thrown trees lack vital defences (Schroeder, 2010).

Prolonged drought, accompanied by windfalls or other abiotic disturbance
events, can further escalate the bark beetle population size beyond the density
threshold required for the colonization of vital trees. The windfalls usually become
the basis for an extensive and rapid colonization by |. typographus populations.
Consequently, high attack pressure from the emerging generation leads to the
demise of robust and healthy trees or triggers the beetle outbreaks by diminishing

tree resistance (Christiansen and Bakke, 1988).
2.2.2. Drought stress

With ongoing climate change, drought (water and temperature stress) is
forthcoming as the new main abiotic factor triggering bark beetle outbreaks. There
is a hydrologically based theory contemplating a relationship between tree carbon
balance and resistance against biotic invaders, which permits the development and
examination of hypotheses regarding tree survival and mortality during drought
within a systematic study approach (McDowell et al., 2008). Changes in the tree's
physiological, biochemical and structural parameters are positively correlated with
current and past drought periods (Hossain et al., 2018). The tree mortality is further
elevated as the insect pests or pathogen diseases increase in incidence during
prolonged drought (Caldeira, 2019). However, the direct implications of drought on
tree either tree survival or mortality have been controversially discussed in the
literature (Hajek et al., 2022; McDowell et al., 2008). Increasing frequency of warmer
temperatures and drought periods are considered as important factors affecting
directly insect population dynamics and indirectly the host plant growth and defence
(Hart et al., 2014; Raffa et al., 2015). Conifer species differ greatly in their ability to
manage the drought, but species lacking the ability to cope with different water
regimes are more likely susceptible to bark beetle attack, e.g., Ponderosa pine and

Norway spruce. Different water regimes, such as drought periods, may impact water
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potential management by iso-/aniso-hydric strategy, therefore increasing the
susceptivity to bark beetle attack (Christiansen et al., 1987). The combination of
drought events and warmer temperatures leading to a reduction in the trees' water
supply was shown to increase the susceptibility of trees to I. typographus attacks
(Netherer et al., 2015). Tree physiological responses to drought can be
contradictory, for example, a decrease in biochemical defence (Caldeira, 2019;
Rohrs-Richey et al., 2011) but pathogen infection generally increases such tree
defences (Caldeira, 2019; Oliva et al., 2014).

Severe drought stress, exemplified by natural conditions in the Czech
Republic during 2017 and 2018, caused transpiration deficits in Norway spruce
indicated by reduced sap flowrates ( Geb har dt et al . , 2023; St S
and significantly reduced the annual stem radial increment of trees (Krejza et al.,
2021). The resultant acute and accumulated transpiration deficits can be linked to a
decline in Norway spruce defence mechanisms, including resin flow. This
vulnerability is represented by increased successful attacks by I. typographus in
field bioassays (Marini et al., 2017).

The plasticity in secondary metabolism is explained by the growth-
differentiation balance hypothesis (GDBH), initially proposed by Loomis, (1932), and
extended by Lorio Jr, (1986), as further developed by Herms and Mattson, (1992).
According to this theory, a physiological trade-off exists between growth and
secondary metabolism due to developmental constraints in growing cells and
competition between primary and secondary metabolic pathways in mature cells.
GDBH integrates this trade-off with the responses of net assimilation rate (NAR)
and relative growth rate (RGR) to resource availability, predicting a parabolic effect
of nutrient (or water) availability on secondary metabolite concentration (Fig. 1;

Herms and Mattson, 1992).
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Figure 1 The growthi differentiation balance hypothesis predicts the responses of relative growth rate,
net assimilation rate, and constitutive secondary metabolism along a nutrient availability gradient. In
plants limited by sources, a positive correlation between growth and secondary metabolism is
anticipated, whereas in sink-limited plants, the correlation is predicted to be negative (Herms and
Mattson, 1992).

This theory underwent thorough testing, with additional insights provided by
Luxmoore et al., (1995). Among their findings, Luxmoore et al., (1995) noted that
conifer trees tend to increase carbohydrate storage during periods of minimal
growth activity in conditions of moderate stress. Due to the surplus of carbohydrates
invested to secondary metabolites, it is proposed that environmental conditions can
influence constitutive secondary metabolism, potentially enhancing it in moderate
drought conditions. It has been observed to increase tree resistance, as shown in
previous studies on loblolly pine, where constitutive resin flow increased, and host
suitability for bark beetles decreased under moderate water deficits (Dunn and
Lorio, 1993; Reeve et al., 1995). However, extreme water deficits can lead to a
collapse in the carbon pool, resulting in decreased secondary metabolism (Herms
and Mattson, 1992; Lorio Jr, 1986). This decrease not only compromises tree
defence capabilities but also renders the environment less nutritionally beneficial for
beetles. (Lombardero et al., 2000).

Gaining insight into these interactions in the specific system Norway spruce-

Ips typographus is vital in the context of climate change for a more comprehensive

understanding of ecological impacts and possible effective mitigation.
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2.2.3. Acute stress from sun irradiation

Extensive sun irradiation in a forest edge and thereby resulting in acute
stress is increasingly relevant in a warming climate. Key determinants of tree
susceptibility to bark beetle attacks include the effects of wind and elevated
temperature conditions in the vicinity of edge trees, particularly in sun-exposed
areas alongthetrunk ( Mar e g ov 8§ e Forest ¢dges cagd @ya¥ife)favourable
habitats, especially for insects favoured by sun exposure ( M¢ I | er et
Norway spruce trees on forest edges are more attractive for a subsequent attack by
bark beetles due to the following reasons:

As the forest edge is less dense, the trees are impacted by high solar
radiation exposure; therefore, sun stress increases the susceptibility to attacks while
trees in the interior of forests are better protected.

I. typographus prefers exposed trees for breeding, such as edge trees or

al

weakened individuals ( Sc hr oeder a n d . Eurthemnerd, Kautz et 210 0 2)

(2013) found out that the exposition of the forest edges to the sun increases the
probability of bark beetle infestations, even though there is no breeding site close.
In St S2 bet &. k2822 (Chapter 4.1), we investigated the acute stress-
induced changes in tree physiology and metabolism, particularly at freshly
established forest edges. We also examined whether these factors make spruce
trees more susceptible to bark beetle attack. The study revealed changes in
microclimatic conditions at forest gaps and edges, represented by increased solar
radiation and temperature. These conditions were favourable for swarming beetles
and challenged the defence ability of the edge trees, potentially making them more
attractive to bark beetle infestations. However, the relationship between stress
states of Norway spruce trees and their susceptibility to Ips typographus attack is
presumably non-linear. Immediately after their establishment, the fresh forest edges
were not subjected to bark beetle attacks. By the end of summer, increased
temperature and mild drought conditions triggered minor physiological stress in
forest edge trees along with a higher number of bark beetle attacks. The study
suggested that the timing of clear-cuts could impact the likelihood of natural attacks

in the first or second year after edge establishment.
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2.3. Eurasian spruce bark beetle (Ips typographus)

Taxonomic Tree:

Domain: Eukaryota
Kingdom: Animalia
Phylum: Arthropoda
Subphylum: Hexapoda
Class: Insecta

Order: Coleoptera
Family: Scolytidae
Subfamily: Scolytinae

Genus: Ips
(Gilles San Martin,2019).

Species: typographus

The Eurasian or European spruce bark beetle (Ips typographus L. 1758;
Fig. 2) is a pest of Norway spruce (Picea abies). The |. typographus adults are
around 4.2 - 5.5 mm long. They have a cylindrical shape with hair and shiny dark-
brown colouring. The frontal part of the pronotum is obliquely cut, dentate and
squamate, and the back part is stippled. There are rows of depressed points on the
glossy elytra with spaces between them. The posterior edges of the elytra form a
characteristic collar shape with dents on both sides. Four teeth are on these edges,
and the third is capitated. The rear side of the elytral declivity is greasy and shiny
(when the insect is viewed from the rear). Females lay eggs (size is <lmm)
individually in niches along both sides of the maternal gallery. One female can lay
30-80 eggs. Larvae are white, legless, with small, brown, chitinous head and brown
mandibles (Zumr, 1995).

Bark beetles like I. typographus substantially change forest structure,
composition, and function (Raffa et al., 2008). They attack weakened trees or trees
that are stressed by other abiotic or biotic factors ( St S2 br s k § .eBark
beetle attacks facilitate tree mortality, their decomposition and eventually, nutrient
cycling. In specific conditions, bark beetle population densities can significantly rise.
Such exponential increase in beetle abundance constitutes an epidemy that can
turn into a bark beetle calamity from forestry perspective, where bark beetles attack

even healthy trees. The most significant damages of Norway spruce (Picea abies)
22

Figure 2 Female adult spruce bark beetle (Ips typographus)
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are often seen in monocultures affected by spruce bark beetle calamities, due to
luck of biodiversity, limited natural resistance, uniform susceptibility and
homogeneous environmental conditions (Raffa et al., 2008).

Global change including climate warming significantly affects spruce bark
beetle phenology. Increasing temperatures lead to earlier spring swarming and
faster evolution from egg to adult, which supports viable populations even at high
elevations and latitudes ( J° nsson e t. Inaresponse @ Oifci@gsing
temperature conditions, the generation development also accelerates, allowing for
a higher number of terminated generations per year. Multivoltinism is further
promoted by prolonged late summer periods with high temperatures. These reasons
might be a consequence of why Central Europe's lowland areas may already have
three generations of I. typographus per year (Netherer et al., 2019). The three
generations have lately occurred quite often.

Host selection of Ips typographus involves a sequence of behaviours
(Fig. 3a-d), starting with dispersal through the landscape (Fig. 3a) and culminating
in the directed search for suitable host trees. Despite the beetle's ability to devastate
entire forest stands, identifying scattered individuals or groups of suitable hosts
poses a challenge for this small insect, leading to high mortality rates during the
dispersal phase (Coulson et al., 1980). Olfactory cues play a crucial role in guiding
bark beetles at the habitat level (Fig. 3b), keeping them away from non-host trees
within forest stands (Zhang and Schlyter, 2004). Spruce bark beetles,
I. typographus, rely on a combination of positive and negative cues for host selection
(Fig. 3c). Positive cues include aggregation pheromones, host foliage monoterpene
hydrocarbons, and microbial volatiles. Negative cues, such as heterospecific
pheromones, non-host volatiles, and microbial volatiles, deter beetles from
unsuitable hosts. The avoidance of non-host volatiles, including specific
compounds, such as green-leaf alcohols, bark alcohols, and a ketal (Erbilgin et al.,
2007; Kandasamy et al., 2019; Lehmanski et al., 2023; Netherer et al., 2021; Raffa
et al., 2016; Zhang and Schlyter, 2004), underlines the beetle's adaptability to mixed
forest landscapes (Lindgren and Raffa, 2013). The complexities of beetle orientation
and host choice based on stress levels underscore the need for further research in

this area (Netherer et al., 2021).
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Figure 3 The behavioural sequence and mechanisms for Ips typographus in finding suitable host trees
include olfactory cues, a) in a landscape involving the dispersal, b) in a habitat includes host selection,
c) in a tree encompasses both host selection and host acceptance, and d) in a tissue. The focus is
specifically on the pioneering male beetles, whose promptly emitted pheromone signals play a critical
role in directing the majority of both males and females to aggregate. The individual beetle adheres to
a sequence of steps guided by visual, chemo-sensory, and thigmotactic cues involving both positive
(depicted by fair blue arrows and boxes) and negative cues (indicated by red arrows and boxes)
(Netherer et al., 2021).

The dynamics of attacks is mediated through chemical communication
(Fig.4). The process begins with male pioneer beetles selecting a host tree based
on the compounds emitted by potential host trees and by non-host trees. Once a
suitable host is identified and pioneer beetles start boring, trees emit terpenoid
volatiles such as U-pinene, which is again used by the beetles for the production of
aggregation pheromones (Lehmanski et al., 2023). As a result of the first boring

attempts, a cloud of volatile organic compounds (VOC) consisting of host tree

compounds, a combination of VOC from fungi ( Ji r ogov § e tand &éhk .

pheromone (2-methyl-3buten-2-ol with (S)-cis-verbenol) is emitted. A mass attack
ensues upon colonization, accompanied by the same VOCs, which in the second
phase are enriched by ipsdienol. Ipsdienol functions as a key communication tool
for bark beetles, serving both as an aggregation pheromone to coordinate mass
attacks on host trees and as a signal for mate attraction. The subsequent phase
involves the next generation breeding and the increasing production of the anti-

attractant verbenone when trees are more and more colonised (Ramakrishnan et

202

al., 2022). This phase continues to lead to the depletonof a t r ees,aveend e f e n

resin flow ceases and the emission of VOCs from terminal fungi along with ipsenol
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increases. Additionally, this phase may be accompanied by sister breeding (Byers,

1989; Modlinger, 2018; Schlyter and Anderbrant, 1989).

1. ‘ 2. ‘ 3. \/ a,
Host tree choice Defense overcoming, MASS ATTACK Next generation breeding, tree
(pioneer males) attracting conspecifics depleting
d?? Sister brood
Host tree compounds Host tree compounds, Host tree compounds, Resin flow ends
(monoterpenes), Fungi VOCs, Fungi VOCs, Attractants: verbenone,
Non-host compounds 2-methyl-3-buten-2-ol, 2-methyl-3-buten-2-ol, Ipsenol + terminal fungi VOCs
(S)-cis-verbenol \ (S)-cis-verbenol, Ipsdienol

Figure 4 Chemical communication between Ips typographus and Norway spruce in the course of tree
colonisation (Modlinger, 2018).

Distribution of Ips typographus

Ips typographus occupies a massive area in Europe and Asia (Fig. 5A).
Originally, it was a frequent species in northern Europe and also in mountains, a
species that adapted for life in the lower altitudes. It can be found in the temperate
region ( Sk u hr av.IThis speRi@sds) also abundantly represented in Central
Europe, including the Czech Republic.

In general, the bark beetles are generally found wherever spruce or other

suitable tree species for their nourishment are present (Fig. 5B).
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Figure 5 A) Extension of Ips typographus in dependency of tree species in Europe and Asiaregion( Sk uhr av.
B) Global distribution of Ips typographus (EPPO, 2020).
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Figure 6 reports about the swarming activity of bark beetle in Czech Republic

in 2023.
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Figure 6 Swarming activity of bark beetle in Czech republic in summer 2023 ( L HMU, .202 3)

2.4. Early attack detection

Early attack detection is a crucial aspect of managing bark beetle outbreaks,
particularly in the case of pests like Ips typographus ( St S2 br sk§ et .al .,
Traditional methods, such as visual inspection of the trees for boring dust at the
base of the trunk (Kautz et al., 2023), have limitations due to the vastness of forest
stands and the difficulty of personal inspection for each tree. Modern tools and
procedures, including remote sensing methods, show promise but face challenges
in processing captured records and detecting signs with accuracy (Huo et al., 2021;
H¢ettnerovg8 et al .o, 2023; PaczkowsKki et al

Alternative methods, such as chemical communication between bark
beetles, have been explored. Specially trained dogs have demonstrated success in
detecting infested trees (Johansson et al., 2019) more efficiently than human
experts( Vogvr dov 8 .&Reseaech invplving &2@ificial nose for detecting

substances in the forest environment is alsounderway ( H¢t t ner ovg§. et al
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2.5. Tree physiology T measurable characteristics

As the interaction of the tree physiology with abiotic stressors was discussed
before, this section explains the processes inside the tree, including physiological
parameters and responses to stress, such as the production of secondary
metabolites and induction of defence mechanisms.

The intricate field of tree physiology encompasses many processes and
factors crucial to the growth and well-being of trees. Examining key elements such
as sap flow, Photosynthetically Active Radiation (PAR), Vapor Pressure Deficit
(VPD), and tree increment provides valuable insights into the mechanisms
governing a tree's vitality ( St S2 br sk § .e3ap flow,.influenged Dy )
environmental variables, facilitates the essential transport of water and nutrients
from roots to leaves for vital metabolic processes (Rabbel et al., 2018; Taiz and
Zeiger, 2002). PAR is a parameter representing the light spectrum beneficial to
photosynthesis and it plays a pivotal role in a tree's overall growth and health
(Acost a et al ., 2011; Tai z and. Anbthérger , 2
physiological indicator is the VPD, which measures atmospheric moisture, it is a key
parameter for assessing a tree's water balance and susceptibility to water stress
(St S2phbrsk§ et al ., 2 OLasiy, theTraeiinzrenzent,dneadweed g e r 2
through annual growth rings or by a dendrometer as a change in trunk
circumference ( St S2pbrsk§ , servesad a substanhtialirgliaa}or of a tree's
health, reflecting its response to environmental conditions, nutrient availability and
water supply (Clark et al., 2007). A thorough knowledge of these physiological
aspects is essential for effective forest management and the preservation of tree
ecosystems. These parameters are crucial in physiological assessments for
determining tree stress.

