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Physiological and biochemical
Indicators in Norway spruces
freshly infested by Ips
typographus: potential for early
detection methods

Barbora Stfibrskat, Jaromir Hradecky, Jaroslav Cepl,
Roman Modlinger, Ivana Tomaskova and Anna JiroSova*t

Faculty of Forestry and Wood Sciences, Czech University of Life Sciences Prague, Prague, Czechia

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

Method: This study monitored infested and non-infested Norway spruce trees
before and 3 weeks after Ips 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 characteristics, beetle host acceptance, and attractiveness
to trees were monitored discretely several times 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, sap flow and tree stem increment were significantly
lower in infested trees than in intact ones, 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 monoterpene
emissions. In 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 beetle-infested trees include tree bark temperature measured only in certain
meteorological conditions, elevated monoterpene emissions, and significantly
high catches in passive traps.

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

1. Introduction

The Eurasian Spruce Bark Beetle Ips typographus (Linnaeus, 1758) (Coleoptera:
Scolytinae) is the most devastating pest of Norway spruce [Picea abies (L.) Karst.] and
forests in the Palearctic region (Christiansen and Baklke, 1988). When its population is
in the endemic phase, it attacks weakened trees, contributing to the ecological balance
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in natural forests. However, the incidence of disturbance agents,
such as strong winds or drought periods, lead to the transition of
the I. typographus population to the epidemic phase (Kausrud et al.,
2012). Ongoing climate change, the occurrence of spruce stands
outside their natural range, and economically oriented silviculture
practices have led to intense bark beetle outbreaks over the last
decade (Seidl et al., 2016; Marini et al., 2017; Biedermann et al.,
2019). The Central European region has been seriously affected by
I typographus outbreaks that started after severe drought events in
2015 and 2018 (Hlasny et al., 2021a). The scenario resulted in an
exponentially growing volume of salvage logging from 2017 to 2020
(approximately 5.9 mil m® in 2017 to 26.2 mil m? in 2020 in the
Czech Republic) (Hldsny et al., 2021b, 2022).

A traditional method for managing bark beetle outbreaks is the
early detection of infested trees prior to the emergence of offspring
generation (Hldsny et al., 2019). The presence of boring dust at
the base of the trunk is considered the most reliable symptom of
bark beetle infestation (Kautz et al., 2023), but its use requires
personal 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 remote sensing methods, which include a
wide range of approaches (Huo et al., 2021). Despite the large
number of areas that they are able to scan, there remain problems
with the demands of time and expertise involved 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 is based on the chemical communication
between bark beetles (Raffa et al., 2016). For this purpose, specially
trained dogs have recently been used (Johansson et al., 2019),
which can detect trees more successfully and efficiently than human
experts (Vosvrdova et al,, 2023). The first study using an artificial
nose to detect substances in the forest environment is currently
underway (Hiittnerovd 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 evaluated.

Like all plants, trees infested by bark beetles rouse defense
mechanisms 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;
Boone et al, 2011). The metabolism in trees is based on
the fundamental process of photosynthesis, when atmospheric
carbon is sequestered, and carbohydrates are synthesized (Lawlor
and Cornic, 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 conifers) (Huang et al., 2020).
Physiological characteristics that describe these processes can be
measured using specific techniques. These characteristics have been
previously recorded in various contexts related to tree stress and
susceptibility to bark beetle attacks.

The sap flow value, which expresses a deficit in tree
transpiration measured in short time intervals, is often used as
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a quantitative characteristic of drought stress in trees (Stielcova
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 correlates with the lowering of the
defense ability of trees against bark beetle infestation (Netherer
et al., 2015; Matthews et al., 2018).

Another physiological characteristic of Norway spruce
discussed in the article as an indicator of infestation is the tree
stem diameter. Measuring stem increment has been reported
in the literature to indicate reductions in growth rates related
to drought (Jezik et al., 2015). It has also been used to evaluate
wood production in different tree species or genotypes (Cocozza
et al.,, 2016). Fluctuations in stem circumference are influenced
by the dynamics of plant tissue water balance on a daily and
seasonal basis, with radial growth increments depending on these
fluctuations (Offenthaler et al., 2001). The stem increment 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, including stem
increment (Huang et al., 2020).

