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Abstract: The Eurasian Spruce Bark Beetle (Ips typographus) (L. 1758) (Coleoptera: Scolytinae) poses
a significant threat to Eurasia’s Norway spruce (Picea abies) (L.) Karst, forests. Early detection
of infested trees is crucial to control beetle outbreaks and allow salvage logging before the next
generation emerges. Besides traditional methods, new approaches focus on monitoring volatile
organic compounds, mainly monoterpenes, emitted by infested trees. Using analytical chemistry,
we studied the distribution of these compounds, particularly a-pinene, around infested trees. In lab
trials, we optimized x-pinene detection using dynamic absorption and solid-phase microextraction
(SPME), analyzed by gas chromatography with flame ionization detection (GC-FID). We conducted
forest trials, revealing varying a-pinene abundance due to changing conditions. However, consistent
trends emerged: levels were highest near the infested tree stem and 1.3 m above ground in the first
trial and at a 1 m distance from the infested stem in the second. We generated a three-dimensional
cloud depicting the distribution of a-pinene around infested trees in their natural habitat. These
findings open avenues for detecting bark beetles on a large scale by mapping elevated concentrations
of volatile organic compounds emitted by infested trees, potentially leading to alternative pest
management methods. Scanning methods, such as electronic sensors combined with remote sensing,
hold promise for this application.

Keywords: early attack detection; bark beetle; VOC; a-pinene; Picea abies; SPME; Eurasian Spruce
Bark Beetle

1. Introduction

The Eurasian Spruce Bark Beetle Ips typographus (L. 1758) (Coleoptera: Scolytinae) is
the main pest of Norway spruce, Picea abies (L.) Karst. forests in the Central European
region. Over the past decade, the combination of ongoing climate change, economically
driven silvicultural practices, and the presence of spruce stands in areas beyond their
natural range have weakened the natural defense mechanisms of trees and resulted in the
occurrence of severe bark beetle spreading [1]. In the Czech Republic, outbreaks started
after severe drought events in 2015 and 2018 [2] and led to an exponential increase in
salvage logging volume from 2017 to 2020, with the volume rising from approximately
5.9 million m? in 2017 to 26.2 million m® in 2020 [3,4] (Figure S1).

The initial step in managing a bark beetle outbreak is early detection of newly infested
trees to enable timely salvage before the emergence of offspring [4]. Forest keepers typically
rely on traditional methods, which involve personally observing the boring dust produced
by infesting beetles [5]. However, during bark beetle outbreaks in large, forested areas, this
approach has severe limitations, often resulting in the exponential spread of the beetles.
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Hence, an alternative method for early detection on a large scale is needed. Remote
sensing techniques have been extensively investigated, using the detection of different
indicators from spectral features to temperature [6] and recently also involving chemical
substances (Sentinel SP) [7].

Recent research by [8] has proposed measuring the emission of volatile organic com-
pounds (VOCs) from infested spruce as an indicator of bark beetle attacks. Furthermore,
various methods for detecting these VOCs at different developmental stages have been
introduced. Current research is investigating the utilization of an electronic nose equipped
with nonspecific sensors for VOC detection [9]. Likewise, nonspecific metal oxide sen-
sors have been mounted on UAVs to assess the concentration of a-pinene in forest envi-
ronments [10]. Notably, natural olfaction systems of dogs trained to detect bark beetle
pheromones have proven more effective in finding infested trees in cooperation with their
dog handler compared to human experts only [11,12].

The VOC emitted by conifer mainly consists of hemi- and monoterpenes, which are
produced as defense secondary metabolites. The conifer’s immediate defense mechanism
against wood-boring insects is the exudation of constitutive resin, which has a toxic and
immobilizing effect on beetles [13]. In the later stages of a bark beetle attack, the production
of resin is induced in the newly formed resin ducts in the phloem, xylem, and bark [14].
The resin is a mixture of terpenic compounds. The monoterpenes are volatile and form
the main content of VOCs emitted by conifers. In spruce, a-pinene, S-pinene, A-carene,
limonene, B-phellandrene, camphene, and myrcene dominate [15] but resin also contains
sesquiterpenes and a high content of highly viscous diterpenes [16,17]. Oxidized forms of
all terpenes are also present.

In addition to resin emissions from the stem, volatile terpenes are also emitted from
the needles in the canopy of conifers [18,19]. The emission rate of volatile terpenes from
healthy trees is influenced by various macro- and microclimatic conditions, such as tem-
perature and humidity [17,20]. Different temperatures, and consequently varying VOC
emissions, are observed in clearings and forest edges within fragmented forests [17,21].
Furthermore, VOC emissions in conifer forests exhibit vertical variations [22] and follow a
diurnal rhythm dependent on tree physiological processes [19]. The terpenes emissions
from conifer forests are widely discussed in the context of terpenes as a free radical source
in the atmosphere [23-25], because hemi and monoterpenes are photochemically reactive
compounds that affect ozone and carbon monoxide concentrations and their oxidation prod-
ucts can participate in the formation of secondary organic aerosol and cloud condensation
nuclei [26].