Climatic parameters, soil water availability and solar radiation influence tree
net photosynthesis and thus the supply of non-structural carbohydrates (NSC),
which mainly include low-molecular-weight sugars and starch (Adams et al., 2013;
Hoch et al., 2003). Conifers can adapt well to extreme conditions, for example,
stomatal closure maintains the water supply of tree organs (Sevanto et al., 2014).
The acute drought stress in conifers significantly impacts the availability and storage
of non-structural carbohydrates (NSCs) and compounds like mannitol crucial for

osmotic regulation and antioxidative functions (Huang et al., 2020; Krasensky and
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Jonak, 2012). Carbohydrate distribution in tree organs is intricate, influenced by
abiotic stressors, genetic factors, and the tree's past stress experiences, often
displaying non-linear relationships (Hartmann et al., 2018; Huang et al., 2020).
Changes under drought conditions concerning attainability and allocation of NSC to
defence compounds have been proven as non-linear. This relation firmly depends
on various factors such as tree characteristics, class of compound, plant organ,
presence of biotic agents, and, in particular, timing and intensity of stress (Huang et
al.,, 2019). Under moderate drought stress, conifers could accumulate NSCs to
sustain protective measures against biotic attacks (Ferrenberg et al., 2015; Jacquet
et al., 2014). In case of source restriction, NSCs are used to repair stress-induced
damages as well as for secondary metabolites biosynthesis (Hartmann et al., 2018;
Huang et al., 2019). Reduced growth may result in increased NSC pools, with a
preference for carbon allocation to secondary metabolites like phenolic and
terpenoid compounds (Huang et al., 2021). Trees with lower stem increments
showed higher carbohydrate contents (unpublished results), suggesting potential
storage of unused carbohydrates for rapid post-stress recovery (Huang et al., 2019;
Muller et al., 2011). However, prolonged stress exposure is expected to deplete
carbohydrate supplies, especially in roots (Hartmann et al., 2013).

The secondary metabolism of conifers is the most effective mechanism of
protection against environmental stressors, as well as fungal and herbivore attacks
These mechanisms evolved under a complex of climatic parameters, biotic and
abiotic selection pressures and variables between and within tree species like

genotype, phenotype, and ontogeny (Berini et al., 2018; Ferrenberg et al., 2017).
2.5.1 Tree metabolism under the stress

Environmental stress factors influence the physiological and biochemical
characteristics of trees, producing notable effects on transpiration, sap flow, and
both constitutive and induced defence mechanisms, such as resin flow. Particularly,
the interactions between abiotic and biotic stressors can induce changes in the
composition of bark compounds, affecting defence proteins and secondary
metabolites, encompassing terpenoids, phenolic substances, and alkaloids
(Franceschi et al., 2005; Huang et al., 2020; Netherer et al.,, 2021). From the

biochemical perspective, the response of trees to drought stress is a relatively
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complex mechanism involving some universal signs in all plants and specific
reaction chains in individual orders( de Mar 2a et al ., 2020)

Some other biochemical and physiological tree characteristics are regarded
to be reliable indicators of tree stress, such as photosynthetic ability (e.g., stomatal
conductance, chlorophyll fluorescence), volume of plant stress hormones (abscisic
acid (ABA), salicylic acid, jasmonic acid, and ethylene) (Jackson et al., 1995; Tan
and Blake, 1993), content of key proteins and changes in proteome, volatile organic
compounds (VOC) emissions (Niinemets, 2010) and fluctuations in monoterpenes
(MTs) contents (Kainulainen et al., 1992).

Continued exposure to high temperatures and drought leads to a
progressing decrease in water tension within the xylem. Stress factors like heat and
drought activate stress hormones and proteins, leading to stomatal closure
mediated by ABA (Moran et al., 2017). Decreased CO: in chloroplasts due to low
stomatal conductance activates oxidative and photo-oxidative stress. Stomata
closure, coupled with reduced photosynthetic activity, initiates a series of
biochemical reactions in the tree, such as the disturbed redox state of cells which
leads to a damage in cell components by free radicals and peroxides (Felicijan et
al., 2015). Trees start to synthesise antioxidants (carotenoids and vitamin E) (Tausz
et al., 2001) and specialised metabolites from non-structural carbohydrates
(Netherer et al., 2021).

Compounds in the tree bark, such as defence compounds and various VOCs
like monoterpene hydrocarbons and oxygenated monoterpenes, in addition to
pheromone components, play a vital role as sensory signals for bark beetles to
locate and initiate attacks on their host. Ramakrishnan et al., (2022) suggested that
U-pinene, a major host tree compound (Jaakkola et al., 2022), may be used in the
de novo pheromone biosynthesis pathway in 1. typographus aggregation
pheromone. Additionally, symbiotic fungi such as Endoconidiophora polonica and
Grosmannia penicillata are also pivotal in detoxifying compounds and attracting
beetles to the tree (Netherer et al., 2021). All interactions among Norway spruce
(Picea abies), Ips typographus and symbiotic ophiostomatoid fungi during drought

conditions are shown in Figure 7.
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Figure 7 Schematic representation of interactions among Norway spruce (Picea abies), Ips
typographus and symbiotic ophiostomatoid fungi during drought conditions. Brown arrows depict
the activation of hormones, proteins, and biochemical reactions. Defence compounds in the bark
and volatile organic compounds (VOCSs), including monoterpene hydrocarbons and oxygenated
monoterpenes, along with pheromone components (light blue clouds), serve as crucial gustatory
and olfactory signals for host location and attack by bark beetles (Netherer et al., 2021).

The main pathway for eliminating reactive oxygen species is the ascorbate-
glutathione cycle, and one of the main compounds in the cycle, ascorbate (ascorbic
acid) is the most water-soluble antioxidant in plant cells. Glutathione is a primary
component for the regeneration of ascorbate (Krajnc et al., 2014). Norway spruce
needles under mild drought stress have shown elevated levels of ascorbate and
glutathione together with a change in the ratio of reduced and oxidised glutathione
(Tausz et al., 2004, 2001). Also, it was observed that in response to salicylic acid
application to the bark region of Norway spruce, glutathione and cysteine levels
increased, resulting in shorter maternal gallery lengths in comparison to untreated
controls and eventually leading to a reduced number of spruce bark beetle entrance
holes and activation of systemic acquired resistance (SAR) (Krajnc et al., 2011).

Glutathione plays multiple roles in the plant metabolism, anti-oxidative defence, and
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redox control and it is also involved in the response and resistance to pathogens
(Tausz et al., 2004).

The ascorbate-glutathione cycle, in combination with the storage and the
synthesis of phenolics in polyphenolic parenchyma cells, has been increasingly
recognized as a key system for tree response to both abiotic and biotic stress
(Felicijan et al., 2015). Certain phenol families and phenolic compounds, such as
stilbene glucosides, flavonoids and lignans, show clear effects in the defence
against I. typographus and associated blue-stain fungi (Zhao et al., 2019).

Drought, cold temperatures, frost, or elevated salinity have been linked to
the expression of dehydrin genes (Eldhuset et al., 2013). It has been elucidated that
dehydrins play a role in preserving or emulating aqueous conditions within a
dehydrated cell (Graether and Boddington, 2014). These proteins serve as a
protective mechanism to alleviate the negative consequences of dehydration. While
previous research (Sena et al., 2018; Velasco-conde et al., 2012) has primarily
focused on genetically determined variations in response to controlled
environments, the study of L e p | g2020)aekplores such differences among
individuals and populations in natural settings. The study emphasizes the role of
dehydrins, proteins associated with mitigating the adverse effects of dehydration, in
response to environmental conditions such as drought, low temperatures, frost, or
high salinity. The research goes beyond controlled conditions, exploring natural
ecotypes, and reveals significant differences in dehydrin expression among these
ecotypes. Moreover, the study establishes correlations between dehydrin gene
expression and key climatic variables, including precipitation, temperature, and day
length. These findings contribute to a better understanding of how genetically
determined variations in dehydrin expression respond to specific environmental
factors in natural settings, shedding light on the adaptive mechanisms employed by

different ecotypes to cope with dehydration-related stress ( L e p | et . al
2.5.2 Secondary defence metabolites in Norway spruce

The defence mechanisms rely on both pre-existing (constitutive) and newly
generated (inducible) defences generated in response to biotic attack, incorporating
mechanical and chemical barriers in a series of one to four successive stages

(Celedon and Bohlmann, 2019; Franceschi et al., 2005). The initial defence stage
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aims to repel and inhibit the initial attack through constitutive mechanisms, including
bark anatomical structures that are challenging for insects to bore and consume, as
well as chemical compounds like oleoresin, which can flush, repel, and seal entry
points for bark beetles. If the constitutive defences prove insufficient, a second stage
activates inducible defences to either kill or compartmentalize beetles that have
successfully penetrated the host tree. After an attack, trees enhance the
concentration of semiochemicals with inhibitory and toxic effects on attacking
beetles and associated fungi. Moreover, there are anatomical changes in the cell
structure around the injured tissue, resulting in the creation of a necrotic area
impregnated with defensive compounds such as terpenoids and phenolic
substances to restrict infestation and impede the development of beetle galleries
and associated fungi (Christiansen et al., 1987). In the third stage, damaged tissues
are sealed and repaired to curtail opportunistic or subsequent infestations
(Franceschi et al., 2005). Finally, upon identification of an invading organism, a
fourth stage of acquired or systemic defence can be triggered, involving the
synthesis of more specialized defence responses, such as gene-for-gene
interactions, to prevent future attacks (Eyles et al., 2010; Franceschi et al., 2005).

Only a limited number of studies address the impact of drought on mature
and healthy trees. Analyses of terpene contents were mostly focused on pine
species, needles more than phloem, and trees of various age classes (Branco et
al., 2010). In Norway spruce, bark is composed of terpenoids which are strongly
influenced by several aspects, such as environmental conditions, tissue type, and
treegenotype( Sch°nwitz .et al ., 1990)

The ability of conifer trees to activate defence mechanisms becomes crucial
in the presence of additional stress factors. This was exemplified in a study exploring
the responses of Pinus banksiana and Pinus ponderosae to drought, which
synthesized lower amounts of monoterpenes in fungal lesions compared to well-
watered seedlings and trees (Hussain et al., 2020; Lusebrink et al., 2016).
Interestingly, despite changes in stress-mediated responses of biosynthetic
pathways and trade-offs between defence compounds, the total amounts of
secondary metabolites measured in the bark often remain unaffected by drought,
making them unreliable indicators of stress (Koricheva et al., 1998). In the context

of drought, the synthesis and emission of volatile terpenoid compounds was
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observed to increase with rising water stress but eventually decrease under severe

drought conditions (Holopainen et al., 2018; Lieutier, 2004).
2.5.3 Effect of stress on tree terpenes

The carbon-based secondary defence compounds serve as an essential
chemical defence against biotic attacks (Franceschi et al., 2005). The terpenoid
substances, synthesized from the C5 blocks in the epithelial cells of resin ducts,
give rise to the mono-, di-, and sesquiterpenes (Celedon and Bohlmann, 2019). The
effect of physiological stress consists of the formation of traumatic resin ducts
(Gaylord et al., 2013; Netherer et al., 2021; Rudinsky et al., 1971), increased bark
permeability, enhanced emission rates of volatile organic compounds, mainly
terpenes and changes in concentrations of secondary defence compounds in
tissues (Hietz et al., 2005; Mattson and Haack, 1987). Finding connections between
tree disposition, bark beetle attack, and volatile blends is demanding due to the high
heterogeneity among tree individuals and further intensification in temperature, light,
and humidity (Hietz et al., 2005; Zhang and Schlyter, 2004). Anyway, there is a
strong correlation between VOC emissions of spruce trees and temperature (Baier
and Bader, 1997a; Hietz et al., 2005; Kautz et al., 2013; Laffineur et al., 2011;
St S2brsk§ .8t Sabr s @@&0)mainlyaeparts on the effects of stress
in relation to analyses of terpene contents from phloem and air collection around

the tree bark in mature trees.

Constitutive defence, terpene compound content in Norway spruce under

physiological conditions

To evaluate possible drought impacts on Norway spruce disposition to
I. typographus attack, a closer look at the induced changes in the course of
experimentally controlled stress events and at constitutive blends of terpenes in the
bark is required. Due to the long life of conifers, the measured concentration of
secondary compounds in the bark of uninfested and unscathed trees, despite the
possibility of past stress events, can be interpreted as constitutive defence states
(Wi tzell and Mart2n, 2008)

The measured contents and composition of terpenoid compounds emitted
by the conifers to air (volatiles) and their content in phloem and wood are different.

The variations observed can be attributed to diverse terpene collection methods,
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including air sampling through headspace technigues with quantification after each
extraction utilizing aerated headspace columns, direct absorption of emitted
monoterpenes (MTs) via solid microextraction, or extraction from the phloem using
specific organic solvents (Hietz et al., 2005).

The differences are, to some extent, caused by the physical features of the
compounds and possibly also by active transport between the surface and deeper
layers of the bark (Baier and Bader, 1997b). The release of volatiles from spruce
|l ogs strongly intensif i ¢BaierandBader, mydéarHetz
et al., 2005; Kautz et al., 2013;) Laf

The spruce phloem extractions consist of a variety of monoterpenoid
hydrocarbons predominant in the low molecular fraction (Baier et al.,, 2002;
Silvestrini et al., 2004), involving b-pinene (25-58%); U-pinene (23-39%);
b -phellandrene (5-19%); myrcene (1.6-3.4%); limonene (1.5-4%); gpcaren (0.6-
1.1%); camphene (0.2-1.1%) (Netherer et al., 2021). Spruce phloem extracts also
consist of several percent of oxygenated monoterpenes. Sesquiterpenes, which are
less volatile, occur in much smaller fractions than MTs and additionally, phloem
contains diterpenes and oxygenated diterpenes with high viscosity (Schiebe et al.,
2012; Zeneli et al.,, 2006; Zhao et al., 2011b). The constitutive composition of

terpenoid substances in the bark of standing trees is subjected to seasonal changes,

ures al

f

neur

with an increasing proportion of oxygenated compounds in oldertrees ( Sc h®° nwi t z

et al., 1990).

The contents of terpenoid compounds also vary in different tissue of the tree.
In seedlings and older Norway spruce trees, terpenes were extracted from needles,
phloem, and sapwood and were found of differential composition and concentration.
Some compounds found in the bark of Norway spruce have been identified to be of
high ecological relevance for I. typographus (Table 1; Suppl. Table 1 on pages 132-
135).
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Table 1 Main terpene compounds in the Norway spruce with relation to Ips typographus (IT).
Monoterpene hydrocarbons (MTs), oxygenated monoterpenes (MT-Ox), methyl jasmonate (MeJA)

(Netherer et al., 2021).

Compound Bark beetle (Ips typographus)

Tree / MT Ecological relevance

U-pinene Host recognition and attack success; IT
pheromone precursor, higher enantiomeric
proportion in more attractive (?) but lower in killed
trees (?)

3-carene Zabs in |IT killed tree:

(op3-carene)

limonene

myrcene

sabinene
(4(10)-thujene)

(+)-3-carene suggested as chemical marker of
tree resistance

IT antifeedant

Zabs in IT killed tree:
Zabs in IT killed tree:

Tree / MT-Ox

1,8-cineole Antiattractant:y a bemission in felled IT attacked

(eucalyptol) trees, Yabs in bark of
IT killed trees

q ®igvd

_ HO
trans-4-thujanol

(sabinene hydrate)

/ﬂg

True resistance marker for tree survival!

Antiattractant; Zabs w
in felled IT attacked trees

An important feature is the terpenic enantiomeric composition, which is

highly diverse among and within geographic areas (Persson et al., 1996) and also

between trees of different genetic origin (Erbilgin et al., 2017). Different enantiomers

have a different ecological relevance related to Ips typographus, e.g. (+) and (-)-U-

pinene or (+) and (-)-limonene (Netherer et al., 2021).

Total concentrations of constitutive or induced terpenoid defences, or

concentrations of specific compounds, play a decisive role in determining whether

trees are attacked or not during an outbreak or when baited with pheromones, such

as 1,8-cineole (Schiebe et al., 2012; Zhao et al., 2011a). Similar phenomena have

been observed in other conifer-bark beetle systems, such as Pinus ponderosa and

mountain pine beetle, Dendroctonus ponderosae (Erbilgin et al., 2017). Vigorous
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trees are expected to be provided with high constitutive protection skills based on
terpenes stored in channels and reservoir cells and either water-soluble or
polyphenolic compounds produced and stored in polyphenolic parenchyma cells

(Franceschi et al., 2005).