A previous study (Majdak et al., 2021) reported 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 cambium
and phloem in a healthy tree with sufficient water content
is well-regulated. Healthy trees can maintain their internal
thermal environment and prevent excessive temperature increase
(Leuzinger and Korner, 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 (Hietz et al., 2005), and there exists some correlation
between phloem temperature and surface temperature (Powell,
1967).

The most noticeable changes in tree characteristics following
bark beetle infestation are chemical defense reactions. These
reactions occur 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 (Netherer et al., 2015). Resin
flow varies from tree to tree owing to genetic variation and age
(Christiansen and Horntvedt, 1983; Schroeder, 1990) and strongly
depends on temperature and meteorological conditions (Baier
et al,, 2002; Stribrskd et al., 2022) and on phenotypic variables, and
location (Zas et al., 2020).

Resin is a mixture of terpene compounds with toxic and
immobilizing effects on bark beetles; 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, limonene, PB-phellandrene, camphene
and myrcene (Borg-Karlson et al, 1993). Resin also contains
sesquiterpenes in smaller quantities and higher content of
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diterpenes (Netherer et al., 2021). Oxidized forms of all terpenes
are also present at a low level, and the content of oxygenated
monoterpenes is modified by a stress reaction and tree decay
(Schiebe et al., 2019) caused alternatively by inoculation by beetle’s
symbiotic ophiostomatoid fungi (Kandasamy et al., 2023). Even
non-infested conifers emit large amounts of terpenes, mainly
from the needles (Jurdao et al., 2017). The emission has a diurnal
rhythm and depends on the actual meteorological and physiological
conditions of trees (Kopaczyk et al., 2020) as well as on genetic
origin (Kinnaste et al., 2013). These phytochemicals play their role
in the selection of suitable bark beetle habitat (Erbilgin, 2019).
When Norway spruce is attacked by bark beetles, either due to
constitutive resin storage opening or induction of defense terpene
biosynthesis, 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 is modified based on olfactometric cues perceived
by beetles, predominantly on aggregation pheromones (Schlyter
et al, 1987a) and host volatiles (Erbilgin et 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
I typographus infestation begins with the selection of a suitable
host tree by pioneer males (Byers, 1989; Lehmanski et 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 (Birgersson et al., 1984;
Ramakrishnan et al., 2022). Bark beetles can detect these highly
biologically 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 I 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); (ii) 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 (iv) 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 efficient bark beetle 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
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s 200

FIGURE 1

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 16th and salvaged in July (red circle). The
gray spots are areas of previous natural bark beetle attack. The
black thermometer marks the meteorological station.

of the meteorological conditions has been previously published
(Stribrska et al.,, 2022) and is attached as a supplement to this article
(Supplementary 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 different treatments were monitored
(Stribrska et al., 2022). 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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TABLE 1 Information about study area.

10.3389/ffgc.2023.1197229

Studied Coordinates Altitude [m Age of Norway Monitored trees’ Tested

plots as.l] spruces trees'™

A 49.912771 14.873291 ‘ 5 3

B 49.912819 14.873778 ‘ 4 3
430 90- to 95-year-old

C 49.914527 14.877892 ‘ 5 3

D 49.914667 14.877344 ‘ 4 3

TNumber of trees continuously monitored for sap flow, bark surface temperature, and tree increment.
T Number of trees on which resin flow, monoterpenes content in VOC, phloem, and non-choice bioassay with beetles were repeatedly tested.

In 2020, an outbreak of I. typographus occurred in the Norway
spruce forests of the Forests CZU. Extreme droughts in the years
2015 and 2018 were the cause of the exponential increase in infested
trees, which started in 2017 with 284 m? and culminated in 2020
with 76,113 m? of salvaged cut wood (Klinovsky, 2021). In 2018
and 2019, the local centra (gray spots in Figure 1) of bark beetle
infestation was detected in the studied area and cut down. None
of them were closer than 50 m from the monitored trees (Stiibrska
etal., 2022).

In each plot, the soil water potential was recorded to check
the water availability of trees using five sensors (Teros 21, Meter
Group, Miinchen, Germany) distributed in each plot and placed
20 cm below the surface. The whole dataset (Supplementary
Figure 1) was taken from the 2018 to 2020 seasons to examine water
stress on the trees.

