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Anotace

Mapovani zdravotniho stavu je diilezitou soucasti lesniho hospodaistvi a jeho v€asna
identifikace v lesnich ekosystémech mlize minimalizovat §ifeni pfirodnich disturbanci.
V soucasné dobé metody dalkového prizkumu Zemé pracuji s viditelnym nebo
blizkym infracervenym spektrem pro sledovani zmén ve spektralni odrazivosti
vegetace. V pfipad¢ napadeni klirovcem jsou piiznaky zmén mistniho mikroklimatu a
ptitomnosti chemické komunikace mnohem dfivéjSim symptomem nez zmeéna
spektralni odrazivosti korun. V ptipad¢ lesnich pozard lze rozsah dopadu snadno
neoptické zmény lze mapovat specialnimi senzorickymi pfistroji, elektronickymi nosy
apod. Tato prace ovéfuje nejnovejsi technologie pro sledovani prirodnich disturbanci

v lesnich ekosystémech.

Prace je zaloZena na péti védeckych ¢lancich; prvni ¢lanek se zabyva mapovanim 3D
distribuce alfa-pinenu pomoci konven¢nich chemickych metod (Stribrska et al.,
2023b). Druhy ¢lanek (Hiittnerova a Surovy, 2024) se zaméfuje na srovnani tii
elektronickych nost s cilem vcasné identifikace napadeni kirovcem. Treti clanek
(Hiittnerova et al., 2023) zkoumd vyuziti komercniho elektronického nosu pro
pozemni a bezpilotni sbér dat v napadeném lese. Ctvrty ¢lanek (Hiittnerova a Surovy,
v tisku) je zaméten na validaci satelitnich dat Sentinel-5P TROPOMI pro mapovani
emisi pfi lesnim pozéaru. Paty Clanek (Hiittnerova et al., 2024) se zamétuje na analyzu
potencidlnich stresovych faktoru mikroreliéfu pro hodnoceni pfirozené obnovy na

holinach vzniklych v dtsledku kalamitni tézby.

Prace predstavuje novy piistup v mapovani ptirodnich disturbanci, a to za vyuziti
neoptickych senzorli v lesnich porostech pro v€asnou detekci stresu. V préaci bylo
mozné ovétit vyuziti nejnovéjSich technologii pro mapovani zhorSeného stavu lesnich
porostd, které se projevuje zménami v chemickém slozeni, ale 1 zménou v lokalnim

mikro-klimatu.

Kli¢ova slova: Dalkovy prizkum Zemé, neoptické mapovani, vcasnd detekce,

elektronicky nos, pfirodni disturbance, mapovani stresu






Annotation

Mapping the health state is an important part of forest management, and early detection
of stress in forest ecosystems can minimize the spread of natural disturbances.
Currently, remote sensing methods work with the visible or near-infrared spectrum to
monitor changes in the spectral reflectance of vegetation. In the case of bark beetle
infestation, the symptoms of changes in the local microclimate and the presence of
chemical communication are much earlier than change in spectral canopy reflectance.
In the case of forest fires, the extent of the impact is easily mapped optically, but
escaped emissions can have much more severe consequences. These non-optical
changes can be mapped with special sensory devices, electronic noses, etc. This thesis
verifies the latest technologies for monitoring natural disturbances in forest

ecosystems.

The organization of this thesis is based on five scientific articles; the first article deals
with the mapping of the 3D distribution of alpha-pinene using conventional chemical
methods (Stiibrska et al., 2023b). The second article (Hiittnerova and Surovy, 2024)
focus on the comparison of three electronic noses devices with the aim to identify early
identification of bark beetle infestation. The third article (Hiittnerova et al., 2023)
investigates the use of an commercial electronic nose in an infested forest for ground
and unmanned aerial vehicle data collection. The fourth article of the thesis
(Hiittnerova and Surovy, in press) is focused on validating Sentinel-5 TROPOMI
satellite data for mapping emissions during a forest fire. The fifth article (Hiittnerova
et al., 2024) focuses on analyzing potential microrelief stress factors for evaluating

natural regeneration in clearings resulting from salvage cutting.

The thesis represents a unique study of a new area: non-optical sensors in forest stands
for early stress detection. In the thesis, it was possible to verify the use of the latest
technologies for mapping the deteriorated state of forest stands, manifested not only
by changes in the chemical cloud but also by different manifestations in the

microclimate.

Key words: Remote sensing, non-optical mapping, early detection, electronic noses,

natural disturbances, stress mapping
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Chapter 1

Thesis Preface

1.1.Foreword

Forests are a very valuable terrestrial ecosystem affecting a whole range of other
processes in nature. In recent decades, European forests have faced increased threats
from natural disturbances, including insect pests, forest fires, and wind-throw events.
Forests have a longer life cycle and cannot respond and adapt quickly enough
to sudden changes caused by human operations or climate change. Stressed trees,
as a result of climate change, are not as resistant to natural disturbances, which leads
to a loss of defenses, the health status of forests deteriorates, and increased mortality
is recorded. An important part of forest management and policies is monitoring the
health state of forests and early identification of stress can prevent enormous losses.
Currently, the detection methods used cannot cover large areas (Field surveys)
or cannot detect spectral changes, especially in the early stages of infestation, which
are difficult to detect by imaging sensors. However, natural disturbances also bring
changes in the form of chemical changes and different manifestations at microclimatic
level. The question is how to identify and map these non-optical manifestations. Thus,
the presented thesis deals with searching for stress mapping methods in forest

ecosystems for early identification to verify the cutting-edge available technologies.
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1.2. Research Motivation

Science is like climbing in the dark; you know you are moving upwards, but you don't
always see the fastest and easiest way to reach the top. This comparison is even more
true for new, unproven methodologies, which may sound like a crazy idea at first but
which, after a few years, can take hold as common measurement practice. In my
personal life, I like to try new things, overcome my fear, and try to push my boundaries
further. That's why I applied for doctoral studies and knew from the beginning
that I would like to devote myself to something new and unexplored; that's why I chose

the new doctoral program Applied Geoinformatics and Remote Sensing in Forestry.

Forests face many threats that are intensifying due to climate change, and it is thanks
technical innovation of modern technologies it is possible to better monitor the changes
in the forest and protect forests. However, the methods used are still not fast enough.
Therefore, this thesis deals with the possibilities of earlier detection of natural
disturbances and innovations in mapping subsequent processes. This thesis uncovers
the possibilities of non-optical mapping in the framework of remote sensing in forestry.
Not everything important can be seen with the eyes; some processes manifest
themselves outside of visual perception yet are key to truly understanding and

appreciating the situation.
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1.3.Thesis Structure
The thesis consists of four published articles, and one submitted. The thesis is divided
into two parts and six chapters. The first part contains a preface and a general
introduction to the issue of stress mapping in forest ecosystems using modern methods.
The second part of thesis consists of research articles, four articles are published,

and one article is submitted.

* Article I: Pilot Study of 3D Spatial Distribution of a-Pinene Emitted by Norway
Spruce (L.) Karst Recently Infested by Ips typographus (L. 1758) (Coleoptera:
Scolytinae).

* Article II: Bark beetle detection method using electronic nose sensors. A possible

improvement of early forest disturbance detection?

* Article III: Comparison of Individual Sensors in the Electronic Nose for Stress

Detection in Forest Stands.

* Article IV: Sentinel 5-P TROPOMI sensor analysis for CO temporal and spatial

dynamics during fire. Case study Bohemian Switzerland National Park (submitted)

* Article V: Drone microrelief analysis to predict the presence of naturally regenerated

seedlings.
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Chapter 2

Objective of the thesis

In the last decades, scientists have focused on mapping optically visible changes
in forests. However, all changes and communication in forest ecosystems are
accompanied by non-optical manifestations, which can often be related to
manifestation of stress factors. In line with this, the main goal of this thesis has been

to verify the cutting-edge technologies for stress mapping in forest ecosystems.

The work has the following sub-goals:

1) Mapping of microclimatic changes as a result of natural disturbances;
i) Detection of specific chemicals compounds to identify bark beetle
infestation;

1i1) Verification of the possibilities of different platforms for remote sensing

mapping of natural disturbances.
The work deals with the following hypotheses:

Stress in forest stands brings non-optical manifestations that chemical sensors
or electronic noses can detect. Identification of these changes can early detect

disturbances and thus minimize environmental and economic losses.

Stressed trees produce a several times greater amount of volatile organic compounds
and in the event of bark beetle attacks, a unique aggregating pheromone appears

as part of communication between individuals.

In these cases, the reduced ability of trees to transpire due to damage brings measurable

non-optical manifestations in the change of the local microclimate.
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Chapter 3

Theoretical background

3.1. Introduction

People primarily perceive their surroundings visually. At first glance, they can evaluate
plants' color, shape, and size and estimate their health status. Similar to the general
public, the scientific community focuses mainly on evaluating optical data for
the identification of stress in forest ecosystems. However, visual changes are merely
the consequences of stress, preceded by several less visible but critical manifestations
that can aid in early identification. Thanks to technological progress, it is possible

to measure these changes in the non-visible spectrum.

Forests cover roughly a third of the world, representing a unique ecosystem that
combines several functions (Forest Europe, 2020). However, in recent decades, they
are more exposed to both internal and external stressors. While internal stressors are
caused by trees' physiological growth and development, external stressors contain
natural disturbances, among which include bark beetles, storms, and forest fires (Seidl
et al., 2017). For example, as a result of persistent droughts, forest stands are more
susceptible to lose their vitality and health. In addition, natural disturbances interact
with other factors such as increasing greenhouse gases (methane, carbon dioxide),
thus increasing average temperature, lower annual precipitation, and more extensive
drought (Seidl et al., 2014; Fearnside, 2015; Yuan et al., 2021). In Central Europe, the
greatest damage is currently caused by bark beetles (biotic natural disturbance);
a successful bark beetle attack depends not only on the health of the forest stand but
also on the frequency and extent of the attack (Kautz et al., 2017).

Stress mapping in forest ecosystems is integral to forest management; early
identification of a deteriorated condition or risk identification can minimize possible
ecological, economic, and environmental losses. One method of detecting infestation
is field surveys by professional workers who visually inspect each tree to look for first
beetle entrance holes, boring dust on the trunk, and resin flows. Field inspection

is very accurate but physically and time-consuming, and it is impossible to inspect
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larger forest units and less accessible locations in this way (Barta et al., 2022; Bozzini

et al., 2024).

To cover larger areas, remote sensing methods have begun to be used; depending
on the required spatial resolution and the extent of the study area, a platform (satellite,
aircraft, drone) is considered. The most used sensors on these platforms to identify the
deteriorated condition of the forest stands are hyperspectral and multispectral cameras.
By combining several channels, vegetation indices can be calculated, which present
the health condition of the vegetation based on the differences in spectral reflectance
(Zarco-Tejada et al., 2001; Le Maire et al., 2004; Barta et al., 2022). This method
provides an efficient data source for large areas but does not provide information

on early infestation (Kautz et al., 2023; Bozzini et al., 2024).

In addition to the spectral changes when a tree is attacked, there are other non-optical
symptoms. Bark beetles use an aggregation pheromone to attract females to mate
in the host tree. An attacked tree secretes an increased amount of volatile organic
substances several times (Ghimire et al., 2016; Jaakkola et al., 2022; Netherer et al.,
2024). Other variables that could indicate stress in the forest ecosystem are changes

in the local microclimate (Kopacek et al., 2020).

These non-optical manifestations can be recorded by conventional chemical methods,
and the analysis can be carried out using a gas chromatograph. This method gives
accurate results, but collection and evaluation are time-consuming, and only a few
samples can be taken daily. A potential method appears to be using electronic noses,
sensing devices composed of several selective sensory units, and recognition software.
Electronic noses and similar devices are used in security and industrial site mapping.
Evidence that these changes can be detected non-optically after a tree is attacked
comes from sniffer dog research, where specially trained dogs can locate infested trees

from distances of up to 150 metres (Johansson et al., 2019; Vosvrdova et al., 2023).
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3.2. Natural disturbances

Natural disturbances are a fundamental part of ecological processes; they can leave
a lasting change and radically affect the structure and functioning of a given
ecosystem. Currently, disturbance regimes are changing more frequently, and global
changes will bring new spatial patterns and different trajectories of change (Turner,
2010). Disturbance can be described according to the definition of White and Pickett
(1985) as “Any relatively discrete event that disrupts the structure of an ecosystem,
community, or population, and changes resource availability or the physical
environment”. Disturbances can be divided according to their origin into abiotic and
biotic. Abiotic factors include fires, storms, and hurricanes; and biotic factors include

pests and pathogens (Turner, 2010).

In the last twenty years, European forests have been exposed more often to natural
disturbances, the most frequent threats being windthrow events (46 %), wild forest
fires (24 %), and outbreaks of bark beetles (17 %). As a results, an average of 44
million m*/year were cut down during the past 70 years due to natural disturbances in
the European forests (Patacca et al., 2023). In the Czech Republic, the most serious
problem was the Eurasian spruce bark beetle (Ips typographus (L.)) calamity, which
affected Norway spruce stands [Picea abies (L.) Karst.]. All disturbances caused
20 million m? of wood harvested out of the total cutting of 25 million m? in the Czech
Republic. Biotic disturbances (i.e. pests) accounted for roughly 8 million m® of
harvested timber (Ministerstvo zemédélstvi, 2023). Forest fires in Czechia occurred
only occasionally, having place in 2022 the largest forest fire in the Bohemian
Switzerland National Park in modern history. In total, 1,715 ha were affected by fires
in 2022, of which 1,600 ha burned in the national park (Ministerstvo zemédelstvi,
2023).

Regarding Eurasian spruce bark beetle attacks, it is well known that stressed trees
secrete far greater amounts of volatile organic substances than in resting conditions
(Ghimire et al., 2016; Netherer et al., 2021; Hakola et al., 2023). An overview of the
compounds secreted by the host tree (Norway Spruce) is given in Table 1,
the variability of the representation is most likely caused by the different ages of the

tested trees (Borg-Karlson et al., 1993; Baier et al., 2002; Silvestrini et al., 2004).
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Tab 1. Volatile organic compounds secreted by spruce trees as a result of exposure to stress (Netherer et al., 2021).

VOC Range
a-pinene 23-39%
B-pinene 25-58%
B-Phellandrene 5-19%
limonene 1.5-4%
myrcene 1.6-3.4%
A-3-carene 0.6-1.1%
camphene 0.2-1.1%

Another substance that plays an important role in chemical communication is the
aggregation pheromone used by individuals of bark beetles to communicate during
attacks; it is composed 2-Methyl-3-buten-2-ol, cis-Verbenol, Verbenone, Ipsdienol,
and Ipsenol (Birgersson et al., 1984; Netherer et al., 2021; Moliterno et al., 2023).
Nevertheless, degrading effects are caused by symbiotic fungi that are associated with
the Eurasian spruce bark beetle, which exhaust the tree's resistance and ability
to transpire. These fungal compounds are exo- and endo-Brevicomin,
3-Methyl-1-butanol, 2-Methyl-1-butanol, 3-Methyl-1-butyl acetate, 2-Phenylethanol,
2-Phenylethyl acetate (Kandasamy et al., 2019; Netherer et al., 2021, 2024).

In addition to chemical communication and changes in concentrations brought about
by stress in forest ecosystems, other non-optical variables, namely changes in the local
microclimate, are measurable (Figure 1). A healthy coniferous tree has an average
water transpiration of 200 - 300 1/day; if it is damaged, its ability to transpire can be
reduced or completely lost. Tree transpiration has a cooling effect on the tree's
surroundings; if it is reduced, there is an increase in temperature, a decrease in
atmospheric humidity, and pressure can be increased due to these changes (Kopacek

et al., 2020).
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Figure 1. A simplified scheme of non-optical changes resulting from bark beetle infestation, a specific aggregation
pheromone used for communication between individuals, increased volatile organic compounds levels in spruce
trees, and changes in microclimate due to reduced tree transpiration.

3.3.Detection methods of stress in forests

Mapping the health status of forest stands is a part of forest management; precisely,
the timely identification of a deteriorated condition can contribute to timely
interventions and thus prevent ecological and economic losses. The detection method
depends on the desired mapping goals and the size of the territory. For example,
to check the condition of a few trees, it is advisable to choose a conventional field
survey. In the case of more extensive forests or poorly accessible terrain, it is more
appropriate to select remote sensing methods. Another criterion is whether
it is sufficient to identify spectral changes in the canopy and dead trees or early
detection of the bark beetle stage before emerging from the host tree. Before the
individual stress detection methods are described, the attack phases' terminology will
be described here. The term "green attack" or "early attack" is the most frequently used
in detecting or mapping bark beetle infestation. A more detailed description of the
monitored phase is appropriate in study cases because the original use of the term
"green attack" was used in North America for a one-year-old attack (USDA Forest

Service, 1935).

Considering the life cycle of the bark beetle, which can have up to three generations

per year, the time scale of one year is insufficient for mapping the infestation
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(Wermelinger, 2004). The bark beetle usually emerges 6 - 10 weeks after infestation,
and the canopy is usually still green (Barta et al., 2022). The term early is not precisely
specified and differs for each pest according to the life cycle. Detecting an attack by
optical remote sensing after ten weeks is relatively early, but it is already too late to
gather information for possible protection of forests (Kautz et al., 2024). Early
detection should always be associated with time data regarding the time of infestation
(from initial infestation). Also, early detection should be connected with the phase
before the emerging beetles from the host tree, when protection is still possible.
The detection method comprises the platform, sensor, or several sensors
and the statistical evaluation procedure. Furthermore, conventional detection methods
and the possibilities of new techniques that bring even earlier identification of attacks

will be described.

3.3.1. Conventional techniques

Conventional methods include several techniques such as field survey and chemical
analytic methods, which have been proven for years yielding very accurate results.
However, they show limitations like the highly time-consuming nature of collection
and subsequent processing, unsuitability to map extensive forest stands and
inaccessible or poorly accessible locations. But, they are an inherent methodology for

validation data.

The traditional method for identifying tree infestations or damage is a field survey by
foresters or trained workers. During the field inspection, a visual inspection of each
tree occurs, and traces of resin flows, boring dust, and entrance holes are searched for
(Birgersson et al., 1984; Christiansen et al., 1987; Bozzini et al., 2024). These tracks,
which are easily visually recognizable, are not permanent and may disappear after
stronger wind or rain (CABI, 2022). Field surveys are not affordable for detecting

infestation in large areas or poorly accessible terrain due to the time requirement.

Conventional chemical methods use sampling cartridges and solid-phase
microextraction fibers (SPME) to identify the presence of aggregation pheromone
or volatile organic compounds (Jaakkola et al., 2022; Stiibrska et al., 2023b).
An indisputable advantage is the high sensitivity and the ability to accurately

determine the concentrations of the substances under investigation, thanks to gas
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chromatography methods. However, its main disadvantage is that it is very time-
consuming (approx. 1 hour per sample), and the subsequent analysis is done on a gas
chromatograph. In addition, samples must be kept cold when transported from the field

and analyzed immediately.

3.3.2. Odor-based mapping

A new stress detection method in forest stands is non-optical mapping, which deals
with monitoring groups of volatile organic substances, aggregation pheromones, or
changes in microclimate manifestations. Sensors containing microchips and electronic
noses can convert chemical concentrations or microclimate values (temperature, air
humidity, talc) into an electrical signal and then a digital number (Hiittnerova et al.,
2023). Next, the four basic types of chemical sensing devices that can be used for
environmental studies are briefly presented (Single-gas sensors, High-tech optical

analytic sensors, Multi-gas detector, and Electronic nose).

1. Single-gas sensors

A miniature device containing one sensor is usually small, lightweight, and has low
energy consumption. As part of the measurement, it usually provides data on the
measured concentration, and it is possible to set the parameters during the
measurement, the measured values are recorded on the memory card. They are used
for security applications, environmental monitoring and food inspection (Fine et al.,
2010; Loutfi et al., 2015a; Baron and Saftell, 2017). Popular types within these low-
cost, miniature ones are metal oxide semiconductors sensors (MOXs), photoionization
detectors (PIDs), amperometric gas sensors (AGSs), and non-dispersive infrared

sensors (NDIRs) (Burgués and Marco, 2020).

MOX is a conductometric electrochemical sensor designed to detect volatile organic
compound (VOCs) in parts per million (ppm) resolution. These sensors work based on
changes in electrical resistance when exposed to gases at high temperatures (150 — 500
°C). MOX sensors are small in size with a long life of over 10 years and a quick
response to changes in concentrations in about 10 seconds; the measurement of the
sensor is very sensitive to changes in humidity (so it can be used as a sensitive sensor

to monitor changes in humidity (Chen and Lu, 2005). The sensitivity of MOX sensors
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is not precisely specified but can be improved by subsequent data processing
techniques (Wang et al., 2010; Korotcenkov and Cho, 2013; Burgués and Marco,
2018).

PID sensors are universal wide-spectrum devices with the detectability of inorganic
gases and VOCs with a sensitivity from 10 parts per billion (ppb) to 10,000 ppm and
a response time of a few seconds. The measurement principle consists in the number
of excited ions of ionized gas molecules based on the shining of UV light, the gas
concentration output is obtained by measuring the intensity of the ionized gas current.
They are conventionally used for toxic mapping in industrial areas (Licen et al., 2020).
PID sensors archives high detection precision, but its disadvantages are that it is
expensive and cannot map gases with high ionization energy, such as CO, CO., Os,

and SO, (Burgués and Marco, 2020).

AGSs represent a very promising amperometric detection method for measuring
inorganic gases in units of ppb and ppm (CO, SOz, NO, NO>, H>S); the sensors work
based on an electrochemical reaction monitored within electrochemical cells. Three
electrodes (working, reference, and counter) are placed in the liquid electrolyte
solution with a catalyst (Stetter and Li, 2008). The detected gas enters the sensor
through a porous membrane, which regulates the amount entering and controls
diffusion; the output signal is learned based on the flow of current between the working
and counter electrodes. This method minimizes the influence of temperature on the
measurement and correlates with the concentration of the detectable gas.
The advantage is the possibility of linear measurement of one gas concentration; the
sensor is also suitable for battery power — low consumption (<ImW). On the other
hand, sensors provide a slow response and are very sensitive to temperature changes

(Burgués and Marco, 2020; Hunter et al., 2020).