When Norway spruces are attacked by bark beetles, the content of emitted terpenes
from the stem significantly increases during the first two weeks of infestation. This growth
is primarily attributed to the opening of constitutive resin storage and is quantified in the
close vicinity of the stem. Different methods used for quantification have yielded a wide
range of results, ranging from a 10 to 100-fold upturn [8,27,28]. The dominant compound
in emissions was always a-pinene, representing the time and spatial distribution of the
other main monoterpenes [8]. The bouquet of infested trees also includes the aggregation
pheromone produced by bark beetles. Beetles use this scent for navigation to aggregate,
allowing them to overcome the tree’s defense during the infestation [29]. The content of
bark beetle pheromones is several orders of magnitude lower than that of a-pinene in
forests [30]. However, beetles are capable of discerning this signal from the background
of host odors thanks to specialized receptors on their antennae, the organs responsible
for perceiving smells [31]. Furthermore, beetles may orient themselves by detecting host
compounds, primarily terpenes, when choosing a suitable host tree or habitat [32]. They
also have specialized receptors for host compounds [33].

Numerous studies have investigated monoterpenes emitted by conifers in both labora-
tory and natural conditions. In the laboratory, collection systems can be readily optimized,
as detailed in a comprehensive review [34]. In field conditions, VOC collection is more com-
plex, and various techniques have been employed to address specific research questions [35].
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The most common approach involves dynamic headspace sampling with compound collec-
tion onto sorbents, followed by extraction into solvents or thermal desorption. Additionally,
solid-phase microextraction methods have been utilized (as shown in Table 1) [36,37].

Table 1. Methods of VOC collection from conifers in forests.

Tree Species/

Sampling

Technical Parameters

Time of

Analytical

Stress Occasions Specification Compound (Unit) (Sorllglzr:‘t,; ﬂ&;\e(;unt; Sorption Method Source
St . Individual
‘ ‘ em (not specify) monoterpenes Tenax TA, (35/60)
Picea abies/ 5 m above the ground; . 30 min GC-MS [38]
intact forest . a-pinene . .
stainless steel TD 3.07 -+ 0.25 ppby 200 mg; 200 mL/min
tubes : <2 PP
Stem Individual Tenax-TA a
monoterpenes Carbopack-B, (60/80)
Picea abies/ 1.3 m above the i )
attacked trees ground; surrounded 62.8 & 20(3})61nen§71 iy 100/100 mg; 60 min GC-MS (28]
PET (25 x 38 cm) . OHgh —m 200 mL/min
encloser bark area
Individual
Stem monotverpenes Porapak Q
0.5 to 1.5 m above the
Picea engelmannii/ ground; the trunk by i , :
attacked trees dynamic sampling 85 j‘: pznileneLil 110 mg; 400 mL/min 120 min GCMS (391
<1 cm from stem ’ g
(sorbent trap)
Verbenone (ng/3 h):
Picea abies/ Stem 3 h a-pinene (1ig/3 h) Porapak Q, (80/100)
attacked trees on 1-2 m above the 180 min GC-MS [40]
forest edge ground; sanitized T 0.6 (ng/3 h): (ng/3h) 70 mg; 20 mL/min
gllas tube
Branch Individual VOCs HayeSep-Q
Pseudotsuga menziesii/ 1.5 m above the a-pinene i - 41
attacked trees ground; Teflon bag 813.9 + 48229 ngh~ ! g=! 30 mg; 500 mL/min 30 min GEMS 1]
(50 x 75 cm) fresh weight
Total monoterpenes
Branch emission Teg a;(bTﬁ_’ (60(/2%9)4%?(1
N , (ugCgdw 'h1) arbotrap,
Pinus rigida and Pinus Pinus rigida 15-60 min GC-MS [42]
koraiensis/intact forest 1ol P . GC-FID
20 L Tedlar bag 0.9 ugC gdw ™" h™" Pi- 200mg;
nus koraiensis 100-200 mL/min
0.4 ugC gdw’1 h!
Branch Individual Tenax TA, (60/80) and
monoterpenes Carbotrap, (20/40)
Pinus sylvestris/ height; (FEP) a-pinene GC-MS
HIUS SYTUESLITS, canopy height; 917+ 58ngh 1 g1 60 min g [43]
intact forest copolymer foil (50 um (April) a-pinene 50-100 mg; 100 mL/min CCFID
thickness) mounted in 1 1
cylindrical frames 75+12ngh™ g
et I
Branch cetone and (-pinene Tenax TA
(ng gdw™ h™)
18 L all-Teflon .
. . hamber made of a-pinene
Pinus sylvestris and 0 85 mm trans 111 : GC-MS
. Y . parent 80 ng gdw~ ' h . . 12-40 min g [44]
Picea abies/intact forest FEP-Teflon film Monoterpene emission 200 mg; 100 mL/min GC-FID
enclosing a20-30 cm 900 + 640 ng C gdw 1 h-1
branch segment
Stem Individual VOCs Tenax TA and
(Mgm=—2h D Carbograph 1TD
Picea gbies/ 1.3 m above the . .
attacked trees ground; tree trunk &-pmene 200 mL/min 30 min GCE-MS (271
chamber connected 911.14 pgm 2 h!
with PTFE tubing
Stem Individual
Picea abies/stress from 3.5 m above the monoterpenes SPME 60 min (from  ~- 3o [17]
sun irradiation . . . sum of eight main MT lto2pm.)
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Picea abies/attacked 3.5 m above the .monoterpenes SPME 60 min (from  ~- o 8]
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To study emissions on an ecosystem scale, researchers have employed various instru-
mental techniques, such as proton-transfer-reaction-time-of-flight (PTR-TOF) [46-48] mass
spectrometry for quantifying monoterpene fluxes [19] or specialized gas chromatographs
installed in situ at collection sites. However, these instruments can be expensive and lack
portability, restricting data collection to a limited number of sites [49].