2.2. Physiological characteristics of trees

The methodology for data sampling was modified from
Stribrskd 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 N2N
3P; EMS Brno, Brno, Czech Republic) and connected to a cloud
system via the GSM. To enable statistical analysis, we express the
continuously recorded values of physiological characteristics as
means 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 Brno) using the trunk heat balance method. Data were
recorded at 10-min intervals (Cermak et al., 2004; Stifbrskd et al.,
2022). The data were subjected to post-processing, including
baseline correction, and sap flow rates were recomputed as kg/h as
the sum for each sampling date.

Tree stem increment was recorded using a sensor (DR26E Band
dendrometer for sap flow system; EMS 81 DR26E; EMS Brno),
which was installed 3.5 m above the ground. The change in trunk
circumference was measured every 5 min and stored in the data
logger as a 10-min average. After cleaning up the errors caused by
various influences, the data 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 zero point of tree increment increases in a given year, for this
season, it was determined on April Ist.

Bark surface temperature was measured on the north side of
the tree stem to eliminate the influence 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 calculated (Stiibrska
et al., 2022).

2.3. Defense characteristics of trees

Resin flow was measured using glass tubes (inner diameter:
3 mm; outer diameter: 5 mm; length: 12 cm). One glass tube per
tree/repetition was inserted into holes (6 mm) drilled into the
bark and phloem at breast height (1.3 m) from the north and
south 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
exudated resin in glass tubes was measured (Netherer et al., 2015;
Stiibrskd et al., 2022).

The main monoterpenes in the close vicinity of the spruce
stem were collected using SPME (Solid Phase Microextraction)
fiber (PDMS/CAR/DVB; Supelco, USA), which was placed in an
aluminum box (25 cm x 5 cm X 5 cm) loosely fixed by rope on
the tree stem surface at 3.5 m height. When collected from infested
trees, the boxes were attached out 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 sampling, the fibers were sealed,
stored on dry ice, and transported to the laboratory. Desorption
and compound measurements by gas chromatography-electron
impact-time of flight-mass spectrometry (GC-EI-TOF-MS) were
performed within 3 days after collection (Stiibrskd et al., 2022).

Bark samples for analysis of compounds extractable from
phloem 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 liquid
N, and transported to the laboratory. Three sections from each tree
were pooled and ground in liquid nitrogen to obtain 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)
in an ultrasonic bath. Extracts were filtered into 2-mL vials for
GC-EI-TOFE-MS (Stibrska et al., 2022).

The collected monoterpenes and compounds from the phloem
were analyzed 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 4D (LECO, St. Joseph, MI, USA).
The instrument was equipped with a capillary column HP-5MS
UI (30 m, 0.25 mm i.d., 0.25 pwm film thickness; Agilent). The
analysis setups were as follows. For analysis of SPME, a hot PTV
inlet (265°C) was used in a 2 min spitless period. The temperature
program for the GC oven was 40°C (1 min) - 15°C/min to
210°C - 20°C/min to 280°C. To analyze phloem extracts, 1 pL
of hexane extract was injected in spitless mode into the PTV
inlet (programmed from 20°C-8°C/s to 265°C). The GC oven
was programmed: 40°C (1 min) - 5°C/min to 210°C - 20°C/min
to 320°C (6 min). The mass spectrometer setup was as follows:
ionization energy in electron impact mode was 70 eV, ensuring
spectra compatibility with NIST library. Full spectra were collected
in mass range, 35-500 Da with speed of 10 spectra per second.

The ChromaTOF (LECO) was
chromatographic data processing. Compound identification

software used for
was performed using comparison of measured mass spectra 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 NIST. For main
monoterpenes, retention times of analytical standards measured by
the same methods as samples were used.

The main monoterpenes detected in Norway spruce were
tricyclene, a-pinene, and B-pinene in coelution with myrcene,
B-phellandrene, A-carene, camphene (quantification mass m/z
93) and limonene (quantification mass m/z 68). To statistically
evaluate the monoterpenes collected from air by solid-phase
microextraction (SPME) close by infested and non-infested trees,
the sum of peak areas of quantification masses of these compounds
were summed and treated as a single value per tree per collection.
The concentration of the sum of the same monoterpenes extracted
from the phloem was quantified as |Lg/mg of the dry weight
of material using calibration curves constructed for a-pinene,
p-pinene, A-carene, camphene, and limonene. Peak areas were
normalized by internal standard (1-bromodecane) to correct
injection volume fluctuation. 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 (jug/mg of dry weight).