NDIR sensors are composed of an infrared lamp, a chamber, an optical filter to filter
out unwanted wavelengths that do not relate to the target gas and an infrared detector.
NDIR sensor is based on measuring the attenuation of infrared radiation in the air;
light from the source of infrared radiation passes through the light-conducting
chamber, is absorbed by the gas in the chamber, and then the remaining part falls on
the infrared detector. The measurement output is the difference between emitted and

received light by the detector. The technology works based on the physical properties
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of gases and is suitable for CO> mapping. The accuracy of NDIR depends on changes
in ambient temperature and light absorption pressure; for the most portable
measurement, you need to have stable conditions (Hodgkinson and Tatam, 2013; Dinh

et al., 2016; Martin et al., 2017).

2. High-tech optical analytic sensor

Optical analytical methods measure the physical characteristics of gases. They use the
absorption of gases during excitation by Infrared Radiation (IR) and Ultraviolet light
(UV), suitable for these analyses are gases that do not have overlapping properties with
others (CO2, CHs, O3) (Andersen et al., 2010; Popa and Udrea, 2019). Optical
analytical sensors achieve a higher detection accuracy than sensors that measure
chemical-physical properties. A miniature laser spectrometer is a suitable technique
for measuring CH4 concentrations using an unmanned aerial vehicle (UAV) (Smith et
al., 2017). For large-scale measurement (determining the cumulative concentration in
the cloud), there is a stand-off laser emitter method and detectors located at one end;
it works on the principle of emitting a beam towards the mapped objects,

and a photodiode captures the backscattered light (Yang et al., 2018).

The optical imaging of gas concentrations includes the backscatter absorption gas
imaging (BAGI) technique using thermal imaging or infrared cameras measuring the
thermal differences between the gas under investigation and its surroundings
up to approx. 10m (McRae and Kulp, 1993). For the changes on the video stream to
be noticeable, there must be a temperature difference of at least two Celsius degrees
(2 °C) and suitable climatic conditions (warm weather, no wind or weak wind, clear

sky) (Ravikumar et al., 2017; Burgués and Marco, 2020).

3. Multi-gas detector

A multi-gas detector is a device that holds several sensors in one detection unit and
provides measurements for multiple gases. The multi-gas detector is often equipped
with from 5 to 10 sensors of the type AGS, PID, NDIR, and MOX. In addition
to individual sensors, it contains the necessary electronics, charging system, and
measurement data logging within the unified detector. The sensors are inserted into the
chamber, where a fan or a pump supplies air. The detector can work independently of
another device (UAV); that is, it has its Global Navigation Satellite System (GNSS),

battery system, and data transmission, and the second type is integrated, which uses
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the mentioned components from an unmanned vehicle (such a detector has a lower

weight but does not work independently) (Carrozzo et al., 2018; Zifarelli et al., 2022).

4. Electronic nose

The electronic nose is currently the most high-tech system for detecting and analyzing
chemical data; it is composed of a hardware part, individual sensors for gas detection,
and software for analyzing and exporting measured data. The principle of the
electronic nose is based on the human sense of smell; based on several selective
sensors, the electronic nose can estimate the concentration and recognize the given
gas, just like the human nose, which can, for example, identify the "smell of the forest"
from the "smell of the city" (Gardner and Bartlett, 1999). Electronic noses cover many
areas: medicine, the food industry, security, and environmental studies (Loutfi et al.,
2015b; Wojnowski et al., 2019; Bax et al., 2020) and can bring the possibility
of a more extensive view of the given issue thanks to the collection of data by a more
significant number of sensors and faster analysis and evaluation of the given
phenomenon thanks to software that enables real-time results display. However,
electronic noses are burdened by limitations as their basic type, and depending on the
types of sensors used, some can be sensitive to temperature, humidity, and pressure
changes. Furthermore, individual sensors need to be regularly calibrated and replaced

(Romain and Nicolas, 2010).

Conventional use of chemical sensors and electronic noses is in industry and air quality
monitoring; sensors are also used in agriculture, specifically to detect pests that are
manifested by the excretion of specific chemical compounds (Fuentes et al., 2021;
Markovi¢ et al., 2021; Khorramifar et al., 2023; Alfieri et al., 2024; Wang and Chen,
2024). Evidence that it is possible to map chemical changes in forestry is research
testing the abilities of specially trained dogs. Sniffer dogs can detect infested trees up
to a distance of 150 m and are up to four times faster compared to field workers.
Especially dogs that are trained to detect semiochemicals, substances similar to the
aggregation pheromone. The sniffer dog method can help with the early detection of

infestations (Johansson et al., 2019; Vosvrdova et al., 2023).

For odor mapping it is important to take into account the life cycle of the bark beetle
and the weather, as the bark beetle is capable of flight at a minimum temperature of

16.5 °C; the optimal temperature for flight and, therefore, attack is 22 — 26 °C
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(Wermelinger, 2004). Changes in the microclimate due to reduced ability or complete
transpiration loss will not be measurable in cloudy conditions. Ground collection is a
suitable means to test the usability of chemical sensors and electronic noses; for more

extensive collection, interaction with UAVs would be more appropriate.

UAVs appear suitable for mapping more extensive study areas or inaccessible parts in
several fields such as forest inventory, health monitoring, mapping of regeneration,
etc. (Puliti et al., 2017, 2018; Slavik et al., 2020; Dainelli et al., 2021; Buchelt et al.,
2024). The choice of a suitable UAV depends on several factors: the weight of the
payload (chemical sensor), the size of the study area, the type of landscape, and the
required resolution of the outputs. Fixed wing type can map a large area very
efficiently; the limitation is a lower payload; a suitable application of chemical

mapping is, for example, the inspection of pipelines (Burgués and Marco, 2020).

There is usually limited space for maneuvering for forestry mapping; UAVs with
a vertical take-off and landing system are suitable. A multi-rotor type is often used,
where another advantage is a higher payload (it can be equipped with several sensors
or a heavy electronic nose system), which brings energy requirements and, thus, leads
to a shorter flight time. When using a multirotor for chemical mapping, it is necessary
to consider the influence of the vertical flow of air based on the movement of the rotors
(“downwash™); this phenomenon can be minimized by using a sampling tube and

sampling the air in front of the drone (Burgués and Marco, 2020; Zhan et al., 2022).

3.3.3. Remote sensing

Remote sensing is a popular method for mapping forest ecosystems and assessing their
health status nowadays, mainly focusing on natural disturbances in the latter (Kloucek
et al., 2019; Gotz et al., 2020; Honkavaara et al., 2020; Barta et al., 2021; Minafik et
al., 2021; Dalponte et al., 2022; Zakrzewska and Kope¢, 2022). According to their
distance from the earth’s surface, these devices can be classified as spaceborne
(e.g. satellites), airborne (e.g. aircraft) and close-range (e.g. UAV). And different
targets will require different devices. For example, satellite data can provide
information for larger areas and with greater temporal frequency of acquisition
(high-temporal-resolution data). But, their spatial resolution is insufficient for

individual trees early detection of bark beetle infestation and in the case of passive
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data, images are limited by cloud cover (Immitzer and Atzberger, 2014; Latifi et al.,
2018; Abdullah et al., 2019a; Huo et al., 2022). The aerial platform enables a better
spatial resolution of the images, the possibility of choosing sensors according to the
study's objectives, and data collection dates. The disadvantage is the cost of getting
high-temporal-resolution data (Barta et al., 2022; Zakrzewska and Kope¢, 2022).
The optical images obtained by the UAV platform overcome the limitation
of insufficient resolution quality; a great advantage is the time flexibility in data
collection and the choice of sensors. The limiting factor is the flight time of the UAV
given by the battery capacity (approx. 30 min/one battery) and the impossibility of
evaluating the deteriorated state of health for larger forest areas. The most frequently
used platform and sensor for biotic natural disturbance (mainly bark beetle) detection
was a combination of satellite platform and multispectral sensor in last twenty years

(Kautz et al., 2024).

The health status of forest stands can be mapped wusing changes
in the spectral reflectance by calculating vegetation indices. Based on the spectral
changes in the canopy, remote sensing methods usually divide stage of attack into three
stages according to foliage color: green-attack, red-attack, gray-attack (Wulder et al.,
2006). The first stage is described as successful colonization by the bark beetle, but
the visual appearance of the tree is unchanged; the needles are still green. The tree dies
during the second and third stages, and their spectral expression changes significantly
(from red to gray) (Barta et al., 2022). For the possible rescue and minimization of
damage due to the spread of the bark beetle to surrounding trees, it is important to
detect attacked trees in the "green-attack" phase (Fahse and Heurich, 2011; Abdullah
et al., 2019b).

The vegetation index combines several bands, usually from the visible or near-visible
spectrum, to identify degraded vegetation quality. The most widely used is the
Normalized Difference Vegetation Index (NDVI) GREEN/NIR, Piecewise index PI
B(p710 + 738-522), Greenness GI, and Normalized difference photochemical
reflectance index (PRI) are also used to evaluate the state of health in connection with
bark beetle infestation (Gitelson and Merzlyak, 1997; Zarco-Tejada et al., 2001; Le
Maire et al., 2004; Zhang et al., 2018; Barta et al., 2022). In the case of a bark beetle
attack, methods working with changes in the spectral reflectance of the canopy cannot

detect early attack because changes in the canopy occur in only 40% of attacked
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individuals, and the first changes after infestation are only visible after 6-10 weeks
(Kautz et al., 2023; Bozzini et al., 2024). However, methods based on changes in the
spectral reflectance of objects are suitable for identifying dead trees to evaluate the
extent of calamity and for a safety evaluation of the fall of dead trees in the tourist

area, for example (Matejcikova et al., 2024).

Satellite data is also used for mapping non-biotic natural disturbances, mainly
determining the extent and burn severity of fires (Hantson et al., 2013; Parks et al.,
2014; Teodoro and Amaral, 2019). Vegetation indices are conventionally used to
determine changes in the state of health, the differenced normalized burn ratio is used
to compare the phases before and after the fire and identify biomass loss (Mathews
and Kinoshita, 2020). The Sentinel-5 Precursor satellite was launched with the
European Space Agency's TROPOMI (TROPOspheric Monitoring Instrument) sensor
to map climate change and emissions (Schneising et al., 2019). This satellite has
channels in ultraviolet-visible (270-500 nm), near-infrared (675-775 nm), and
shortwave infrared (SWIR) (2305-2385 nm) and is focused on air quality mapping
through several products: methane, carbon monoxide, sulfur dioxide, nitrogen dioxide,
formaldehyde, and UV Aerosol Index (Veetkind et al., 2012). Data products are used
for mapping mainly fires, changes in environment and air pollution (Schneising et al.,

2019; Ghasempour et al., 2021; Xulu et al., 2021).
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Chapter 4

Materials and methods

This chapter describes the study areas, the sensors used, the data collection
methodology, and subsequent data processing and analysis. Considering the novelty
of the topic and the focus on technology verification, this section will describe the
procedures within the research part. The presented methodologies were tested mainly
on the territory of Czechia, but the methods are potentially applicable anywhere. In the
case of applying the presented methodology in a different climate, it would be
necessary to recalibrate the models for local conditions. However, based on the results
obtained, we already know and can predict which variables will be significant for

specific phenomena.

The material used, data collection, and analysis were based on long-term testing, the
search for new approaches, and getting knowledge from other research areas. For
example, using electronic noses in industry and monitoring forest fires in Australia.
Research attempts often failed, data were lost during collection, or the analyses did not
yield meaningful results. At the time of writing this thesis and related scientific articles,
there were only a few studies on similar topics. The author of this thesis approached

the solution with the utmost integrity.

4.1.Study area

The study areas included forest stands affected by biotic, abiotic natural disturbances
and subsequent processes. The study area of non-biotic research is the Bohemian
Switzerland National Park on the border with Germany, which falling into the
protective forest category. It is where the largest fire in the modern history of Czechia
was recorded and the most affected place regarding abiotic disturbance. Biotic
disturbances occur more often in Czechia, and therefore, the selection of sites for
testing the methodology was more comprehensive; the study areas were selected based
on several criteria: the study area was mainly formed by commercial forests or Forests
with aiming forestry research and forestry education, where monoculture of Norway

spruce [Picea abies (L.) Karst] was the most common system. Study area represented
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a mature spruce stand that was heavily attacked by Ips typographus in the early phase
(within 1-2 weeks of age). Surroundings of the infested part of the forest belonged
to healthy forest conditions as a requirement for possible comparison of sensor
reactions. The stress of forest stands due to bark beetle infestation was also mapped in
the Harz National Park (the eastern part of Sachsen-Anhalt in Germany) and in the Ore
Mountains, where coniferous trees were stressed due to drought and bark beetle
infestation. Subsequent processes (mapping the natural regeneration process) were
tested on clearing areas due to salvage cutting. The plots were 0.74 ha -1.32 ha in size,
dominated by Norway spruce. Bark beetles attacked the forest, which was harvested
at the beginning of 2021. The areas were monitored for natural development without

manual planting.

4.2.Materials

Several materials were used for stress mapping in forest stands, as specified below,
along with their selection justification. These were conventional chemical methods,

electronic noses, the TROPOMI sensor, and unmanned aerial vehicles.

Conventional analytical chemical methods such as Solid-Phase Microextraction
(PDMS/CAR/DVB, Supelco, PA, USA) and sampling sorbent cartridges HayeSep-Q®
(30 mg, Sigma-Aldrich, St. Louis, MO, USA) were used to accurately verify chemical
compounds and their amounts. The used sampling cartridges were commercially
produced 6 x 70 mm glass tube cartridges with 80-100 grit Tenax TA and 20-40 grit
Anasorb CSC sorbent material. The sampling cartridges are of the passive type and
must be used with a sampling pump (Pocket Pump Touch series 220 — 100, SKC
company). These methods enable an exact determination of the substances in the
sample, including their quantity. The sampling and processing method by gas
chromatography is time-consuming and it is not possible to create an extensive
measurement point network, it is a suitable method for validating the measurement

and verifying whether the investigated stress substances are present in the stand.

Electronic noses were used for a more extensive collection and faster analysis of the
measured samples, and the main goal was to verify their applicability for early stress
identification in forest ecosystems. Three electronic noses are commercially available;

one was specifically built in close cooperation with the Czech Technical University
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in Prague for environmental applications. As part of the thesis, the following electronic

noses were tested:

1) Sniffer 4D V2 sensor ©2022 SZ Soarability Technologies Co., Ltd.: Shenzhen,
China (“Sniffer4D”)

Electronic nose Sniffer (Figure 2) is a commercial electronic nose used for a wide
range of mapping applications; it is a complex system consisting of multi-gas hardware
and analysis software. The electronic nose can be used for ground measurements and
interaction with DJI drones for more extensive mapping analyses. The Sniffer
comprises a 1 GHz ARM processing chip with a memory capacity of 512 MB.
The essential equipment of the sensor includes units for measuring temperature in the
range of —40 - 85 °C with a resolution of 0.1 °C, humidity in the range of 0 — 100%
with a resolution of 0.1%, and pressure in the range of 30 kPa - 110 kPa with
a resolution of 0.01 kPa. It is also possible to equip the variable electronic nose with
chemical sensors VOCs, SOz, CO, O3z + NO2, PM10, PM2s, PMjo, CxHy, H>S, and
HCL.

Figure 2. Electronic nose Sniffer as a payload on the DJI Matrice 600 Pro drone with 1 m long Teflon tube for data
collection (Hiittnerova et al., 2023).

2) Miniature Bosch sensor device © Bosch Sensortec GmbH 2023 (“Bosch™)

The Bosch BME688 sensor with built-in Al (Figure 3) is a very miniature device
suitable for environmental mapping applications. It can measure volatile organic

compounds, volatile sulfur compounds, hydrogen, carbon monoxide, and other similar
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gases. For environmental applications, the microclimate is a very desirable indicator.
The Bosch sensor includes a temperature sensor in the range of -40 - 85°C (sensitivity
+1°C), a humidity sensor measuring in the range of 0 - 100% with an accuracy of £3%,
a sensor pressure measurement in the range 300 — 1 100 hPa (sensitivity +1 hPa)
and also a chemical unit of the Metal-Oxide Semiconductor type (the exact sensitivity

is not given by the manufacturer, but the sensor can map VOCs in tens ppb).

Figure 3. On the left side is Handheld VOCs Detector Tiger (is described below in section 4) Handheld VOC
Detector Tiger), in the upper right in the red rectangle is Miniature Bosch sensor device (Hiittnerova and Surovy,
2024).

3) Sensory device for environmental applications (“SDEA”)

SDEA was constructed based on close cooperation with Associate Professor Jirovsky
from the Czech Technical University in Prague as an output of a University Grant
Competition, where the author of this thesis was the principal researcher. The SDEA
is designed as a mobile accumulator-powered unit and consists of two main
components: 1) a source battery unit located in the lower part of the carrier and
2) a sensor unit located approximately 60 cm from the operator's head on the support

rod (Figure 4).
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a) Hardware part — sensor unit b) Sensor unit placed on the backpack carrier
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Figure 4. Comprehensive overview of the Sensory device for environmental applications: (a) sensor unit assembly
consisting of the ventilator, control unitholder, dust filter, and sensor board; B) the main sensory part is located 60
cm above the operator's head; (C) software part: layout of data on the notepad screen. The notepad screen is
divided into four parts: an informative part at the top left (three items marked with status—source, measurement,
and Global Navigation Satellite System), measured values at the top of the screen + fan speed, a part containing
eight graphs for estimated quantities, and a status line at the bottom of the screen (Hiittnerova and Surovy, 2024).

Both components (source battery and sensor unit) are connected to each other
by a cable that enables the charging of the electronic nose and the communication
of the individual parts. The central part of the source battery unit is the accumulator,
followed by circuits for charging and circuits for monitoring the status of the
accumulator. The entire sensor unit is under a protective removable cover, and the
tunnel is made of an aluminum profile. Air enters the sensor unit through a dust filter
and is extracted by a fan on the opposite side of the aluminum profile. Inside, there are
individual sensor units and electronics on the sensor board (Table 2). The temperature,

humidity, and pressure sensors are opposite the control unit holder.

Tab 2. The sensor unit includes several cross-sensitive chemical sensors (Hiittnerova and Surovy, 2024).

Type of sensor Range Sensitivity

NO2 MOX 20 ppm in the order of ppb
H>S MOX 400 ppm in the order of ppb
VOC PID 40 ppm in the order of ppb
NO MOX 20 ppm in the order of ppb
SO, MOX 50 ppm in the order of ppb
CO MOX 500 ppm in the order of ppb
CO2 NDIR/thermopile | 5,000 ppm 1 ppm

O3 MOX 20 ppm in the order of ppb
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The entire sensor unit is controlled using a Raspberry microcomputer, which manages
the work of individual sensor units, switches some sensors on and off to save battery,
and controls time delays between individual records for others. The Raspberry
microcomputer converts analog values from individual sensors into numerical values,
which, based on specified conversion coefficients, convert into data in measurable
units (ppb or ppm). The classic notepad communicates with the Raspberry
microcomputer via Bluetooth and controls the sensor units, display, and storage
of measured values. Information about individual processes is displayed in the upper
left part of the informative section. If it is switched off or the actual measurement
is not started, the communication via Bluetooth is not switched on either, and the status
is displayed in red - it is impossible to measure and save values. As soon as
communication via Bluetooth is established, the status wheel changes to green, and the
measurement can be started. The measurement record includes location information,
and the correct GNSS function is indicated separately. The upper part displays data on
the temperature, humidity, pressure, and temperature states of individual measuring
modules. The indicators on the right side are the battery status and an editable item for
the set-up airflow through the sensor part. There is one more green button on the
display, which can be used to switch between three states: from the measurement status
off is the stage Measurement initialization, from the measurement initialization state
is the stage Turn on the measurement, from the measurement status on is the Turn off

the measurement.

The control unit processes the measured outputs in the following format:

<Date and Time>; <GNSS: number of satellites>; <GNSS: accuracy [m]>; <Latitude
[°]>; <Longitude [°]>; <Fan speed [%]>; <NO2 [ppb]>; <H:S [ppb]>; <VOC [ppb]>;
<NO [ppb]>; <SO2 [ppb]>; <CO [ppb]>; <CO: [ppb]>; <O3 [ppb]>; <Temperature of
module 1 [°]>; <Temperature of module 2 [°]>; <Battery status [%]>; <Outside
temperature [°]>; <Pressure [hPa]>; <Relative Humidity [%]>.

4) Handheld VOC Detector Tiger © 2024 Ion Science UK. Ion Science is registered

trademark on Ion Science Ltd. (“Tiger”)

The Handheld Tiger sensor aims to detect volatile organic compounds; the sensor unit
is photoionization technology (PID) type, ranges from 0-20,000 ppm with a sensitivity
of 1 ppb (achieved during isobutylene calibrations at 20 °C) and can quickly display

the measured concentration in about two seconds. The Handheld Tiger sensor
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has a library of approximately 750 volatile organic substances. Before starting data
collection, the user selects a chemical substance of interest from the library. Then,
it can be measured at a maximum of one concentration of selected VOCs at a time.
The data is displayed in real-time on the device's display and saved in text format for
subsequent data processing. Tiger is without a GNSS unit and temperature-humidity-

pressure unit.

As part of the electronic nose tests, a field worker was chosen as the carrier for ground
level and data collection above the forest canopy; it was the multi-copter DJI Matric
600 Pro (©2022 SZ DJI Technology Co., Ltd.: Shenzhen, China) due to its higher
carrying capacity and the possibility of interactive payload suspension. The multirotor
DJI Phantom 4 Pro (©2022 SZ DJI Technology Co., Ltd., Shenzhen, China) was used
to monitor subsequent processes, i.e., mapping the restoration of forests, which are
inherently linked to consequences of natural disturbances like salvage cutting. The DJI
Phantom 4 Pro has a built-in 20-megapixel RGB camera. Electronic noses were used
for early detection of stress due to biotic disturbance. For non-biotic natural
disturbance (forest fire) were used Sentinel-5 Precursor satellite data. Because during
the fires, it was not possible to visit the affected area, thus it was impossible to collect

data in situ using drones or electronic noses.

Sentinel-5 satellite has a TROPOspheric Monitoring Instrument sensor (TROPOMI)
and provides daily air quality monitoring and climate mapping. It was launched
in October 2017 as part of the EU Copernicus program for sun-synchronous polar
orbiting. It is a nadir-viewing spectrometer measuring the ultraviolet, visible,
near-infrared, and shortwave infrared wavelengths. The first dataset was published
in June 2018, and currently, all datasets are freely available. Sentinel-5 provides data
products on Aerosol Index, Aerosol Layer Height, Carbon Monoxide, Cloud
Properties, Formaldehyde, Methane, Nitrogen Dioxide, Ozone Profile, Ozone Total

Column, and Sulfur Dioxide.