Hypothesis and objectives: This study is founded on a previously proposed concept
suggesting that the number of volatile organic compounds emitted by trees, particularly
monoterpenes, significantly increases within two weeks of bark beetle infestation [8]. This
increase can serve as a measurable characteristic upon which the foundation of a newly
developed alternative early bark beetle detection method may be based.

Our objectives were to optimize the collection of a-pinene emissions from spruce
logs subjected to a controlled simulative bark beetle infestation in the laboratory and
consequently detect the outdoor 3D dispersion of monoterpenes, represented by a-pinene,
in the surroundings of freshly infested spruce trees at horizontal and vertical distances. We
employed analytical chemistry methods for collecting VOCs, which are not typically used
for VOC collection in open environments.

Particular objectives were:

1. Assess the distribution of a-pinene at different distances from and heights within a
simulatively infested log pile in the laboratory, considering specific temperature conditions.

2. Validate the feasibility of measuring the distribution of a-pinene under actual
field conditions, specifically focusing on naturally Ips typographus-infested trees within a
forest environment.

3. Consider other influencing factors, such as temperature, wind speed, and the
immediate surroundings of the forest.

4. Compare the effectiveness of the Solid-Phase Microextraction (SPME) method with
HayeSep-Q® sorbent cartridges, which involve drawing air through them using air pumps.

2. Materials and Methods
2.1. Optimization of VOC Collection from Simulatively Infested Spruce Logs in a Laboratory

The experiments were conducted under laboratory conditions (25 £ 1 °C, humidity
60% =+ 10%) using three fresh-cut logs (height of 40, diameter of 25 cm) of Picea abies
previously stored in a cold room (—5 °C). The experiment was repeated three times at
one-week intervals. Prior of all repetitions, logs were acclimated for 24 h before volatile
collection in the conditions described above. Logs were arranged vertically in piles from
the floor: The lowest log represented level 1—L1 (20 cm), the middle log level 2—L2
(60 cm), and the upper log level 3—L3 (100 cm) (Figure 1a). To prevent unwanted VOC
emissions from fresh-cut logs, the upper and lower exposed surfaces were covered with PE
plastic film.

The bark beetle attack was simulated by drilling holes (& 2 mm x 0.3 cm deep) into
the bark and phloem on the surface of the logs (100 holes per log, spaced in 5 cm spin) to
mimic the production of VOC emissions during bark beetle infestation.

VOCs were collected from each of the three levels (L1, L2, and L3) at two distances,
5 cm and 30 cm from the bark surface, using Solid-Phase Microextraction (SPME) fibers
(PDMS/CAR/DVB, Supelco, PA, USA) as shown in Figure 1b. The SPME fibers were fixed
in protective hard plastic cylindrical chambers hung in an open space (7.2 cm high, @
5.2 cm, material PP, Merci, CZE), with an open bottom and a hole covered by septa in the
upper lid to hold the fiber. To follow the distance and cardinal directions described above,
the chambers in the experimental apparatus were fixed by metal wires.

SPME collection was conducted for 15 min, beginning 2 h after drilling, under con-
trolled conditions (25 &= 1 °C, humidity 60% = 10%). A total of 24 samples were taken, with
8 samples per level (n = 24).
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Figure 1. Volatile collection of a-pinene under laboratory conditions from fresh drilled logs of Picea

abies. (a) The collection of o-pinene occurred across three height levels, namely L1, L2, and L3. (b) Top
view of the log pile; black dots indicate distances between the bark surface and the point of collection
of a-pinene for each level.