Changes in terpene contents induced by drought and biotic stressors

Only a few studies report on the effects of drought on mature and previously
healthy trees. Analyses of terpene contents were mostly focused on pine species,
needles more than phloem, and trees of various age classes (Branco et al., 2010).
The effect of drought on terpene concentrations and emissions were not found to
be consistent in all Pinaceae (Holopainen et al., 2018; Lewinsohn et al., 1993). In
the needles of seedlings and saplings of severe drought-stressed Scots pine and
Norway spruce, the total and individual amounts of MTs (e.g., U-pinene, limonene,
tricyclene, and camphene) and sesquiterpenes increased significantly. At the same
time, diterpene resin acids showed a decreasing trend (Sancho-Knapik et al., 2017).
In another study in the context of drought, the emission of volatile compounds and
terpene synthesis have been observed to increase with rising water stress but
eventually decrease under severe drought conditions (Holopainen et al., 2018;
Lieutier, 2004).

Young trees were found to invest in terpenoid defence even under strong
resource limitations (Huang et al., 2019; Kelsey et al., 2014). However, in studies
exploring the response of Pinus banksiana and Pinus ponderosae to drought, trees
synthesized lower amounts of MTs in fungal lesions compared to well-watered

seedlings and trees (Hussain et al., 2020; Lusebrink et al., 2016).

Induced tree defences by bark beetle feeding, MeJA, and fungus interaction

When a herbivore insect attacks the tree, a biochemical process is triggered,
activating stress hormones like jasmonic acid, which facilitates terpene synthesis.
During the early stages of a bark beetle infestation, constitutive terpene storages
are opened, leading to an increased emission (20-100 times) of main terpenic
volatile substances in the surrounding area of the infested tree (Ghimire et al., 2016;
Jaakkola et al., 2022).

The capacity of trees to induce defences against bark beetles, whether

through the beetles' feeding or their symbiotic fungi inoculation, can be evaluated
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using either fungal inoculation or treatment with methyl jasmonate (MeJA), an
analogue of the stress hormone jasmonic acid (Zhao et al., 2010). External
application of MeJA triggers the biosynthesis of mono- and diterpenes by affecting
the biosynthetic pathway of these compounds (Martin et al., 2002) by enhancing the
terpene synthase activity, which regulates the de-novo synthesis of terpenes in
Norway spruce needles (Martin et al., 2003).

Methyl jasmonate is used to evoke tree defence accumulation of terpenes
(Sancho-Knapik et al., 2017), including the increased oxygenation of MTs (Novak

et al., 2014; Schiebe et al., 2019).

Oxygenated monoterpenes

Oxygenated forms of monoterpenes are essential compounds for the
communication between Norway spruce under stress condition and bark beetles as
well as their predators (Moliterno 2023).

Spruce trees emit oxygenated monoterpenes, including 1,8-cineole,
U-terpineol, camphor, carvone, terpinen-4-ol, isopinocamphone and pinocamphone.
In a healthy tree, the oxygenated MTs are represented only in trace amounts,
produced by microbial organisms or derived from autoxidation (Kandasamy et al.,
2023). It has been documented that oxygenated MTs are accumulated via induction
of tree defence and over time in degrading tissue of felled and attacked Norway
spruce ( Leuf v®n and Birgersson, 1987, Petter ssi
al., 2019) or after infestation by bark beetles or ophiostomatoid fungi (Kandasamy
etal., 2023). The importance of oxygenated MTs in conifer bark was underestimated
for a long time despite their role in the pheromone biosynthesis of humerous bark
beetle species ( Fr anc ke an d However®these Ic@rpAinds trigger a
significant electrophysiological response in the antennae of I. typographus ( Kal i nov §
et al., 2014), with beetles possessing specialized sensilla for their detection
(Andersson et al.,, 2009). Furthermore, the oxygenated monoterpenes play an
attractive or repulsive role for bark beetles in the field, which was found in trapping
experiments. For example, the trans-4-thujanol and 1,8-cineol are potent repellents
for bark beetles ( Ji r o g ov 8 e and @hversely, Bs@hdtarphone tested
in high doses revealed a robust signal for both bark beetles and their predators

(Moliterno et al., 2023; Petterson & Boland, 2003).
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Several studies on stress-related biochemical regulation of oxygenated MTs
(Leufv®n and Bjime eanstoemation of verBe®dl Yy yeasts growing
in a bark beetle brood gallery (Davis, 2015) and emission of pheromones by blue-
stain fungi (Cale et al., 2019) revealed the role of interaction between these
compounds in beetle communication and induced tree defence ( Leuf v®n and

Birgersson, 1987).

2.5.4 The role of phenolics in tree defence against

bark beetles

Phenolic substances have been recognized for their potential to protect trees
against oxidative or water stress (Rosemann et al., 1991; Song et al., 2016) and
fungi associated with bark beetles (Brignolas et al., 1998; Hammerbacher et al.,
2011). Polyphenails are crucial for the prevention of DNA damage in stressed trees
(Hammerbacher et al., 2014; Urbanek Krajnc et al., 2014), but the influence of
drought on biosynthetic pathways is still poorly understood. The phenolic
substances, like flavonoids and stilbenes, originate from the polyphenolic
parenchyma (PP) cells, which persist even in 100-year-old trees (Li et al., 2012).
The biotic stressors can induce the activation of PP cells, leading to
acquired/induced systemic resistance of trees (Mageroy et al., 2020).

The defence of trees against bark beetles based on phenolic compounds
was studied on several levels. In feeding bioassays using artificial diets, the impact
of phenolic compounds on male and female I. typographus were found to variable.
Faccoli and Schlyter, (2007) reported low anti-feedant effects, even at high catechin
doses, while Hammerbacher et al., (2019) demonstrated a significant reduction in
tunnelling lengths in substrates enriched with taxifolin or a taxifolin-catechin mixture.
In a recent field study, the application of phenolic estragole, (4-allylanisole) in high
doses decreased the attraction of pheromone traps to I. typographus (Moliterno et
al., 2023). However, E. polonica, a common fungal associate of the spruce bark
beetle, metabolizes taxifolin and catechin (Wadke et al, 2016). Other
ophiostomatoid fungi, like G. penicillata, degrade stilbene glucosides, benefiting
bark beetles by depleting tree defences and potentially enhancing larval breeding

substrates (Hammerbacher et al., 2013).
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3. Methods

This chapter describes the study areas, the experimental setup and the
methods used for statistical analyses in the three publications that are the basis for

my dissertation thesis.

3.1 Study areas

The fieldwork was mainly carried out at the experimental plots established in
t he school f orest enterprise, situated ne
maintained by researchers of EXTEMIT-K. The experimental sites are located in
mature Norway spruce forests (90 - 110 years old) and are not connected to each
other.
For the first publication (Chapter 4.1), two plots (number 3 and 4) were used
close to the vil (429932N, Mt8632Eh Ever§ plas Waa tividede
into four subplots (A,B,C and D) with different treatments, two freshly cut forest
edges (FE T A and B), and two inner forest controls (IF i C and D) (Fig. 8). In every
subplot, sensors were installed to measure several physiological and meteorological

conditions.

Figure 8 First publication study area (Chapter 4.1). Arrangement of experimental subplots and forest

edges (Photo by P. Surovy). Red lines mark the positions where fresh FEs were established next to

subplots A and B; yellow circles represent the IF subplots, which correspond to subplots C and D. Subplot

4C in IF was infested by Ips typographus and salvaged, and its data was not included in the analyses.

The white triangle marks the meteorological station. FE, forest edge; IF, inner forest ( St S2 brsk§ et a
2022).
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The study for the second publication (Chapter 4.2) was also conducted close
to the vill age (40.91318, 11486305). Ra@r plotk in the irmer forest
(A-D, IF) were used for the experiment, from which one was naturally attacked on
the 16th of June 2020 (Plot C, Fig. 9). Again, meteorological and physiological data

was recorded.

Elevation (m a.s.L)
Es200 [ 601 -200 fi

3 t)

Figure 9 Second publication study area (Chapter 4.2). Arrangement of study plots with the naturally
attacked plot. Green circles represent the inner forest plots (non-attacked trees), corresponding to plots
A, B, and D. Plot C was infested by I. typographus on June 16" and salvaged in July (red circle). The
grey spots are areas of previous natural bark beetle attack. The black thermometer marks the
meteorological station ( St S2 brsk§ .et al ., 2023a)

The third study (Chapter 4.3) described observations at two experimental
trees. Both trees were in the early attack stadium, when male beetles are excavating
nuptial chambers . The first tree (Fig.10) was located close to the plots nearSt S 2
skalice (49.913 N, 14.863 E), and the second tree (Fig.11) was situated close to the
village Vyglovka (49.981 N, 14.801E).
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Point data

@ Scots pine
Norway Spruce - healthy

@ Norway Spruce - infested
. Sampling points

49.913N, 14.863E

™
0o 2 4 8 2 16 Meters

Figure 10 Third publication study area (Chapter 4.3). The study site for the first forest spatial
VOC measurement around the infested tree (June 30" 202 2) , St $2 bBlatkgpoiBskia |l i c e
sampling points around the sampled bark beetle infested tree, in nuptial chamber infestation stadia;
Red points T Norway spruce infested trees in later stadia of infestation or dead; Green i healthy
Norway Spruce trees; Blue points i Scotpines( St $S2 br sk § .et al ., 2023b)

Point data

@ Scots pine
@ Norway Spruce - healthy

. Norway Spruce - infested
@ Norway Spruce - dead
O Beech forest

. Sampling points

49.981N, 14.801E | S ARL I RN

Figure 11 Third publication study area (Chapter 4.3). The study site for the second forest spatial VOC
measurement around the infested tree (August 242 02 2 ) , V Black pointki sampling points;
Red points i Norway spruce infested trees; Green i healthy Norway Spruce trees; Brown points i dead
Norway Spruce trees; Blue points i Scot pines and Yellow points i beechtrees( St S2 br sk § .et al
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3.2 Experimental setup
This chapter describes the methods used for clarification of the questions
based on the aims of this thesis, such as meteorological conditions and
physiological changes in study trees, tree defence characteristics and beetle host

acceptance bioassays.

3.2.1. Meteorological conditions and physiological

changes

For publications 1 and 2 (Chapters 4.1 and 4.2), we recorded the
meteorological parameters at the study sites and physiological data of individual
experimental trees. Meteorological data were recorded by a meteorological station
near the experimental plots, and soil water potential was measured by hexagonal
sensors (EMS Brno) buried 20 cm below the surface. Five sensors were installed at
each subplot, and data were recorded hourly. Sensors were installed to measure
the tree diameter changes in sap flow, and thermometers were installed to measure

bark temperature from the north and south directions (Fig. 12).

Surface thermometer
(bark temperature sunny/shady site)

Dendrometer
(water flow)

Sap flow meter =

(measurement of water flow in xylem)

Figure 12 Physiological sensors placed on the experimental trees.
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3.2.2. Tree defence characteristics

Further, resin flow and VOCO sE

measured. On the same trees, resin flow
measurements were made using glass sticks
inserted into a hole made by a cork borer. The
glass stick's position in our experiment differed
from Netherer et al., (2015). We positioned the
glass stick to the south side of the tree (Fig. 13),
and one stick per tree, resin flow (in mm), was

measured after 24 hours.

Figure 13 Collection of resin

The VOCs were measured in three ways: by headspace analyses with the
use of SPME fiber, air pump analyses with cartridges, and by measuring the content
of VOCs from phloem. The SPME fiber was placed in a collection chamber
(aluminium box) ( St S2 br s k § , whith wad attache®t® tBe2trpe trunk (Fig.
14A). After being thermally desorbed, volatile profiles were measured by GCxGC-
MS/TOF.

For phloem analysis, we sampled bark plugs of 8 mm diameter. These
phloem samples were stored in liquid nitrogen until further lab processing. The
preparation of the samples for measuring included the grounding of the phloem

sample to a powder (Fig. 14B) and then extraction for 10 min in 2 mL hexane

(containing 5 ¢€g/ mL -®rbmoddiecane)mareultrasenicbatht and ar

for 10 min. Extracts were filtered into 2 mL vials for GC-MS.

Figure14Col | ecti on of VOCEs. A) SPME collection;

B)



3.2.3. Beetle host acceptance and choice bioassays

In our studies, we used beetle host acceptance field bioassays. First to
mention was the choice experiment, for which we used attack boxes of similar
design as described by Netherer et al., (2015). After mounting of the box to the tree
trunk, 20 beetles were inserted in the start bottles and beetles were left for 24 hours
in the attack box system. The beetles were free to stay in the start bottle or go to
into the main box. Once being in the box, beetles could either bore into the stem or
remain in the box. If they liked to leave, they had to go through the hose, which was
connected to the exit box, of which the lid was covered by a net to be permeable for

the odours from the forest environment (Fig. 15).

] Start bottle

1 Main box

| Exit box

Figure 15 Choice beetle bioassays with attack box.
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No-choice assays were conducted on the selected tress by introducing 10

male beetles/per tree (one beetle per Eppendorf tube) (Fig. 16), respectively, this

experiment was based on researchof Tur | 8 ni

and Né&e&ingal lvd

Eurasian spruce bark beetles (l. typographus) is done based on morphological

characteristics by Schlyter and Cederholm (1981). Observations were recorded

after 24 hours to document the number of beetles that bored into the tree bark or

were prevented from boring by resin flow.

Figure 16 No-choice bioassay with male I. typographus in Eppendorf tubes.

Based on the research of Schlyter, Lofqvist and
Byers (1987), passive traps without pheromone lures
were installed on the study trees. On every measured
tree a trap was attached to the southern trunk side, with
a size of 40 I 60 cm and
(Fig. 17). The number of beetles that were caught were

counted every week from April until September.
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Figure 17 Passive trap without
pheromone lure.
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3.3 Statistical analyses

Statistical analyses were conducted in R software (R Core Team 2021 and
2022) as described in chapters 4.1 and 4.2 and by use of Statistica software (version
14.0.0.15) as described in chapter 4.3.

Regarding the results reported in Chapter 4.1, a mixed model was used
(concerning the repeated measures together with other factors), which uses
restricted maximum likelihood methods to estimate variance components. The
Shapiro-Wilk test was used to test normality, and the test against heteroskedasticity,
the Breuschi Pagan test, was used. We got non-parametric data, so the differences
between FE/IF were evaluated using the Manni Whitneyi Wilcoxon test, and
Spearmanés rank correlation was count

Data from SPME analyses were evaluated by using PCA and patrtial least
square-discriminant analysis (PLS-DA) in SIMCA 15 software (Chapter 4.1) and the
SIMCA 17 software (Chapter 4.2).

For the analyses described in Chapter 4.2, a general linear mixed model was
used. The repeated measures model was fit with the fixed effect of measurement
time, bark beetle attack, and random effect of the plot. We used the gamma
distribution with a log link; in cases of count data in response (humber of beetles),
we used the Poisson distribution. Post hoc Tukey analyses between infested and
non-infested trees in the overall repeated measures model and inside each
measurement separately were performed using Ismeans() function from the
Ismeans package.

Based on the Shapiro-Wilk test results for testing normality, the Kruskal-
Walllis tests were used to count the results in Chapter 4.3. These tests compared
the individual levels and distances in attacked trees. Lately, post hoc tests have

been conducted to examine differences between repetitions.
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4. Results

The dissertation thesis consists of three published manuscripts. The first part
evaluates tree physiology influenced by sun irradiation at freshly cut forest edges
andt h e tsuseeetibilly to bark beetle attacks (Chapter 4.1). The second part
examines the differences between the tree physiological and biochemical
characteristics of naturally attacked trees and trees not attacked by bark beetles
(Chapter 4.2). The third part represents a pilot study on the 3D distribution of U-
pinene emitted by Norway spruce freshly infested by Ips typographus (Chapter 4.3).
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4.1 Forest margins provide favourable microclimatic |

niches to swarming bark beetles, but Norway

spruce trees were not attacked by Ips typographus

shortly after edge creation in a field experiment

Publishedas: St S2 br sk§, B., HradeckT, J., Lepl,
Modlinger, R., Netherer,S.& Ji rogovs8, A. (2022). Forest me
microclimatic niches to swarming bark beetles, but Norway spruce trees were not
attacked by Ips typographus shortly after edge creation in a field experiment. Forest
Ecology and Management, 506, 119950; doi:10.1016/j.foreco.2021.119950.