4.3.Laboratory tests

Before the field investigation, the methods were verified in laboratory conditions using
conventional chemical methods. The primary goal of the laboratory testing was to
determine the mixture and amount of volatile organic substances secreted by spruce

trees, as well as the aggregation pheromone produced by bark beetles for
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communication and test the sampling conventional chemical methods for open space
collection. For laboratory tests, artificial evaporators were made of 1) volatile organic
compounds, simulating the exhalation of stressed spruce trees spruces, most often
caused by bark beetle calamity, and 2) substances (aggregation pheromone) exhaled
by bark beetles that they used for communication (2-methyl-3-buten-2-ol).
Their formation (composition, size, evaporation) was based on Ghimire et al. (2016).
The evaporators were first subjected to a gravimetric analysis where each type of

evaporator was weighed for two weeks to determine the actual evaporation.

Next, conventional chemical methods were optimized for collecting data in open space
and determining the spread of a cloud of chemical substances under set measurable
abiotic conditions in an Ecophysiological laboratory, wind tunnel, and glass bell by
using SPME fibres and sampling sorbent cartridges. Conventional analytic chemical
methods do not offer the possibility of online display of results in real-time during
measurement. Conventional chemical methods were analyzed by Gas
Chromatography-Flame Ionization Detection (GC-FID) Agilent 8890 (Agilent, CA,
USA) and the results displayed on the chromatograph. According to the standards,
specific substances identifying stress in the forest were specified. The gas
chromatography process consists of dividing the components between the mobile
phase and the stationary phase. The mobile phase is the carrier gas, and the stationary
phase is located in the chromatographic column, the separation principle works so that

the stationary phase passes through the carrier gas through the column.

First, the sample is introduced into the injection column and evaporates there, then it
is carried in the form of vapors by the carrier gas into the column. The components of
the given sample are sorbed at the beginning of the column and then desorbed by the
newly arriving carrier gas. The sample components pass through the column at their
specific speed, as given by the distribution constant. The carrier gas brings the uniform
components to the column and the separation process is constantly repeated, in the
final phase the substances leave the columns in order of increasing values of the
distribution constants and enter the detector, where the immediate concentration of the

separated substances is determined.

The output of the sample analysis based on the principle of gas chromatography

is a graphic record expressing the dependence of the recorded signal of the detector on
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time (chromatograph, Figure 5). Identifying the substances displayed
on the chromatograph is based on the agreement of the investigated unknown

substance and the standard, measured under the same experimental conditions (Krofta,

n.d.).

sample peak

Detector Response

peak area

peak height

baseline
sample rt peak width

Retention time

Figure 5. A simplified demonstration of the chromatograph, where components of the sample are divided and
displayed in peaks, based on the position of the peak (retention time), the given compound can be identified, and
the area of the peak (and its height) is proportional to the amount of the substance in the given sample. Gas
chromatography assumes that peaks have the shape of a Gaussian distribution, and each of them is described by
three indicators: retention time, peak height, and peak width.

Laboratory tests made it possible to find a suitable method for the subsequent data
collection in the field and, therefore, to verify whether these specific stress-identifying
substances are located near the attacked trees during field collection. At the same time,
the response of electronic noses in the laboratory to artificially created vaporizers was

verified.

4.4.Field data collection

The field collection technique was developed according to the type of disturbance.
In the case of biotic disturbances, they could be observed at several locations and
access was not restricted. Therefore, a more extensive survey could take place here,
and several techniques could be tested. Abiotic disturbances are less frequent in
Czechia, to the point that only one large-scale forest fire has been recorded in modern

history. In addition, while mapping during a fire is very limited, it is an important part
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of non-optical monitoring due to large-scale emissions. All this made necessary to use
satellite images to monitor the abiotic disturbances considered in this thesis. Further
in the thesis, field non-optical data collection is described based on the division into

biotic disturbance, abiotic disturbance, and related subsequent processes.

4.4.1. Biotic disturbances

At each measurement, the condition of every single tree in the study area was carefully
examined. A first control of the infestation was carried out by conducting a field
survey, focusing on the boring dust on the trunk, resin flows, and the first bark beetle
entrance holes. The second control method was the collection of UAV data with an
RGB camera for a possible visual assessment of the condition of the canopy. The flight
plan was prepared in the DJI Ground Station Pro application (©2022 SZ DIJI
Technology Co., Ltd.: Shenzhen, China) with a Front Overlap Ratio and Side Overlap
Ration: 85% at a height of 80 m.

The presence of specific chemical substances indicators of stress in the forest was
verified using conventional chemical methods SPME fibers and cartridges with
HayeSep-Q® sorbent. A heavily infected early-stage spruce was selected in the test
area, around which a special structure was attached as holders for SPME fibers and
cartridges. The data collection schema (Figure 6) around the tree was set to three
heights (130 cm, 260 cm, and 400 cm) and in four directions according to the cardinal
(north, south, west, east) and in two distances from tree (5 cm, 100 cm). The structure
prepared in this way served as safe sampling and ensured the possibility of comparing
concentrations according to the sampling position. Data collection on SPME fibers and

cartridges lasted 60 min each time, all samples were transported in dry ice.
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Figure 6. A data collection scheme was used for alpha-pinene sampling using conventional chemical methods near
a spruce tree infested by the bark beetle, focusing on comparing sampling heights, distances from the tree, and
orientation (Stribrska et al., 2023).

Before the odor mapping, the electronic noses were stabilized to the ambient
temperature, humidity, and pressure, and the actual measurement started after 30
minutes. During each measurement, temperature and humidity were monitored on-site.
External data loggers were used if the electronic sensor was not equipped with these
sensor units. In addition to information about the microclimate, it was necessary
to obtain positional data, data flight logs from the drone were used to determine the
measurement position in the case of data collection above the canopy. In the case of
ground collection, information on positions was obtained from electronic noses with a
GNSS; the Sniffer electronic nose has a satellite positioning module that supports the
Global Positioning System, BeiDou Navigation Satellite System, and GLObalnaya
NAvigatsionnaya Sputnikovaya Sistema. The SDEA electronic nose has a GNSS unit
as part of the notebook, and for each measured record, it gives information about the
number of satellites and the average accuracy; in the framework of the own
measurements under the forest canopy, the average number of satellites was 13 with
an average accuracy of 5.28 m. The Tiger detector and neither Bosch contain a GNSS
module; the positional information was derived from the SDEA electronic nose during

simultaneous acquisition based on synchronization according to time stamp.

Data collection using electronic noses was carried out in two different ways:
1) A figure-eight trajectory was used to verify the ability of electronic noses to detect
changes due to stress in forest ecosystems. Data collection was carried out by an
operator at ground level. The operator walked through the infested part of the forest to
a part of the healthy forest, where the operator turned in a semi-circle and returned

through the infested part. This procedure was repeated several times during the day to
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allow for statistical evaluation of the reactions of the electronic noses to the presumed
non-optical changes in the infested forest (Figure 7)

0.5

(w) 2pmANY

= Trajectory
* Healthy trees
Infested trees

Figure 7. The trajectory for ground data collection by an electronic nose for verification of detection capability.

2) the trajectory was maintained in the so-called zig zag pattern in order to maintain
the largest possible gaps between individual measurements and the air was as little

disturbed as possible by the drone's flight or the walking of the operator (Figure 8).
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Figure 8. The trajectory used for data collection by the electronic nose to verify sensor response in different heights:
ground collection and UAV collection above the forest canopy.

4.4.2. Abiotic disturbances

For abiotic disturbance (forest fire), a satellite platform Sentinel 5P was used with data
product COPERNICUS/S5P/OFFL/. The data was obtained through the Google Earth
Engine portal as a georeferenced raster format (GeoTIFF type) (Gorelick et al., 2017).
To verify satellite non-optical technology and the possibility of mathematical modeling
a useful time series of the emissions spread, the following periods were chosen: 1) ten
periods before the fire were monitored from 3.6. 2022 to 22.7. 2022, 2) seven periods

during the fire from 23.7. 2022 to 12.8. 2022, and 3) ten periods after the end of the
fire from 13.8. 2022 to 1.10. 2022.

Two satellite analyses were performed in the thesis. The first focused on evaluating
changes in individual buffer areas from the fire epicenter (1-30 km with kilometer
intervals). The goal was to find the maximum distance where the difference in
emissions caused by the fire was still evident. We also used this analysis (changepoint
package R) to evaluate all Sentinel 5 data products that could record increased
emissions (NO;, SO, CO, HCHO, CH4, and UV Aerosol Index). In the second
analysis, a multidimensional raster was created that connects individual raster images

of the same area (national park). Next, we created a space-time cube to visualize and
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analyze spatiotemporal emissions data. To evaluate the size of the affected area and
the duration of the emission cloud, the Change Point Detection function (Figure 9)
was used, which divides the time series into individual segments according to changes

in statistical properties (Mean shift, Standard deviation, Slope, and Count).
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Figure 9. A simplified blue line chart shows change point detection methods using mean shift, standard deviation,
slope, and count. Vertical orange lines present the change points. (ArcGIS Pro 3.4., 2024).

4.4.3. Subsequent processes

Clearing areas were created due to a bark beetle infestation in beginning of 2021. To
minimize the edge effect, a special sub-plot was made in center of each plot to monitor
the impact of ungulate browsing and the effect of different types of soil preparations
on natural regeneration. The subplot is divided into two equal parts with a free strip
marked as "D" of width two meters: the unfenced part is marked "A," "B," and "C,"
and the fenced part is marked "E," "F," and "G". Furthermore, parts "A" and "E" were
prepared by clearing the branches, and the soil was prepared with single-disk soil
cutters; from parts "B" and "F," only large branches were removed, and no mechanical
or manual soil treatment was applied, parts "C" and "G" were cleared of branches and
the soil prepared with a plow (Figure 10). The surrounding area was cleared of

branches without special soil preparation.
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Figure 10. Scheme of preparation of the sub-area with individual parts marked on the orthophoto from A) spring
2021, B) spring 2022 (Hiittnerova et al., 2024).

The methodology for evaluating the suitability of areas for natural regeneration aims
at effectively obtaining data, which is why the DJI Phantom 4 Pro multicopter with an
RGB camera was chosen (good maneuverability, lower acquisition costs, fast data
processing using the photogrammetric method). Data was acquired according to a pre-
created mission in the DJI Ground Station application (©2022 SZ DJI Technology Co.,

Ltd.: Shenzhen, China) for each plot in two resolution details:

1) Capturing information (Hover and Capture Mode) about microrelief in very high
resolution 0.4 cm/pix with the following parameters of flight mission: Height above
the ground: 15 m, Front Overlap Ratio and Side Overlap Ratio: 85 %, and Flight
Speed: 5 m/s.

2) Capturing (without hovering mode) information about plots and their surroundings
with the following parameters of flight mission: Height above the ground: 110 m, Front

Overlap Ratio and Side Overlap Ratio: 85 %, and Flight Speed: 8.8 m/s.
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Chapter 5

Results

The detailed research results are presented in individual articles; in this part, the most
important findings are summarized, and the research questions of the thesis are
answered. The main goal of the thesis was to verify the cutting-edge technologies for
stress mapping in forest ecosystems. As part of the research, several sensors and data
processing techniques were verified. The study itself was experimental, and the field
of non-optical remote sensing is new in forestry. Bark infestation, forest fire, and
mortality stress resulting from natural forest regeneration were mapped. The tested
methods proved very promising for early stress detection. Electronic noses were able
to map early bark beetle infestations during ground data collection. Close-range data
collection with UAVs has not yet demonstrated the ability to detect changes above the
tree canopy, but they were verified for mapping mortality stress in terms of modelling
relief variables. With satellite data from the TROPOMI sensor, we were able to map

the spread of emissions from forest fires.

The first article deals with conventional chemical methods and their possible use in
open space for three-dimensional (3D) mapping of chemical substances. The second
article focuses on the early detection (within one week of the first attack) of bark beetle
infestation using electronic noses. The third article focuses on mapping chemical
changes in an attacked forest and compares ground collection with UAV collection.
The fourth article validates a satellite TROPOMI sensor for mapping the emission of
carbon monoxide. The fifth article deals with the analysis of microrelief after a natural

disturbance and maps subsequent regeneration processes based on spatial analysis.
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Summary of the article

An article focusing on findings from conventional chemical methods and their
application for measurements in open space. This publication was preceded by
extensive laboratory tests during which artificial evaporators were created to simulate
volatile organic substances and bark beetle pheromones. Then, we collected data in the
field to map the 3D alpha-pinene cloud around the infected spruce. The presented
methodology provides the possibility to determine the increased amount of alpha-
pinene in the field, which is the primary substance secreted by spruce trees in the event
of stress in several times higher concentrations than during rest. The method is limited
to a smaller number of samplings due to the time-consuming nature of sampling and
subsequent analysis of the samples by analytical chemistry. Therefore, this
methodology is a suitable validation method for electronic nose mapping, which can
provide measurements with a very high temporal resolution and bring the possibility

of effective mapping of entire forest stands.
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Abstract: The Eurasian Spruce Bark Beetle (Ips typographus) (L. 1758) (Coleoptera: Scolytinae) poses
a significant threat to Turasia’s Norway spruce (Picea abies) (L.) Karst, forests. Tarly 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 «-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 ata 1 m distance from the infested stem in the second. We generated a three-dimensional
cloud depicting the distribution of x-pinene around infested trees in their natural habitat. These
findings open avenues for detecting bark beetles on a large scale by mapping clevated 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; s-pinene; Picea abies; SPME; Eurasian Spruce
Bark Beetle

1. Introduction

The Eurasian Spruce Bark Beetle Ips typographus (1.. 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 approximatcly
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 carly 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]. Ilowever, 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, f-pinene, A-carene,
limonene, f-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.

R s Technical Parameters
Tree Species/ Sampling < 3 7 Time of Analytical
Stress Occasions Specigalion Compound (Unit) (Sorbent; Amount; Sorption Method Source
Flow Rate)
Stem (not specify) andivddual Tenax TA, (35/60)
Dicon ol 5m above the ground; e in;e 30 min GC-MS [38]
Intnck:orest stainless steel TD 307 iP 0.25 ppbv 200 mg; 200 mL/min
tubes % i
T Individual Tenax-TA a
monoterpenes Carbopack-B, (60/80)
Picea abie: 1.3 m above the s B &
attacked h.se/es ound; surrounded s ;};menﬁq _— 100/100 mg; 60 min GC-MS [28]
PET (zsCl % 38 cm) < ba-rk:ia 200 mL /min
encloser
Individual
Stem monoterpenes Porapak Q
0.5t0 1.5 m amthe
Picea engelmannii/ ground; the by - . 7 s
attacKed trees dynamic sampling 85 i g‘;‘i‘:kl 110 mg; 400 mL/min 120 it GEME 9
<1 cm from stem - )
(sorbent trap)
Verbenone (ng/3 h):
Picea abies/ Stem3 h a-pinene (ug/3 h) Porapak Q, (80/100)
attacked trees on 1-2 m above the 180 min GC-MS [40]
forest edge grou;il; satruu'iﬁ’:ized T 0.6 (ng/3 h): (ug/3h) 70 mg; 20 mL/min
as tube
Branch Individual VOCs HayeSep-Q
Pseudotsuga menziesii/ 1.5m above the a-pinene i A 41
attacked trees ground; Teflonbag 8139 + 48229 ngh~' g~! 30 mg; 500 mL/min 30min COMS o
(50 x 75 cm) fresh weight
Total monoterpenes
Bratidk prsipetnd Tenax TA, (60/80) and
(ugC gdw—" h-1) Carbotrap, (20/40)
Pinus rigida and Pinus Pirus rigida 15-60'min GC-MS [42]
koratensis/intact forest 255 g ) GC-FID
20 L Tedlar ba 09 pgC gdw " h~1 Pi- 200 mig;
8 nus koraiensts 100-200 mL./min
0.4 ugCgdw 1 h?
Bratichi dividual Tenax TA, (60/80) and
monoterpenes Carbotrap, (20/40)
Pinus sylvestris/ nopy height; (FEP) ¥ pinens GCMS
inus sylvestris, canopy s 2 i 2 43
intact forest copolymer foil (50 um 91(7:&51% - li\nenge 50-100 mg; 100 mL/min = YEEE e
thickness) mounted in ip 1 l;_l 24 8
cylindrical frames 7 %]3]8 3 8
Branch Acstone an_la -p_ixl'lene Tenax TA
(ng gdw™'h™)
d]lf Lball—Tefzitm : )
i 5 a-pinene
Pinus sylvestris and IEEmAc 0 T | : GC-MS ;
Bicea klies/ it cx forese OVOSEHI;?]EJIESEE: = Mo?ort\egrggr:: engssion 200 mg; 100 mL/min e GEHE o
endosing a20-30 cm 900 4 640 ng Cgdw 1 h~!
branch segment
Individual VOCs Tenax TA and
" S‘l‘j"‘ " (ugm—=h - Carbograph 1TD
Picea abie .3m above the ) .
attacked u-i/es ground; tree trunk &-pinene 200 L. /mi 30 min GC-MS [27]
chamber connected 91114 ugm~2 ht At
with PTFE tubing
Stem Individual
Picea abies/stress from monoterpenes SPME 60 min (from p
sun irradiation 22 ué?lrlove_ﬂ\e sum of eight main MT 1to2p.m.) M 07
EIOHIE UM 8.51ogl0 VOC
chamber -
Stem Individual
i ; SPME i
Picea abies/attacked Tonostpenes 60min (from - g 8
trees gﬁ)m ;";’l"v?d‘& #-pinene 91;5 logyg sum 1to2p.m.) 8]
o s chamber peak area
erosa : Individual VOCs 300 min ”
forest/ conifer forest; opemate 894 abundance relative SPME (from 10 a.m. GC-MS [45]
6 different plots to hexanal (%) t0 3 pm.)
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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, .2, 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 Picen
abies. (a) The collection of x-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 x-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 (lable 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
Kostelee 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 em, and 900 cm away from the tree) (Figure 3). The
row of collection chambers was oriented in four cardinal directions: north (N), cast (L),
south (5), and west (W) (see Figures 24 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 Stibma 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.
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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 1.3 (400 cm). They were placed at two distances from the tree (5 cm and 100 em) 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-IID, 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, Llighty 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 Ionization
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 SPMIE and cartridge analyses were carried out via Gas Chromatography-Ilame
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~L. 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 maode.

2.4. Determination of Relative Quantities of a-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 (a-pinene, Sigma-Aldrich, St. Louis,
MO, USA).

The abundance of «-pinene collected via SPME fiber was determined by measuring
the peak arca of a-pinene divided by the sum of arcas of the peaks of the five main
monoterpenes chosen (a-pinene, p-pinene, A-carene, limonene, camphene, and myrcene,
1.8 cincole) comparing it across individual samples. The quantification of a-pinenc in
the cartridge extracts was based on a calibration curve (Figure S2) constructed using the
commercial standard of &-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 pg/mL, means g/ (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).
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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 (L.1—20 cm; L2—60 cm; L3—100 cm).
Small red squares—Means; green boxes—Means =+ SE; Whiskers—Means 4-1.96*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. a-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 at a 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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Figure 6. First field detection of x-pinene distribution around Ips fypographus-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); () 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 am; 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 4 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 a-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

240cm -+

130cm

Scm 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).

a-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 ¢-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 em; 900 cm); (b) abundance of a-pinene collected by SPME at different height levels from ground
(130 cm; 260 ¢cm; 400 cm); (¢) 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 Ha yeSep—Q(E cartridges
at different distances from stem (5 cm; 100 cm; 900 ¢m); (e) abundance of a-pinene collected by
HalyeSep—Q® cartridges at different height levels from ground (130 cm; 260 ¢m), 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.
lLowercase 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 17 = 12).
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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 x-pinene. The numbers in circles are
relative peak arcas of «-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 49 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 a-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/£15010010/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
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Summary of the article

In addition to the chemical changes present during biotic disturbance, it is possible to
measure other non-optical manifestations. These changes relate to tree transpiration,
each healthy coniferous tree transpires approximately 200-300 liters of water per day.
In the case of bark beetle damage, the ability to transpire is reduced or completely
suspended. Changes in transpiration will be reflected in the local microclimate. This
article comprehensively maps non-optical changes, including chemical manifestations
and microclimate changes. We verified three electronic noses in the attacked spruce
stand for early detection. To verify the ability of electronic noses to distinguish
between an infested and a healthy forest, the ground collection was used in a total of
six repetitions in the same trajectory. A very high ability to identify infestation was
demonstrated for the two tested electronic noses. The Miniature Bosch sensor device
achieved an accuracy of 95%, and Sensory device for environmental applications had
an accuracy of 89%. The most significant influence on the model had variables related

to the changes in the local microclimate.
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Bark beetle detection method
using electronic nose sensors. A
possible improvement of early
forest disturbance detection?

Tereza Huttnerova* and Peter Surovy

E

Forest ecosystems are long-term exposed to dry periods in Europe, which
leads to a significant loss of vitality and higher mortality, especially in coniferous
forests. Identifying stress in the early stages when measures can be taken to
protect the forest and living trees is crucial. Current detection methods are
based on field surveys by forest workers or remote sensing methods to cover
larger areas, which use changes in spectral reflectance of the forest canopy. In
some cases, the attacked trees do not change their appearance, and based on
calculations of vegetation indices from remote sensing data, the attack cannot
be mapped. We present an innovative methodology based on non-optical
analysis, namely identifying a group of volatile compounds and microclimate
signs in forest stands that indicate stress factors in forest stands. An attacked
tree by a bark beetle produces increased amounts of biogenic volatile organic
compounds associated with defense, and the microclimate changes due to
interrupted transpiration. In addition, the bark beetle uses the aggregation
pheromone to attract more individuals and to attack the tree massively. In
this study, we tested three electronic noses (Miniature Bosch sensor device
with 25419 samples, Sensory device for environmental applications with 193
samples, Handheld VOC Detector Tiger with 170 samples) in a freshly infested
spruce stand. The measurement was conducted at ground level with the
help of a human operator and was repeated six times to verify the detection
capability of the electronic noses. To verify the capability of electronic noses to
predict tree infestation, we used machine learning Random Forest. The results
demonstrated that electronic noses can detect bark beetle infestation start
(within 1 week of the first attack). The Miniature Bosch sensor device achieved
the highest accuracy with a value of 95%, in distinguishing forest sections that
are healthy and infested; the second most accurate electronic nose is the
Sensory device for environmental applications, with an accuracy of 89%. Our
proposed methodology could be used to detect bark beetle presence.