2.2. Field Collection of Distributed VOCs Emitted by the Ips typographus Naturally Infested
Picea abies

We conducted two collections of VOCs from naturally infested trees in the field at
different locations and during different periods of the 2022 growing season. In this study,
we did not measure VOCs from non-infested trees as controls. This decision stems from
the continuation of our prior study [8] and existing literature reports (Table 1), which
have consistently demonstrated several-fold increases in emissions from infested trees
using similar techniques. Both collections took place on the Forests CZU property near
Kostelec nad Cernymi lesy, the Czech Republic. The area is characterized by a mature forest
primarily composed of a 90-year-old Norway spruce (P. abies) plantation, situated at an
altitude of 400-450 m above sea level (Figures 2 and 3).

The distributed VOCs were collected within 900 m around the freshly Ips typographus-
infested individual Norway spruces. The infestation status was found by the occurrence
of fresh frass at the stem’s base, and infestation stadia were specified by assessing the
beetle attack density exhibited by the sampled tree. Both sampled trees were in the nuptial
chamber building attack stadia, approximately two weeks from the beginning of the
mass attack.

The VOCs were collected from infested trees at three different height levels from
the ground (1.3 m, 2.6 m, and 4 m). Collection chambers were placed at three different
distances from the tree trunk (5 cm, 100 cm, and 900 cm away from the tree) (Figure 3). The
row of collection chambers was oriented in four cardinal directions: north (N), east (E),
south (5), and west (W) (see Figures 2—4 for reference). Dataloggers were used throughout
the experiment to measure the temperature and humidity (Tables S1 and S2), and an
anemometer was used to measure the wind speed (Figures 2 and 3).
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Figure 2. Study site for the first forest spatial VOC measurement around the infested tree (30 June
2022). Locality Forests CZU close to St¥ibrna Skalice, the Czech Republic (49.913 N, 14.863 E). Black
points—sampling points around the sampled bark beetle-infested tree, in nuptial chamber infestation
stadia; red points—Norway spruce infested trees in later stadia of infestation or dead; green—healthy
Norway Spruce trees; blue points—Scot pines.

Elevation (m a.s.L)
<200 o0 - 000
[1201-400 N > 800

Point data

@ Scots pine

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

’ Sampling points

49.981N, 14.801E

7 14 28 Meters

Figure 3. Study site for the second forest spatial VOC measurement around the infested tree (24 Au-
gust 2022) for data in the CZU Forests close to VyZlovka, the Czech Republic (49.981 N, 14.801 E). Black
points—sampling points; red points—Norway spruce infested trees; green—healthy Norway Spruce
trees; brown points—dead Norway Spruce trees; blue points—Scot pines; yellow points—beech trees.

Two analytical approaches were employed to collect VOCs from infested trees in
natural forest conditions [27,28,45]:

Sorption onto SPME fibers (PDMS/CAR/DVB, Supelco, PA, USA): Eight SPMEs fixed
in protective chambers were positioned at three height levels: L1 (130 cm), L2 (240 cm),
and L3 (400 cm). They were placed at two distances from the tree (5 cm and 100 cm) in the
immediate proximity of the tree in four cardinal directions: north, south, west, and east.
Additionally, four fibers were positioned 900 cm away from the tree in the same direction.
These SPMEs were exposed for 60 min to collect volatile organic compounds (VOCs) from
the forest air. After collection, the fibers were sealed in vials with septa in the same manner
as in the laboratory. They were then placed on dry ice and subsequently stored in a freezer
at —18 °C before undergoing measurement using Gas Chromatography-Flame Ionization
Detection GC-FID, Agilent 8890 (Agilent, CA, USA).
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Figure 4. Established collection directions for VOCs around trees newly infested by bark beetles.

Sorption using cartridges (inner @ 3 mm) filled with HayeSep-Q® sorbent (30 mg,
Sigma-Aldrich, St. Louis, MO, USA)): This approach involved filtering the surrounding
air through sorbent in cartridges sucked by sampling pumps (Pocket Pump Touch; Serie
220-1000, Eighty Four, PA, USA). The pumps were calibrated to operate at a flow rate of
100 mL/min for 60 min. Of the 12 air pumps, the chosen measurements were established
along the first height level (130 cm from the ground) in all cardinal directions and different
distance levels, and two cartridges were set up at the second height level in north and south
directions at a 5 cm distance from the bark surface.

2.3. Chemical Analyses of SMPE Fiber and Cartridges via Gas Chromatography-Flame lonization
Detection (GC-FID)

Cartridges were washed with 1 mL of GC-grade hexane (GC-capillary grade; Avantor,
PA, USA) and stored at —18 °C for further chemical analysis.