The peak areas of quantification masses of all detectable
compounds with a sufficient threshold in GC-EI-TOF-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 bioassays

Catches of beetles in passive traps made from transparent
plastic (40 x 60 cm) indicated the attractivity of trees. Traps were
mounted on the southern side of the tree trunk at breast height
(Schlyter et al., 1987b; Stiibrska et al., 2022). Ten passive traps
were mounted on trees, which were infested on June 16th, and ten
passive traps on trees within the control 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 to monitor beetle acceptance was
performed by encapsulating males of . typographus to Eppendorf
tubes (one male per tube). Ten tubes 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 h (Turcani and Nakladal,
2007; Stribrska et al., 2022). Active beetles used 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 bioassay was
performed three times per season (June 16th, June 24th, and June
30th).

2.5. Statistical analyses

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

For testing the hypothesis that infested and non-infested
trees differ, we utilized a general linear mixed model (glmer()
function from the Ime4 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 fixed 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 using lsmeans() function from the
Ismeans package (Lenth, 2016). 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 (Sartorius
Stedim Data Analytics AB, Malmo, Sweden).

3. Results

3.1. Soil water potential

Within the vegetation season of 2020, the soil water potential
did not decrease below -200 kPa in all monitored plots A, B, C,
and D, 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; Figure 2).
The history of water supply in the study site revealed mild water
stress in the trees in 2018. Soil water potential values ranged
between -800 and -1400 kPa, with a short decrease below the wilting
point of -1500 kPa in August 2018. In the growing season of 2019,
the lowest values of soil water potential were from -400 kPa to -
900 kPa. In both years preceding the study, the soil water potential
in plot C was lower than that in plots A, B, and D (Supplementary
Figure 1).

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1197229
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Stribrska et al.

10.3389/ffgc.2023.1197229

Soil water potential season 2020

° |
-50 q
-100
—
(T
Q.
-
—_—
-150 c
Freshly attacked on June 16t A
Non-attacked trees m— B
— D
Experimental day
-200
N o O O N o O N O O o N O M
v N N SV v v NG NG SV N NG N N N
v v v v v ¥ %2 2 g 2 ¥ 2 v ¥
N N & N 0 N NS & N S S S S S
o v © $H* CH ©* 0" QF A O .
N\ d 0 L% § ) N A N N ~ ¥ »

FIGURE 2

Seasonal trend of soil water potential (2020). Individual lines represent measurements through the season in freshly attacked plot C (red color)/the
non-attacked plots A, B, and D (green color). The gray color (vertical line) represents individual experiments.

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 (Figure 3A) did not
show a significant difference in data sampling days from May to the
date of beetle 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
p =0.010 on 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
(Figure 3B).

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) (Figure 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 Supplementary Table 2.

3.3. Tree defense characteristics

The abundance of the sum of eight main spruce monoterpenes
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 (Figure 4A). Nevertheless, monoterpene emissions declined
during the third week of the attack. The progress of individual
monoterpene emissions was similar to the progress of their sum
(Supplementary Figure 2).

The total content of monoterpenes extracted from the phloem
of infested and non-infested trees did not differ significantly during
the first and third weeks of bark beetle attack on June 16th and June
30th (Figure 4B). 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 (Supplementary Figure 3).