KEYWORDS

electronic noses, forest disturbances, odor mapping, stress detection, bark beetle,
early detection

1 Introduction

Coniferous forest stands have been grappling with intense stress recently, including fires,
drought, windstorms, and insect pests. The leading causes of damage are biotic disturbances,
especially insect infestation. The resistance of the forest stand to stress is directly related to its
vitality and the level of insect attack. Among the most significant pests are insects that feed on
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the bast fibers of living trees, such as the Eurasian spruce bark beetle
(Ips typographus (L.)) (Hais et al., 2016; Fernandez-Carrillo et al.,
20205 Barta et al, 2021). The emergence of bark beetles is often
associated with increased temperature and drought, and the intensity
of infestation depends on the complex interaction between the bark
beetle, climatic conditions, forest conditions, and extreme natural
events such as storms and fires (Schelhaas et al.,

2003; Jénsson et al.,

2012; Marini et al.,, 2017; Hlasny et al., 2019; Patacca et al., 2023;
Netherer et al., 2024).

Stressed trees under bark beetle attack secrete several times more
biogenic volatile organic substances (mostly «-pinene, camphene,
myrcene) than under resting conditions (Chimire et al., 20165 Jaakkala

et al., 2022; Hakola et al., 2023; Lehmanski et al., 2023; Netherer et al.,
2024). In the event of an attack by the Eurasian spruce bark beetle, as
part of the chemical communication between these individuals, an
aggregation pheromone is secreted, composed of 2-methyl-3-buten-
2-ol and cis-verbenol (Birgersson et al., 1984; Netherer et al, 2021;
Moliterno et al.. 2023). In addition to chemical changes, tree damage
by bark beetles brings other non-optical symptoms, such as a change
in the microclimate. Forest understories locally influence the
microclimate, and compared to open areas, provide lower average
temperatures and higher air humidity (Geiger et al., 1995 Morecroft
et al., 1998; Aussenac, 2000; Kadpar et al,, 2021). A healthy tree has
transpiration 200-300 liters of water per day; in case of damage, the
ability to transpire is impaired or completely stopped. In the case of
reduced transpiration capacity of damaged trees, the temperature
buffering decreases, and thus, leads to a higher temperature and lower
air humidity (Kopacek et al., 2020).

Monitoring natural disturbances in a forest ecosystem is a key
element for forest management and in forest-protected areas like
national parks for taking precautionary measures (tourism safety, fire,
etc.). Early identification of stress conditions of forest stands can
prevent significant economic and ecological damage. A very accurate
but time-consuming method is a field inspection by forest experts;
during a field visit, each tree can be carefully mapped, and it is also
possible to record the initial state of infestation based on observing
the first beetle entrance holes, boring dust on the trunk, and resin
flows (Birgersson et al., 1984; Abdullah et al., 2019a; Bartaetal., 2022;
Bozzini et al.. 2024), This technique cannot be used to check extensive
forest stands or hard-to-reach locations and requires a very close
visual examination of each tree to identify symptoms of infestation.
For larger areas, remote sensing methods are used, and a suitable
carrier (satellite, aircraft, drone) is chosen according to the required
resolution and characteristics of the study area. Health status can
be observed based on the different spectral reflectance of vegetation,
for example, Piecewise index PI B(710+738-522), Greenness GI,
NDVI GREEN/NIR, Normalized difference photochemical
reflectance index PRI, and ANCB index (Gitelson and Merzlyak,
1997; Zarco-Tejada et al., 2001; Le Maire et al., 2004; Zhang et al.,
2018; Barta et al, 2022). Canopy change methods monitoring
deviations in spectral reflectance cannot identify early attacks;
approximately only 40% of attacked trees change their spectral
expression in the crown, and if a change occurs after 6- 10 weeks, the
red or gray attack is not timely enough (Kautz et al, 2023; Bozzini
et al,, 2024). True early methods deal with bark beetle pheromone
detection based on a specially trained dog, which can upwind
orientation to the pheromone plume from single trees under attack
up to 150m (Johansson ef al., 2019) and, compared to visual human
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detection, achieves significantly better results in identifying an early
attack (Vosvrdovid et al., 2023).

Non-optical mapping, namely the monitoring of a group of
volatile compounds and microclimate cues, appears to be a promising
method. New sensors utilizing microchip architecture and electronic
nose technology have recently emerged. These sensors can convert
the concentration of chemical substances into electrical signals,
which are then transformed into digital numbers. Over the past
decade, there has been a significant increase of interest for using
electronic sensors across various applications (food product quality
control, air quality monitoring, disease diagnosis, and environmental
monitoring). This trend reflects the growing awareness of the
possibilities electronic sensors offer in ensuring accurate, reliable, and
efficient data collection, which significantly benefits research,
industry, and public health (Pobkrut et al., 2016; Cellini et al.,, 2017;
Xing et al., 2019; Tiele et al., 2020; Fuentes et al., 2021). Due to
continuous technological advances, weight reduction, and better
integration with other devices, electronic sensors are becoming
capable of greater detection accuracy. Electronic sensors are evaluated
based on sensitivity given in units of ppb (parts per billion). These
criteria are key in assessing the ability of sensors to provide reliable
and accurate measurements in various environments and applications
(Deshmukh et al., 2015; Ye et al.,, 2021).

In this research, we followed up on our previous study (Huttnerova
et al, 2023), where we demonstrated the detectability of a substance
indicating the presence or proximity of infested and dead trees with
an electronic nose Sniffer4D. Data collection occurred on three
different height levels (ground, 60m, 80 m); the best results were
achieved by a wide-range Hydrogen Chloride (HCL) Sensing Module
at ground level. No correlation between stress compounds and
distance from infested trees was recorded above the forest canopy,
which can be caused by higher airflow divergence in the area above
the forest canopy. The study by Vosvrdova et al. (2023), which focuses
on identifying synthetic semiochemicals in the forest by a specially
trained dog, confirms the possibility of ground detectability. In this
study, we focus on ground-taken data for benchmarking several
sensor responses to the presence of attacked trees.

We hypothesized that specific chemical compounds present in the
forest stand during a stress event (bark beetle attack) would
be detectable by electronic nose. We assumed that trees that are
infested by bark beetles would produce more volatile organic
compounds, and the stress of trees would lead to a change in their
temperature and humidity profile. At the same time, aggregation
pheromones, which bark beetles use to communicate, will be present
in the forest. In the case of the ability of electronic noses to detect an
increased amount of volatile organic substances or the presence of an
aggregation pheromone or changes in the temperature or humidity
profile, we will be able to identify an attack in the early stage of
infestation and thus prevent enormous economic and ecological
losses. The main goals of this research were (1) to evaluate the ability
of electronic sensors to detect bark beetle infestation (2) to determine
which factors influenced the most often measured increased values
near attacked trees. We assessed the measured values with electronic
noses in a spruce stand attacked by the Eurasian spruce bark beetle
and in a healthy stand using a machine learning algorithm.

Following our previous study and the ever-expanding insect pests
destroying valuable forest ecosystems, we asked the following specific
research questions:
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1 Can the tested electronic sensors capture specific substances
that identify stress in the forest ecosystem?

2 Which electronic nose achieved the most accurate results based
on the machine learning evaluation?

3 What model variables were the most significant predictors for
stress detection in the forest stand?

2 Materials and methods
2.1 Study area

The study area of 1.42ha was located 35km south-east of Prague;
the forest stands to fall into category 32d - Forests with aiming
forestry research and forestry education; the area was represented by
monoculture Norway spruce [Picea abies (L.) Karst.] in age class 5
(81-100years). Data collection took place on September 4th, 2023
(11:10a.m. - 1:10p.m.); the outside temperature was around 19°C,
and humidity 46%. The mean annual temperature of the study areain
2023 was 10.4°C; the long-term average temperatures in the Central
Bohemian Region and Prague is 9.3°C. The maximum temperature,
19.0°C, was recorded in July, and the minimum temperature, —0.6°C,
was recorded in January. The mean annual precipitation in 2023 was
607 mm, whereas the long-term average in the region is 583 mm

(Czech Hydrometeorological Institute, 2023).

Data collection was performed six times, and the measurement
trajectory was kept identical for a possible evaluation of the sensitivity
of the sensors (Figure 1). The trajectory was chosen in the shape of
figure eight to evaluate the sensors’ response to the occurrence of
stress factors in the forest ecosystem. The research area was one with
asize of 1.42ha; the invaded area was approximately 80 x 50 m. Each
collection took approximately 15-20 min (6 repetitions) when the
operator slowly walked through the study area and simultaneously
collected data by all electronic sensors at ground level. Our approach
is not based on detecting individual trees but on detecting an area
(area-based method).

2.2 Materials

Three electronic noses were used as part of data collection to
verify their suitability for stress mapping in forest ecosystems. Two
sensors are commercially available on the regular market, and one
sensor was specifically designed for environmental measurements.
Therefore, it is described in detail below.

2.2.1 Miniature Bosch sensor device © Bosch
Sensortec GmbH 2023 (Bosch)

This sensor was the BME688 Al miniature environmental sensing
device, which can detect volatile organic compounds, volatile sulfur
compounds and other gases like carbon monoxide and hydrogen in
the ppb resolution. The sensor includes a unit for measuring
temperature in the range of —40-85°C with sensitivity +1°C, a
humidity sensor in the range of 0-100% with sensitivity +3%, a unit
for measuring pressure in the range of 300-1,100hPa with sensitivity
+1hPa, and a Metal-Oxide Semiconductor (MOX) gas sensor. The
manufacturer does not directly state the range and sensitivity of the
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MOX sensor unit but based on the general characteristics of MOX
sensors and the focus on the Air Quality Index (AQI), which Bosch
company describes in the datasheet, it can be estimated that the sensor
can detect VOCs in the tens of ppb.

2.2.2 Sensory device for environmental
applications (SDEA)

The next device for monitoring the bark beetle is designed asa
mobile unit powered by an accumulator and containing two basic
parts—asource part that is fixed in the lower part of the carrierand a
sensor part located on a support rod at a height of about 60cm above
the head of the experimenter (I'igure 2).

The source unit and the sensor part are connected to each other
by a cable, enabling both power supply to the sensor part and
communication between the two units. The source unit contains the
accumulator, the circuits for charging the accumulator, and the
circuits for monitoring the status of the source unit. The sensor unit is
in a removable cover and contains sensors in a tunnel formed by an
aluminum profile. Air enters the tunnel through a dust filter and is
extracted by a fan on the opposite side of the aluminum profile. Holes
are made in the profile, in which sensors for individual types of gas are
stored, and their outputs are processed by the control unit located on
the handle on the side of the profile.

Individual sensors include:

NO, electrochemical sensor, range 20ppm, sensitivity in the
order of ppb

H.S electrochemical sensor, range 400 ppm, sensitivity in the
order of ppb

VOC photoionization sensor, range 40 ppm, sensitivity in the
order of ppb (isobutylene)

NO electrochemical sensor, range 20ppm, sensitivity in the
order of ppb

SO, electrochemical sensor, range 50ppm, sensitivity in the
order of ppb

CO electrochemical sensor, range 500ppm, sensitivity in the
order of ppb

CO, IR/thermopile sensor, range 5,000 ppm, sensitivity 1 ppm
O; electrochemical sensor, range 20ppm, sensitivity in the
order of ppb

.

.

.

The sensors, together with the electronics, are placed on the
sensor board and their measuring part extends into the space of the
measuring tunnel. The exception is the temperature and humidity
sensor, which is located on the side (against the control unit holder,
not visible in the picture). The entire sensor unit is controlled by a
Raspberry microcomputer, which takes analog values from individual
sensors, converts them into numerical data, and converts these data
according to set conversion coefficients and data in measurable units,
namely ppb or ppm. At the same time, it controls the work of the
sensors, because some sensors have time delays between individual
measurements, or it is necessary to turn them on and off to
save batteries.

The last part of the system is a regular notepad, which
communicates with the Raspberry control unit using the Bluetooth
interface and is used to control the sensor unit, display, and save the
measured values. The statuses of the individual processes are displayed
in the informative section at the top left. As long as the source is
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turned off or the measuring application is not running, which means
that Bluetooth communication is not turned on, the status of the
source is red and cannot be measured. After establishing a connection
with the measuring device, the status wheel turns green, which means
measuring is possible. The correct GPS function is indicated
separately, as the location data is part of the recording.

Furthermore, the upper part contains environmental data on the
state of the air in the d location ( humidity, and
pressure) and the state of the measuring device, especially the
temperature of the individual measuring modules. These are
important for cotrecting the measured values of electrochemical
sensors, as they are highly temperature dependent. Battery status and
airflow rate in the measuring unit are on the far right of the display.

The last icon on the display is a green button that sets one of
three values:

+ Measurement initialization (from the measurement status off),
« Turn on the measurement (from the measurement

initialization state),
« Turn off the n (from the t status on).
Simultaneously with online t,aset of d data

is written at regular intervals, which has the following structure (in
.csv format separated by semi-colons):

<Date and Time>; <GPS: number of satellites>; <GPS: accuracy
[m]>; <Latitude [°]>; <Longitude [°]>; <Fan speed [%]>; <NO,
[ppbl>; <H.S [ppb]>; <VOC [ppb]>; <NO [ppb]>; <SO; [ppbl>;
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<CO [ppb]>; <CO; [ppb]=; <O: [ppb] »; <Temperature of module
1 [*]>; <Temperature of module 2 [*]>; <Battery status [%]>;
<Outside temperature [°]>; <Pressure [hPa]>; <Relative
Humidity [%]>.

2.2.3 Handheld VOC Detector Tiger © 2024 lon
Science UK. lon Science is registered trademark
on lon Science Ltd. (Tiger)

Detector Tiger has photoionization technology (PID) for
detecting volatile organic compounds. The detector can display
measured values very quickly and accurately. It is suitable for screening
and locating, for example, leaking dangerous gases. The sensor system
has a response time of 2s and can detect up to 750 volatile organic
substances. The range of the sensor is 0-20,000 ppm with sensitivity
1ppb. Figure 3 shows the Miniature Bosch sensor device and
Handheld VOC Detector Tiger.

2.3 Data processing

First, we evaluated the health status of the trees in the study area;
the trees were classified into three categories (dead, infested, and
healthy). The assessment was carried out in two ways; first, based on
a field investigation, the bark of the trees was inspected with a focus
on locating the bark beetle entrance holes, boring dust on the trunk,
and resin flows. Natural infestation (without chemical baiting) of
coniferous trees was within a week of the first attack by the bark beetle,
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Sensor board
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FIGURE 2

and the study area was selected based on consultation with Field
technician, who performs regular checks of the status of trees. The
second method for determining the state of health was based on
optical data obtained from a UAV; the area was captured with a DJI
Phantom4 Pro multirotor with an RGB camera at the height of 90 m,
and the images were processed using the Structure from Motion
method. We visually evaluated the spectral characteristics of the tree
canopy from the orthophoto mosaic (Figure 4). Spruce trees in the
study area were categorized [healthy, attacked, dead] and stored as a
point layer.

The measurement results from the sensors were exported in .csv
format, we used the R Studio and ArcGIS Pro software’s for all data
analysis. Each electronic nose measurement dataset was annotated by
two labels (infested forest, healthy forest). These labels were assigned
based on the position of the measurement within the forest. Using the
Select by Location functionality, measurement positions in the attacked
stand were selected and assigned the “Infested” attribute. The
procedure was repeated for measurement positions in the healthy part
of the forest, and the “Healthy” attribute was assigned. Due to the low
number of dead trees, they were not considered in the machine
learning models.

We train machine learning algorithm Random Forest (Ireiman
2001), which is widely used for classification tasks in environmental
studies. The input data for the model does not have to
be standardized, which ensures a more straightforward
interpretation of the results (Muller et al., 2022). We used the R
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B Sensor unit placed on the backpack carrier

package randomForest (I 2002), caret (Kuhn
2008), kernlab (Karatzoglou et al., 2004), and boot (D

linkley, 1997) to create three binary classifications for each dataset
measured by the electronic nose (Sensory device for environmental
applications, Handheld VOC Detector Tiger, Miniature Bosch
sensor device). The dataset was split 80:20 into training and
validation sets. We used the resampling method repeatedcv., which
is used to set K-fold cross-validation, and for the repeats argument,
we chose the value three, and this argument controls the number
of repetitions; the K parameter is regulated by the number
argument, which we chose 20 (IKuhn, 2008). The goal was to find
out which electronic nose has the most sensitive predictive ability
and what variables affect the values of electronic nose sensors.

We selected the explanatory variables based on the technical
equipment of the sensor. The machine learning model was based
on 25,419 samples for the Miniature Bosch sensor device, 193
samples for the Sensory device for environmental applications, and
170 samples for the Handheld VOC Detector Tiger. The number of
samples varied depending on the time resolution of the electronic
nose for recording values; data collection was carried out
simultaneously by all three electronic sensors along the
same trajectory.

2.3.1 Miniature Bosch sensor device
We used input explanatory variables of outside temperature
(Temperature), pressure (Pressure), relative humidity (Humidity), and
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data collection number (Data_col). The Bosch device provides one
information about chemical measurement, and that is Resistance.
Gassenzor (Gas), which we used for the dependent variable in the
model. We used the following model formula:

10.3389/ffgc.2024.1445094

Location ~ Temperature + Pressure
+Humidity + Gas + Data _col data

= trainData,method ="1f " trControl
= train.control

¥/ _classifier < —train

2.3.2 Sensory device for environmental
applications

For Sensory devices for environmental applications, we used input
explanatory variables such as outside temperature (Qutside_tem),
temperature of module 1 (TEM_mod]I), temperature of module 2
(TEM_mod2), pressure (Pressure), relative humidity (Humidity), and
data collection number (Data_col). This electronic nose is equipped
with several cross-sensitive sensors which can record values for all
sensors simultaneously, so the explanatory variables of the gases were
NO,, H,8, VOC, NO, SO, CO, CO;, O;. We used the following
model formula:

Location ~ NO, + H,S +VOC + NO
+80; + CO+ COs + O3 + TEM _mod]

rf _classifier < —train| +TEM _mod?2 + Ouiside _tem + Pressure
+Humidity + Data _col,data = trainData,
method ="rf," trControl = train.control

2.3.3 Handheld VOC Detector Tiger

This sensor device is not equipped with a temperature, humidity,
and pressure monitoring unit. The Tiger detector contains a gas
library primarily focused on safety monitoring; within the software
settings, measuring and recording information on one compound at
atime is possible. We collected data for pinene in the first and second
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measurements, methyl-butanol in the third, camphene in the fourth
measurement, carene in the fifth, and pinene again in the sixth
measurement. For evaluation we used explanatory variables of gas
response (Gas), and data collection number (Data_col). We used the
following model formula:
T Sl —train[LamﬁM ~ Gas,data = trainData, )
- method ="rf," trControl = train.control

3 Results

First, the results achieved for individual electronic noses will
be described from the highest predictive ability of the models to the
lowest. Then, the importance of the variables will be presented.

3.1 Miniature Bosch sensor device

The best model is selected automatically by the random forest
algorithm, based on the highest accuracy, the outputs also provide set
of best solutions based on the amount of variables included in the
model (mtry), and kappa accuracy which is another way of measuring
the performance especially in imbalanced datasets (Cohen, 1960). The
results show the same accuracy for all the combinations of variables,
mean the simpler model (the one with two variables) might be easier
for future practical applicability (Table 1).

‘The Confusion Matrix is used to evaluate the performance of the
classification model; it shows how often the actual classes were
confused with the predicted ones. In the prediction part of the testing,
accuracy 0.95 was achieved with a Kappa value 0.89. The sensitivity
(true positive rate) was 0.97, and the specificity (true negative rate)
was 0.91. The Confusion Matrix is used to evaluate the performance
of the classification model; it shows how often the actual classes were
confused with the predicted ones (bl 2).

3.2 Sensory device for environmental
applications

The best model is selected automatically by the random forest
algorithm, based on the highest accuracy. The results in Table 3 show
the highest accuracy (0.89) for the combination with eight
variables (mtry).

In the prediction part of the testing, accuracy 0.93 was achieved
with a Kappa value 0.84. The sensitivity (true positive rate) was 1.00,
and the specificity (true negative rate) was 0.81. Detailed confusion

TABLE 1 Results for different amount of random variables for the
Miniature Bosch sensor device.

10.3389/ffgc.2024.1445094

matrix values for the Sensory device for environmental applications
are shown in Table 4.

3.3 Handheld VOC Detector Tiger

The tuning parameter “mtry” was held constant at a value of 2
(Table 5). The third of the sensors Handheld VOC Detector Tiger,
received Kappa 0.16, and its predictive ability for forest stress detection
was the lowest.

In the prediction part of the testing, accuracy 0.65 was achieved
with a Kappa value 0.21. The sensitivity (true positive rate) was 0.85,
and the specificity (true negative rate) was 0.35. Detailed confusion
matrix values for the Handheld VOC Detector Tiger are shown in
Table 6.

The importance of the variables for all tested electronic noses
is shown in Figure 5. It was determined by the varImp function
from the R software caret package, which provides information
about the importance of variables for machine learning algorithms.
'The importance score of 100 indicates that the variable affects the
model predictions most, while the variable with an importance
score of 0 is irrelevant to the model’s predictive ability, ie.,
the least.

For the Miniature Bosch sensor device, the relative humidity sensor
(100.00) had the most important influence on the predictive ability to
detect infestation or healthy forest, followed by the pressure sensor
(98.12) and temperature sensor (57.97). In the case of infested trees, it
reduces the transpiration flow in the tree; with less water capacity, the
trees cannot regulate the temperature profile and thus can lead to
overheats. The reduction of transpiration close to the tree affects the air
humidity and the pressure in the environment (slight increase); dry air
is denser than humid air. A sensor unit measuring gases had a moderate
effect on the model, and by 22.86. The variable “Data collection” did not
affect the model (0.00), which means that the model performed very
well for all data collections. The SDEA, which also achieved a very high
predictive ability, had the most significant variable, the pressure-
sensitive sensor (100.00), followed by the chemical sensor cross-
sensitive to NO, gas (11.17). The cross-sensitive sensor to CO, gas had
an effect of 9.92 on the model, and the sensor sensitive to H,S (5.34).
The outdoor temperature slightly affected the predictive ability, namely
3.73 and the humidity sensor (1.75). Measurement time (Data
Collection variable) also did not affect the model, and predictive ability
was achieved for the entire measurement. The Handheld VOC Detector

TABLE 2 Confusion matrix values for the Miniature Bosch sensor device.