The SPME and cartridge analyses were carried out via Gas Chromatography-Flame
Ionization Detection (GC-FID) Agilent 8890 (Agilent, CA, USA). The GC-FID was equipped
with a DB-WAX capillary column (30 m x 320 um x 0.25 pm film thickness; Agilent, CA,
USA). The GC oven program followed a temperature profile of the initial temperature at
40 °C for 2 min, followed by a ramping rate of 10 °C per minute to reach 230 °C, where
it was held for 2 min. The carrier gas He flow was 1.5 mL-min~!. The inlet operated in
spitless mode and the inlet temperature was 220 °C. For the desorption of SPME fibers, an
SPME liner was used (n°5190-4048, 78.5 x 0.75 mm id, Agilent, CA, USA). The extracts in
hexane (1 pL) from the cartridge collection were analyzed in spitless mode.

2.4. Determination of Relative Quantities of x-Pinene via SPME and Absolute Quantities Sorbed
to Cartridges

On the chromatogram, peaks of the main spruce monoterpenes and other volatile
organic compounds (VOCs) from the forest air near P. abies were observed. However,
to describe their 3D distribution, only the most abundant a-pinene was chosen, as it
adequately represents the trend of the other main monoterpenes [8].

In both collection methods, a-pinene’s peak identity was confirmed by comparing
its retention time with the commercial standard (x-pinene, Sigma-Aldrich, St. Louis,
MO, USA).

The abundance of x-pinene collected via SPME fiber was determined by measuring
the peak area of a-pinene divided by the sum of areas of the peaks of the five main
monoterpenes chosen (x-pinene, f-pinene, A-carene, limonene, camphene, and myrcene,
1.8 cineole) comparing it across individual samples. The quantification of a-pinene in
the cartridge extracts was based on a calibration curve (Figure S2) constructed using the
commercial standard of a-pinene diluted in hexane at 0.1, 0.5, 1, 10, 25, 50, and 100 pg/mL.
The amount of a-pinene in one cartridge, expressed here as p1g/mL, means ug/(6 L of air)
in the vicinity of an infested tree.
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2.5. Statistical Analyses

Statistical analyses were performed using Statistica (version 14.0.0.15). The normality
assumption was tested using the Shapiro-Wilk test, and in each case, the null hypothesis
(HO) was rejected, indicating the need for nonparametric testing. The Kruskal-Wallis
test was used to compare individual levels, distances, and cardinal directions. When the
test showed statistical differences, post hoc tests were conducted to examine differences
between repetitions.

For SPME analysis, the dependent variable was the relative peak area of a-pinene
collected. For cartridges, the amount of a-pinene quantified by the calibration curve was
the dependent variable. In both analyses, the independent variables were the distance and
height measurements.

3. Results
3.1. Optimization of VOC Collection to SPME in a Laboratory

The three VOC collections in the laboratory, taken at different times, were considered
three repetitions since they were kept under the same experimental conditions (temperature
and method of log drilling). Statistical analysis was conducted on all of them together
(n=72).

The abundance of a-pinene, the main monoterpene representing trends of other MT,
was statistically highest at a 5 cm distance from the drilled stems compared to a 30 cm
distance from the drilled stems (p = 0.0362) (Figure 5a).

Distance © ®(@mje Height level

(b)

12 13
p=0.0362 p=0.0057
12
[ 11 b a
o o
g 10 a M
o g 10 ab
s 2 T 2
32 ° 52 °
2% 8 b ag 8
[TIR=] [TIR=]
> > 7
= 7 =] b
2 ¢ £ 5 @
5 4
5 30 P e 20 60 100
distance [cm] B Mean+SE height level [cm]

1 Mean1.96*SE

Figure 5. SPME laboratory data collections of a-pinene, three replications. (a) Abundance of x-pinene
for lab experiment at different distances from drilled stem (5 cm and 30 cm); (b) abundance of a-pinene
for lab experiment at different height levels from the ground (L1—20 ¢cm; L2—60 cm; L3—100 cm).
Small red squares—Means; green boxes—Means + SE; Whiskers—Means +1.96*SE. Lowercase letters
above columns indicate significant differences between different distance or different height level.
The p-values result from Kruskal-Wallis test; n = 72.

In the vertical direction, the distribution of a-pinene was statistically different (p = 0.006).
The lowest abundance was observed at the medium level L2 (60 cm from the ground), and
it was significantly different from the abundance at the bottom level L1 (20 cm from the
ground) (post-hoc; p = 0.007) (Figure 5b).
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3.2. w-Pinene Spatial Distribution around Norway Spruce Infested by Ips typographus for
Two Weeks

The conditions in the first forest spatial VOC measurement conducted on 30 June 2022
on two-week naturally infested trees were an average temperature of 25.1 °C, average
humidity of 72.6%, wind speed of 5 km/h, wind direction from the SE, and sunshine. The
abundance of a-pinene emitted from the naturally infested tree was upregulated ata 5 cm
distance from the stem. This upregulation was detected by both collection methods, with
a significant increase observed using SPME (p = 0.036), where 5 cm and 100 cm distances
significantly differed (p = 0.036 post hoc) (Figure 6a) and a non-significant increase was
observed using sorption to cartridges (p = 0.0585). A trend of a decreasing a-pinene
concentration at a 900 cm distance from the infested tree was observed in the collection
involving cartridges (Figure 6d), but not in the collection using SPME (Figure 6a).
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(b) SPME
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(c) SPME