This article hypothesizes that f#ANorway s
to sudden sun irradiation are more suscept.i
objectives of this work are monitoring the microclimatic and soil hydrological
parameters. The study comprised the measurement of tree physiological
characteristics, such as sap flow, resin flow, and tree stem temperature on trees of
the Forest Edge (FE) and located in the Inner Forest (IF). Moreover, we measured
the concentrations and profile of terpenes in phloem and tree emissions on FE in
comparison to IF trees. Bark beetle host acceptance behaviour was study by use of
attack box bioassays on all study trees.

This article shows that creating forest edges alters microclimate and tree
defence against Ips typographus. The bark surface temperatures, together with
defence parameters (resin flow and VOC emissions), increased at FE trees.

Considering study limitations in cool spring conditions and unexpected beetle
behaviour, fresh forest edges do not appear specifically susceptible to |I.
typographus attacks shortly after establishment. While microclimatic conditions
favour beetle activity, delayed attacks suggest timing and environmental
attractiveness may influence infestation probability. In host acceptance bioassays,
beetles moved more actively at FE trees in spring and attacked trees mainly in

August.
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1. Introduction of variably sized gaps and stand edges, iz promoted by logging activities
and natural disturbance events (Popper and Seidl, 2021). Although
The frag: ion of Central Buropean f , which chow patterns abiotic and biotic disturb occur lly in forest ecozystems
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(Attiwill 1994), the increazing incidences of drought and insact herbi-
wore infestations, such az bark beetle outbreaks, have been aszociated
with global climate change (Bentz et al |, 2010; Beed and Hood, 20210 In
Central Burope, the most economically important concequence of
intenzified dizturbance regimec iz the extencive mortality of Morway
spruce, Picea abies (L) Harst. (Pinales: Pinaceae]), which iz caused 'Iy;
outhreakz of the Burazian cspruce bark beetls, Ips gpographus (L)
(Coleoptera: Curculionidae: Scolytinae) (Marini et al | 2017; Seidl ecal |
2016; Stadelmann et al., 2014). In particular, in the Gzech Republic, the
total volume of trees killed by I &yposrophus increased sxponentially
from 1.5 million m® timber annually in 2003-2015 to 23 million m®
timbar in 3010 (.'|'.:.:n:,' at al 2021). We can conclude with certainty
that Morway spruce monocultures outmide their natural habitas,
namealy, at lower elevations and latinades, are highly ;uscepeible to mas:
outhreaks of spruce bark beetle. Yet, many azpects of the interactions
between hoot trees and bark beetles in a changing climate are not fully
undertood (Bisdermann et al | 201%; Huang =t
202170

An important question iz whether trees remaining at the marging of
clear-cuts or storm damaged patche: are common initiation spotz of
spruce bark beatle infestation, and if zo, why thic iz the case. The altered
microclimatic conditions of freshly created forest gaps and edges,
including sudden expocure of tree: to increased colar radiation, are
hypotherized to impair the defance ability of edge trees and enhance
their nmceptibility to L typographus attack (Faue et al| 2003; Mezai
et al, 2019). Increased attack of suzsceptible forest edges would imply
that pioneer I gypogrophus males recognize and deliberassly celect
spruce treen with weakened defences (Netherer scal | 2016; Raffa et al |
2016]. Such socially suppressed or gingle storm-felled treez are in fact
the main niche for colonization at low spruce bark beetls population
lewela. In the tramsition phaze from endemic occurrence to mas: out-
breaks, population build-up iz often initiated by favourable climatic
conditions in forest areas fragmented by wind damage, dear cutting,
and zalvage logging after larger storma or other biotic damage sventz (d=
Croot et al, 2018; Farvemo ot al., 2016; Kauts et al | 2013). The ample
supply of breeding habitats in storm-felled trees that completely lack
iniduced defence mechanizme facilitates mazs attacks and fact population
g:ruwth of bark beetlez [(Hrozso =t al | 2020 HKirvemo ot al , 20014
Schroeder, 2010 Norway cpruce tresz growing near newly coeated
forest gaps and at stand edgcﬁ m.igllt still be well ﬂl:fendcd; hmwvu:
abrupt changes in microclimasic conditions due to the removal of
neighbours can acutely strezs and weaken the trees (Jakus et al | 20011
Mezei et al | 2014).

Spruce treen at freshly cut foreat edges (FBa) and forest marging
cr=ated by storm throw are suddenly expocsed o direct solar radiation,
increased temperature, and drought conditions (Brooker, 1935; Keenan
anid Fimmina, 1993; Mezai et al | 2019). Moreover, harvesting activities
and the mechanical forces of wind and other abiotic disturbance events
often regult in zevere root and crown damage to recidual edge oees
(Picchio =t al, 2020; Rizzo and Harrington, 1985). Bxternal stressors
influance the phymiology and biochemiztry of trees, with strong effects
on trancpiration and zap flow az well az constitutive and induwced
defence traits, auch as recin flowe. Most notbly, abiotic and biotic stresz
can induce changes in the bark contentz of defence proteing and sec-
cnidary metabolites, such az terpencid and phenolic substancez, alka-
loids, and of (Franceachi, et al., 2005; Huang et al | 2020; Netherer ecal
2021). Here, we pose the question whether acute stresz-induced changes
in primary and secondary metaboliom render opruce tree=a at FEz more
mmceptible to I. fpographus attack than trees grosing in the inner forect
(1P} or, quite contrary, even strengthen tree defence.

In fact, levels of stres: and chemical defence reaction: are not line-
arly related in conifer trees. Piald studiss in conifer foreatz have chown
that rezin flow decreazed or even ceared in ingtances of severe water
deficit but tended to increase with mild to moderate drought (Baier
stal 2002 G::.'lo:d atal  2013; Matherer st al | 201 5). Short to msdium
term reactions to abiotic and biotic stress alzo include the creation of

al., 2020 Netherer et al.,
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traumatic resin ducts (Baier et al |, 2002; Metherer et al | 2021), poten-
dally providing additional sustainable protection to tress against biotic
invaders.

In what ways do the sudden changes in tree physiclogy and meta-
boliom on the one hand, and the requirements and mechanizme of hoat
selection and acceptance in I typogrophus on the other hand, play crucial
rol=g in the attractivensszs of PEa az targets of infastation? Primary fac-
torz influencing tree susceptibility to bark bestle attack are wind and
increased temperature conditions in the sumoundings of edge wees and
at those parts of the trunk expoged to the sun (Maresova et 2l | 20200,
Bxpoaed, warm stand edges can be much more favourabls for swarming
inzects than the cooler environments of [P cones, particularly in sarly
gpring (Mill=r et al, 2007). Air temperatures required for spring fAight
of I. typographus occur earlier in the year outzide cloged forest ctands,
and on the bark surface and in the phloem of expoced adge meec.
Purthermore, areaz of cunlit bark offer spruce bark bestles optimal
temperature conditions for breeding, az long 2z temperatures do not
exceed the lower and upper thresholds for development (38,9 "C). Apart
from temperature, movement of gpruce bark beetles iz .:l:m:lgly influ-
enced by local wind regimes and structural features of the forested
landocape. Swarming was found to be concentrated in the tranzition
zones between wind-protected inner forest areaz and wind-expoced
clearinge (Mezai et al |, 2011; Metherer and Hammerbacher, 2022). In
aljdirjnn, atand edge: are the first structural eleaments to be J.ppcruai.eﬂ
by bark beetles swhen leaving their overwintering zitez outzide cloged
forest stands and Beud:.i.ng for koot tre=c.

Morway spruce growing at forest edges have zilhouettez and emit
chemocensory aignals that cerve az wisual and olfactory cu=s for
mwarming beetles (Metherer =t al., 2021). Although there iz no evidence
for long-distance attraction of I sypographus by monoterpenes emittad
from tre= bark (Byero, 2000), exchimive random landing of pionser
beetles in unlikely, given the numesous sensory cells in opruce bark
beetle antennae that are zp-:ciﬁ: for monoterpens ]:'Fﬂ.m-:a.tlmnn
(Andermson, 2012; Anderczon et al.| 2013; Byers, 1959, 1999; Kalinova
etal, 2014; Kandasamy et al, 2019). Selaction of individual treea more
likely happens at close range {Gaint-Oermain et al., 2009, 2007], and
further aggregation of males and female: ocours in recponoe to the
combined, attracting effects of the monoterpens o-pinens and spruce
bark beetle pheromones (Erbilgin =t al, 2007). We presume that the
concentrations and mirtures of edour clouds are guite different along a
sun-exposed FE compared to the cooler [P zone. Increased temperaturs
significantly affects the emimion of volatile organic compounde (VOCz)
from tree bark and nesdles and from organic material that often accu-
mulates at forest edges, such as cutting residuals (Holopainen et al,
201 B). In a recent atudy, higher concentrations of ar-pinene and Fpinens
wrere measursd close to gpruce treez growing at the PE compared to treez
of the IP zone, corresponding with increazed bark surface temperatures
of the edge treee (Marezova et al | 20200

In thiz study, we hypothegized that there iz a non-linear relationship
betwesn the gtres states of Norway cproce host tmees in response to their
mudden expogure at newly created PE: and their dicposition to
I typogrophus attack. Gradual changes in microdimatic conditions, tre=
physiology, and tres defence capability were obeerved over a pediod of
four monthe from the establishment of the stand edges in spring. The
observation pericd covers the main seazon of I. typographus spring and
summer fight, and development of the new generation. The experiment
waz conducted in 2 mature Morway spruce forest in central Coech Re-
public by cutting four clearings in April 2020 to create frach FEz expozed
to the sun. The main objectives of thiz study were az follows: 1) to
continuoualy monitor microclimatic and soil hydrological parameters in
IF and at PEz; 2) to atudy the phyuiclogical parameters, such az sap fow
and recin fow, of the abruptly exposed tees at the newly created sdges
compared to control rees of the IF zone; 3) to examine the concentra-
tionz and profile of VIOC: collected in tree bark and air near the study
treas: and 4) to obearve baatle hoct choics andhma:cephnﬂemd tha
defence reactionz of FE and IF trees to attaching bark beetles via fi=ld
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bioassayz and obzervation of the natural infestation.
2. Materials and methods

2.1. Study site and experimental setup

Themdywsoondumedndmpmof&gcumPuuxhnr
prize in Kostelec nad Cernymi lesy, near Stitbrna Skalice town (Fig. 1),
from 21zt April to 15th August 2020. Originally eight subplots moni-
tored for zoil water potential and zap flow were ectablizhed in 2018 in
two 90 to 95-year-old allochthonouz Norway spruce stands, at an alt-
tude of 430 m above cea level One of these zubplot was infested by
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Table 1
GPS 4 of experi 1 subpd
Latitude Longitude Subplot Treatnent

49910822 14.87396] 3A FE
49.911366 14874597 38 FE
499277 1487329 3C IF
49.912819 14.873778 30 IF
49.91364] 14.876792 4 FE
49.91435] 14.876360 48 FE
49.914527 148776892 4c ¥
49.914667 14877344 4D IF

L typographus in 2020 and wasz cut down. Di b the subpl J 'u;45°anglehoduﬁwoftbemAteuhmd:me

mgedfmméOwl?Dm.TheuOPScootdmnelmptondeme:blel Norw:vtpmcemenwue 1 d for i A lting in a total of
The p cetation of thiz geographic region iz beech 12 FE trees that were monitored.

andoakfomtﬂxemmnqmﬂx,ndnmbmpplymdemmr Pour different zubplots were assigned az 1 stands | d in the

trients and are partially gley-type. The study region iz considered a

cloced IF zone. Three control trees were selected in each of the control

warmer and drier area, characterized by a mean | of bplota. Finally, nine | trees d of the original twelve, 3z
7—75°Cmdxvegmuw[lsodayabugemty)and&emem bplot 4C was infested by bark beedles and cut down in June 2020.

| 2um of precipitation iz 600 mm (Tolssz 2007). Ataﬂfm?&mﬂ:ﬁreel?mbp]oﬁpmhrlvml”ﬂm:ndQ

The . :u!ewan hlish 'mmmmdnq\undmm IF trees, bark beetle attack exp were p d on zeven dates

1

offourm:xdum pPropri inal subplots. Four 73 were
mﬁmthemthwtmdm:b—emwknm”htApnlem
fom?hdtntwae:ppxonmtdySOmlnng(Pm 1). The width of the

ly lled the stand height (30 m), and their

.2 =pP¥

(7-8 May; 19-20 May; 27-28 May; 16-17 Jun; 24-25 Jun; 30 June-1
July; and 11-12 Aug) during the study period 2020. Bach experimental
repetition involved measurement: of tree traits (recin flow, air VOCz)

and the perf of field bi ¥o on two ive dayz (zee
Fig. 1. of experi 1 cubnl
ndlmd;uﬂ’hmoby? Surovy). Red

lines mark the positions where fresh FEs were
established next to subplots A and B; vellow cir-
cles rep the IF subplots, which 4
mwbplmsCandDSubpht“‘lanwulm
by Ips typograpéuss and salvaged, and its data was
not included in the analyses. The white triangle
marks the meteorological station. FE, forest edge;
IF, inner forest. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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details below).

2.2 Metrorological parameters

A meteorological station waz installed at a central point near the
subplots (Fig. 1) to monitor air temperamre and humidity (Minikin
THi, EMS Brno, Czech Republic). Precipitation was recorded by
Minikin BRi with a Pronamic Pro Rain gauge (EMS Brmo). The photo-
oymthetically active radiation (PAR) waz measured by a (Quantum Senzor
BEMS 12 (EMS Bmo). The vapour presgure deficit (VPD) was calculated
from the measured data using Pormula (1] (Capl et al | 2016; Goudriaan

amd Montmithf, 19500, an fallomwe:

veo - (1= (R0 sve m
SVP =6l0.7 x [F 7= (2

where BH iz relative humidicy, SVP iz saturated vapor pressure, and T iz
the average temperature on the days of experimental repetition. The
VPD, PAR, and precipitation are joint indicatorz of potential svapo-
trangpiration of trees.

The 2020 vegetation season in the experimental region was charac-
terized by warm and humid weather. The mean annual temperature waz
1.6 “C abowe the long-term temperature average, and the aggregate
annual rainfall of 620 mm exceeded the long-term average by 7%
[counted from 1961} OF all the experimental dates, 7th May, 27th May,
and 24th June were the coolest days, and 16th June, 30th June, and 11th
Auguat were the warmest. The detailed records of meteorological ob-
pervations are listed in supplementary Table 51. The highest humidiy,
VPD, and PAR at the experimental zite were recorded on 24th June, two
dayz after a storm event that was accompanied by intenzive rainfall
(Fig. 2). Mean daily precipitation suma and air temperamires for 2020
recorded at the station of the Czech Hydrometeorological Institute in
Omdrejor; 497 54 54" B; 147 46" 517 N are listed in (Fig. 514, Pig S1B).

2.5 Bark surfece temperature

Temperatmre conditiona at the surface of wee bark at the 12 PE and 9
IP treez were recorded by two infrared thermometerz, which were
ingtalled 3 m abowve the ground on the south and north sides of the trunks
of each monitored tree. The data were collected every hour, and daily
average bark surface temperatures were calculated on each day of the
experiment (24 h from the start of the field bioaseays).

2.4 Joil water potential

Soil water potential was measured by hexagonal sensorz (EMS Bmo)
buried 20 cm below the surface. Five sencorn were insmalled at each
subplot and data were recorded hourly. Average values for soil water
potential were calculated for the week prior to the firct day of the bio-
azoayu. Soil water potential was reconded at the subplots from May 2015.

a) TPAR

5 15000

0.000

L T T T 1
B TS It R L
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2.5 Bap flow

Sap flow measurements were conducted at 12 FE and 9 IF weeo.
Measurement was bazed on the thermodynamic principle by heating the
wood around the stainless steel electrodes, according to the tronk heat
balance method (Cermak et al | 2004). The non-heated part of the wood
iz at a fixed distance from the heated part. The thermocouples record the
temperature in the heated and non-heated part of the trunk, and the
trangpiration rate i calculated baced on the energy concumption (ie.
the energy needed to maintin a temperature difference of 1 K between
the heated and non-heated parts of the trunk). Sap flow within the stem
wag recorded at 10 min intervale. During post-processing, a baseline was
pet to remove night-time fduxes, and zap flow rates were expressed in
terma of kg per hour for all experimental daya.

2.6. Resin flow

Rezin flow of 12 FE and 9 IF trees was measured during all experi-
mental repetitions, in parallel with the bicassayz performed. Por this
purpoge, one glam tube with an inner diameter of 3 mm, an outer
dizmeter of 5 mm, and a length of 12 cm per tree/per repetition was
ingerted into holes (6 mm) drilled into the bark and phloem at breast
height from the north-exposed gide of the trunks. The exuded resin was
collected for 24 h (start and end of experiments between 3 and 5 pm).
The length of the resin column in the glas: tube was measured on a
millimetre scale to calculate the recin flow for 24 h per experimental
day.