Prediction Healthy Infested
Healthy 4,017 194
‘ Infested | 121 | 2034

TABLE 3 Results for different amount of random variables for the Sensory
device for environmental applications.

mtry Accuracy Kappa mtry Accuracy Kappa
2 ‘ 095 | 0.88 2 084 | 0.67
3 095 0.89 } 8 0.89 I 077
5 } 0.95 ’ 0.88 | 14 } 088 | 075
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TABLE 4 Confusion matrix values for the Sensory device for
environmental applications.

Prediction Healthy Infested
Healthy 27 3
Infested [ 13
TABLE 5 Results for the Handheld VOC Detector Tiger.
mtry Accuracy Kappa
2 0.60 0.16 |

TABLE 6 Confusion matrix values for the Handheld VOC Detector Tiger.

Prediction Healthy Infested
Healthy 2 1
Infested 4 6

Tiger did not achieve a good prediction ability for identifying stress in
the forest ecosystem; based on the comparison of the importance of the
variables, the gas sensor achieved 100.00, and the variable “Data
collection” was also 0.00. The complete variable importance results for
all three electronic noses are shown in Appendix.

4 Discussion

Based on our research findings, we can answer the scientific
questions posed. We conclude that electronic noses can detect changes
in volatile compounds and microclimate cues after bark beetle
infestation. The Miniature Bosch sensor device achieved the highest
accuracy in distinguishing forest sections that are healthy and infested
(more addressed in Section 4.2 Electronic noses), and a more
significant indicator of infestation was relative humidity, temperature,
and pressure sensors (more discussed in Section 4.3 Influence of
variables from statistical evaluation).

The presented methodology is a potential solution for the early
identification of stress in forest stands, focusing on fresh attacks till
1 week old caused by bark beetle infestation. Early detection is
essential for minimizing the spread of bark beetles to surrounding
trees and thus reducing ecological and economic loss. In the case
of late detection of the infestation, the bark beetle will spread to
other trees, and from the point of view of safety and preventing
further spread, the best solution is to cut down the trees and take
them safely away from the forest stands. The financial costs must
be allocated to the cutting and restoring forest stands. On small-
scale clearings created because of natural disturbances, it is
possible to reforest by natural regeneration if there are mature
forest stands in the surrounding stands; in the case of large-scale
sites, the natural distribution of sowing may be insufficient, and it
is necessary to use artificial afforestation.

4.1 Detection methods

Conventional methods of infestation detection are field visits by
forest experts and marking infested trees based on visual inspection;
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this method is very time and physically demanding (Stadelmann et al.,
2013; Leverkus et al, 2021; Barta et al., 2022). Remote Sensing
methods can detect the deteriorated condition of the stand based on
the change in the spectral reflectance of tree needles. Still, it is not
possible to detect early infestation with this method. In the case of an
attacked tree, the spectral reflectance of the canopy will be changed
after 6-10weeks, and only approximately 40% of the attacked trees
show crown degradation; these findings do not confirm the potential
of satellite or aerial detection systems (Kautz et al.. 2023). Stress
detection based on the analysis of crowns from a remote sensing
image is challenging; the most accurate results are achieved at the end
of the growing season (Latifi et al., 2018; Barta et al., 2021; Huo et al,
2021). When using single spectral channels, the quality is insufficient;
better results are achieved when using several spectral channels and
calculating the vegetation index (Kautz et al., 2024). The authors of
several studies argue about the importance of using the red-edge and
NIR band (Abdullah et al., 2019a,b; Minaiik et al., 2020; Hellwig et al.,
2021; Trubin et al., 2023).

The scientific community has been mainly concerned with
mapping and analyzing the healthy status of forests in the optical and
near-infrared bands in the last decade. Analysis of chemical
substances can bring new information about natural disturbances
and help with early detection. In the case of monitoring bark beetle
infestation of spruce stands, it is possible to focus on odor mapping;
on the one hand, the bark beetle uses an aggregation pheromone to
communicate with its individuals; still, the presence of pheromones
in the forest is below the mark of the sensitivity and selectivity of
electronic sensors; on the other hand it is possible to map biogenic
volatile organic substances, which are secreted from the bark of trees;
in the case of stress events, these substances are secreted in several
times larger quantities. Therefore, chemical mapping could provide a
very effective source of information about the attack, even at an early
stage. We proved the detection ability of early infestation by electronic
noses up to 1 week from the first attack. Early attack can be detected
using specially trained snifferdogs, which can detect synthetic
semiochemicals (identical to the species-specific major pheromone
components of Eurasian spruce bark beetle) (Johansson et al, 2019
Vosvrdova et al, 2023). Chemical mapping is already conventionally
used in security and industry, e.g., for detecting the leakage of
dangerous gases or mapping air quality in cities, and several studies
have already appeared in agriculture that intend to detect crop pests
(Zhou and Wang, 2011; Abdullah et al.,

Rahman et al., 2020; Fuentes et al., 2021; Sudama et al., 2022).

2018; Arroyo et al., 2020;

4.2 Electronic noses

Of the tested electronic noses, the Miniature Bosch sensor device
achieved the best capabilities, followed by a Sensory device for
environmental applications. The Miniature Bosch sensor device, with
avery favorable price, could be used to create a more comprehensive
network of stationary measurements in spruce stands for early
identification of stress factors. So, it would perform a function like the
detection sensors for triggering the smoke detection alarm. The
sensors could send the values to the cloud in real-time and display
them on the map portal. We recommend and will further use a
Sensory device for environmental applications to map local areas with
arisk of a bark beetle outbreak due to its software equipment, which
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can show measurement results in real-time and has GPS. A possible
interaction here for both mentioned electronic noses is with a drone
platform, where a larger area of the forest ecosystem could be explored;
the detection capability above the forest canopy has not yet been
proven, and a potential solution appears to be collecting data under
the forest canopy with manual flight mode.

Paczkowsld et al. (2021) research focused on testing the applicability
of sensors GGS1330, GGS2330, and GGS5330 to detect aggregation
pheromone and biogenic volatile organic compounds; the results show

10.3389/ffgc.2024.1445094

the potential use of this device to verify the detectability of alpha-pinene,
which is the main component of biogenic volatile organic compounds
from spruce stands when their sensor was able to capture different
concentrations. The detection capability of elevated concentrations has
not been demonstrated by UAV data collection above canopies. Similar
results were also obtained by Hiittnerova et al. (2023), where the electronic
nose Sniffer4D with DJI Matrice 600 Pro was verified for early detection
of bark beetles; the ability of the electronic nose to detect increased
concentrations of chemical substances was also not confirmed, but the
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detection ability of the electronic nose was demonstrated under the
crowns when they were data collected on the ground and the research
find out that wide-range Hydrogen Chloride (HCL) sensor performed
most reliably. The results of this study and the conclusions published by
Paczkowski et al. (2021) and Hiittnerové et al. (2023) demonstrate the
ability of electronic noses to detect specific substances present in forest
stands when attacked by bark beetles.

4.3 Influence of variables from statistical
evaluation

Our research proved the influence of variables that represented
non-optical measurement. The relative humidity, temperature, and
pressure sensors were a more significant indicator of infestation. Bark
beetle is associated with symbiotic ophiostomatoid fungi that degrade
spruce toxins, help to exhaust tree defenses, and thus lead to impaired
conductive tissues and reduce transpiration (Netherer et al., 2021,
2024). Transpiration has a cooling effect on trees and an effect on air
humidity; reduced transpiration leads to changes in local humidity,
and this can increase air pressure. Differences in humidity are logical,
but identifying differences between infected and healthy forests on
rainy or cold cloudy days will not work because healthy trees do not
transpire under these conditions.

In the case of infested trees, the transpiration flow is reduced in
the tree; with less water capacity, the trees cannot regulate the
temperature profile and thus can lead to overheats. The reduction
of transpiration close to the tree affects the air humidity and the
pressure in the environment (slight increase); dry air is denser than
humid air. Another factor that can cause an increase in air
temperature is canopy loss due to bark degradation (Anderegg
et al., 2013; Wehner and Stednick, 2017).

Long-term microclimate changes were demonstrated in study
Kopacek et al. (2020), and the changes were attributed to reducing or
stopping tree transpiration of trees; there was an increase in daily
mean air temperature (2 m above ground) of 1.6 and 0.5°C per year,
and relative humidity was on the disturbed plots of land on average
4% lower. In our research, we noted much faster changes in
microclimate clues, which suggests that the changes will manifest
themselves significantly faster.

4.4 Limitations and future challenges

The presented methodology offers the possibility of early
detection of bark beetle infestation based on identifying volatile
compounds and microclimate cues found in the forest environment
during bark beetle attack. With this methodology, it is not
necessary to rely only on the spectral changes of the tree canopy to
identify infestations. The limitation of this methodology is
currently the size range of the area we can analyze. A time-efficient
innovative method is the use of snifferdogs, which are twice as fast
in detecting bark beetle infestation as human experts; the searching
abilities of a dog are four times higher than human experts in the
case of randomized plots because the dog can smell the pheromone
at a greater distance (Vosvrdovi et al., 2023).

For the possibilities of a large-scale detection system, it would
be advisable to use the UAV platform and first try to verify the
detection above the tree canopy, which has not been confirmed for
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the time being, or to test the possibilities of flying under the tree
canopy. The battery capacity limits the data collection by the drone;
the average flight time is about 30 min, depending on its load. A
potential solution would also be creating a warning mapping
system, where each electronic nose would be connected to a cloud
system and send the currently measured values from the forest area
in real-time. The system could serve as a suitable screening method
of a preventive nature; for this purpose, the use of the Miniature
Bosch sensor device would be appropriate in terms of its
dimensions and financial availability.

In the case of global use, it would be necessary to recalibrate our
model to local conditions; for example, a different climate can
be predicted in Northern Europe than in the tested conditions in
Czechia. However, we know from research which variables are significant
for tested electronic noses and identify early bark beetle infestation.

5 Conclusion

In this study, we focused on evaluating three electronic noses for
stress detection in forest stands, which were heavily attacked by bark
beetles. This research aims at early detection of bark beetle infestation
by novel technology of odor mapping as a more viable alternative to
optical detection, which may be unreliable if the trees do not
demonstrate signs of beetle attack. The possibility of detecting beetles
by odor signals was clearly proven to be possible using dogs
(Johansson et al., 2019; Vosvrdova et al., 2023). The predictive ability
of electronic noses was evaluated based on machine learning model
with two classes (“Healthy”, “Infested”), we found that electronic
noses can obtain sensitive information about stressors in forest
ecosystems and thus help detect problematic areas for further analysis
or action. The Miniature Bosch sensor device achieved the highest
values for the ability to predict the infested trees, followed by Sensory
devices for environmental applications. The presented methodology
provides a very effective and fast solution for stress monitoring in
forest stands, mainly for detecting bark beetle outbreaks. This
monitoring could contribute to more effective mapping and
prediction of the spread of infestations in forest ecosystems, thus
radically minimizing the ecological and economic damages caused
by insect pests.
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Appendix

TABLE A1 Output data from the Random Forest machine learning model used for evaluation of variables importance.
Variable importance SDEA Tiger
Relative humidity 175 X
Pressure 98.12 100 X
Temperature 57.97 373 X
Gas 22.86 X 100
Data collection . 0.00 0.00 0.00
NO, X 11.64
CO, X 9.92 X
HS X 534 X
e X 4.06 X
co X 489 X
NO X 342 X
S02 X 382 X
voc X 2.62 X
‘Temperature module 1 X 511 X
Temperature module 2 X 5.05 X
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Summary of the article

The article compares individual sensors of a commercial electronic nose for early
identification of stress caused by bark beetle infestation. The individual sensors of the
electronic nose are cross-sensitive, so even though they are designed to detect a
specific compound. Sensor units can also react to other compounds, which the
manufacturer has not tested. In the study case, it is a group of volatile organic
substances and an aggregation pheromone. In addition to comparing the detection
ability of individual sensors, two heights are compared in the data collection
framework: ground and UAV collection. The results showed that the highest
correlation between the values recorded by the sensors and the distance from the
attacked trees for the HCI, SO, and H>S sensor units during the ground measurement.
Data collection by UAV above canopy did not show detection capability. It could be
caused by the more significant influence of wind speed and direction or specific

behavior of chemical substances that can accumulate more near the ground.
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Abstract: Forests are increasingly exposed to natural disturbances, including drought, wildfires,
pest outbreaks, and windthrow events. Due to prolonged droughts in the last years in Europe,
European forest stands significantly lost vitality, and their health condition deteriorated, leading to
high mortality rates, especially, but not limited to, Norway spruce. This phenomenon is growing, and
new regions are being affected; thus, it is necessary to identify stress in the carly stages when actions
can be taken to protect the forestand living trees. Current detection methods are based on field walks
by forest workers or deploying remote sensing methods for coverage of the larger territory. These
methods are based on changes in spectral reflectance that can detect attacks only at an advanced stage
after the significant changes in the canopy. An innovative approach appears to be a method based
on odor mapping, specifically detecting chemical substances which are present in the forest stands
and indicate triggering of constitutive defense of stressed trees. The bark beetle attacking a tree, for
example, produces a several times higher amount of defense-related volatile organic compounds.
At the same time, the bark beetle has an aggregation pheromone to attract conspecifics to overcome
the tree defense by mass attack. These substances can be detected using conventional chemical
methods (solid-phase microextraction fibers and cartridges), and it is proven that they are detectable
by dogs. The disadvantage of classic chemical analysis methods is the long sampling time in the
forest, and at the same time, the results must be analyzed in the laboratory using a gas chromatograph.
A potential alternative novel device appears to be an electronic nose, which is designed to detect
chemical substances online (for example, dangerous gas leaks or measure concentrations above
landfills, volcanic activity, etc.). We tested the possibility of early-stage stress detection in the forest
stands using an electronic nose Sniffer4D) and compared the individual sensors in it for detecting the
presence of attacked and dead trees. Our results indicate the promising applicability of the electronic
nose for stress mapping in the forest ecosystem, and more data collection could prove this approach.

Keywords: unmanned aerial vehicles; electronic nose; 3D odor mapping; natural disturbance;
carly detection

1. Introduction

Monitoring stress in a forest is an important component of forest management, and
the early detection of stress conditions in forest stands can prevent significant economic
and environmental losses. Forest stands are exposed as all living systems to stress factors,
which can be of two origins: (1) internal (by physiological growth and development) and
(2) external (by natural disturbances) [1]. The natural disturbance disorders interact both
with cach other (biotic x abiotic) but also with other factors such as increasing carbon
dioxide in the atmosphere and climate change—increased temperature and drought [2-5].
‘The most vulnerable losses are brought mainly by biotic disturbances, mainly outbreaks
of insects. The resistance to stress of a forest stand depends on its vitality and the degree
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and frequency of attack by insects [6]. The biggest damage is caused by insects feeding on
the bast fibers of living trees, such as bark beetles [7]. The more extensive spread of bark
beetles is mainly due to increasing temperature and drought [8,9]. The intensity and extent
of the attack depend on direct and indirect interactions of the bark beetle with climate,
susceptibility of forest, windthrow, and fires [10]. Increased temperature over the winter
reduces bark beetle mortality and thus contributes to more generations per year [6].

To avoid economic and ecological losses, timely identification of forest stand stress
is essential. Detection of stress in the forest is usually performed by a ground walk by
trained specialists who can identify signs of stress. For the larger areas usually, remote
sensing images are used to study the change in reflectance or values of some dedicated
vegetation indices. The limiting factors of images obtained from a satellite are their temporal
and spatial resolution; when mapping the spread of wildfire or insect outbreaks, these
data are insufficiently accurate [11]. The solution might be the use of unmanned aerial
vehicles (UAV), which can capture a local area with high spatial accuracy (in cm) [12]. UAV
mapping is an important component in effective data collection, accurate terrain mapping,
and measurement of toxic substances in the air. The UAV can be equipped with different
types of sensors [13,14].

In the visible spectrum and near the near-infrared channel, the deteriorated state of
forest stands can be monitored through vegetation indices (NDVI, Greenness Index). The
accuracy of these indices is usually linearly correlated with the increasing length of the
attack and intensity of the attack [15]. However, in some cases, an attacked tree does not
show a change in spectral reflectance and is not marked as attacked/damaged in this
approach [16]. A thermal camera was also used to capture the degraded state of forest
stands. The appropriate timing of data collection is important. No significant disease-
dependent correlation has yet been captured with morning collection, while the strongest
relationship was obtained at the time of highest solar radiation, which coincides with the
time of maximum photosynthetic activities near the trees, i.e., at noon [17].

Current rapid technological development brought into question studies related to
chemical ecology, the studies which are focused on chemical processes such as the use of
pheromones for beetle communication, the plant-beetle-based communication by attrac-
tants, and anti-attractants. Finally, it was proved that not only beetles can detect chemical
substances, but dogs can be trained to do so [18]. This work ultimately proves it is possible
to detect stressed trees by chemical substances.

Relatively new sensors have appeared on the market based on microchip architecture
and electronic noses that can convert the concentration of chemical substances into a
voltage and then to a digital number. This sensor is used in the field of security and
the military. In agriculture, these sensors have been used to detect odors from livestock,
hazardous chemical, biological compounds, and for early detection and prediction of pest
insects (for example: Aphid Infestation, Lepidoptera) [19,20]. In forestry, it is possible with
these sensors to detect VOCs and other chemical components, which can identify stress
factors [12,21]. Other sensors include H,S, HCL, nitrogen, and next SO,, CO, O3, NOy, and,
for example, sensors for measuring the content of dust particles in the air (PMy o, PM35s,
PMjp). Remote sensing methods currently seek to obtain chemical data, and the electronic
nose could be potentially suitable for calibration ground measurement [22].

During the attack, the pioneer beetles who search for appropriate habitats are the
freshly emerged males. Once they land on the target host tree and successfully start to bore
in the bark, they start producing aggregation pheromone (2-methyl-3-buten-2-ol and cis-
verbenol) to attract conspecifics for a mass attack (Figure 1) [23,24]. Eco-friendly strategies
to monitor pest insects have received huge attention due to reducing pesticide usage.
The pheromones and VOCs act as powerful tools against pest insects [25,26]. Plants may
respond to an insect attack with the emission of VOCs, and these odors may be correlated
with the early attack [25,26]. Interestingly, plants may differentiate in their response
between mechanical and herbivore damages, such as those caused by pest insects [27,28].
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Elevated levels of VOCs can be detected by conventional chemical methods, cartridges,
or solid-phase microextraction fibers (SPME) [29,30]. The increased emissions from infested
trees were 6-20 times higher than healthy individuals [30,31]. Measurements using car-
tridges and solid-phase microextraction fibers provide only single-point measurements;
neither fibers nor cartridges can be used repeatedly in the field. Proven chemical methods
yield accurate measurements, but the data must first be analyzed on a gas chromatograph.
During SPME data collection, fibers are exposed to air, typically for one hour. In open
space, this time could increase even more. Gas chromatography analysis of one SPME or
cartridge takes about 10-30 min, depending on the method used [31,32]. These steps delay
the final statistical evaluation and eventual remediation of the attacked trees.
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Figure 1. A simplified scheme—when a bark beetle attacks, trees secrete an increased amount of
volatile organic substances; on the other hand, the male nesting in the tree starts to produce an
aggregation pheromone from his body to attract females to mate.

In this research, we hypothesized that there is a substance detectable by the electronic
nose which indicates the presence or near distance of attacked and/or dead trees. We
hypothesized that from the set of sensors included in the electronic nose, some or all would
react as the distance to the dead and attacked tree becomes smaller, indicating the higher
concentration of the substance present in the stressed tree. Our research aims to verify the
applicability of the electronic nose for stress mapping in the forest environment. Our goal is
to find suitable sensors that will respond to the presence of a substance identifying infested
trees [33,34].

The electronic nose appears as an important tool to detect VOCs in different scenarios,
including the emission of VOCs caused by herbivory-induced species of pest insects. This
research could be a valuable part of new strategies against an outbreak of pest insects such
as bark beetles. The benefit of this study is the comparison of individual sensors of the
electronic nose for detecting stress in the forest ecosystem. Thus, we bring pilot research
for scientists to determine which sensors are more appropriate to choose for analyzing
the occurrence of bark beetle attacks in the following season. Timely identification would
reduce environmental and economic damage.

In light of the bark beetle outbreaks and the current detection method, which can
detect stress in forests in the late stage of infestation, the present brief report sets out to
examine the following:

1. Is the specific substance that identifies stressed trees detectable by the Sniffer4D

electronic nose?

What sensors will correlate with distance from stressed trees?

3. Canstress be detected by these sensors even above treetops using UAVs where the
concentration is hypothetically lower?

M
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2. Materials and Methods
2.1. Study Site

The study was conducted at the property of the University Forest Enterprise near
VyZlovka, southeast of Prague (Figure 2). The forest is used for forestry research and
teaching, and the particular forest stand is a single-story with a density of stocking
0.8. Field experiments were established in a mixed stand, where the dominant stand is
80-100-year-old allochthonous Norway spruce with accessory species beech, oak, and
maple [35]. The terrain is relatively flat, and the type of soil is brown soil, strongly
acidic podzolized. The primary rock in the area is slightly (to medium) grained two-mica
granite [36]. The study region is a slightly warm area characterized by an average yearly
temperature of 8 °C and an average precipitation of 600 mm [37].

RESEARCH AREA - UNIVERSITY FOREST ENTERPRISE

14°48' 14°48'9"

49°58'57"

154 14°48'18"
- — ) Meters
01530 60 90
Figure 2. Location of study plot in VyZlovka, Czech Republic, in a coordinate system S-] TSK Krovak
East North, data source: CUZK.