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

PCA score plots were created from metabolomic profiles
recorded via GC-EI-TOE-MS from SPME-sampled volatiles on
June 24th. The PCA (Figure 5A) explained 51% of the variance in
data. A clear separation of two (from three) infested trees is shown.
Following PLS-DA (Figure 5B) had parameters R2X(cum) = 0.48,
R2Y(cum) = 0.97, Q2(cum) = 0.74, and connected variable
importance plot revealed a higher abundance of terpinolene, a-
and B-pinene, campholenal, limonene, sabinol, pinocamphone,
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Physiological and physical characteristics of individual trees during the experimental period. (A) Mean daily sap flow. (B) Mean tree increment 1 week
before sampling. (C) Mean bark surface temperatures on the north side of individual trees; boxplots summarize measurements on respective
experimental days at the freshly attacked subplot C (red color) and control subplots A, B, and D (green color). Individual measurements are
represented by circles (subplot C) and squares, triangles and diamonds for subplot A, B and C. Numbers on the top are p-values of differences
between attacked and non-attacked plots calculated by post hoc Tukey analyses based on repeated measures GLMM separately for pre-attack and
attack period; bottom numbers are p-values of differences between attacked and non-attacked plots estimated by post hoc Tukey analyses in the
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and myrtenal, which had the highest importance for separation
between the two classes of samples. Compounds of I. typographus
aggregation pheromone, cis-verbenol, and 2-methyl-3-but-2-enol
were not detected under the setup conditions on any experimental
day.

All the statistical details are listed in Supplementary Table 2.

3.4. Beetle catches in passive traps and
beetle acceptance bioassays

The total number of beetles caught in passive traps was low for
most of the observational period. Before the detection of the beetle
attack, none or only few beetles (no more than one) were recorded.
In the first week of the attack (June 16th), the number of beetles
caught in traps mounted in the infested plot C increased steeply.
The difference in the number of beetles caught in traps in the
non-infested control plots A, B, and D was significant (p = 0.001)
(Figure 6A).
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The non-choice bioassay in Eppendorf tubes was performed
three times per season after the detection of a beetle attack on June
16th. Therefore, all data from plot C were collected from infested
trees and compared with non-infested trees in control plots A, B,
and D. The number of beetles actively boring in the infested trees
was significantly higher (p = 0.002) than that in non-infested trees
in the first week of attack (Figure 6B). In the second and third
weeks, bark beetle behavior was similar in both studied groups of
trees. All the statistical details are listed in Supplementary Table 2.

4. Discussion

Previous studies have explored the connection between
transpiration deficit (expressed as changes in sap flow) and tree
defense ability in relation to bark beetle attack (Kirisits and
Offenthaler, 2002; Matthews et al., 2018). Our study focuses on
the characteristics of infested Norway spruce stands and reports
a significant decrease in sap flow during the development of
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Tree defense characteristics recorded on individual trees on different experimental days. (A) Sum of peak areas of selected monoterpenes emitted by
bark (B) Sum of peak selected monoterpenes extracted from phloem - performed three times per season; (C) resin flow per 24 h; boxplots
summarize measurements on respective experimental days at the freshly attacked subplot C (red color) and control subplots A, B, and D (green
color). Individual measurements are represented by circles (subplot C) and squares, triangles and diamonds for subplot A, B and C. Numbers on the
top are p-values for differences between attacked and non-attacked plots calculated by post hoc Tukey analyses based on repeated measures
GLMM separately for pre-attack and attack period; bottom numbers are p-values for differences between attacked and non-attacked plots
estimated by post hoc Tukey analyses in the given sampling time. The dashed line represents the period when the bark beetle attack was detected
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I typographus infestation, consistent with previous findings (Wang,
1983). However, sap flow changes are variable and influenced
by factors such as diurnal or seasonal rhythm (Nehemy et al,
2023), selective tree cutting (Ozgelik et al., 2022), terrain shape,
and soil properties affecting water supply (Netherer et al., 2015).
Direct measurement of sap flow changes using the heat balance
method (Cermék et al., 2004) for early detection of beetle attack
is impractical due to technical, cost, and knowledge requirements.
Further research is needed to develop more easily measurable
indicators of sap flow changes.

Before infestation, the tree stem increment measured in plot
C was lower compared to other plots, likely due to lower soil
water potential recorded not only in the study season 2020 but
also in the two previous seasons, 2018-2019. This relationship
between water availability and stem increment in conifers has
been previously reported (Jezik et al., 2015). However, we did not
conclude that lower water availability in plot C caused the later
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bark beetle attack since the trees were not exposed to real drought
stress because the soil water potential did not decrease below
—1500 kPa (Lopushinsky and Klock, 1974; Brodribb et al., 2014).
After infestation was detected, the growth of infested trees stopped
while the healthy trees continued to grow, as the affected trees
saved carbon resources for defense by limiting growth investment
(Hartmann et al., 2013). Although tree stems increment changed
significantly in infested trees, it is challenging to measure such small
alterations in diameter (less than 1 mm) using basic dendrometry
methods on the scale of a large forest area on the individual trees.
Terrestrial laser scanning could provide a solution but is currently
capable of monitoring seasonal increments greater than 1 mm in
diameter (Yrttimaa et al., 2023).