2.7. Bark and VOC monotorpenes

2.7.1. VO collecton by solid phase microexmaction (SPME}

ViCz were collectad on tree trunks of 12 FE and 9 IF treec at a height
of 3.5 m using SPME fibre (PDMS/CAR/DVE, Supelco) VOC collection
wag performed for 60 min, from 1 to 2 pm on the ;unnier and warmer
day of each experimental repetition. We attached one aluminium
chamber (25 cm % 5 cm * 5 cm) to the bark surface of each tree. The
interface between chambers and bark waz partially sealed by Teflon to
minimise bark damage and SPME fibre contamination, and to reduce air
interchange. Mevertheless, it war impocsible to create an airtight seal
because of the ragged bark surface. A pre-conditioned SPME fibre was
ingerted into the aluminium chamber and expoced to the air for 60 min.
VOCz were additionally collacted in the surounding open zpace at
approximately 20 m from the experimental trees in each experimental
repetition. One SPME fibre per subplot (approximate pocitions are
marked by blue atam in Fiz. 1) waz placed in aluminium boxesz on 1.5 m
high poles and exposed to the open air. Subsequently, a Thermogresn
septum waz placed in a cloged 2 ml vial, penewated with SPME fibre,
and stored on dry ice to prevent decorption. Fibres were then trans-
ported to the laboratory, where they were stored at -25 °C before gas
chromatography-mass spectrometry (GC-M5) analyniz Analyziz was
performed no later than 45 h after collection.

™\

B I 1
) Mean VED
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Fig. 2. Sum of photosynthetic active radiation (5 PAR) and Average YPD (daily average vapour pressure deficits) calcalated for the times of experimental

repetitions.
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272 Analysiz of bark compounds by liguid extraction

Three round phloem sections per tree with an & mm diameter were
collected from 12 PE and 9 [P trees in the course of three experimental
repetitionz (27th May, 16th June, and 30th June). Sections were
sampled by wae of a cork borer at south sides of tree trunks in 15 cm
distance from each other, stored in liquid My and transported to labo-
ratory for further processing. In the laboratory, outer back was removed
from camplez, which were pooled for each tree, ground in liquid nitro-
g=n to obtin a fine powder, and then extracted for 10 min in 2 mL
hexane (containing 5 g /mL of the intemal standard 1-bromedodecans)
in an ultrasonic bath for 10 min. Extracts were filtered into 2 mL vials for
GC-MS and stored a: —80 °C befors analyziz.

2.7.8. Oos chromatography-tme-of-Right mass spectromeny (G0-TOF-
M35}

A gan chromatograph (Agilent 73908; Agilent, USA) coupled to a
maze cpectrometer with a time-of-flight mas: analyser Pegasus 4D
(LECO, , USA) waz used to separate, identify, and quantify the collected
compounds. Separation waz performed on a HP-5MS Ul capillary col-
umn (30 m, 0.25 mm id., 0.25 pm film thickness; Agilent). 4 2 min
apitless period in hot PTV (265 °C) was used for SPME analyuis. The
temperature program of the 0C oven waz az follows: 40 °C for 1 min,
followed by ramping at a rate of 15°C min~" to 210°C and then at 20°C
min~! to 250 ° C. To analyse phlosm extracte, 1 Pl of extract waz injected
imto a cold PTV injector (20 °C) in spitless mode. After injection, the inlat
waz heated to 285 °C at a rate of 8 °C/o. The OC oven temparature
program waa az follows: 40 °C for 1 min, followed by ramping at a rate of
5°Cmin~" to 210°C and then at 20°C min~ to 320 °C, which waz then
held for 6 min. In both cases, ionz (ionization snergy 70 V) were
collected in a mass range of 35-500 Da at a frequency of 10 H=

Automated spectral deconvalution and peak finding algorithma were
carried out weing ChromaTOP software (LECO). A built-in peak align-
ment tool, Statistical Compare, waz used to align all chromatographic
signals with a signal to noise ratio (5/M) higher than 50. To confirm the
identity of the compounds, the retention timec of the recpective gtan-
darda were used for comparizon with mass spectra in NIST masa spectral
Library (The Mational Institute of Standards and Technology; 20171

The amountz of the monoterpenes in the air camples were deter-
mined az the sum of areaz measured on quantification mazses of selected
compoundz, reflecting the main components of Morway oprice resinc
ricyclene, w-pinene, f-pinens, myrcens, 3-carens, f-phellandrens
camphene (all m/ 93], limonens (m/= 651 and 1,8-cineol (m/z 1110
Concentration of reported compounds in bark extracts was caleulated
bazed on external calibration curves.

2.5 Monitoring of bark beedes using passive saps

Pazaive trapes without pheromone baitc were used to obtain an
impresgion of the natural abundance of I spogrophus flying around at
forest edges and in the interior of standa. One passive trap per tree, with
a gize of 40 » 60 cm and made of tranzparent plastic (Schlyter ot al |
l?i?]:wmunr.ni on the bark surface on the south side of tree runks
at breazt height The trape were inctalled on 16 FE trees and on 16 IF
treez ranidomly chosen within the area of experimental subplotz (Fig. 11.
The number of bestles caught at FE and IF tress (16 trapa for each
treatment) was countsd every week from April until Septamber.

2.9, Bark beede attack experiments

Two different methodological approaches were followed to study the
affinity of I fpographus for Morway cproce affected by the mudden
microclimatic changes at newly created PRz limited choice bioassayz
[attack box experimentn, Netherer et al | 2015) and no-choice bioaszayz
(Turcani and WNakladal 2007
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2.9.1. Limited choice biomssays wing aztack bowes

The ‘astack box" method, described in detail by Netherer =t al
(2015), was veed to periodically test for (limited) host choice and
acceptance of spruce bark beetles at FE and [P trees. The boxes wers
alightly modified by adding a ventilation hole in the upper part of the
trancparent plexiglase front wall Sand was glued to the inner surface of
the box to roughen it, and to facilitate walking for the spruce bark
beetles. The boxes placed on FE trees were covered by alumininm foil to
avoid overheating. Two boxes were inctalled per tree, one placed abowve
the other at a height of 4 m on the exposed south gide of the trunk and
attached to a previoudly affixed wooden frame.

The attack box bioassayz were started between 9 and 11 am on the
first day of experiments by placing 20 I &pographur individuals not
claczified by sex in the starting bottle on the gide of the wooden box. The
individuals were sourced from our institutional rearing facility on Tth
May, 19th May, 27th May, and 11th August and from pheromone traps
on 16th June, 24th June, and 30th June The attack boxes were aquip-
ped with an exit jar connect=d to the lower part of the front wall. Spruce
bark beetles were free to choose whether to emerge from the otart bottle
into the attack box, roam, or fead on the exposed bark of the sample tree,
attack the tree, or leave the attack box and enter the exit jar. The moving
activity of the beetles was represented by how many beetles remained in
the starting bottle and how many entered the exit bottle. The affinity of
the beetles to a ctudy tree was determined by observing how many
beetles were hiding under the bark scales and how many beetles actually
attacked the trees without being repelled by the regin.

2.9.2. No-choice bioassays by placing individual beedes in Eppendorf mubes

The main principle of no-choice bioamay: was taken from Turcani &
Makladal (2007). Ips typogrophus were collected from trap catches and
sorted by sex and fimes: (intact tarzi). Males were placed individually
into 2 ml Bppendorf tubes, which had several ventilation holez and wers
filled with a otrip of filter paper. Ten BEppendorf tubes with males (one
male per tube) were attached on the south expoced zide of the es trunk
at breact height and fixed by tape. The bark beetles were laft in the tubes
for 24 h. The number of bestes that had succesafully bored, had been
expelled by resin, or had tried to bore the bark but had stopped this
activity were then counted. ALl beetles which exhibited these activities
woere categoriced as “attacking bestles”. Some beetles aleo remained
inactively in the Bppendocf tubes (“inactive beetles”), and a few bestles
managed to escape from the cetup. The Eppendorf bioassay was per-
formed four timea {16th June, Z4th June, 30th June, and 11th Auguat).

2.10. Stotistical analysis

R otatiztical software (B Cors Team, 2021) was utilised for statictical
analymiz. Spearman’s rank correlation coefficients and their statictical
significance wers amzemed uging the cor ezt function, ac implemented in
bare B. To conzider repeated measures together with other factors, a
linear mixed model waz fitted. All traite were Box—Cox-tranaformed with
optimal & prior to parametric ctatistical analyziz using MASS package. A
univariate linear mized model waz ftted in the following form:

Y=Iu+Xua+Xb+Xab+ XN+ Fd+e (31

whare ‘P'cm:rcnpun.d.n to the dats vector (Box—Cox-tranaformed svaluassd
traitz); X, represents the incidence matrices for the recpective fixed of-
fect; T repregents the incidence matrices for random effect; 1 iz 2 wector
of ones g iz the overall mean affect; @ iz the fGxed vector of FE/IF; b iz the
fixed vector Df:\epe:m:ﬂ events [measurement datesk: ab iz a fxed vector
of the interaction of FE/IP with measurement dates; ¢ io the fixed vector
of plots; d iz the random wector of aubplots, with

d ~ MVND, &) 4

and ¢ iz the random wvector of errors, with
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¢ ~ MVNID, LaR) (5

where R iz a7 ® 7 matrix of variance covariance components for re-
siduals defined ag a heterogenous correlation among measurements for
the zame individual and different variances per measurement: and I,
and I, reprezent identity matrices of the coresponding gize.

Mixed models were fitted by ASReml-B v4.1 (Jilmour et 2l 2015,
which uzes restricted maximum likelihood methods to estimate variance
components. In all casez, diagnostic plots were reviewed for normality
and to detect potential outliers, and regiduals were chackad with the
Shapire-Wilk tect of normality (shopirc.test from base B) and the
Breuwsch-Pagan test (bptest from package lmtest) against hetero-
chedasticity. Only casez not rejecting normality and homoskedacticity
were further utilised; howewver, we do not enzsure normality and homo-
chedasticity by not rejecting them.

Wald tects were used to infer the zignificance of the fixed factor.
Subsequently, pairwise comparicons among predicted means were
conducted uzing the predicsPlus function in azremiPlua pachage (Brien,
2021) to determine the zignificance of PE/IF differencez in each
mearurement.

In the case of the parameterz for the inactive and attaching beetles
from the no-choice experiment, normality could not be reached in re-
sidualz; thus, a non-parametric approach was utilized. For each sxperi-
ment, the differences between FE/IP were evaluated using the
Mann-Whitney-Wilcoxon tect via the wilcox.test function in base B.

The chromatographic data from SPME analyzic of the VO<Ca in the
forest were cleaned, normalized (constan: raw sum), and evaluated
uzing PCA and partial least square-discriminant analygic (PLE-DA) in
SIMCA 15 zoftware (Sartoriua Stedim Data Analytics AB, Malmo,
Sweden).

3. Results
3.1. Bark swfece temperature

Differences in the bark surface temperature between the north and
south exposed zides of the stems of FB and IP trees wers clearly influ-
enced by air temperatures and VPD. Bark temperatures on the south
cides of the stemz were gignificantly higher (1-2.5 “C) at PE mees
throughout the experimental seazon, except for 19th May (Fiz. 4a,
Table 52); cimilarly, north exposed zides of the stema were warmer
{0.5-1 °C; Fig. 4b, Table 52) at FE on 27th May, 16th June, Z4th June,
and 11th Auvgust compared to IF trees. Average temperatures differed
betweean the southern and northem aides of the trunk by 0.5-2°C (at PR
treez) and by 0.1-0.5 °C (at IF trees).

3.2, Sod water potential

The average voil water potential per subplot in the week prior to
experiments iz illuszrated in Fizg. 3, amd per experimental day in
Table 52. The ooil water potential wan high (=-100 kPa) throughout the
peazon, which suggests sufficient water supply to the study trees. In
August, values decreazed at IP subplom (to 2 minimum of —200 kPa),
and ewen more at FEz (to a minimum of —500 kPa). However, values
never deacended below the permanent wilting point of — 1,500 kPa, at
which point plants are no longer able to withdraw water from the zoil,
and conifers are in phyuiological strese stadia (Brodribb et al., 2004
Lopuchincky and Flock, 1974). Values also did not drop below the
threshold value of —500 kPa, which indicates the fimt changes of tree
phyziology when cells begin to expand (Landsberg and Sanda, 20110
The differences in z0il water potential betwesn PE and [P were not ota-
tistically significant throughout the seazon except for 11th August, when
there were lower values at FE subplota. The coil water potential at in-
dividual subplots was swongly correlated between experimental dates
[se= Fig. 3, Spearman’s correlation coefficienta).

Two years before the experiment in August 2013, the soil water
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Fig. 3. Soil water potentials per subplot recorded between May 7 and Aug
11, 2020, Individual boxplots represent measarements of soil water potential
one week prior the experimental days af FE (red colourl/TF (green colour].
Bottom mumbers, Spearman’s rank comrelations between experimental days;
upper numbers, pvaloes of FESF differences estimated by a Hoear mixed
model. The red line indicates the estimated valoe at which Norway sproce cells
begin to expand. FE, forest edge; IF, inner forest. (For mterpretation of the
references to colour in this figure legend, the reader & referred 1o the wel
version of this articke)

potential on experimental plotz 3 and 4 choweed values indicative of mild
water strezs of spruce treea (—G00 to — 1,400 kPa). At the end of Auguat
2018, recordings even exceeded the wilting point for several days
(—1,500 kPa). During the whole vegetation seazon of 2019 (ons year
prior to the experimentz), the soil water potential constantdy remained
abowve the water stress threcholds for Norway spruce.

3.3. Bap flow

The mean daily suma of sap flow of PE trees were alightly higher
(0.7-11.1 kg/day) than the values recorded at IF trees from May to
August 2020 (Fig. 4c). IF trees chowed higher valuez (8.7 kg/day) than
the FE treez only on 11th August. Sap flow of individual trees at each
subplot were clearly correlated (Fig. 4c, Spearman’s correlation coeffi-
cient). All trees showed the lowest zap flow on 24th June (FE 21.6 kg
day, IF 20.6 kg/day), which correcponded with a very low VPD.

COn 16th June and 30th June, low VPD and increased precipittion
(161 mm) contributed to high sap flow and a soil water potential close to
zero. In August, wamspiration declined from 4 kg/l to 1.5 kg/L in
regsponze to the drying of the z0il (soil water potential ranging between
—500 and —1,500 kPa). Moderate drought stress in August was gup-
ported by high evapotranspiration demands at average temperatures of
2270, accompanied by low precipitation.

3.4. Resin flow

A general trend of increazed recin flow of FE wees (4.5-14 mm longer
regin colummna than IF trees) was oboerved. Gignificantly longer resin
columnz (on average 32.5 mm) were measured on FE reec only once
during the seazon, on 27th May (Fig. 4d). Resin flow varied conziderably
bepween trees; nevertheless, this parameter geems to be characteriatic
for individual trees, ag indicated by high Spearman’s rank correlation
coefficients between experimental repetitions for individual weez.

3.5. Monoterpenes in phloem
Mean amounts of the chosen monoterpenes in phloem extracts did

not chow zignificant differences for the aggregated data from IF trees
compared to that of PE tress on three measurement dates (27th May,
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this article.)

16th June and 30th June). Variability of concentrations and statistical
parameters are vizible from Table 2. The only exception was the total
amount of f-pinens and myrcene (counted from area of coeluted peaks),
which were higher (Table 2] in the phloem of IF trees on 30th June. The
total amount of measured monoterpenes on IF and PE trees was about
pwice az high on 16th June compared to that measured on 27th May or
30th June (Fig. 5c). Thiz finding comesponded with the bark tempera-
ture maxima (Fig. 4a, b) and increazed amounts of WGz collected near
the monitored tresz (Fig. Sa).

3.6. Monoterpenes in VOCs

The abundance of the selacted main volatile monoterpenes collected
near the qurface of trees was significantdy higher at PEa at the beginning
of the seazon. The most significant differsances were oboerved on Tth
May, 27th May, 16th June and, moat distinctively, on 11th August
(Fig. Sa). Spearman’s coefficients were very low, suggecting that thiz
trait for individual trees did not comrelate between repetitions, and that
wariability in VOC concentrations waz higher among individual wess
than between the treatment and control

VOC meagurements in the open space chowed a higher abundance of
spruce monoterpenes in the frech cdearings than in the IF area in May
and June. During Auguat, however, walues in the clearings and IF area
were equally high (Fig. Shl. Initially, VOC levels meagured at clearingz
were even higher than thooe collected near to the bark surface of PR wee
[Fig. 5b, Tth May), showing the strong influence of cutting residuals left
in the vicinity of FEz on the total amount of ¥OCz.