2.2. Data Collection

We collected data on 24 August 2022; ground collection took place from 12:10 to 12:25
and 16:00 to 16:15, and collection using UAV took place between 15:40 and 15:55. On
the ground level, we recorded during data collection a temperature of 20-23 °C and a
humidity of 38.8-52.0%; during flight, we recorded 19-20 °C and a humidity of 45-50%.
Data collection took place at two heights, ground measurement and above the canopy. The
primary statistical description of the collected data is in Table 1, and the kernel density
figures of individual sensors are given in Appendix A. Before the actual measurement, the
stand was visually evaluated, and each tree’s health status and degree of infestation were
examined (Figure 3). The state of the infestation was evaluated by a field survey, during
which we evaluated the visual condition of the bark and needles and the development
phase of the bark beetle. A tree that had not yet spawned the next generation was identified
as the early stage of infestation. Trees that already had visible outcomes, holes, and needles
that changed spectral expression were identified as dead trees. This is a classic forestry
management tool for the identification of an infested tree in the Czech Republic.
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Table 1. Description of collected data, first ground collection, second ground collection, and UAV
data collection.

. Sample Sample Standard
MRS Number Category Mean Deviation

VOCs 0.372 0.001

SO, 20.007 7.486

CcO 0.235 0.032
O3 + NO; 741.040 227.101

TFirst ground 1148 PM; o 16.541 1.102
measurement PMy s 22.951 1.740
PM, 25614 1774

CxHy 0.079 0003

HaS 217.614 53.369

HCI. 1.263 1.693

VOCs 0.376 0.001

SO, 30.709 8.624

CO 0.253 0.035

O3 + NO, 135.970 23.466

Second ground s11 PMio 15.260 0.769
measurement PM; 5 20.059 1.363
PMyy 22,520 1513

CxHy 0.085 0.003

HaS 269.391 54.577

HCL 1.912 1.832

VOCs 0.376 0.002

SO, 23.378 5.061

CcO 0211 0.026

03+ NO; 171.156 25.642

UAV S5 PM; o 15.781 0.890
measurement PMas 21.509 1.247
PM1p 23.927 1.320

CxHy 0.085 0.001

HaS 217.501 11.957

IICL 0 0

Condition
* Early-stage
® Snags

Figure 3. The orthomosaic was created from images taken from the UAV DJI Mavic with a visible
spectrum in channel R, G, B. The image shows a point layer of trees; black points represent snags, red
peints indicate an carly-stage infestation of trees, on the left is a clearing arca; the other trees were
not attacked.

Data were collected under the canopy by carrying the sensor and above the tree canopy
by flying the DJI Matric 600 Pro multi-copter (©2022 SZ DJI Technology Co., Ltd.: Shenzhen,
China). The electronic nose was placed on the drone, and air collection took place through
a sampling tube, which was placed one meter in front of the drone to minimize the multi-
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copter’s downwash effect (Figure 4). The flight was carried out manually due to numerous
obstacles during the flight, mainly under the crowns of trees. Large horizontal and vertical
gaps were kept in flight (Figure 5). The first flight was carried out as low as possible above
the crowns (60 m), and then we flew 20 m higher to verify the captured VOC substances at
a greater distance from the attacked trees.

Figure 4. Electronic nose Sniffer 4D placed on multi-copter D]I Matrice 600; Teflon meter tube was
used for sampling air.
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Figure 5. The trajectory of the sensor’s measurements. The measurement was first carried out on the
ground level and then by an unmanned aerial vehicle—first; we descended just above the treetops
(approx. 60 m), then we made a short flight at the height of 80 m.

2.3. Electronic Nose

The Sniffer 4D V2 sensor (©2022 SZ Soarability Technologies Co., Ltd.: Shenzhen,
China) is a multi-gas and mapping device used in drone and ground measurement appli-
cations. The sensor is composed of multi-gas detection hardware and analysis software.
This system is capable of measuring and, at the same time, visually presenting the detected
concentrations of gases of interest in real-time. The sensor is constructed from a 1 GHz
ARM main processing unit (processing chip) and 512 MB memory. The sensor can measure
temperature, humidity, and pressure (range —40~85 °C, 0~100% RH, 30 kPa~110 kPa;
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apmaniv

80

theoretical resolution: 0.1 °C, 0.1% RH, 0.01 kPa; time resolution: 1 s. The sensor was
equipped with components for measuring VOCs, SO,, CO, O3 + NOy, PM; g, PM3 5, PMyg,
CxHy, H,S, and HCL [38]. As part of the measurement, the response of all the sensor
components was evaluated, aiming to find the specific sensor or sensors that would be the
most sensitive to the chemical substances released during a bark beetle attack.

2.4. Analysis of Sensors Data

The measurement values for individual sensors were evaluated using Pearson’s cor-
relation coefficient to determine the correlation between the distance from the trees and
the value measured by the sensor. The assumption is that these values depend on each
other; the closer we are to early-stage infestation trees/dead trees, the higher the values are
measured by the sensors, thus representing a negative correlation coefficient. The weather
affects the bark beetles’ activity, so measuring temperature and humidity is also important.
The ideal temperature is around 25 °C without rain occurrence on data collection day. The
3D models represent humidity (Figure 6a) and temperature (Figure 6b) measurements
during the entire data collection. Temperature and humidity significantly affect the spread
of bark beetles; for example, the bark beetle is active at a temperature of 16 to 32 °C, and the
optimum flight temperature is 22-26 °C (for searching for suitable host trees). In laboratory
conditions, a relative humidity of 70% is used for growing bark beetles [39,40].

Temperature
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Figure 6. 3D models present the humidity (a) and temperature (b) measured by the sensor during
the entire field experiment.

3. Results

The individual sensors of the electronic nose are cross-sensitive, i.e., a sensor primarily
created for CO; detection may be sensitive to specific compounds of VOCs or pheromones.
Therefore, in our study, we verified several sensors of the electronic nose, intending to find
the most responsive ones to the presence of dead trees and trees attacked by the bark beetle.
Such an application is in the initiation phase, and more experiments are needed. In this
work, we evaluated the responsiveness of the individual sensors for indicating the distance
of dead trees and trees attacked by a bark beetle. According to the study questions, we
find out the following: (1) the results point to the potential use of the electronic nose for
stress monitoring in forest stands and (2) individual sensors can detect specific compounds
that identify stress. The highest sensor values were recorded near the most attacked trees.
The highest correlation was recorded with the HCL, SO;, and HjS sensors during ground
measurements. The ability to detect stress above the canopy using a UAV has not been
proven. A more detailed explanation of the results and their causes is below.
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Table 2 presents the Pearson correlation coefficient results for the ground first and
second measurements for dead trees. At the first measurement, the highest correlation

was recorded for the HCL (—0.456) sensor, followed by SO, (—0.209) and HjS (—0.132).

During the second ground measurement, the most accurate measurement coefficient values
were for the HyS (—0.432) sensor, next for HCL (—0.378) and SO, (—0.360). We successfully
managed to detect a chemical substance that identified the presence of dead trees, both
during the first ground measurement and during the second one.

Table 2. Pearson’s correlation coefficient results of data first and second ground collection for dead
trees.

Data Collection Condition of Trees Sensor Pearsgn 2 Co.rrelahon
oefficient
VOCs 0.322
S0, —0.209
CcO 0.071
03 +NO, 0.629
First ground PMyo 0.300
measurement Dead trees PM, s 0.284
PMyg 0.237
CxHy —0.071
H,S —0.132
HCL —0.456
VOCs —0.036
SO, —0.360
cO 0394
0, +NO, 0.108
Second ground PMigo 0.189
measuriment Dead trees PM;5 0.000
PMyg —0.052
CxHy —0.146
H.S —0.432
HCL —0.378

Table 3 presents Pearson correlation coefficients for the first and second ground mea-
surements for early-stage infestation trees. This data collection also fulfilled the assumption
that any of the sensors would react to substances that identify the presence or appear near
the location of the early-stage infestation trees. At the first measurement, the highest accu-
racy was recorded for the HCL (—0.427) sensor, followed by SO3 (—0.164) and H,S (—0.100).
During the second ground measurement, the most accurate measurement coefficient values
were for the HyS (—0.486) sensor, next for SO, (—0.480), and CxHy, (—0.339).

Table 3. Pearson’s correlation coefficient results of data first and second ground collection for
early-stage infestation trees.

Data Collection Condition of Trees Sensor Pearson's Co.rrelatlon
Coefficient

VOCs 0.230

SO, —0.164
cO 0.062
O3 +NO, 0.648
First ground Early stage PM;g 0.274
measurement of infestation PMzs 0.285
PMyg 0.219

CxHy —0.076

H,S —0.100

HCL —0.427
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Table 3. Cont.
= .
Data Collection Condition of Trees Sensor Pearsgn o Co.rrelahon
oefficient
VOCs 0.165
S0, —0.480
co 0.337
O3 +NO, —0.150
Second ground Early stage PMyo 0.231
measurement of infestation PM;5 —0.048
PMyg —0.068
CxHy —0.339
H,S —0.486
HCL -0.118

Table 4 presents the Pearson correlation coefficient results for the UAV measurements
for early-stage infestation and dead trees. No higher correlation coefficient values were

achieved with UAV data collection. The reason for these results may lie in the lower con-

centrations above the forest canopy of the substances released during the attack. Another
hypothetic cause could have been weather conditions (e.g., the wind taking the substances
away, though no significant wind was registered on the day); in the future, it would be
advisable to equip the electronic nose with an anemometer for the next measurements. As
part of measurements with an anemometer, we will be able better interpret and record the

spread of chemical compounds in the forest environment.

Table 4. Pearson’s correlation coefficient results of UAV collection for early-stage infestation and

dead trees.
5 5
Data Collection Condition of Trees Sensor Fearsons Co.rrelahon
Coefficient

VOCs 0.445

SO, 0415

cO 0.464

O3 +NO, 0.501
UAV Early stage PM;o —0.020
measurement of infestation PM;5 —0.033

PMyg 0.021

CxHy 0.065

H,S 0.250

HCL NA

VOCs 0.346

SO, 0.294

cOo 0.377

O; + NG, 0.357
UAV PMio —0.006
measurement Dead trees PM;5 —0.101
PMyg —0.056

CxHy 0.140

H,S 0.140

HCL NA

The results are promising for further research in this area. Mostly HCL but followed
by SO, and H,S sensors proved to be the most suitable for chemical substances released
when attacked by bark beetles (Figure 7a,b). The other sensors reacted for increased
concentrations in the clearing area.
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Figure 7. 3D models present the most sensitive sensors during data collection: (a) HCL sensor and
(b) H,S sensor measured by electronic nose.

4. Discussion

Measuring chemical substances using electronic noses is a promising methodology in
forestry [12,21]. This system is already verified for monitoring odors from agricultural farms
and dangerous gas leaks from industrial sites [41-44]. This research provides information
on suitable electronic nose sensors for stress detection in the forest ecosystem. Measuring
VOCs in the air is challenging in terms of the impossibility of repeatability of measurements
under the same conditions. Constantly changing climatic and weather conditions change
concentrations and direction of spread [2-4].

Our research demonstrated the detectability of a specific substance, which is released
during stress in spruce trees, by specific electronic nose sensors. The HCL, H,S, and SO,
sensor during ground measurements (first and second ground data collection) was the most
sensitive for our purposes. Some sensors responded to the presence of another substance, so
they showed the opposite trend. At this moment, we are not aware of any work that would
clearly and undoubtedly prove which substances are released and in which quantities, and,
in particular, which sensors react to them. This study is not globally conclusive, and that
further study is needed. The research team of Paczkowski et al. [21] achieved similar results
in the detection of bark beetle infestation, where they compared the sensitivity of GGS2330
SnOz, GGS1330 SnO,, and GGS5330 WOj3; they recorded the highest reaction with the
GGS2330 sensor with a SnOj surface suitable for detecting easily thermally oxidized VOCs.

Early detection of infestation is desirable not only in forestry but also in agriculture.
The research methodology remains similar, and the aim of the assessment is the interaction
between the insect and the plant. An accuracy of 94.2-99.2% was achieved when monitoring
wheat aphid infestation; data collected were obtained by a cheap electronic nose [19]. The
signal from the electronic nose was used to distinguish rice infested and not infested by
the Nilaparvata lugens pest; the correlation coefficient reached a value of 0.78 between the
predicted pests and the actual ones recorded using machine learning models [33].

Ground data collection provides important information, but for forestry applications,
itwould be better to have comprehensive data from several measurement heights, and thus
also above the tree canopy. In this brief report, we have not proven a correlation between
the distance from the attacked trees and the values measured by the sensors during UAV
data collection. First, we flew at a height of 60 m; then, we climbed vertically to a height of
80 m. This procedure was chosen to minimize the influence of the downwash effect [45].
We used a sampling tube for data collection; the Teflon tube was 1 m long and was used
to collect air in front of the UAV. A meter distance is sufficient to minimize disturbances
during data collection [46]. Despite these measures, the same results were not achieved as
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with ground data collection. It is possible that the mixing of wind above the tree canopy
caused this. Another factor may be the substance values were below the detection limit
of the tested sensors, and measuring with a drone disturbs the air with the movement
of the rotors (downwash effect). Therefore, paying attention to this aspect before data
measurement is crucial. The effect of the height above the canopy was investigated by a
Winsen ME4-C,Hy electrochemical sensor in a research study focused on the ideal harvest
time of apples. The results show that the ethylene concentration decreased by 95% at 4 m
and 90% at 2 m above the trees [47].

The potential solution may be creating a canopy height model. Based on the data
on tree heights, it would be possible to move closer to the forest crowns and, thus, more
accurately capture VOCs from the upper part of the crowns. If even this maximum approach
to the trees’ canopy would not help, there is the option of manual flight below the tree canopy.

Several factors, including increased drought and insect pests, can cause stress. So,
direct detection of the bark beetle is very complicated; the aggregation pheromone, which
is produced by representatives of the bark beetle, is in very low concentrations in the forest
stand. Therefore, it might be easier to detect just-released VOCs, which signify an increased
stress level in trees [31]. In recent years, stress has mainly been caused by bark beetle
overgrowth in coniferous forests in the Czech Republic.

Our research points to the suitability of the HCL, H,S, and SO, sensors for stress
detection. However, further data collection in diverse areas is desirable. For further
research, we recommend verifying UAV data collection in close proximity to tree canopies.
It would be appropriate to repeat the experiment over a longer time horizon and monitor
temporal changes both in the daily regime and in terms of the rate and development of
infestation in the forest stand. For global conclusions, more extensive data collection will
be necessary, as other factors (e.g., humidity, temperature, air pressure) may influence the
results, and it is in no way possible to catch all in one experiment.

5. Conclusions

The presented research describes a potential methodology for the early detection of
bark-beetle-caused stress in the early stages of infestation (green attack) and dead trees,
which are usually the result of the previous attack. Using electronic noses and similar
sensors has been a proven methodology for faster data evaluation in the industry for
years. Therefore, applying electronic sensing noses in forestry represents such a potential.
The main advantage of this method is fast data processing; primary measurement data
can be checked in real-time using the software. Early identification of attacked trees
would bring enormous ecological and financial savings. We tested several sensors from
an electronic nose to detect dead and infested trees, and the HCL sensor performed most
reliably, providing accurate and higher correlation values with the distance to the target.
The highest accuracy was achieved during the first and second ground measurements. We
confirmed our hypotheses, and as part of the research, we managed to detect with specific
sensors the increased presence of a substance that identifies bark beetle infestation (i.e.,
stressed trees). The results from the data obtained by the UAV do not indicate decreasing
trends from the targets, which could be caused by a lower concentration of substances
above the tree canopy or an influence of higher wind movement. The results presented
here are very promising, but the research needs to be followed up with further experiments
to verify the use of other sensors, and in different situations.
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Summary of the article

European forests stressed by drought are subsequently more sensitive to natural
disturbances. In recent years, it has been map the increased occurrence of bark beetle,
forest fire, and wind through events. Sentinel5-P satellite data provide global coverage
with fine time scales and can be used to map non-optical changes in inaccessible areas.
It is impossible to map emissions by ground or UAV collection during forest fires from
a safety perspective. Bohemian Switzerland National Park. First, an enormous bark
beetle calamity was noticed in the national park, followed by long-term drought and
the largest fire in the modern history of Czechia. The fire affected the local fauna and
flora, and the leaking emissions from large-scale forest fires can significantly impact
global warming. The article validates the Sentinel 5-P TROPOMI sensor for mapping
the emission cloud due to a forest fire. The methods used were space-time cube and
change point analysis. We recorded the most reliable results for the carbon monoxide
data product. The emission plume affected an area of 27,000 ha, with a 37.6% increase

in emissions recorded during the first three days compared to the unaffected area.
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Abstract

As a result of climate change, forest fires are beginning increasingly threaten Europe's forest
ecosystems especially in the areas where they are not common (central and northern Europe).
Remote sensing technology nowadays offers novel breakthrough methods for analysis and data
gathering of such information and provides valuable insights for researchers and practitioners
to learn more about fire activity and its interaction with forest ecosystems. This research focuses
on analysis of novel Sentinel5-P TROPOMI satellite data to monitor chemical emission in the
Czech Switzerland National Park during the largest fire in modern history in the Czech
Republic. We have verified the responses of individual data products using the changepoint
package in R and a space-time cube with change-point analysis in ArcGIS Pro. The CO data
product provided significant differences in the emission plume during the fire compared to the
unaffected areas. This mapping technique determined the size of the affected area at 27,000 ha,
and the infestation lasted 6 days from the fire outbreak. Based on satellite observations, a 37.6%
increase in CO emissions appeared during the first three days of the fire, and an 18.5% increase
in CO during the fourth to sixth days of the fire compared to background data. This mapping
technique can serve as an entry point for strategic planning of post-disturbances interventions

and analysis.

Keywords: remote sensing, chemical mapping, Sentinel 5-P, forest fire, natural disturbances
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1. INTRODUCTION

Forest ecosystems in Europe cover roughly a third of the territory, and in the last decade, they
have been significantly degraded (Forest Europe, 2020). Climate change has a negative effect
on the health state, which increases average temperatures and reduces precipitation or change
the precipitation distribution over year, leading to significant stress in vegetation which was
historically adapted to different conditions. Increased drought during the summer is considered
one of the causes of more extreme fire weather (Jolly et al., 2019; Huang et al., 2020; Jain et
al., 2022; Griinig et al., 2023); forest fires threaten local fauna and flora but also negatively
affect the functions of forest ecosystems, reduce carbon storage (Bowman et al., 2021; Case et
al., 2021), and increase risks to infrastructure and human health (Keeley et al., 2011; Ganteaume

et al., 2021).

European forests stressed by drought are consequently more susceptible to natural disturbances;
in the last twenty years, the most significant damages have been caused by windthrow events
(46 %), forest fires (24 %), and bark beetles (17 %) (Patacca et al., 2023). On average, 43.8
million m*/year are cut down in European forests due to natural disturbances in the last 70 years
(Patacca et al., 2023). Forest health has been monitored regularly in Czechia since 1986 based
on the international program of the European Economic Commission (ICP Forests). Defoliation
of forests in Czechia is the highest in Europe and is a severe and persistent problem. It was
created due to high emissions in the past; the condition is gradually improving. The current
issue is the receding bark beetle outbreak, which has affected majority of spruce forests. Total
cutting in 2022 amounted to 25.1 million m?; salvage cutting due to natural disturbances
accounted for 79 % (19.8 million m?), and of this cutting due to bark beetle infestation
represented 8.3 million m?. In many areas forests are more susceptible to forest fires. In Czech
Republic, most of the fires so far did not reach large extent, despite the fact that the frequency
of the fires is growing alarmingly. Exception in this trend is forest fire from year 2022, where
in inaccessible areas of national park in combination with strong wind the forest fire extended
to more than 1000 hectares, making it so the largest ever fire in Czech modern history. The total
area of forest stands affected by fire in 2022 was approximately 1 715 ha (in 2021: 410 ha)
(Ministerstvo zemédélstvi, 2023).

Forest fires are a source of greenhouse gases (carbon dioxide (CO2), methane (CHs), nitrous
oxide (N20)) and photochemically reactive compounds (carbon monoxide (CO), non-methane
volatile organic carbon (NMVOC), nitrogen oxides (NOx) and others). Forest fires affect the

climate directly through greenhouse gases and aerosols but also indirectly through a secondary
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impact on the atmosphere, for example, the formation of ozone O3 (Urbanski et al., 2008). CO
is an atmospheric pollutant that is colorless, odorless, and tasteless, and in high concentrations,
can be dangerous for the human body. CO is an indirect influencer of climate change directly
affects the concentration of primary greenhouse gases (Schneising et al., 2019). Remote sensing
allows the efficient mapping of more extensive areas affected by natural disturbances. The
extent of the covered study area and the quality of the images depends on the platform used.
Satellite data are used for predictive analysis of fire occurrence, spread mapping, and ecological
research on the effects of fire on ecosystems (Xiao-rui et al., 2005; Ross et al., 2013). Changes
in the spectral reflectance of individual bands are used to evaluate health status. The indices
used for fire mapping are: Normalized Burn Ratio (ANBR), Burned Area Index (BAI), and
normalized difference vegetation index (NDVI) (Chuvieco et al., 2002; Miller and Thode, 2007,
Soverel et al., 2010). In addition to the spectral changes during forest fires, there are non-optical
manifestations, namely the increased emissions production. These non-optical changes can be
measured locally using hand-held detectors to assess a small area rapidly. However, for global
mapping, these methods are ineffective, and some locations are not accessible for inspection
due to rugged terrain or property rights. These shortcomings are eliminated by the possibility

of using satellite data.

Analysis of the forest fire by remote sensing data in Czech was performed by Berdych (2024)
and it was shown that optical remote sensing products like optical aerial imagery including the
NIR information and Lidar data acquired periodically before the fire and on purpose after the
fire. The remote sensing data were compared to the fire inventory for individual components
like standing tree severity, lying tree severity, crown severity and litter severity. Most
significantly were values for NDVTI after which was in correlation with standing tree severity
and lying tree severity. These two values were also clearly correlated with Lidar difference (e.g.

metrics obtained from the before and after Lidar scans, mostly mean and standard deviation).

Berdych (2024) also constructed various machine learning algorithms for analysis of variable
importance to estimate fire severity, namely random forest and support vector machine models
with various kernels. Among the most significant variables obtained from remote sensing
materials the lidar height difference, standard deviation of the difference and combination of

before and after NDVI values proved to have significant impact on severity assessment.