The higher bark temperature recorded in plots A, B, and D
before infestation most likely indicates that these plots were located
in areas within the inner forests that received more sunlight.
The bark surface temperature correlated with the air temperature
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Absolute numbers of active /. typographus in the field. (A) Number of beetles caught in passive traps in the long-distance attraction bioassay.

(B) Number of beetles that attacked trees in Eppendorf tubes in the no-choice bioassay; boxplots summarize measurements on respective
experimental days at the freshly attacked subplot C (red color) and control subplots A, B, and D (green color). Individual measurements are
represented by circles (subplot C) and squares, triangles and diamonds for subplot A, B, and C. Numbers on the top are p-values of differences
between attacked and non-attacked plots calculated by post hoc Tukey analyses based on repeated measures GLMM separately for pre-attack and
attack period; bottom numbers are p-values of differences between attacked and non-attacked plots estimated by post hoc Tukey analyses in the
given sampling time. The dashed line represents the period when the bark beetle attack was detected (from June 16th).

overall (Stiibrska et al, 2022), but it increased significantly in
affected trees after infestation. However, the average difference
compared to the intact trees was only about 0.4°C, which is
below the sensitivity threshold of the sensors. A study by Majdak
et al. (2021) reported using an infrared-based thermo-camera to
distinguish infested trees on forest edges. They found a significant
difference in bark surface temperature (reaching tens of°C) only on
the sun-exposed side of infested trees on days when air temperature
reached 34°C and bark surface temperature was nearly 60°C.
The temperature difference on the shaded side was lower, and
on colder days (maximum air temperature of 24°C), it was not
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significant, which corresponds with our findings. Still, scanning the
bark surface temperature from a distance using a Thermo camera
can be considered a promising method for detecting infested trees.
However, the methodology needs optimization, including using
cameras with sufficient resolution, and measurements should be
taken only in certain conditions on the sunny sides of stems on
warm days with high sun radiation.

Resin exudation in the conifers, expressed as a measurement
of resin flow, has been reported several times as a factor of the
defense ability of trees against wood-boring insects (Turtola et al.,
2003; Boone et al., 2011). However, resin flow varies significantly
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within a tree, limiting its usefulness as a defense marker. In our
study, plot C had insignificantly higher resin flow after infestation,
suggesting induced tree defense. However, the differences in resin
flow between infested and intact trees were non-significant, making
it an unreliable early attack detection marker. These findings align
with the low incidence of resin flow as a visual symptom of
I typographus infestation (Kautz et al., 2023).

In volatiles collected close by infested and non-infested Norway
spruce were the most abundant monoterpene fraction of resin,
which was likely due to opening of constitutive resin storage.
The main monoterpenes were o- and B-pinene in coelution with
myrcene, A-carene, limonene, B-phellandrene and camphene, The
summary emission of these compounds steeply increased in 1 week
after infestation and remained higher till the end of the study
similarly to previous findings by Ghimire et al. (2016) and Jaakkola
etal. (2022). Notably, I. typographus pheromone 2-methyl-3-buten-
2-ol and cis-verbenol were not detected in the overall headspace,
probably because its content was below the detection limit of the
used technique.

A detailed metabolomic study of the GC-EI-TOF-MS
chromatograms of volatiles collected during the second week after
infestation (June 24th) was conducted to identify compounds
that may be significant for infestation. In addition to the major
spruce monoterpenes mentioned earlier (namely terpinolene, a-
and B-pinene, campholenal, and limonene), the infested trees
were clustered based on a higher abundance of minor oxygenated
monoterpenes (here sabinol, pinocamphone, and myrtenal) in two
of the three infested trees. The increase of these compounds is a
consequence of stress-related oxidations of spruce monoterpenes
caused by the beetle attack and ophiostomatoid fungi infestation
(Schiebe etal., 2019; Kandasamy et al., 2023). Even though internal
cross-validation of the PLS-DA model provided a predictive
power of 74%, owing to the lack of natural replication, the relative
abundance of these compounds is only mentioned as a possible
marker of tree infestation.