- 35 a p=0.0364 N p=0.4051 - p=0.2988
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8, ab 8 3.0 S .
2225 oo a g2, a
S g ® g 25 S a
x£20 5 My . 22
2245 @ g 220 252 2
o » 15 o
2 10 e g
5 05 T 10 8
[
00 = 05 =0
5 100 900 130 260 400 S N E w
distance [cm] height level [cm] orientation
. s(d) Cartridge (e) Cartridge ’s (f) Cartridge
. 1.0 - 2
S 16 p=0.0585 ) p=0.6674 - p=0.7395
T 14 & 208 5 “ a
£ 12 2,07 e £ 15
o 1.0 ® 0.6 8o
cE S E
I R e 5810
C 2 — V. o 0'5 a
= 0.4 a 2 03 @ ﬁ -
£ o2 - — Y g w0 o -~
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B MeantSE
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Figure 6. First field detection of a-pinene distribution around Ips typographus-infested spruce (30 June
2022). (a) Abundance of a-pinene collected by SPME in different distances from stem (5 cm; 100 cm;
900 cm); (b) abundance of a-pinene collected by SPME at different height levels from ground (130 cm;
260 cm; 400 cm); (c) abundance of a-pinene collected by SPME in cardinal directions (S—south; N—
north; E—east; W—west); (d) abundance of a-pinene collected by HayeSep-Q® cartridges in different
distances from stem (5 cm; 100 cm; 900 cm); (e) abundance of a-pinene collected by HayeSep-Q®
cartridges at different height levels from ground (130 cm; 260 cm); (f) abundance of a-pinene collected
by HayeSep—Q® cartridges in cardinal directions (S—south; N—north; E—east; W—west). Small
red squares—Means; green boxes—Means + SE; Whiskers—Means +1.96*SE. Lowercase letters
above columns indicate significant differences between different distance different height level, and
different orientation. The p-values result from Kruskal-Wallis test. (n = 27 SPME samples) (cartridges
n=12).

In the vertical direction, a weak, non-significant trend was observed in the accumula-
tion of a-pinene in the bottom level of the stem at 130 cm above the ground, decreasing with
altitude up to 400 cm above the ground. This trend was consistent across both collection
methods (Figure 6b,e).

Regarding cardinal orientation, there was no significant accumulation of x-pinene on
any of the measured sides. However, considering the high variability of the data, there was
a trend of increased a-pinene abundance on the south side of the infested stem, as observed
with both SPME fiber and cartridge collection methods (Figure 6¢,f).

A 3D depiction of the a-pinene collection using SPME fiber on 30 June 2022 is shown in
Figure 7. Increased color saturation in the visualization corresponds to higher accumulated
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a-pinene levels. The accumulation aligns with Figure 6, indicating elevated concentrations
at the first level (130 cm). In terms of distance, there is a notable increase at 5 cm from
the stem. Beyond 900 cm, there is considerable variation in a-pinene amounts, making it
difficult to observe a clear trend. Regarding the orientation, slightly higher concentrations
are observed on the south and east sides, though are not significantly dominant.

400cm T

5.94
240 cm -+

1.73
130 cm .42

5cm 100 cm 900 cm

Figure 7. 3D distribution of a-pinene collected by SPME in first field data collection (30 June 2022).
More saturated color means a higher abundance of a-pinene. The numbers in circles are relative peak
areas of a-pinene.

The conditions for the second VOC measurement in the forest open space around
a naturally infested tree, conducted on 24 August 2022, differed from the first collection
in terms of location and environmental factors (average temperature of 20.7 °C, average
humidity of 78.8%, wind speed of 3 km/h, wind direction from S, and sunshine).

«-pinene abundance significantly increased at a 100 cm distance from the stem, as
detected by SPME (p = 0.0037) (Figure 8a) and sorption to cartridges (p = 0.0244) (Figure 8d),
compared to both the 5 cm and 900 cm distances considered as controls.

A non-significant, very weak trend was observed for the accumulation of a-pinene
at a height of 260 cm from the ground measured by SPME (Figure 8b). No significant
differences were found in a-pinene accumulation in any cardinal direction (Figure 8c,e).