The modern remote sensing data include and provide possibilities for direct assessment of
severity in larger scale for estimating the emissions to the atmosphere. The Greenhouse Gases

Observing Satellite (GOSAT) is the first satellite to detect CO2 and CHy emissions since 2009.
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It carries two instruments, the Thermal and Near Infrared Sensor for Carbon Observation
Fourier-Transform Spectrometer and the TANSO Cloud and Aerosol Imager (Hamazaki et al.,
2007; Ross et al., 2013; Lunt et al., 2019; Maasakkers et al., 2019). Recent scientific studies
have addressed the validation of the TROPOMI sensor for emissions mapping in various tasks
(Figure 1). TROPOMI NO:; and CO data products were used to characterize biomass
combustion efficiency and analyze pollutants from the burning process (Van Der Velde et al.,
2021a), forest fires were monitored in Portugal with TROPOMI's data product CO and CHa
(Magro et al., 2021).

Figure 1. Sentinel-5 satellite with TROPOMI sensor focused on environmental monitoring operations (Photo: ©ESA; ES4 -
Sentinel-5P and Tropomi)

Information about the emission can be used to estimate the emissions to the atmosphere caused
by the fire. Such example was demonstrated in (Van Der Velde et al., 2021b). The authors
utilized CO estimates measured by TROPOMI, developed analytical Bayesian inversion, and
observed ratios between emitted carbon dioxide and carbon monoxide and estimated the total
carbon release to the atmosphere. They concluded that from November 2019 to January 2020
715 teragrams of carbon dioxide were released to the atmosphere approximately double the
estimates from previous inventories. Similar study conducted by Wan et al. (2022), focused on
estimation of CO and NO; emissions. They combined data from TROPOMI with fire counts
and fire radiative power (FRP) from MODIS and estimated temporal and spatial variation of

NO:; and CO.
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In this paper we focus on analysis of TROPOMI CO data, and the goal is mathematical
modeling and analysis of the spread of emissions from a forest fire and to verify capability of
the Sentinel-5 satellite products for mapping emissions from forest fires for possible input in

other mathematical spatial models as shown in (Yoshimoto et al., 2017).

2. METHODS
2.1 Study area

The study area is one of four national parks in the Czech Republic (Figure 2), located in the
Décin district and adjacent to the border with Germany. The main objects of protection are
sandstone formations and biotopes directly linked to them. Forest stands covered most of the
land (95 %), and the initially dominant forest beech was displaced by spruce. The species
composition in the forest is not natural; it was influenced by past forest management activity;
the park's current representation is 60% Norway spruce, 20% forest pine, and 10% forest beech.
The area of the national park is 7,933 ha. In 2018, extreme windthrow events took place in the
park, followed by extensive outbreaks of bark beetles on the spruce stands. Standing dead
spruce trees remained in the park; the trees were not cut down. The largest fire in the Czech
Republic in modern history took place in Bohemian Switzerland National Park. It started on
July 23 and spread to the German side on July 25, 2022. Forest fires burned approximately
1,200 ha. The fire was extinguished on August 12, 2022.

pre— 2]

N ” ; C) STUDY AREA - NATIONAL PARK IN CZECHIA

A

Figure 2. The study area of the national park, A) forest cover affected by bark beetles in 2020 - the gray crowns of dead trees
are visible, B} the area of the park affected by fire in 2022, C) the extent of the national park - a very high forest-type land
cover.
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2.2 Data

For the chemical analysis of the fire in the national park, we used images from the European
Space Agency's Sentinel-5 Precursor satellite, a low Earth orbit polar whose primary mission is
to map air quality and monitor climate change. The satellite carries the sensor TROPOspheric
Monitoring Instrument (TROPOMI), which has ultraviolet-visible (270500 nm), near-infrared
(675-775 nm), and shortwave infrared (SWIR) (2305-2385 nm) spectral bands and can map
fundamental atmospheric indicators nitrogen dioxide (NO»), sulfur dioxide (SOz), carbon
monoxide (CO), formaldehyde (HCHO), Methane (CHi), and UV Aerosol Index with spatial
resolution approximately 7 x 7 km? (Bowman et al., 2021). After examining the characteristics
of the data products and their response to forest fires, the CO product was used for data analysis.
Another possibility was data product CHy4, which lacked data for the monitored periods (NA).
The images were downloaded from the Google Earth Engine portal (data collection of
COPERNICUS/S5P/OFFLY) as a georeferenced raster format (GeoTIFF type) as average values
od data products for the specified time period (Gorelick et al., 2017).

The forest fire was monitored over approximately four months, focusing on the before, during,
and after the fires. Ten periods before the fire were monitored from 3.6. 2022 to 22.7. 2022,
then seven periods during the fire from 23.7. 2022 to 12.8. 2022 and ten periods after the end
of the fire from 13.8. 2022 to 1.10. 2022. The exact time definition of the individual periods is
given in Appendix 1.

Example of the code to get an image showing CO before a fire:

var dataset = ee.ImageCollection("COPERNICUS/SSP/OFFL/L3 CO")
var image = dataset. filterBounds(roi)
SilterDate("2022-06-01T00:00:01", '2022-07-22723:59:00")
.select('CO _column_number density')
.mean()
.clip(roi)
var band viz = {
min: 0,
max: 0.05,
palette: ['black’, 'blue’, ‘purple’, ‘cyan', 'green’, 'vellow', 'red']};
Map.addLayer(image, band viz)
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1 print(image)
// Export the image, specifying scale and region.
Export.image.toDrive({

image: image,

scale: 1113.2,

2

3

4

5 description: 'CO_pred',
6

o region: roi});

8

9 2.3 Data analysis

10 The data analysis was divided into two steps. In the first step we analyzed buffers around the
11 fire center in order to estimate the importance of individual variables. We used the R Studio
12 2024.04.0 (©2009-2024 Posit Software, PBC) and ArcGIS Pro 3.3.0 (©2023 ESRI Inc.,
13 Redlands, CA, United States) software’s for all data analysis.

14 2.3.1 Analysis 1 — Buffering

15  First, we created multiple buffers in kilometer intervals (1-30 km, Figure 3) from the input
16  polygon of the fire area (i.e., the territory of the national park affected by a forest fire and

17  defined based on optical images and ground survey).

19 Figure 3. The area affected by the fire (red polygon) and individual polygon segments show multi buffers at kilometer intervals.

20
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This analysis was also performed to evaluate all data products that could capture differences in
forest fire cases: NO2, SO,, CO, HCHO, CH4, and UV Aerosol Index. The aim was to find the
maximum distance where there was still a change in emissions and in what periods the changes
occurred. However, from the preliminary results, changes during the fire were only recorded
for the carbon monoxide product, so we continued to work only with this data set. For all time
periods and individual buffers, we summarized the values using the Zonal Statistics as Table
(Spatial Analyst) tool and we searched for change points for individual distances from the fire

epicenter using the changepoints package (Killick, 2011) with the settings:
cpt_result <- cpi.var(concentration_data, penalty = "AIC", O = 3)
2.3.2 Analysis 2. Point based analysis of Multidimensional raster data

A multidimensional raster was created, representing the same area captured multiple times, in
our study case, a forest fire in a national park. Individual satellite carbon monoxide images were
combined into a multidimensional raster in .crf format, designed for working with large-scale
data: in this format, the data is divided into individual tiles to facilitate working with the data.
To preserve metadata information, the Build Multidimensional Info (Data Management)
function was used, and the names of variables (individual raster images of study time periods)
were stored with their numerical values of recorded carbon monoxide concentration along with

the dimension (date of acquisition).

Subsequently, the Create Space Time Cube From Multidimensional Raster Layer (Space Time
Pattern Mining, Figure 4) function was applied to create a spatiotemporal representation from
a multidimensional raster to visualize and analyze spatiotemporal data mapping forest fire
emissions. The individual rasters have the same cell size (x and y are the same), and the created
space-time cube consists of grids. The trends of values over time are analyzed using the Mann-
Kendall statistical method. The individual periods of the examined Sentinel-35 data product were
specified in the Time Step Interval parameter (the used periods are precisely described in section

2.2 Data)
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Figure 4. A sample spatial cube consists of a grid; its dimensions are rows, columns, and time steps. The rows and columns
describe the spatial extent, and the time steps describe the temporal extent (4rcGIS Pro 3.4., 2024)

In the created Space Time Cube, all-time steps where the statistic property changed significantly
were identified, and individual change points divided the time series into segments, with the
values in each segment having a similar statistic property. Change points are then defined as the
first step in each new segment, ending with the beginning of the next segment. Shifts in the
concentration of the analysis variable carbon monoxide concentration were detected, statistical
properties of the carbon monoxide concentration are constant in each segment, and at each
change point, they change to a new value. The total number of change points is one less than
the number of segments. Four methods of Change Point Detection (Space Time Pattern Mining)

were tested: Mean shift, Standard deviation, Slope (Linear trend), and Count.

The Mean shift method (Figure 5) focuses on detecting points where changes occur in the mean
value of the analyzed variable. It assumes that the data values are distributed according to a
normal distribution, which means that the probability behavior of the data is symmetrical. Most
values are concentrated around the mean. An important assumption is that all periods share the
same standard deviation, which means that the dispersion of the data is constant over time. The
data is divided into segments during the analysis, with each segment's mean value constant. If
a change point is detected, the mean value changes. This approach is particularly suitable for
examining time series, where sudden changes may occur due to various factors, such as

environmental changes, events, or other external influences (ArcGIS Pro 3.4., 2024).
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Figure 5. Simplified blue line chart showing change point detection methods using mean shift, vertical orange lines which
presents the change points (Ar¢GIS Pro 3.4., 2024)

The Standard deviation method (Figure 6) focuses on detecting changes in the standard
deviation of the variable being analyzed, which means that it tracks how the variance or
variability of the data changes over time. It assumes that the data values are distributed
according to a normal distribution, which means that the probability distribution of the data has
a symmetrical shape. The critical assumption of the method is that the mean value of the data
remains constant over all periods, regardless of the changes in variability detected. The data are
divided into segments, with the standard deviation being constant in each segment. If a change
point is detected, it means that the variability of the data has changed dramatically. This method
can be crucial for forecasting, planning, or ensuring safety in a study area (ArcGIS Pro 3.4.,

2024).

MMWWW\NWWM\N\

Figure 6. Simplified blue line chart showing change point detection methods using standard deviation, vertical orange lines
which presents the change points (AreGIS Pro 3.4., 2024)

The Slope (Linear trend) method (Figure 7) is designed to detect changes in the linear trend of
the analyzed variable. This method monitors whether and when the slope or direction of data
development changes over time. It is assumed that the data values are normally distributed,

meaning they are symmetrical, and most values are concentrated around the mean. The average
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value in each segment is defined by a straight line with a certain slope and intercept. In each
segment, the slope and intercept of the line are constant, changing when detecting a change
point. The standard deviation, which describes the variability of the data around this line,
remains the same in all periods. The method provides valuable information about the long-term
development of a process or system, which is invaluable for decision-making and planning

(ArcGIS Pro 3.4., 2024).

[

Figure 7. Simplified blue line chart showing change point detection methods using slope (Linear trend), vertical orange
lines which presents the change points (4ArcGIS Pro 3.4., 2024)

The Count method (Figure 8) focuses on detecting changes in the mean value of the analyzed
variable, which represents the number of events. This method assumes that the data follows a
Poisson distribution. The mean value is constant within each time segment but can change once
achange point is detected. If a change point is detected, there has been a change in the frequency
of the analyzed event. The method can be used, for example, for areas where there is a need to

monitor and respond to changes in criminality, and healthcare (ArcGIS Pro 3.4., 2024).

bh g

Figure 8. Simplified blue line chart showing change point detection methods using Count, vertical orange lines which
presents the change points (4reGIS Pro 3.4., 2024)
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The main output of Change Point detection methods is a feature class, which contains one
feature for each location in the input space-time cube. This feature class has records in the table
of contents about the number of change points detected, the date of the first change point, and

the date of the last change point detected in a study area (ArcGIS Pro 3.4., 2024).

3. RESULTS

Below, the results obtained from Analysis 1 — Buffering will be described first, followed by the

results from 2. Point-based analysis of Multidimensional raster data.

In the first step, we searched for change points in R using the changepoint function. We verified
all data products from Sentinel-5 that could be related to forest fire emissions or their secondary
effects, specifically using datasets for NO,, SO,, CO, HCHO, and UV Aerosol. The changepoint
calculations assumed three changes (the start of the fire, the highest emissions achieved, and
the end of the fire). The only dataset in which we got the change points corresponding to the
forest fire timeline was CO. Based on our assumption of three changes, the first change after
the start of the fire was recorded in period 12, which is a dataset for period 26.7. till 28.7.2022,
this change indicates a period of highest concentrations (Figure 9). Subsequent changes were
detected only at the end of the monitored periods 26 and 27, representing the dataset for periods
24.9.-28.9.2022 and 29.9 —3.10.2022. Of the three expected changes, only two were recorded,
and when the fire broke out, we recorded the changes within 8 km of the fire epicenter. This
data evaluation does not include the spatial dimension in the calculation, and the results do not
fully reflect the mapped phenomenon of forest fire. Therefore, we used the second data analysis

approach: change point detection based on the spatiotemporal cube.
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Figure 9. Change points for carbon monoxide, on the x-axis, are the periods when the changes occurred (Ist - 10th is the
period before the fire, 11th - 17th is the period during the fire, and 18th - 27th is the period after the fire.

We used a multidimensional raster and a space-time cube for a more detailed spatial mapping
analysis to identify increased carbon monoxide levels during the forest fire. The emissions were
most severe in the central to eastern part of the national park, with subsequent spread to the east
(Germany), where the forest fire was also partially extended. Figure 10 shows a space-time
cube of CO for possible mapping of concentration changes in both spatial and temporal scales,

which overcomes the limitation noted in Analysis 1.

€O change over StdTime

Location 9 - MaxPS
*Location 10 - MaxP$.
Location 17 - MaxP$.

005

B *Location 12 - MaxP$
Location 13 - MaxPS.

f AN *Location 14 - MaxPS

o‘coa:_-T S Nl S e T e — Location 15 - MaxPs
i i T eLocation 16 - MaxPS

632022 6172022 7.1.2022 7152022 7292022 8122022 8262022 992022 9232022 - Location 17 - MaxPS

StdTime

Figure 10. Space time cube of carbon monoxide concentrations, A) a more comprehensive view of the national park area
(black-bordered polygon), B) a more detailed view of the national park, C) a graph showing the course of concentrations for
specific locations defined by points throughout the monitored timeline (the fire started on 7.23.2022)
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We achieved the best results using the Mean shift method of point detection and we obtained
information about the pixels where the changes occurred and not; we divided pixels into two
groups according to the recorded changes (Figure 11). For group "At least one change”, red
pixels), we involved all pixels where we achieved at least one change from the beginning of the
fire; in total, it was 346 pixels. For group "No change" (blue pixels) we selected the same
number of pixels in the surroundings of the affected area, where we didn't map any changes.

Each group covers an area of approximately 27,000 ha.

Change Point Detection

Figure 11. Red pixels are areas where there has been at least one change in carbon monoxide concentration since the start of
the fire. Blue pixels are areas without changes where no increased concentration was recorded.

Then, we summed up the CO values for the "At least one change" and "No change" groups. The
"No change" group served as background data, i.e., for establishing the current average CO
concentration without a stress event caused by a natural disturbance. From the background
values, we determined the increase in concentration for the affected area (the group marked "At
least one change"). We monitored differences in CO emissions in three daily periods, i.e. period
11 (23.7.-25.7.). period 12 (26.7. - 28.7.), period 13 (29.7. - 31.7.), period 14 (1.8. - 3.8. 2022),
period 15 (4.8. - 6.8. 2022), period 16 (7.8. - 9.8. 2022). period 17 (10.8. - 12.8. 2022).

In Figure 12, we graphically display the mapped differences in CO emissions during the fire
for affected vs. unaffected areas. The forest fire started on 23.7.2020; period 11 is for dataset
23.7. —25.7.2022, and here we recorded a 37.6% increase in CO compared to the background
value; we also recorded an 18.5% increase in CO for period 12 (26.7. — 28.7.2022). Increased
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CO emissions were observed in the first six days of the fire for an area affected by the chemical
plume of 27,000 ha. In the remaining periods of the fire (i.e., 29.7. — 12.8.2022), we did not
record increased CO emissions.

Carbon monoxide emissions in affected vs unaffected areas

0.05
37.6%

0.04
18.5%

0.03

1.7%
Lo 0.3%
Category
M At least 1 change
No changes
0.02
0.01
0.00
14 15 1

1 12 13

com?

Fire

Figure 12. CO amounts for categories "At least 1 change" and "No changes"” for the monitored forest fire, differences in CO
emissions were monitored in three daily periods, i.e. period 11 (23.7. - 25.7), period 12 (26.7. - 28.7,), period 13 (29.7. -
31.7.), period 14 (1.8. - 3.8. 2022), period 15 (4.8. - 6.8. 2022), period 16 (7.8. - 9.8. 2022), period 17 (10.8. - 12.8. 2022).

4. DISCUSSION

In this study, we validated the potential of Sentinel5P TROPOMI data for non-optical mapping
of natural disturbances, focusing on a case study of a forest fire in a national park in Czechia.
First, relevant data products were searched for those mapped changes concerning the forest fire
behavior. Of the potential data products (CHa, NO2, SO2, CO, HCHO, and UV Aerosol) that
could record emissions, the most promising results were obtained for the CO data product. CHy
was unavailable for the area of interest from June to September 2022. Similar results were
observed by Magro et al. (2021) when mapping fires in Portugal, where CO provided a clear
trend, and the results were evident with the fire behavior; CHsy measurements did not show the
same clear trend; elevated values could only be identified at the beginning of the fire, not to
estimate its direction. CHy is a lighter gas than CO, so it can cause errors in the measurement

because this gas is better carried by the wind gust (Magro et al., 2021).
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Forest fires are not as common in Central and Northern Europe, but due to global changes, they
can be predicted to become more common. The importance of monitoring emissions from forest
fires is confirmed by studies from areas where forest fires are a severe natural disturbance.
Extensive forest fires were recorded in Australia in 2019 and 2020; Wan et al. (2022) used
TROPOMI products NOz and CO to analyze temporal and spatial emission variations based on
determining emission factors and ratios. The TROPOMI instrument was able to characterize
changes on a regional scale during biomass burning; boreal forest fires produce a 3x to 6x
greater increase in NO; and CO emissions than in the case of savannas or tropical forests (Van

Der Velde et al., 2021a).

In addition to the TROPOMI sensor tested in our research, there are other remote sensing
techniques for mapping forest ecosystems, such as increased concentrations of CO; and CHa,
which were investigated in simulations, and the spectrometer of the GOSAT satellite
demonstrated the ability to map increased values of atmospheric gases during boreal, tropical
and savanna forest fires (Ross et al., 2013). The Nechita-Banda et al. (2018) study used data
from the IASI (Infrared Atmospheric Sounding Interferometer) and MOPITT (Measurements
of Pollution in the Troposphere) satellites to analyze carbon monoxide emissions during
peatland fires in Indonesia in 2015. They used infrared spectroscopy and inverse modeling.
Their results showed a significant increase in CO emissions during the fires, with the total

carbon released into the atmosphere estimated at 0.35-0.60 Pg.

Satellite data for mapping natural disturbances brings frequent data obtaining and extensive
coverage of the study area, which can be at the expense of spatial resolution. Nechita-Banda et
al. (2018) report that the sensitivity of their model based on satellite observations indicates that
it can separate emission regions that are 300 km away, and in their study, they mention the
availability of finer temporal and spatial scales thanks to the Sentinel-5P TROPOMI data
products. One of the first studies using TROPOMI data (Borsdorff et al., 2018) emphasizes
global coverage with frequent data acquisitions. In their study compared TROPOMI with
measurements from the European Centre for Medium-Range Weather Forecasts, finding very
good agreement between the two datasets with an average difference of +3.2% and a correlation
coefficient of 0.97. The scientific findings highlight the ability of TROPOMI for emissions
mapping; from our results, we determined the first and last day of contamination from the CO
data product. We were also able to determine the size of the affected area (27,000 ha) through

mapping analyses.
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The problematic part remains to determine the total emissions released during the entire
duration of the forest fire. Satellite measurements are obtained during a short interval of about
5 minutes; however, emissions can vary greatly during the day depending on intensity, type of
burned biomass, etc. Based on our results, a rough estimate can be made based on the affected
area of 27,000 ha, where changes were recorded within the first six days of the fire. A difference
of 0.013 mol/m? was recorded for the first three days of the fire, and from the fourth to the sixth
day, the difference was 0.006 mol/m> Based on the molar mass of CO, which is 28.01, the
concentration can be converted from mol/m? to g/m?. The total CO released from the forest fire
could be determined at 421 tons at the moment of the Sentinel snapshot. Conversion to the total
release could be calculated using the gas dynamics within the column of the raster, but that

would be in this case very speculative and, therefore, not included in the results.

5. CONLUSION

In this research, we focused on validating the data product of the Sentinel-5 TROPOMI satellite
for mapping forest fire emissions. The case study focused on a national park where an extensive
bark beetle calamity was first recorded, followed by standing dead trees and long-term drought.
Subsequently, on July 23, 2022, the largest forest fire in the modern history of the Czech
Republic broke out there. The research found that the CO product data provided the most
relevant information. The area affected by the emissions was 27,000 ha, and the infestation was
mappable within the first six days of the fires. In the affected area, the initial increase in CO
was 37.6% compared to the unaffected part. This research provides an entry point for chemical
mapping of forest fire plume spread. It provides a methodology for obtaining data for modeling
intervention operations to optimize them. Using non-optical satellite data, we can determine the
duration of the emission cloud, its first and last day. It is also possible to map the extent of the
affected area and determine the difference in emission concentration in the affected area against
the background. The challenge remains in determining total emissions from remote sensing

methods, specifically in taking the time perspective into snapshot images.
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APPENDIX 1
The period examined was:

1) before the fire:

1. '2022-06-03T00:00:01", '2022-06-07T23:59:00', “before_firel”
2.'2022-06-08T00:00:01", 2022-06-12T23:59:00', “before_fire2”

3

4
5
6.
7

®

.'2022-06-13T00:00:01", '2022-06-17123:59:00', “before fire3”
. '2022-06-18T00:00:01", '2022-06-22123:59:00', “before_fire4”
. 2022-06-23T00:00:01', '2022-06-27123:59:00', “before_fire5”
'2022-06-28T00:00:01", '2022-07-02T23:59:00", “before_fire6”
. 2022-07-03T00:00:01", '2022-07-07T23:59:00" “before_fire7"”
'2022-07-08T00:00:01", '2022-07-12T23:59:00', “before_fire8"

9.'2022-07-13T00:00:01", '2022-07-17123:59:00', “before_fire9”

10. '2022-07-18T00:00:01', '2022-07-22T23:59:00", “before firel0”

2) during the fire:

11.
12.
13.
14.
15.
16.
17.