Uzing PCA, bared on compozition of ViCa data collected nearby tres
ourface, neither ceparation wao observed according to the pocition of
trees at FEa or in [P, nor on subplot location (Fiz. 52A) for most mea-
surement dates. The only exception was the August collection, when
weak separation appeared (Fig. 52C). PCA explaing 32% of the vari-
ability in the dam. Purther, weak separation was chown according to the
date of sampling (Fig. S2B).

3.7. Correlations of difforent microclimatic, physiological, and defence
traits

The correlation matrix, wharein Sp-eama.n'! coefficients describe a
poitive or negative correlation betwesn the compared waits, chows the
extent to which individual tree traits influence sach other and how they
are influenced by microclimatic and meteorological conditions (Fig. 6).
Rezin flow was correlated with VOCa collected near the monitored trees
(Spearman’s rank coefficient 0.31). Resin flow, volatile monoterpenes
and, moat dictinctively, bark temperatures were correlated with air
temperature. Rezin flow and YOGz did not correlate with other climatic
parameters (Prec, VPD, PAR) or with cap flow of study meec.

Total zap flow on the dayz of the experiments was pogitively related
to back rurface temperaturss, air temperatures, VPD, and PAR. For
ingtance, on 24th June, an extremely low VPD resulted in wery low sap
flow of all monitored trees (Fig. 4cl. Soil water potential (average soil
water potential recorded in the week prior to dates of experimental
repetition) waz negatively correlated with bark and air temperature and
precipitation but did not chow a significant correlation with traits of
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Summariked data for the content of eight chasen monofer penes extracted from phloem of the manitored trees on given experimental days averaged for FE and 1F trees.

Table 2
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individual trees, ruch as resin flow, tree monoterpenss in VOCz, and sap
Blorer.

3.8 Passive trap catches

Onrerall, the number of beetlez caught in the passive traps was very
low. In the waps mounted on FE wees a total number of 19 bestles
landed, and in traps on IF trees only 11 beetles were caught from May to
August. No more than two beetles landed in a rap per week, and in come
weeka, the traps remained empty. In cnly & weeks of the smady season did
the catches differ from zero for at least one tree in the group (Table 33).
From 2Gth April to 27th May, 4 weeks after FE creation, more bestles
landed in trapa at FE trees (13 compared to 1 at IF weez). From 27th May
to 29th July, a few more beetles were canght at IF tree (10, compared to
& bestlez at FE tresa).

3.9. Bioossay using atteck booces

The numberz of beetles remaining in the starting bottles wers
significantly lower in attack boxes at PE treez on Tth May and 27th May,
while more beetles were found in exit boxes on the same dates. Signif-
icanty more beetles aloo exited the box gystem on Z4th June and 30th
June. During the Auguct repetition of the attack box experiment, bestles
were found in similarly low numbers in the start and exit boxes at trees
of both weatments (Fig. Ta, bl

During all experimental repetitions from May to July, the affinity of
bark beetles to the study trees was expressed by their hiding under the
bark scales, but not by their boring activity (Fig. 7c). Thiz behaviour was
significantly more distinct among spruce bark beetles at FE twees, and it
affected 4% of all bestles on the coolest experimental day (7th May) and
1-2% of bestles on 19th May, 30th May, 24th June, and 30th June.
Actual boring activity (attack) was zolely observed in August, with
higher numberz of pitch tubea (7] at PE trees (4) than at IF ees (3
baoringz at 2 treed). Owerall, the proportions of beetles initially placed in
the starting bottles that finally attacked a tree did not excesd 10%. An
average of 334 bestes got loat during the experiments.

3.10. Bioassay wsing individuwal beedes in Bppendorf tubes

Boring activity (attacking beetles) was observed during all four
repetitionzs of the non-choice bioastayn. The proportions of attacking
beetles (all n::pli:aﬁnnn] mng:d from 5% on 30th June to 40% on 11th
Auguast. fps typographus males showed higher boring activity at FE than
at IF on Z4th June (significant difference) and on 30th June (zend). On
11th August, when overall boring activity was the highest in betwesn
performed replicationz, more bestles attacked IF wees (256%) than FE
wees. The majority of bark bestles remained inactive in the tubez,
empecially in June, and some individuals were able to socape (Fig. 0.

8.11. Gorrelations of beetle behaviowr and environmental and ree
physiclogical fraits

The behaviour of bark beetles observed in the bioamays wasz related
to the various characteristica recorded at the subplots and at individwal
study trees (Fig. 91 In the no-choice experiment (Fiz. 9A), the fraction of
beetles that bored into trees (Attack epp) was pogitively correlated with
temperature (bark gurface and air temperature), precipitation, and
negatively correlated with soil water potential. In the attack box choice
experimentz (Fig. 9B), the number of beetles remaining in the start
bottles waz negatively correlated with resin flow but was not influenced
by bark temperatures. The number of beetles found in exit boxes was
poaitively influenced by south exposed bark temperatures and resin Gow
and negatively correlated with precipitation. Actual attack was poai-
tively correlated with air and bark temperatures az well a0 recin flow and
negatively correlated (trend) with SWP. No correlation with any traits
were found for the behaviour of beetles hiding under the barck.
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SAP 004 0.07 0.28 0.25 - -0.14 023 016 0.36 0.38

Swp 010 0,30 20.25 -0.30 0.14 - 028 030 024 -0.20
Meanair T_exp 034 0.50 0 0.23 0,28 - 0.06 0.04 0.18

Prec. 002 011 0.25 0.31 0.16 -0.30 0.06 - 051 051

VPD 005 0.01 0.17 0.30 036 -0.24 0.04

PAR 012 0.09 031 041 0.38 0.20 0.18

Pi; 6. m-mmmam;:mmmmmnd‘ £ traits rded through i 1 High positive

are marked by more i red and blue colours, respectively. Significant correlations are inds ‘bybold bers. RF, resin flow; VOC,
V()Csmlleﬂcdma'byhrlmﬂhemnkuedmskaN bark surface temperature, north side; Bark T_S, bark surface temperature, south side; SAP, total sap flow
adayofupaimulnprﬁdomswpmd:,awmlmmmﬂﬂmx&dinlhewedpdwmdasdw«wmmﬂ.vm Average vapour
pressure deficit on the day of experimental repetitions; PAR, g | active radiation. (For interp i fi es to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Spearman’s rank correlations of beetle behaviour in bicassays and meteorslogical and tree physiological traits. A, No-choice experiment. Attack_epp
describes the total number of beetles that seoessfully bored, attacked bt were expelled by resin, or started bt stopped baring activity. B, Chaoice bicessay. Actual
boring, beetles that bored into bark; Hiding Underbark_box, beethes that hid ander bark peel; Exit box, beetles that entered exit bottles; Stant_box, bestles that
remained in start botthes; BF, resin Aow; VOO, monaoterpenes in volatile organic compounds emitted from tree surface; Bark T_N, bark surface temperatare, north sides;
Bark T_8, bark surface temperature, south side; SAP, total sap flow on the day of experimental repetition; SWP_wesk, average soil water potential recorded in the
week prior to dates of experimental repetition; VPD, average vapour pressure deficit at day of experimental repetitions; PAR, avemge photosymthetic active mdiation.
Red indicates a high correlation, bue indicates a low correlation, and significince between individuoal traits is expressed by bold nombers. (For interpregation of the
references to colour in this figare legend, the reader is referred o the web verdon of this articke.)

4. Discussion

Forest fragmentns and stand edges are particularly exposed to
dizturbance and atress factors such az wind and solar imadiation (Donis
et al, 2013; Jénseon et al., 2007). Thiz study i the firet to compre-
henzively investigate the direct effects of forest edge ectablichment on
microclimatic and zoil hydrological parameters, phyuiological and
defence rait of individual Norway spruce treez, and eventually, on tree
predizposition to gpruce bark beetle attack. The moat significant changes
oboerved at the newly establizhed PEa were clearly increazed badk gur-
face temperatures and enhanced recin fow of sun-exposed tres, while
cap flow rates did not differ significantly from thoce of chaded trees in
the forect interior. Soil water potential waz high throughout the study
peazon due to gufficient precipitation and decreased only in August due
to drier weather conditions. Contrary to unchanged concentrations of
monoterpenes in the phloem of trees coon after PE creation early in the
seazon, VOO concentrations recorded near wee bark wers three times
higher along the edge than in the cloced forect stand. These diffarences
became even more distinct in the course of the season, reaching a ratio of
6:1 (PE: [F] for the total amount of volatile monoterpenes collected near
trees. Total amounts of VMa in open space, originating from both
standing trees and logging residuals left in the frech clearings, were
strongly increased at the forest edge. While enhanced moving activity of
cpruce bark beetles wasz observed in the attack box bioassays performed
at FE trees in May and June, beetles attacked the trees mainly in Auguat,
at both FBz and IF. In the following section, the obeerved wee phymio-
logical changes and bark beetle behaviour in the wansition zone be-
pween forest edge and inner forest are diccussed with regard to
biogeography, weather and characteristica of bark bestle outhreaks in
the study area.

The experimental subplotz were astabliched in a sub-montane forest
area gutzide the namral habitat of Morway spruce. The region hag been
strongly affected by drought in recent years (Frejza et al | 2021}, and
pevere water deficitn of Morway spruce in all parts of the forest were
recorded prior to the study in 2013. In contrast, spring and eadly summer
of the gtudy season 2020 remained comparably humid and cool, with
highest air and bark temperatures measured in August. Az 2 conge-
quence, coil water potential remained high in May and June at all sub-
plotz, and both IF and PE study trees were sufficiently supplied with
water. Apart from clighdy decreazed soil water potential values at the
forest adge in Auguat, soil hydrology waz not affected by the clear-cut.
Barlier studies chowed that the removal of trees can even result in

increased ooil moisture due to strong reductions in interception and
evapotranspiration on the cdear-cut gite (Keenan and Fimmine, 1993).

An immediate effect of removing protective neighbouring trees in the
amall clear-cuts was the increazed sun exposure of the newly created
edgea. Increased intengity of solar radiation and elevated air tempera-
tures enhance bark surface temperatures on the south zides of expoced
trunka (Majdak et al | 2021, Maresova ecal ), Mezei et al., 20190
Howeer, az previously found by Majdak et al | 1, the differencesin
average rurface temperature between the south and north exposed sides
of the gtemaz were not higher than 1-2 °C for FE and 0.1-0.5 *C for IP
trees. Bark surface temperamires were pogitively correlated with zap
flowr, which tended to increase at FE trees two weeks after edge creation.
Higher oap flow might compensate for higher stem surface temperatures
at gun-expoced trees (Mareoova et al | 2020). Despite the hnown short
regponse time of thizs phymiclogical parameter to changes in z0il water
availability (Tweifel =c al., 20200, lowered zoil water potentialz in
combination with high air temperatures did not recult in lower sap Sow
rates of PE trees in August

While there was no indication of drought stresz of edge trees in the
first montha of the experiment, the effects of abruptly increazed air and
bark temperatures on tree defence were clearly indicated by enhanced
regin flow. Amountz of recin exuded by PE trees remained high 4-8
weekn after edge creation, az opposed to the constantly low resin fow of
chaded IF trees in May and June. A gimilar increase in resin exudation
cauzed by external stress factors wan previouzly observed for several
opecies of cpruce and pine (Baier =t al, 2002; Caylord et al, 2007;
Fnebel et al | 2006; Metherer et al | 2015). Furthermore, the known high
variationz in regin flow among trees {Christiancen and Homovede, 1933;
Schroeder, 1990) and comparably lower wariation within individual
trees (MNetherer et al., 2015) were observed at all study trees. In August,
14 wesks after clearance, the chort-term induced defence reactions of
the expoged FE trees were followed by a (presumable) adaptation of
spruces to the altered microclimatic conditions along the stand edge.
Rezin flow wao still high in responze to increased air temperatures, yet to
the szame extent for both FE and IF trees. The increased sun exposure of
PE treen did not enhance further emential defence traits such 2z mono-
terpene content in the phloem, as earlier oboerved by Marezova et al |
(2020). On the contrary, the reduced amount of f-pinens + myrcens
recorded for FE trees in June may suggest a dlightly impaired chemical
defence ability against biotic invaders (Schishe et al 2012) of FE trees
until eight weeka after edge creation.

The monoterpens content of the pl:ln-un did not cnr.n:.:p-und to the
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increased levels of volatile monoterpenes collected near FE trees on most
zampling dates from May to August Inereased emission of wvolatle
compounds iz mainly dependent on the phyzical featurer of terpenaids
Higher temperaturez cauze higher wvolatility of these compounds,
whereas constitutive resin with lower viscosity is stored in resin ducts
and basins (Gaylord et al., 2007). The significantly highest VOC con-
centrations near FE trees in August were clearly comelated with stmongly
elevated bark temperaturer amd enhanced resin flow. Although zoil
water potential and zap flow were reduced at that time, the data do not
support an influence of tree phyziological changes on emission of vaol-
atilez from the tmees. Notably, VOC clouds reconded in the area sur-
rounding rees consist not only of compounds emitted from mee bark,
but alvo those from needles (Juran et al, 2017). Emissions further
include substances produced by microbes and fungi in the soil, which are
azsociated with trees or with organisms living in trees, such az bark
beetlez. A major part of VOCz can originate from the sumounding
environment, such as fresh stumps and debriz on clearings. The emiz-
sions from various sources other than standing trees likely contribute or
even characterize the olfactory niche of a freshly es@ablished FE. The
significant accumulation of volatile monoterpenes detected in open
zpace around FE trees shortly after edge creation strongly supports thiz
azrumption Volatile terpencids and other compounds emitted by trees
are considered to be relevant ecological signals that enable spruce bark
beetles to distinguish inappropriate habitats (decidoous forestz) (Thang
and Schlyter, 2004) from suitable habitat (conifer forests), and non-
hest from host trees (Morway spruce) (Andersson, 2003). Yet, eventual
bzt acceptance and successful infeztation by I Hypegrapins depends on
the combined effects of habitat/host attractivensss, host resistance, and
bark beetle abundance.

The exposed soudy trees at frechly created FEz were not attacked by
the natural [ fypographes population, even though an outbreak in the
study area started in 2018 and peaked in 2020. Instead, one of the IF
study plots was infested (4C on 16th June), and several initial attack
spot: appeared adjacent to clear-cuts from the previous winter or from
the 2019 z=ason. In early spring, other stand edgez in the sumounding
area, which were naturally created by wind during winter, were
attacked. We can anly speculate that aggregation pheromones produced
by spruce bark beetles in these infestation spotz, pictured at Fig. | by
grey spots, quided beetler away from experimental FEs in spring and
early summer. Still, the oumbers of passive tap landings of
L typographus were slightly higher at FE than IF treez in spring, which
suggests that forest edges were generally more attractive for swarming
beetles than the closed forest.

Without natural attacks, the feld bioaszays performed allowed to
some extent an evaluation of spruce bark beetle affinity to and accep-
tance of the smudy trees as hostz. Both test approaches regard zhort-
distance salection of treez, whereby the attack box system does not
enforce tree attack, while Eppendorf experiments leave beetles the de-
cision between host acceptance or refuzal The combination of rezults
gained im both experiments allows for several conclusions. A main
finding wasz that test bestles were more active at FE treez in the earlier
part of the experimental sezzon (May). Beetle activity was chown by the
larger number of zpecimens entering the exit devices of the atack boxes,
indicating tendenciezs to fly, and by a higher number of attacks in
Eppendorf mbez. Attacks in the tubes and exitz from the boxes were
clearly increazing with bark temperature and correzponded with periods
of elevated volatile concenrations in open space (May)
and near FE treez (May, Jume). In contrast, beetles did mot want oo fly
(leawve the attack boxes) in the caze of rain. An interesting obcervation
was the behaviour of beetles in the antack boxes to crawl on the bark and
hide behind bark seales during the majority of test mms. This behaviour
of zeeking protection, which was not described for the first use of attack
boxes by Metherer et al. (2015), can partly be explained by adwerse
weather conditions, yet not all experimental days in May and June were
cool and humid. Az opposad to increased numbers of (repellad) amacks
obszarved in the earlier udy on less stressed and beoter defended mees in
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spring (Metherer et al., 2015; Matthews et al., 2018), the lack of boring
attempes of beetles in the present study did not allow an examination of
the effectivenesz of increasad resin flow of FE treez. However, higher
amounts of rezsin promoted beetle activity in terme of leaving the start
bottles, exiting the attack box system, or attacking the tree (in August).
Spruce bark beetles were likely reacting to the olfactory stimmli of rezin
{Metherer et al., 2015). August attacks corresponded with the highest
seazonal air and bark temperatures and the lowest zoil water potential
and were accompanied by enhanced VOO concentrations near FE tres
bark The many inactive beetles observed in the Eppendorf tube exper-
iment in August were possibly due to adversely high temperature con-
ditions in the zmall tubes.