The 3D depiction of a-pinene collection using SPME fiber during the second field
collection on 24 August 2022 is shown in Figure 9. Notably, there is an increase 100 cm
from the stem in terms of distance and higher accumulation at the second level, 260 cm
from the ground. This aligns with Figure 8.
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Figure 8. The second field detection of a-pinene distribution around Ips typographus-infested spruce
(24 August 2022). (a) Abundance of a-pinene collected by SPME at different distances from stem (5 cm;
100 cm; 900 cm); (b) abundance of a-pinene collected by SPME at different height levels from ground
(130 cm; 260 cm; 400 cm); (c) abundance of a-pinene collected by SPME in cardinal directions (5—
south; N—north; E—east; W—west); (d) abundance of a-pinene collected by HayeSep-Q® cartridges
at different distances from stem (5 cm; 100 cm; 900 cm); (e) abundance of a-pinene collected by
HayeSep-Q® cartridges at different height levels from ground (130 cm; 260 cm), abundance of a-
pinene collected by HayeSep-Q® cartridges in cardinal directions (S—south; N—north; E—east;
W—west). Small red squares—Means; green boxes—Means + SE; Whiskers—Means +1.96*SE.
Lowercase letters above columns indicate significant differences between different distance, different
height level, and different orientation. The p-values result from Kruskal-Wallis test. (n = 22 SPME
samples) (cartridges n = 12).
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33.25
240 cm -+
4.36
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0.43
T215
1 |
T 1
100 cm 900 cm

Figure 9. 3D distribution of a-pinene collected by SPME in second field data collection (24 August
2022). More saturated color means a higher amount of collected a-pinene. The numbers in circles are
relative peak areas of a-pinene.
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4. Discussion

The volatile compounds emitted by infested trees have been studied in two main
contexts: atmospheric chemistry processes, with a focus on reactive particle formation [50],
and ecological roles related to bark beetles and their predators [27,28,32,51]. Most reports
in atmospheric chemistry measured volatiles at the canopy or twig level [52]. Emission
measurements of biogenic volatile organic compounds (BVOC) from infested trees appeared
in only a few studies investigating the potential use of these emissions as early attack
detection markers [9,10,39]. Our study is unique as it examines emissions within a distance
of 10 m of the infested tree, specifically at ground level and up to 5 m, where a-pinene
accumulates at an average infestation season temperature of 20 to 25 °C in central European
forests [53]. This novel approach contributes new insights to our understanding of volatiles
emitted by bark beetle-infested trees.

Primarily, in our study, we employed laboratory optimization techniques to collect
volatiles from freshly infested trees. The main emitted compound, a-pinene, was selected
as a representative of the primary monoterpenes. It reflects the trends observed in other
monoterpenes emitted by spruce trees infested by bark beetles [54].

In the laboratory, where the temperature was 25 °C, we observed a higher abundance
of a-pinene in the open space in the closest proximity to logs, particularly in the lowest and
highest positions. This increase was likely caused by the proximity of open log cuts and
exposed bark edges, despite our attempts to prevent them by covering them with PE foil.

The first detection of a-pinene in the surroundings of a naturally infested tree in the
field was conducted approximately two weeks after the beginning of a mass attack on the
tree, corresponding with the time the monoterpene emission peaks [8,50]. This detection
also took place at a temperature of 25 °C, when, expectedly, a-pinene vapors are heavier
than air (with a vapor pressure of 4.9 mm Hg at 27 °C) [55].

Similar to our laboratory findings and reports from the literature [27,28], we observed
the highest abundance of a-pinene in the immediate vicinity of the infested tree. Vertically,
a-pinene accumulated at the lowest level, approximately 1.3 m above the ground, which
was confirmed by two different collection methods:

The lower-level accumulation of the monoterpenes under similar conditions was
previously observed as the output of the continual measuring campaign of BVOC in the
forest. It has been reported that monoterpenes are emitted by healthy trees during the
daytime, but they are also more susceptible to degradation in the atmosphere during the
same period [53]. Monoterpenes are known to be unstable in the atmosphere, with a
relatively short lifetime, often lasting only hours or even minutes, forming atmospheric
secondary organic aerosol particles, followed by reactions with ozone and radicals like NO,
OH, and NOj [56]. As a result of their decomposition, methanol and acetone, both of which
are highly abundant in the forest atmosphere, are produced, alongside other products.
Additionally, at higher elevations in the forest, strong air streams are present, resulting
in monoterpenes having a higher ‘mixing ratio,” which implies a lower concentration.
The monoterpenes accumulate at lower altitudes in the forest, particularly during the
nighttime [57].

The abundance of #-pinene in the controls placed at a further distance from the tree
(9 m) exhibited greater variability [10].

This variability was most likely influenced by the surrounding trees. There were
spruces, some of them in more progressed infestation stadia, or even dead and intact pines.
In naturally infested trees, we also assessed an a-pinene orientation related to the infested
stem’s cardinal direction. During the first field collection, we noticed a non-significant
trend of higher a-pinene levels on the south side of the stem, despite the prevailing wind
coming from the opposite direction. This was attributed to the tree’s location near the forest
edge, allowing for direct afternoon sunlight exposure during collection [17,21].