Despite the significant increase in the amount of emitted
monoterpenes by infested trees, the content of the same
monoterpenes extracted from the phloem does not increase
significantly after infestation. This impairing has been previously
reported by Hietz et al. (2005) and Stiibrska et al. (2022). It can
be explained by the fact that while the immediate emission after
tree infestation is due to the opening of constitutive resin storage,
the tree response by the biosynthesis of defense compounds against
herbivore attack in phloem requires a longer time. The content of
major monoterpenes in the phloem, except A-carene, was found
to be higher in intact trees even before the attack when these
compounds were individually analyzed. This corresponds with the
theory that higher content of toxic monoterpenes can make trees
more resistant in certain circumstances (Raffa et al., 2016).

Based on these findings, there are two possible approaches for
using volatile compound emissions as markers for early detection
of tree infestation. The first approach involves using non-specific
sensors that react to the concentration gradient of the most
abundant compounds emitted by an infested tree. Pilot studies have
already been carried out using an electronic nose with sensors based
on metal oxidation or a change in electrical conductivity, showing
promising potential for application in broad-scale volatile organic
compound (VOC) scanning, including mounting on unmanned
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aerial vehicle (UAV) carriers (Paczkowski et al., 2021; Hiittnerova
et al., 2023).

The second principle involves focusing on compounds
specific to infested trees, such as oxygenated monoterpenes and
I typographus pheromones. However, the detection of these
compounds requires sensitive and specific methods, such as a
special mass detector (Jurdo et al, 2017) or a special sampling
device (Kitimal et al., 2016), which are not available for field testing
yet.

Our observations from the non-choice assay align with research
on bark beetle attack dynamics (Byers, 1989). According to this
theory, male beetles show a preference for boring into trees that
have already been attacked, particularly in the initial week of
infestation when their conspecifics have already overcome the trees’
defense abilities. However, as the infestation progresses and the
resources of the trees are depleted, and the previously attacking
beetles enter the mating and egg-laying stages, the beetles no longer
prefer the previously infested trees. In the context of bark beetle
management, the acceptance of trees determined in a non-choice
assay is not suitable. However, it can still provide insights into the
dynamics of bark beetle attacks.

On the other hand, passive traps have been shown to be
potentially useful for early attack detection, as catching beetles
significantly increases when trees are infested. The use of unbaited
traps for bark beetle research is rather uncommon. Changes in
the biodiversity of saproxylic beetles (including bark beetles) with
respect to the age of the windblown trees were evaluated using a
window trap by Wermelinger et al. (2002). The same type of trap as
in our research was used by Schlyter et al. (1987a) for a behavioral
study on L typographus. The sensitivity of the trap and the fast-
signaling of changes in the aggregation activity of I typographus
evidenced the suitability of this method for early attack detection
research.

The present study had a limitation due to the small number
of I typographus attacked Norway spruce trees, which were
monitored. However, despite this limitation, this study observed
significant differences in physiological, defense biochemistry, and
bark beetle acceptance characteristics between infested and non-
infested trees.

We evaluated the potential use of the measured characteristics
as a supporting research tool for developing early bark beetle
attack detection methods through the following three approaches.
The first is scanning the bark temperature of infested trees using
a high-resolution thermal camera when used on days with high
temperatures and sun irradiation. The second is monitoring the
abrupt increase in the emission of defense monoterpenes using
non-specific sensors, such as an electronic nose, with the possibility
of carrying it on the UAV. Specific detection of spruce stress and
I typographus aggregation pheromone compounds can also be
considered. The third is installing passive traps for the automatic
detection of trapped or attacking beetles.

The determination of certain measurable characteristics of
freshly infested trees can provide opportunities for developing
alternative methods of early attack detection as a complement to the
traditional and functional approach of early detection of infested
trees through personal inspection of boring dust and entrance
holes. Follow-up studies should focus on a deeper understanding
of the physiological and defense mechanisms in relation to
the detailed stage of bark beetle infestation. Future research is
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required to obtain practical outcomes that would lead to improved
management of bark beetle outbreaks, especially the technical
development of the solutions suggested in the present study.
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