5. Conecluslons

Considering the limiation: of the study regarding cool amd hummid
weather conditions in spring, which had the effect of reducing tree stress
at the forest edge, and the unanticipated behaviour of test beetles in the
attack box bioassay (hiding under bark instead of attack attemptz), we
conclude that fresh forest edges are not specifically suscepdble to
I typographu: attack chortly after establizshment However, the micro-
climatic conditons of forest marging and olfartory signals from standing
edge rees and logging residuals do favour spruce bark beetle acdvity.
Edge tree: immediately rezpomded to altered environmental conditions
by increazed defence in terms of resin flow but not of monoterpene
content of the bark It was only later in the season that increased tem-
perature and mild drowght conditions riggered (minor) phyziclogical
stresz of FE trees and spruce bark beetle amack. A possible explanation
for thiz late attack is that forest edges were not prezent early enough in
spring to be atractive for swarming beetles after overwintering. Mezai
ecal, (2011) observed an increased abundance (number of pheromone
trap catches) of I typographus at new stand edges in the years after a
wind disturbance event but not in the year of edge creation.

Further rezearch iz needed to understand the gradual microclimnatic,
physiological, amnd biochemical changes at FEs and the attack patterns in
fragmented forests under different [ fypographus population densities.
The timing of clear-cuts pocsibly influences the probability of natural
attack in the frst or second year after edge establishment Follow-up
studies chould focus on comparing stand edges created In winter
(December to February) with those freshly created in spring, which will
allow the investigation of the differences in tree defence stams in rela-
tion to the attractiveness of the environment for swarming bestles.
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Supplementary material: Changed microclimate and tree defence at fresh forest

edges influence susceptibility of Norway spruce to bark beetle (Ips typographus)

attack
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Table $1. Meteorological conditions on experimental days (T = temperature; Prec = precipitation,

13 VPD = vapour pressure deficit, PAR = photosynthetic active radiation)
Max T Average air Average
No. MaxT2™ MinT AverageT FPrec » PAR
Date 1* day humidity VPD
Exp. day (°C) (*C) (°C) (mm) (umolim®sec™)
"c) (%) (Pa)
1 7-8 May 19.8 229 31 131 0.0 59.2 860.4 20,595.8
2 19-20 May 244 18.0 82 16.3 0.0 68.0 719.8 14,407.2
3 27-28 May 205 145 93 13.6 3.8 715 5243 13,965.1
4 1617 Jun 244 232 14.1 19.8 0.0 718 317 17,664.8
5 24-25 Jun 209 233 11.9 16.4 0.4 84.3 3675 11,7871
6 30 Jun—1July 241 25.0 12.2 19.7 0.0 658.0 857.9 224173
7 11-12 Aug 296 299 15.1 222 0.8 79.7 7423 17,7524
14
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16
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Figure S2. PCA scores plot showing separation of samples based on GC-MS records; A — points colored
according to tree location (FE-green, IF-blue); B — points colored according to date of sampling; C - PCA
scores plot showing separation of samples based on GC-MS records, collected in August (FE-green, IF-

blue)
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Table $2. Summarized data for each trait in given experimental days averaged for FE and IF

trees with standard deviation (SD) indicated; effect size of the difference between FE/IF
indicated by Hedge's g, statistical significance of difference calculated by non-parametric
Wilcoxon test and by linear mixed model (where feasible) with Box-Cox transformed
dependent variable..

Table $2, since its complexity, is provided as the individual Excel file.

Table S3. Cumulative numbers of beetles caught to 16 passive traps installed on trees on FE and 16

traps in IF in listed periods. In tables are only periods of collection when catches were = 0.

Periods of
collection when | April 28-May 6 May 6-May 13 May 20-May 27 May 27-May 30 June 10-June 16 July 23-July 29
catches =0
FE 6 2 5 4 2 1]
IF 1 a o 4 2 4
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4.2 Physiological and Biochemical Indicators in

Norway Spruces Freshly Infested by Ips [l
typographus: Potential for Early Detection Methods

Published as: St S2 br sk §, B. , Hr adeckT, J. L e
Tom8gkovsg, | ., & Jirogovs§8, A. Physiological
Spruces Freshly Infested by Ips typographus: Potential for Early Detection Methods.

Frontiers in Forests and Global Change, 0, 1197229; doi:
10.3389/ffgc.2023.1197229.

Thi s article has t wo main hypot heses:
differences in physiological, biochemical, and bark beetle (BB) behaviour after
attack of Nor way obsevablecharfgeés;in n2dsurgll Gaaameters
be used as indicatorsf or devel oping fABB attack early
main objective of this work is to compare parameters of naturally BB-infested trees
with non-infested control trees based on the tree physiological characteristics sap
flow, resin flow, treewidth increment, the concentrations and profile of terpenes in
phloem and VOCs emitted by the infested trees. The last objective is based on the
beetle catches in passive traps and beetle acceptance bioassays for non-infested
and infested trees.

This article concludes that there is a possible selection of characteristics for
developing BB early attack detection methodology. It was found that the tree
increment stopped after the first week of attack. In the initial two weeks post-
infestation, the detection of infested trees is achievable through the evaluation of
volatile organic compounds (VOCs) collected in close proximity to the trees. The
random placing of passive traps with an alarming system can used for signalling

that beetle landed on the trees.
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Physiological and biochemical
indicators in Norway spruces
freshly infested by Ips
typographus: potential for early
detection methods

Barbora Stfibrskat, Jaromir Hradechky, Jaroslav tepl.
Roman Modlinger, lvana Tomaskova and Anna Jirofova™*

Faoulty of Forestry and Wood Sciences, Cosch University of Life Scences Prague, Prague, Crechia

Intoduction: The bark beetle Ips typographus currently represents the primary
pest of Morway spruce (Pices abies) in Central Europe. Early detection and
timely salvage cutting of bark beetle-infested trees are functional management
strategies for controlling bark beetle ocutbreaks. However, altemnative detection
methods are currently being developed, and possible indicators of bark beetle
infestation can be assessed through changes in the physiclogical, bicchemical,
and beetle-acceptance characteristics of trees.

Method: This study monitored infested and non-infested Morway spruce trees
before and 3 weeks after lps typographus natural attack. Permanently installed
sensors recorded physiological features, such as sap flow, tree stem increment,
bark surface temperature, and soil water potential, to monitor water availability.
Defensive metabolism charactenstics, bestle host acceptance, and attractivensss
to trees were monitored discretely several imes per season. The forest stand that
was later attacked by bark beetles had lower water availability during the 2018
2020 seasons compared to the non-attacked stands.

Results: After the attack, =ap flow and tree stem increment were significantly
lower in infested trees than in imtact omes, and bark surface temperature
moderately increased, even when measured in the inner forest stand from the
shadowed =side. Infested trees respond to attacks with a surge in monoterpens
emissions. Im addition, freshly infested trees were more accepted by males in the
no-choice bioassays, and a significantly higher number of beetles were caught in
passive traps in the first week of infestation.

Conclusion: The most promising characteristics for early detection methods of
bark bestle-infested trees include tree bark temperature measured cnly in certain
metecrclogical conditions, elevated monoterpene emissions, and significantly
high catches in passive raps.

METWIOEE

green attack, tree defence, bark beetles, Picea abies, tree physiclogy, VOC, sap flow.
dendrometer

1. Introduction

The Furasian Spruce Bark Beetle Ips fypographus (Linnaeuws. 1758) (Coleoptera:
Scolytinae) is the most devastating p-esl of Norway spruce |Pices abies (L.) Karst.] and
foredts in the Palearctic region (Christiansen and Bakke, 1988). When its population is
in the endemic phase, it attacks weakzue-:l trees, contributing to the ecological balance
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in natural forests. However, the incidence of disturbance agenis,
such as strong winds or drowght periods, lead to the transition of
the I ypographus population to the epidemic phase (Fausrud et al,
2012}, Ongoing climate change, the occurrence of sprice stands
outside their natural range, and economically oriented sibviculture
practices have led to intense bark beetle outbreaks ower the last
decade (Seidl et al.. 2006; Marini et al. 2017; Biedermann et al.,
201%). The Central European region has been seriously affected by
I typographus cutbreaks that started after severe drought evenis in
2015 and 2018 {Hiisny ot al, 2021a). The scenario resulted in an
exponentially growing volume of sabvage logging from 2017 to 2020
{approximately 5.9 mil m* in 2017 to 262 mil m® in 2020 in the
Czech Republic) (Hldsny et al, 2021k, 2022).

A traditional method for managing bark beetle cuthreaks is the
early detection of infested trees prior to the emergence of ofSpring
generation (Hlisny et al, 2019). The presence of bonng dusst at
the base of the trunk s considered the most reliable symptom of
bark beetle infestation (Fawle ef al, 2023, but its wse requires
persanal inspection of each trunk, which is difficult to achieve. The
extent of the forest stands, the intensity of the outbreaks, and the
ability to distinguish infested trees were the main limits for applying
this procedure. The possibility of including modern tools and
procedures in the search for bark beetle-attacked trees is currently
being intensively researched Currently, the most promising and
advanced methods are remode sensing methods, which include a
wide ramge of approaches (Huo et al, 2021). Despite the large
number of areas that they are sble to scan, there remain problems
with the demands of time and expertise imvalved in processing
the captured records and the inaccuracy of detection owing to the
considerable variability of the attack signs. A different method for
detecting infested trees &5 based on the chemical communication
between bark beetles (Faifa of al, 2016). For this purpose, specially
trained dogs have recently been wsed (Johansson ot al. 20019),
which can detect trees more successfully and efficiently than human
experis (Vobvrdova et al. 2023). The first stedy using an artificial
nose to detect substances in the forest environment is currently
underway {Hattnerova et al, 2023). However, for the purpose of
early detection of bark beetles, the sap flow, tree increment and
content of terpenes in phloem and catches to passive traps in
infested trees have not been evaheated.

Like all plants, trees infested by bark beetles rouse defense
miechanisms against herbivores that have evolved over a million
years (Berini et al, 2018). In conifers, it manifests itself
with an immediate response as resin exudations and leads
to changes in basic tree physiology, such as transpiration
(Wang, 1983) and resource allocation (Franceschi et al. 2005
Boome et al, 2001). The metabolism in trees is based on
the fundamental process of photosynthesis, when atmospheric
carbon is sequestered, and carbohydrates are synthesized {Lawlor
and Cormic, 2002). These carbon resources are distributed
between primary tree metabolism (tree growth or reproduction)
and secondary metabolism {constitutive defense compounds as
phenolics and terpenes important in condfers) {Huang of al, 2020).
Physiological characteristics that descnbe these processes can be
mieasured using specific techniques. These characteristics have been
previously recorded in various contexts related to tree stress and
suscephibility to bark beetle attacks.

The sap flow wvalue, which expresses a defiat in tree
transpiration measured in short time intervals, s often used as
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a quantitative characteristic of drought stress in trees (Stcloova
et al, 2013; Gebhardt et al, 2023) or stress from sudden sun
radiation in fragmented forests (Ozcelik et al, 2022). The acute
transpiration deficit positively cormelates with the lowering of the
defense ability of trees against bark beetle infestation (Metherer
et al., 2015 Matthews et al., 2018).

Ancther physiological characteristic of MNorway sprsce
discussed in the articke as an indicator of infestation is the tree
stem diameter. Meassuring stem increment has been reported
in the literature to indicate reductions in growth mates related
to drought (fe@ik et al, 2015). It has also been wsed to evaluate
wiood production in different tree species or genotypes (Cooorza
et al, 2016). Fluctuations in stem circumference are influenced
by the dynamics of plant tissise water balance on a dailly and
seasonal basis, with radial growth increments depending on these
fluctuations {Oifenthaler of al, 2001). The stem ncrement is also
influenced by carbohydrate distribution. In healthy trees. there
is a balance between growth and defense, with carbon resources
allocated to both. However, during herbivore or pathogen attacks,
the allocation of carbon resources shifts toward the production of
defense metabolites, limiting investment in growth, incheding stem
increment {Huang et al , 20200

A previous study (Majdik e al.. 2021) reporied a measurable
increase in bark surface temperature following bark beetle
infestation in sun-exposed trees on the forest edge. These
trees were weakened by infestation and could not keep the
optimal temperature. Generally, the temperature of the cambizm
and phloem in a healthy tree with sufficient water contemt
iz well-regulated. Healthy trees can maintain their internal
thermal environment and prevent excessive temperature increase
(Lewzinger and Kormer, 2007) through evaporative cooling
facilitated by the water movement within the sap flow. However, the
bark surface temperature is influenced by direct radiation and air
temperature (Hictz o al, 2005), and there exists some correlation
between phloem temperature and surface temperature (Powell,
1967

The most noticeable changes in tree characieristics following
bark beetle infestation are chemical defense reactions. These
reactions ocour in two stages. The first stage is the immediate
defense response, where conifers exude stored resin. The second
stage, known as the induced defense response, involves the
formation of traumatic resin ducts (Franceschi et al, 2005) and is
triggered within the first few weeks following a bark beetle attack
[Celedon and Bohlmann, 2019). The overall resin exudation of
trees measured as resin flow was in several studies suggested as a
marker of resistance of Norway spruce trees against the bark beetles
and characteristics of conifer defense {*etherer et al.. 2015). Resin
flow varies from tree o tree owing to genetic variation and age
[Chrstiansen and Horntwedt, 1983; Schroeder, 1990) and strongty
depends on temperature and meteorological conditions (Baier
et al., 2002; Stribrska et al, 2022) and on phenotypic variables, and
location (Zas et al | 2020)

Hesin is a mixture of terpene compounds with toxic and
immobilizing effecis on bark beeiles; however, it also has a
communication function for them (Erbilgin et al, 2007) In
spruce, the predominant volatile monoterpenes are alpha-pinene,
beta-pinene, A-carene, limonens, B-phellandrene, camphense
and myrcene (Borg-Earlson et al, 1993). Resin also contains
sesquiterpenes in smaller quantities and higher content of
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diterpenes (Metherer o1 al. 2021). Oxidized forms of all terpenes
are also present at a Jow level, and the content of oxygenated
monoterpenes is modified by a stress reaction and tree decay
(Schiche ot al, 2019) caused altematively by inoculation by beetle’s
symbiotic ophxstomatoid fungy (Randasamy et 2l 2023). Even
non-infested conifers emit large amounts of terpenes, mainly
from the needles (Turdd of 21, 2017). The emission has a diurnal
rhythm and depends on the actual meteorological and physiological
conditions of trees (Kopacayk ot al, 2020) as well as on genetic
origin (Kannaste et al. 2013). These phytochemicals play their role
in the selection of suitable bark beetle habitat (Frbilyin, 2019).
When Norway spruce is attacked by bark beetles, either due to
constitutive resin storage opening or induction of defense terpene
bicsynthesis, the content of emitted terpenes increases 10-100 fold
(Ghimire et al, 2016; Jaakkola et al,, 2022).

The attractivity of the freshly attacked trees for additional beetle
conspecifics 1s modified based on olfactometric cues perceived
by beetles, predominantly on aggregation pheromones {Schlyier
et al, 1987a) and host volatiles (Erbilgin ot al, 2007). The
acceptance of host tree by attacking beetles is a function of
the defense ability of trees and stadia of beetle attacks. The
L typographus infestation begins with the selection of a suitable
host tree by pioneer males (Byers, 1969; Lehmanski ef al, 2023),
When males successfully overcome tree defenses, they produce
potent aggregation pheromones to attract conspecifics and start
mass aggregation. Pheromone consists of oxidized terpenes 2-
methyl-3-buten-2-ol and cis-verbenol 10:1 (Firgersson of al, 1984;
Ramakrishnan of al. 2022). Bark beetles can detect these highly
biclogically active compounds from a complex mixture of other
compounds in the forest owing to their specific antennal receptors.
However, pheromones are only a minor component of the total
volatile emissions of infested trees.

This study aimed to identify alternative tools for the early
detection of L typographus attacks based on modifications in
physiology, defense biochemistry, and insect-tree interaction levels.
In particular, we compared changes in Norway spruce trees in the
first stadia of I typographus attack in terms of (i) physiological
and physical parameters (sap flow, stem increment, and surface
temperature); (i) spruce defense reaction (resin flow, emission,
and phloem content of defensive terpenes, including selection of
compounds specific for infested trees); and (iii) beetles attraction
to infested and non-infested stands by monitoring beetles using
non-baited passive traps and (v) beetle acceptance of the host tree.
Furthermore, measurable characteristics that displayed significant
differences in infested trees compared to non-infested trees were
evaluated as potential tools for developing early attack detection
methods for more etficient bark beetie management.