The second collection, conducted later in the season, took place at a lower temperature
of 22 °C. Interestingly, the highest abundance of monoterpenes was not observed at the
lowest position, but rather at a height of 2.6 m, Additionally, it was not closest to the tree
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stem, but rather 1 m away. Results were confirmed again by two collection methods, Solid-
Phase Microextraction (SPME) and HayeSep-Q® Cartridge sampling, conducted at two
different time intervals. This sampled tree, despite being in a similar stage of infestation as
the first tree, was fully surrounded by other trees, including some broadleaf varieties in the
vicinity, resulting in no direct irradiation of the stem.

During this collection, we did not observe any significant influence of sunlight expo-
sure or wind speed on the orientation of increased a-pinene abundance.

The temperature and humidity differences in altitude were recorded on the same
experimental plot [9]. The highest temperatures were observed approximately 1 m above
the ground with an upward gradient. This temperature variation may impact the higher
abundance of a-pinene at an altitude of 2.6 m compared to ground level due to the physical
properties of pinene vapors.

The variation in outcomes between the first and second field collections was attributed
to differences in the surroundings of the measured trees, distinct parts of the season, and,
primarily, variations in temperature and humidity conditions [36,37].

In forest practices, our 3D distribution data of a-pinene emitted by freshly infested
spruces may serve as a foundation for scanning techniques, demonstrating promising
potential for managing bark beetle populations by facilitating early attack detection.

The most advanced technique for volatile scanning in situ can be based on field
and portable Gas Chromatography-Mass Spectrometry (GC-MS) instruments, which are
possible to mount on UAV. These instruments have the capability to separate, identify, and
quantify VOC compounds in situ and collect data at short intervals. Existing instruments
on the market have been tested for various analytes, primarily for military applications [58].
However, reliable devices for detecting terpenes and other infestation marker VOCs are
still lacking.

To specifically select markers of infestation by Ips typographus and exclude infestations
of different herbivores (as relevant bark species or defoliators) from the complex odor envi-
ronment of a natural forest, such as bark beetle pheromones and spruce host compounds, an
olfactory perception system of the bark beetles, antennae can be used as a specific detector
working via electroantennography principles [59,60]. Ongoing research is exploring the
application of this method in insect pest detection, with future directions aiming to target
insect protein odorant receptors for specific compounds indicative of infestation [31].

However, the most potentially promising novel device is a non-specific electronic nose,
designed for real-time chemical substance detection (e.g., detecting dangerous gas leaks or
measuring concentrations near landfills, monitoring volcanic activity, etc.). We previously
conducted tests to explore the feasibility of early-stage stress detection in forest stands
using an electronic nose, specifically the Sniffer4D [9].

Due to limitations in measuring VOCs with non-specific sensors in forests, especially
in areas with higher concentrations of compounds from fresh clearings, debris, and bro-
ken trees, an ideal approach would involve integrating environmental VOC scanning
with other data collected through different scanning methods. This integration could be
achieved, ideally using UAV vehicles equipped with various sensors for high-resolution
data collection [61]. The map of VOC abundance can be automatically overlaid with aerial
maps of the area, changes in reflectance, dedicated vegetation indices [6], or temperature
fluctuations [62].

Limitation of the Study

The reported study is considered a pilot trial investigating the distribution of monoter-
penes around infested trees at ground level and up to 5 m. To enhance the study, future
research employing classical collection and analytical techniques should result in confir-
mation of the quantitative monoterpene distribution. The expanded study will involve a
large-scale tree group, multiple replications for robust statistical analyses, and a focus on
genetically relevant trees. To ensure control, infested and non-infested trees will be moni-
tored simultaneously, maintaining consistent bark beetle infestation density. Standardized
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environmental conditions will be implemented to minimize variability, with the potential
to explore environmental conditions as a variable.

5. Conclusions

In summary of this pilot study, VOCs, represented here by a-pinene, emitted by
freshly attacked trees may act as detectable markers for timely infestation. The spatial
distribution of their concentration in an open space follows a gradient pattern that can
be analyzed using various collection techniques. However, this distribution is notably
influenced by environmental factors. With further optimization and integration with other
scanning methods, these VOCs emitted by freshly infested trees can be used to develop
effective “early detection methods” for bark beetles. Real-time data distribution provides a
strong foundation for implementing crucial scanning techniques in early attack detection
strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15010010/s1, Table S1. The averages of the temperature and
humidity in the first data collection 30 June 2022 in two periods of collections (SPME and cartridge
collection). Table S2. The averages of the temperature and humidity in the second data collection
24 August 2022 in two periods of collections (SPME and cartridge collection). Figure S1. The map
of development of Norway spruce logging due to bark beetle infestation in the Czech Republic in
the period 9/2021-7/2022. Figure S2. Calibration curve of a-pinene. Constructed using commercial
standard of a-pinene diluted in hexane to 0.1; 0.5; 1; 10; 25; 50 and 100 pg/mL.
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