2. Materials and methods

2.1. Study area and sampling setup and
conditions

The study was conducted from May 6th to July 2nd, 2020 at
the property of the Forests CZU in Kostelec nad Cernymi lesy in
central Czech Republic (Figure 1). The weather during the growing
season of 2020 was humid and warm. The detailed recording

Frontiers in Forests and Global Change

10.3389/figc. 20231197229

D

Plot D-

Infestoed
Plot €

ACUREL

Arrangement of study plots with the naturally attacked piot. Green
circles represent the inner forest plots [non-attacked trees)
correspondng to plots A B, and D. Plot C was ndesind by

{. typographus on June 16th and zalvaged n July ired circle). The
gray spots are areas of previous ratural bark beetde sttack. The
black thermometer rmarks the metecroiogical sation

of the meteorological conditions has been previously published
(Stribrska eral, 2027) and is attached as a supplement to this article
(Suppliementary Table 1).

As part of the Extemit-K project, a large study area was
established in 2018 to measure physiological and dendrological
characteristics in trees exposed to stress conditions such as drought
and forest fragmentation in the context of bark beetle attack.
Originally, eight plots with ditferent treatments were monitored
(Stiibrska et al | 2002). However, the study reported in this article
focuses on four non-treated plots established within a closed,
undisturbed area in Norway spruce stands (Table 1),

From 2018 to 2020, the soil water potential was monitored for
all plots. In 2020, sensors for sap flow, tree stem increment, and
bark surface temperature collected data from a total of eighteen
trees. Four trees were monitored in plots B and D, while five
trees were monitored in plots A and C. Additionally, monoterpene
sampling and non-choice beetle bioassays were conducted six times
per growing season in 2020 on three selected trees in each of the
four studied plots (12 trees in total).

Throughout the study period, we checked the entire area within
a 500 m distance from the monitored trees for bark infestation
at approximately weekly intervals. However, on June 16th, 2020,
a fresh infestation was detected in all five trees in plot C at the
stage of the nuptial chamber building by male beetles. In next
3 weeks, from June 16th to July 2nd, these five infested trees were
further monitored with sensors, along with the remaining thirteen
uninfested trees. On July 2nd, the infested trees had to be cut
down to prevent the emergence of new beetle generations, and the
observation was concluded.
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TAELE1 Informaticn abowt study area.

10, 3385/ ffgc 2023, 1157229

Tested
trees™

Monitored trees!

Coordinates
lat. long.
A WHIITTL 11573291
B WFIZH 11.ET3T7E
A3
« WFASET 14.E77302
o W FEET 4ET734

- 1095 pear-okd

"l T T

e of tres contimenisty monmened for s2p flow, bark surtce iomperatisr, and tsee mcremenl.
T Number of tracs on which restn fow, Smolerpenes comtent i WO, plioan, and nos-chle hizasay with beeties wone repeatadly iestrd.

In 2020, an outhreak of I typographes ocourred in the Morway
spruce forests of the Forests CZUL Extreme droughts in the years
3015 and 2018 were the cause of the exponential increase in infested
trees, which staried in 2017 with 284 m® and culminated in 2020
with 76,113 m?® of salvaged cut wood {Klinovsky, 20210, [n 2018
and 2019, the local centra (gray spots in Figare 1) of bark beetle
infestation was detected in the stedied ares and cut down. None
af them were choser than 50 m from the monitored trees (StRbrska
etal, 2022).

In each plot, the soil water potential was recorded to check
the water availability of trees wsing five sensors (Teros 21, Meter
Growp, Monchen, Germany) distributed in each plot and placed
2 cm below the surface. The whole dataset (Sopplementary
Figare 1) was taken from the 2018 to 2020 seas0ns bo examine water
stress on the trees.

2.2. Physiclogical characteristics of trees

The methodology for data sampling was modified from
Stfibrski et al. (2022).

Briefly, sap flow, tree stem increment, and bark surface
temperature were measured using sensors installed on individual
trees. Data were stored in a single data logger (GreyBox MN2IN
3P; EMS Broo, Broo, Czech Republic) and connected 1o a dowed
system via the GSM. To enable statistical analysis, we express the
continuously recorded values of physiological characteristics as
mieans per collection day or a specific period, which allowed us to
process them together with discretely measured characteristics and
show changes in the same time points.

Sap flow was measured based on the thermodynamic principle
by heating the wood around stainless-steel electrodes (EMS 81;
EMS Bmo) wsing the trunk heat balance method. Data were
recorded at 10-mim intervals (Cermadk et al.. 2004; Stidbrska et al.,
2022} The data were subjected o post-processing. including
haseline correction, and sap flow rates were recompsted as kg'h as
the sum for each sampling date.

Tree stem increment was recorded wsing a sensor (DR26E Band
dendrometer for sap flow system; EMS 81 DE26E: EMS Brmo),
which was installed 3.5 m above the ground. The change in trunk
circumference was measured every 5 min and stored in the data
kesgger 38 & 10-min average. After cleaming up the errors caused by
varous influences, the dala were converted to 1 h averages, and
then divided by two times 3,14 (pi). The beginning of the season
is determined according to the growth and the start of sap flow as
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the zers point of tree imcrement increases in & given year, for this
season, it was determined on Apral 150

Bark surface temperature was measured on the north side of
the tree stem to eliminate the infleence of sun radiation. Infrared
thermometers {Apogee Instruments, Logan, UT) were installed at a
height of 3 m. Data were collected at hourly intervals, and averages
for days (24 h) for the collection period were caloulated (5ifibrska
et al., 2022).

2.5, Defense characteristics of trees

Besin flow was measured wsing glass tubes (inner diameter:
3 mm; cuter diameter: 5 mm; length: 12 cm). Ome glass tube per
tree/Tepetition was inserted into holes (6 mm) drilled into the
bark and phloem at breast height (1.3 m) from the north and
spauth exposed sides of the trunks. The resin was collected for 24 h
{start and end of collection between 3 and 5 pm), and the level of
exwdated resin in glass tubes was measured (Metherer ef al, 2015
Stfibrski et al, 2022).

The main monoterpenes in the dose vicinity of the spruce
stem were collected wsing SPME (Solid Phase Microextraction)
fiber (PDMS/CARDVE: Supeloa, USA), which was placed in an
aluminum box (25 cm = 5 cm = 5 cm} loosely fixed by rope on
the tree stem surace at 3.5 m height. When collected from infested
trees, the boxes were attached ot of the beetle’s entrance hole and
frass. The collection took 1 h (from 1 pm to 2 pm) on the day of
the sampling. Immediately after zampling. the fibers were sealed,
stored on dry ice, and transported to the laboratory. Desorption
and compound measerements by gas chromatography-electron
impact-time of flight-mass spectrometry (GC-EI-TOE-MS) were
performed within 3 days after collection (StHbrsk et al,, 2022).

Bark samples for analysis of compounds extractable from
phioem were collected on May 27th, June 16th, and June 30th.
Three sections (8 mm diameter) were pinched out using a cork
borer at a distance of 15 cm from each other at a height of 2 m
on the south side of the tree trunks. Samples were stored in liguid
Mz and transported to the laboratory. Three sections from each tree
were pooked and ground in lquid nitrogen to ob4ain a fine powder.
The powder (200 mg) was extracted for 10 min in 2 mL of hexane
(containing 5 pg'ml of the internal standard 1-bromododecane)
im an ultrasonic bath. Extracts were filtered into 2-mL vials for
GC-EI-TOE-MS (Sitibrski et al, 2022).

The collected monoterpenss and compounds from the phloem
were andlyzed using a gas chromatograph (Agilent 7890 B; Agilent,
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USA) coupled to a mass spectrometer with a time-of-flight mass
analyzer GC-EI-TOF-MS Pegasus 40 (LECO, 5t. Joseph, M1, USA).
The instrument was equipped with a capillary column HP-5M35
UT (30 m, 0.25 mm id, 025 pm film thickness; Agilent). The
analysis setups were as follows. For analysis of SPME, a hot PTV
inket (265°C) was used in a 2 min spitless pericd. The temperature
program for the GC oven was 40°C {1 min) - 15C min to
20°C - 20°CImin to 280°C. To analyze phloem extracts, 1 el
of hexane extract was imjected in spitless mode into the PTV
inket (programmed from 20°0C-8°Cls to 265°C). The GC oven
was programmed: 40°C {1 min} - 5°Cfmin to 210°C - 20°C/min
ta 320°C (6 min). The mass spectrometer setup was as follows:
innization energy in electron impact mode was 70 eVl ensuring
spectra compatibility with MIST lbrary. Full spectra were collected
in mass range, 35-500 [a with speed of 10 spectra per second.

The ChromaTOF software (LECO) was used for
chromatographic  data  processing.  Compound  identification
was performed wsing comparison of measured mass specira and
spectra in mass spectral library NIST (2017), using comparison
of measured retention indexes (counted on C8-C40 saturated
alkane scale) with retention indexes published in MIST. For main
mionaterpenes, retention times of analytical standards measured by
the same methods as samples were wsed.

The main monoterpenes detected in Norway spruce were
tricyclene, ¢-pinene, and f-pinene in coelution with myrcene,
p-phellandrene, A-carene, camphene (quantification mass m'z
93) and limonene (quantification mass m'z 68). To statistically
evaheate the monolerpenes collected from air by solid-phase
microextraction (SPME) chose by infested and non-infested trees,
the sum of peak areas of quantification masses of these compounds
were summed and treated as a single vahse per tree per collection.
The concentration of the sum of the same monoterpenes extracted
from the phloem was quantified a5 pg/mg of the dry weight
of material wsing calibration curves constructed for o-pinene,
p-pinene, A-carene, camphene, and limonene. Peak areas were
normalized by imternal standard (1-bromodecane) to correct
imjection volume flucteation. Furthermore, differences in the
content of these eight monoterpenes individually were compared
in air collected by SPME as peak areas and in the phloem extract as
concentration {jLg'my of dry weight).

The peak areas of guantification masses of all detectable
compounds with a suficdent threshold in GC-EI-TOE-MS
chromatograms, which were recorded from the collection by SPME
on June 24th, were preprocessed by aligning software and analyzed
using principal component analysis (PCA) and the discriminant
analysis model (PLS-DA).

2.4. Beetle catches in passive traps and
beetle acceptance bicassays

Catches of beetles in passive traps made from transparent
plastic (40 = &0 cm) indicated the attractivity of trees. Traps were
mounted on the southern side of the tree trunk at breast height
(Schiyter et al, 1987hg Stfibrskd et al, 2022). Ten passive traps
were mounted on trees, which were infested on June 16th, and ten
passive traps on trees within the controd plots. The checking of the
number of beetles caught in passive traps without any additional
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pheromone attraction was conducted from May 1st, and the last
catch collection was on June 16th

No-choice bioassay o monitor beetle acceptance was
performed by encapsulating makes of L (ypographus to Eppendorf
tubes (one male per tube). Ten fubes were attached to the south-
exposed side of the tree trunk at a height of 2 m and fixed with
tape. The beetles were left to feed for 24 b (Turcini and MNakladal,
2007; Stfibrska et al, 2022). Active beetles wsed in the statistical
evaluation were assigned into three behavioral categories: beetles
that bored inside the bark and stood inside the pitch tubes, beetles
that bored inside but were expelled by resin, and beetles that
started to feed but were interrupted. The Eppendorf hinassay was
performed three times per season {June 16th, June 24th, and June
30th).

2.5. Statistical analyses

The R statistical software (. Core Team, 2022) was used for
statistical analyses.

For testing the hypothesis that infested and non-infested
trees differ, we ufilized a general linear mized model {glmen)
function from the lmed package; Bates et al, 2015). We split
measurements into the pre-attack period and post-attack period
to assess differences between those periods separately. Repeated
measures model was fit with the fived effect of measurement time
and bark beetle attack and random effect of the plot. We used
the gamma distribution with log link; in cases of count data in
response (number of beetles), we used the Poisson distribution.
Post hoc Tukey analyses between infested and non-infested trees
in overall repeated measures model and inside each measurement
separately were performed wsing lsmeans() function from the
bmeans package (lenth, 2018), Histograms of residuals and
residuals vs predicted values plots were inspected.

The total profile of compounds collected on SPME fiber was
normalized (constant raw sum ), central log transformed and pareto
scaled for PCA and subsequent partial least square-discriminant
analysis (PLS-DA) created in the SIMCA 17 software (Sarorius
Stedim Data Anakytics AB, Malme, Sweden).

%. Results

3.1. Soil water potential

Within the vegetation season of 2020, the soil water potential
did mot decrease below -200 kP2 in all monitored plots A, B, C,
and [}, which suggests sufficient water supply for all studied trees;
however, in plot C, infested in June 16th, soil water potential was
significantly lower than on non-infested plots (p = 0.04; Figare 2).
The history of water supply in the study site revealed mild water
stress in the trees in 2018, So0d water potential values ranged
between -&00 and - 1400 kPa, with a short decrease below the wilting
point of -1500 kPa in Awsgust 2008 In the growing season of 2019,
the lowest values of soil water potential were from -400 kPa to -
2 kPa. In both years preceding the stedy, the soil water potential
in plot C was lower than that in pkots A, B, and D (Sopplementary
Fignare 1)
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3.2. Physiological characteristics

The sap flow of trees in the monitored area (quantified as the
sum of sap flow in kg per data sampling day (Figare 34) did not
show a significant difference in data sampling days from May to the
date ofteetle attack detection in plot C. On June 16th, the first week
of infestation in plot C, sap flow significantly decreased in attacked
trees (p = 0.035), and this difference was even more prominent in
the next 2 weeks of advance infestation (p = 0.019 on June 24th and
pr=0.0100n June 30th).

Tree stem increment counted for the week prior to the data
sampling days was lower for trees in plot C from the beginning of
the season. After the second week of the bark beetle attack on June
24th, there was a significantly lower increment in infested trees than
in non-infested, with a continuing trend in the following weeks
(Figare 38).

The bark surface temperatures measured on the north side
of tree stems before the attack was detected, were equal on all
monitored plots on May 19th and May 27th. Only on May 7th were
temperature higher for plots A, B, and D, which later remained non-
infested. On the monitoring day of June 16th, in the first week of
the attack, the temperature of infested trees in plot C significantly
increased (but the difference between infested and non-infested
trees was only + 0.4°C) (Figore 3C). The average temperature of
plot C in the period after infestation was 18.2°C, whereas that of
the non-infested control was 17.8°C.

All the statistical details are listed in Sapplementary Table 2.

3.3, Tree defense characteristics

The abundance of the sum of eight main spruce monoterpencs
in the headspace close to the tree was similar in all monitored
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plots at the beginning of the season; however, after the bark beetle
infestation of plot C on June 16th, their emission significantly
increased in the vicinity of the affected trees and was significantly
higher than in the non-infested trees for all three sampling
days (Figare 4A). Nevertheless. monoterpens emissions declined
during the third week of the attack. The progress of individual
monoterpene emissions was similar o the progress of their sum
[Supplementary Figure ).

The tedal content of monoterpenes extracied from the phloem
of infested and non-infested trees did not differ sgnificantly duning
the first and third weeks of bark beetle attack on June 16th and June
3oth (Figure 4E). When focusing on individual monoterpenes,
in the third week of the attack, statistically significant differences
were found only in the content of A-carene, which increased, and
camphene, which decreased in infested trees. The other monitored
monoterpenes were less abundant in plot C, even before bark beetle
infestation, and maintained the same trend after infestation on
June 16th, but not significantly lower in infested plot compared to
non-infested (Sapplementary Figare 3).

The resin flow values recorded for individual trees showed
a large wvarability; therefore, after the bark beetle attack, no
significant differences were observed between infested and non-
infested trees (Figore 4C). In the second week after attack detection
(Tume 24th) was resin flow higher in infested trees, but this
difference was not significant.

PCA score plots were created from metabolomic profiles
recorded wia GC-EI-TOF-MS from SPME-sampled volatiles on
June 24th. The PCA (Figare 5A) explained 51% of the varance in
data. A clear separation of two (from three) infested trees is shown.
Following PLS-D4 {Figore 5B) had parameters B2X(cum) = 0.48,
R2¥{cum) = 057, Q2{cum) = 0.74, and connected variable
importance plot revealed a higher abundance of terpinolene, -
and B-pinene, campholenal, imonene, sabinol, pinocamphone,
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