'2022-07-23T00:00:01', '2022-07-25T23:59:00", “firel "
'2022-07-26T00:00:01", '2022-07-28123:59:00", “fire2”
'2022-07-29T00:00:01', '2022-07-31T23:59:00, “fire3”
'2022-08-01T00:00:01', '2022-08-03T23:59:00", “fire4”
'2022-08-04T00:00:01', '2022-08-06T23:59:00", “fire5”
'2022-08-07T00:00:01, '2022-08-09T23:59:00", “fire6”
'2022-08-10T00:00:01', '2022-08-12T23:59:00", “fire7”

3) after the fire:

18.
19.
20.

2

—_

'2022-08-13T00:00:01', '2022-08-17123:59:00', “afier_firel”
'2022-08-18T00:00:01', '2022-08-22T123:59:00", “afier_fire2”
'2022-08-23T00:00:01', '2022-08-27T23:59:00", “after fire3”

. '2022-08-28T00:00:01', '2022-09-01T23:59:00', “after fire4”
22,
23.
24,
25.
26.
27

'2022-09-02T00:00:01', '2022-09-06T23:59:00", “after fire5”
'2022-09-07T00:00:01', '2022-09-11T23:59:00', “after fire6”
'2022-09-12T00:00:01', '2022-09-16T23:59:00", “after fire7”
'2022-09-17T00:00:01', '2022-09-21T23:59:00", “after fireS”
'2022-09-22T00:00:01', '2022-09-26T23:59:00", “after fire9”

'2022-09-27T00:00:01', '2022-10-01T23:59:00", “after firel0”
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Summary of the article

As a result of large-scale natural disturbances, which are increasingly common even
in European conditions, more intensive harvesting occurs due to stress, damage, and
subsequent death of stands. Deforested areas are at risk of soil erosion, and according
to the law, the owner is obliged to ensure restoration. The article focuses on evaluating
natural regeneration in clearings after salvage cutting due bark beetle infestation. For
each study area and the surrounding forest, a detailed terrain model was obtained from
UAV collection, individual variables (topographic wetness index, solar area radiation,
fencing, type of soil preparation, and distance to the nearest mature forest edge) were
obtained through spatial analysis and 3D models, and subsequently, the influence of
the variables on the newly naturally restored elements of the vegetation was verified.
The presented methodology is an appropriate solution for assessing the suitability of
areas for regeneration and for decision management in the framework of strategic

planning for regeneration.
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Drone microrelief analysis to
predict the presence of naturally
regenerated seedlings

Tereza Huttnerova®, Robert Muscarella® and Peter Surovy*

ences Prague, Prague,

.enter, Uppsala Unive

Three-dimensional (3D} mapping and unmanned aerial vehicles {UAVs) are
essential components of the future development of forestry technology.
Regeneration of forest stands must be ensured according to the law in the
required quality and species composition. Forest management focuses on the
optimization of economic costs and quality-assured seedlings. Predicting the
suitability of the plots’ environment for natural forest regeneration can contribute
to better strategic planning and save time and money by reducing manual work.
Although the savings may be considered negligible on small forested plots, they
are significant for large cleared areas, such as those harvested after large beetle
infestations or strong windstorms, which are increasingly common in European
forests. We present a methodology based on spatial analysis and 3D mapping
to study the microrelief and surrounding of recently cleared areas. We collected
data on four plots in the spring and autumn of a single year after the harvest of
four Norway spruce [Picea abies (L.) Karst.] stands near Radlice, Czechia using a
multirotor Phantom 4 Pro UAV with a red, green, blue (RGB) camera. We used
RGB imagery to compute microrelief data at a very high spatial resolution and
the surrounding forest stands after harvesting. We used the microrelief data to
estimate the amount of water accumulation and incoming solar radiation across
the sites. Based on presence data of newly-established seedlings, we used linear
mixed effects models to create a suitability map for each site. Model variables
included topographic wetness index, solar area radiation, fencing, type of soil
preparation, and distance to the nearest mature forest edge. The topographic
wetness index and fencing had strong positive influence on seedling
establishment, while solar radiation had a negative influence. Our proposed
methodology could be used to predict spontaneous regeneration on cleared
harvest areas, or it can estimate how much area is suitable for regeneration,
which can lead to important investment decisions.

KEYWORDS

unmanned aerial vehicle, clearing cut, 3D maps, spatial analysis, natural regeneration,
forest monitoring, soil moisture

1 Introduction

Forests are among the most valuable terrestrial ecosystems, but they are also highly
susceptible to potential threats and damage. For example, the long lifespan of trees means that
theyare unable to quickly adapt to damaging human practices and natural disturbances related
to climate change. It is predicted that Europes forests will experience an increase in the
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occurrence of storms, fires, and insect pests (Seidl et al., 2014;
European Commission and Joint Research Centre, 2020; Huo et al.
2021). The primary consequences may include the reduced resistance
of forest ecosystems and associated communities and processes, and
also a depleted and less predictable wood supply. Predicting natural
responses to these changes and responding in a timely manner will
be critical to help sustain the many benefits provided by forest
ecosystems. Therefore, it is essential to restore quality forest habitats
in a timely and efficient manner. To maximize regeneration efforts, it
is advisable to minimize seedling death or failure during the early
establishment phases of reforestation. Typically, manual treatment of
entire areas is conducted to re-establish trees, but this is physical,
time-consuming, and financially costly.

The forest regeneration plan must follow the binding decrees and
reflect the prescribed standards. The minimum number of trees must
be preserved in individual areas, which Decree No. 456/2021 Coll
determines. In the framework of regeneration, forest management is
guided by a target management set of stands, in which are determined
by different forest stands with similar or the same climatic and soil
conditions (Sequens, 2007). Natural regeneration of forest stands can
be an effective, cost-efficient means to reforest disturbed stands, but it
is highly variable and dependent on several factors, including seed

ilability, browsing p and other site-specific factors, such as
soil type, aspect, and slope, which affect microsite quality (Ilanssen,
2003; Brezina and Dobrovolny, 2011; Caliskan et al., 2014; Vacek et al.,
2014). The identification of potential areas of natural regeneration
through environmental suitability analysis can improve the efficiency
of site preparation and afforestation needs, and reduce associated costs.

The cost effectiveness of unmanned aerial vehicles (UAVs) for
mapping forest stand characteristics allows for an innovative approach
to quickly evaluate relatively small areas (100s of sq. km) with high
spatial resolution. Multirotor UAVs can carry various types of sensors
weighing several kilograms, and they have excellent maneuverability,
including the benefit of a vertical take-off and landing, which is
important in a forest environment. A limiting factor with the
multirotor UAVs can be that increased sensor weights reduce
operating time, thus leading to a smaller mapping area.

The light detection and ranging (LiDAR) sensor can accurately
map vertical forest canopy structure, including the tree canopy, the
ground below the trees, and the space between canopy and ground
(Brede et al, 2017; Wieser etal., 2017). A hyperspectral camerais used
for species classification (Hycza et al., 2018; Tusa et al, 2019).
Multispectral cameras can help evaluate the health status of forest
stands through vegetation indices (Kloucek et al., 2019; Junttila et al.,
2022). A financially inexpensive option is cameras with RGB channels
that can monitor the area in the visible spectrum. Using the structure-
from-motion (SfM) metric, a very accurate 3D terrain model can
be created. Information on topographic variables (digital elevation
model, slope, and aspect) and other metrics, such as solar radiation
and topographic wetness index, can be obtained from high resolution
3D models, all of which can be compiled to provide valuable
information for species distribution models (SDMs).

Species distribution models evaluate the relationship between
environmental variables and presence data on occurrence (or
occurrence and absence data; Franklin and Miller, 2009; Franklin,
2010). Algorithms for SDMs are diverse and depend on the types of
occurrence data, the range and quality of environmental variables, and
study objectives. Algorithms are based on the extrapolation of values
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from environment variables in the places where the species occurs.
These models have been used for predicting species distributions and
richness, evaluating the correlation of environmental variables and
occurrence data, and the dispersal of species to other areas (Wollan
et al., 2008; Elith et al, 2011; Falk and Mellert, 2011). To predict the
occurrence of a species or determine the suitability of a habitat for any
given species, it is necessary to know terrain variables and predictors
that affect growth, which are primarily influenced by water and
solar radiation.

Solar radiation has a significant impact on site water balance
through heating water, soil medium, evapotranspiration, melting
snow, and ice, and, thus, it also has a strong influence on the
establishment and presence of vegetation (Guisan and Zimmermann,
2000; Meentemeyer et al., 2001; Brang et al., 2005; Lebourgeois, 2007;
Piedallu and Gégout, 2007). Solar radiation can be measured using
ground meteorological stations and then the data can be interpolated
for the given data area (Thornton et al., 2000; Piedallu and Gégout,
2007), although the limited number of point measurements cannot
sufficiently characterize the terrain variability, and there is a significant
distortion of solar radiation maps (I'v and Rich, 2002). Geographic
information system (GIS) tools can more accurately map incident
solar radiation because they work with the detailed morphology of the
terrain, and they can also include the degree of cloud cover in the
calculation (Zhu, 2016).

We hypothesized that features of the terrain relief, soil treatment,
and fencing would influence the presence of naturally occurring
seedlings. We assumed that areas with appropriate levels of soil
moisture and sunlight would increase the probability of occurrence,
and that fencing would have a positive effect on survival due to the
protection of vegetation from browsing by deer. However, areas of
excessive moisture can reduce the number of seedlings. The main
objectives of this research were (1) to create terrain models based on
the Structure from motion metric and to perform raster analyses of
water accumulation and solar potential, and (2) to evaluate which
factors influence the presence of naturally regenerated seedlings based
on data obtained from a UAV. We assessed the correlation between
vegetation establishment and microsite conditions to identify areas
that would require limited intervention (e.g., no site preparation)
to reforest.

We asked the following specific research questions:

1. Can a drone with an RGB camera provide accurate enough
micro-relief information based on Structure from
Motion metrics?

2. Is it possible to evaluate the importance of predictors for
evaluating naturally regenerated trees based on a generalized
linear mixed-effects model?

2 Materials and methods
2.1 Study area

'The study area, Kamenny vrch (456 m above sea level), is located
near Radlice, Kolin district, Czech Republic (Figure 1); the forested
area is used for forestry research and education. Four plots with a size

of 0.74-1.32ha were selected for treatment and their overstories,
dominated by Norway spruce [Picea abies (L.) Karst.], were felled in
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FIGURE 1

early 2021. Natural regeneration of the forest without planting was
monitored in these plots (I'igure 2). Plots no. 1 and no. 4 have a target
management set of stands of 43— Acid habitats of medium positions,
and plots no. 2 and no. 3 have a target management set of stands of
45—Nutritional habitats of medium positions.

Based on the target management set of stands, the planned
restoration for plot no. 1 was as follows: Norway spruce 50%, European
beech [Fagus sylvatica (L.)] 35%, European larch [Larix decidua
(Mill.)] 10%, and largeleaf linden [Tifia platyphyllos (Scop.)] 5%; for
plot no. 2: Norway spruce 65%, European beech 35%; for plot no. 3:
Norway spruce 65%, European beech 35%, for plot no. 4: Norway
spruce 65% and European beech 35%. For all plots, it is recommended
to have a minimum of 35% improving and stabilizing species.

The species representation was determined based on experimental
circular plots, where the percentage of individual species was
determined. In plots no. 1 and no. 4 (CHS 43), a slightly predominant
species composition of Norway spruce (40%) was recorded, followed
by European larch 38%, European white birch [ Betula pendula (Roth)]
4%, European aspen [Populus tremula (L.)] 2% and others 15%: Scots
pine [Pinus sylvestris (L.)], European beech, English oak [Quercus
robur (L.)], durmast oak [Quercus petraea (Mattuschka) Liebl.],
littleleaf linden [Tiia cordata (Mill)], largeleaf linden, European
hornbeam [Carpinus betulus (L.)], goat willow [Salix caprea (L.)].
Plots no. 2 and no. 3 (CHS 45) were dominated by Norway spruce
749%, European aspen 2%, European larch 2%, and others 23% Scots
pine, European beech, English oak, durmast oak, littleleaf linden,
largeleaf linden, European hornbeam, and goat willow. Most of the
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naturally regenerated trees were 1-year-old, with the exception of
soliters (up to 1%) that remained after harvesting.

The most regenerated tree species in the plots is Norway spruce,
a intermediately shade-intolerant species when young but becomes
more shade-tolerant as it matures and it requires regular moisture,
especially during its early years of growth (I.ebourgeois et al., 2010
Lévesque et al., 2013; Yang et al., 2020). Adequate water availability is
crucial for its establishment and initial development; later, it has a
higher tolerance to summer drought stress (Battipaglia et al, 2009).
Norway spruce competes well with other tree species in mixed forests
but can also form pure stands under suitable conditions. It reproduces
by seeds, which are typically dispersed by wind (Caudullo et al., 2016).

In plots 1 and 4, European larch is also represented on a larger
scale, which is relatively shade-intolerant (Fllenberg, 2009: Fellner
et al. 2016). It prefers full sunlight for optimal growth and
development. European larch requires adequate moisture, it does well
in areas with moderate to high precipitation but can also tolerate
periods of drought once established. It can grow in mixed forests
alongside other tree species or form pure stands. It is often found in
association with other coniferous and broadleaf trees in mid-to-high
altitudes (I évesque et al., 2013). European larch reproduces by seeds,
with cones that disperse the seeds ()a Ronch ef al, 2016).

Detailed characterization of research plots is written in Table 1.

The mean annual temperature of the study areain 2021 was 8.7°C;
the long-term average temperatures in the Central Bohemian Region
and Prague is 9°C (Czech Hydrometeorological Institute, 2022). The
maximum temperature, 19°C, was recorded in July, and the minimum
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Plot no. 1

FIGURE 2

ndividual plots shown after felling In 2021, harvesting took place at the en

TABLE 1 Descriptive characteristics of individual plots (UHUL, 2022),

Research area Location Mean elevation (m)

Area size

Plot no. 4

Species composition Type of soil
(

before felling

Plotno. 1 49.9139N, 14.9141E 350 0.92ha Majority spruce, basic pine Pseudoglue
Dominant spruce, admixture of larch
Plotno. 2 49.9341N, 14.9123E 425 1.32ha Tlimerized
and oak/elm/linden
‘ Plotno. 3 49.9219N, 14.9095E 40 0.92ha Pure spruce Brown acidic soil
‘ Plotno. 4 49.9221N, 14.9193E 430 0.74ha Pure spruce Tlimerized

temperature, —0.3°C, was recorded in January and February. The
mean annual precipitation in 2021 was 627 mm, whereas the long-
term average in the region is 583 mm (Czech Hydrometeorological
Institute, 2022).

The forest stands were harvested due to natural disturbance (bark
beetle infestation) at the beginning of 2021; in the spring of 2021, the
first data collection took place with a UAV to evaluate the state of the
microrelief, determine the topographic wetness index and solar
radiation. At the end of 2021, a second collection was carried out,
during which the regenerated seedlings were evaluated, and the
remaining predictors determined. After harvesting, all plots were
subdivided for alternative treatments (refer to Iigure 3). The plot was
subdivided into halves by a narrow strip (D; 2m) that was neither
fenced nor treated in any manner. One half of the plot was fenced (E,
F, G), while the other half (A, B, C) was left unfenced to evaluate the
effects of ungulate browsing. For areas A and E, branches were cleared
away and the soil was actively prepared with slow-moving single-disk

Frontiers in Forests and Global Change

soil cutters. For areas B and F, only larger branches were cleared with
no soil treatments. For areas C and G, the soil was prepared with a
plow. Plow (mostly plowing plate with 12 teeth) is used in interaction
with the agricultural tractor and there is the possibility of adjusting
the tilting of the plate from 20 to 45°. Slow-moving single-disk soil
cutters are intended for strip soil preparation for reforestation with
strong disturbance and calamity areas.

2.2 Data acquisition

To acquire natural regeneration data for each plot, we used a
multirotor DJI Phantom 4 Pro (©2022 SZ DJI Technology Co., Ltd.,
Shenzhen, China) with an integrated 20 megapixel RGB camera with
the following parameters: lens: FOV 84° 8.8/24 mm (35 mm format
equivalent) f/2.8-f/11 auto focus at 1 m—co, physical pixel size of
4,096 pm x 2,160 pm, focal length of 8.8/24 mm, and 17 CMOS.
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FIGURE 3

hematic of the f rvesting preparation of soil, left image spring

FIGURE 4

eight of 110m (B)

The proposed method requires very high spatial resolution to
evaluate the microrelief and natural regeneration of forest stands.
We used a multirotor UAV for data collection because of its high
maneuverability, although flight time was limited to about 30 min
(Pajares, 2015; Burgués and Marco, 2020). Data were acquired in 2021,
once in the spring and again during autumn. For each plot, two flights
were conducted; one at 15m above the ground using hovering and
capture mode to collect data on the microrelief, and a second flight at
110 m above the ground for capturing a broader of the plot and the
surrounding areas.

Flight missions were planned in the application DJI Ground
Station Pro (©2022 SZ DJI Technology Co., Ltd.: Shenzhen, China)
with the following parameters:

1. Low flight: Front Overlap Ratio: 85%, Side Overlap Ratio: 85%,
Flight Speed: 5.0m/s, Height above the ground: 15m,
Accuracy: 0.4cm/pix, and Capture Mode: Hover and Capture
at a Point (Figure 1A).

2. High flight: Front Overlap Ratio: 85%, Side Overlap Ratio: 85%,
Flight Speed: 8.8m/s, Height above the ground: 110m,

Change
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Accuracy: 0.4cm/pix, and Capture Mode: Capture without
hovering (Figure 45).

2.3 Data processing and statistical analyses

The data were initially processed using structure-from-motion
(SfM) in the Agisoft Metashape software (©2022 Agisoft, LLC, St.
Petersburg, Russia) to create a point cloud, a dense cloud, 3D maps,
and a digital surface model (DSM). Properties was set to alignment:
medium, medium-quality dense cloud. Accuracy of align photos was
medium, key points 40,000, tie points 4,000 with generic preselection,
reference preselection, and reset current alignment chosen. Dense
Cloud was built in medium quality with Mild Depth Filtering. The
DSM was created in coordinate system WGS 84 (EPSG: 4326), and an
orthomosaic was created from the DSM surface using the blending
mode Mosaic. We then manually specified the position of the images
using markers (8 on each plot) uniformly distributed throughout the
area to increase the precision of the models to the order of centimeters

(Figure 5).
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We then analyzed the data using the spatial and hydrology analytical
tools in ArcGIS Pro 2.8.3 (©2022 ESRI Inc., Redlands, CA, United States).
Water accumulation was determined at the level of microrelief, as
represented by the calculated topographic wetness index (TWT, Figure 6).
The TWI metric was calculated using a multistep process based on

bination of the d slope angle and the raster map to evaluate
upslope areas for calculating flow accumulation. Using ArcGIS Pro, the
digital terrain model was initially modified with the Fill function.
Subsequently, a raster of the water flow direction in the given area was
calculated using Flow Direction. The calculated Flow Accumulation
raster represented the number of cells through which water flows. The
Slope was then determined from the digital model of the terrain with
degrees were chosen as the unit of measure. TThe Slope was then
expressed in radians by the following formula (Fquation 1) in the
Raster Calculator:

acc

Slopersd = (Slope raster in degrees” 14570795) I
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'The slope tangent was then calculated by Iquation 2

sl ter in radians > 0
Slopem=Con[ ope raster in radians > )

tan (Rad _Slope_1),0.01 55

Raster flow accumulation was rescaled according to the resolution
of the raster and to avoid zeros values (Fquation 3):

Rasterflow [ (Raster of Flow Accumulatio +1)°
accumulationgggeq spatial resolution of raster 3)

In the final step, TWI was calculated using the following formula
(Equation 4) in the raster calculator:

TWI = In(upslope contributing area / tan (slope angle)) @
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FIGURE 7

n left image (A) presence data and on right image (B) absence in plot no. 1

TWI values typically range from 3 to 30. To avoid undefined areas
due to zero values for flow accumulation or zero slope, Lquation 5
was used:

((Florw accumulation + 1) pixel sizez) /
TWI = if | Slope > 0,In

1

The resultant value (0.00565) corresponds to a plane and slope
close to zero.

Solar radiation was calculated using the Area Solar Radiation
function from the Spatial Analyst tool. The raster of potential exposure
was used to determine suitability for various light-demanding or
shade-bearing species. Plot No. 1 is on a gentle slope with southwest
exposure, Plot No. 2 is on a level to steep slope with west exposure,
Plot No. 3 is on a gentle to steep slope with southeast exposure, and
Plot No. 4 is on a gentle slope with southeast exposure.

Presence data of naturally-regenerated seedlings were determined
manually based on orthomosaics. Automatic classification was not an
effective approach in this case because the presence data (ie., number
of seedlings) was rather sparse and insufficient to create training sets for
the classification model. We created a vector polygon layer delineating
the various treatment areas based on accurate orthomosaics.
Furthermore, a vector point layer was created in which records of the
presence of recovered seedlings were stored We generated absence
points (2,000 per plot) using the randomPoints function of the dismo
(Hijmans et al, 2022) package in R Studio software (Figure 7).

We then used the extract function (raster package, software R
Studio) to obtain for each presence-absence point a value from the
topographic wetness index raster and from the solar radiance raster.
Based on the spatial location of each point (function Extract Values to
Points, ArcGIS Pro), we were able to assign fencing (Fence; binary)
and soil treatments (Soil; single-disk, none, plow) and the distance to
the nearest forest edge (Dist_m; linear measure in meters).

We used the R Studio and ArcGIS Pro software’s for all data
analysis. We fit a generalized linear mixed-effects model with binomial

um( PI"slope in degrees / 1so)

(Flow accurnulation + l)* pixel 5ize2) /

“Small no” + tan (slope / 5729))

(5)
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errors and a logit link function using the “glmer” function from the
1med package (Bates et al, 2023). We included random intercepts for
each of the four study plots to account for predictors that may have
different ranges of values across different plots (Zuur et al, 2009
Harrison et al., 2018).

We used the following model formula (Equation 6):

Y ~ Dist _m+ Fence + Soil +scale _twi

+scale_solar + scale _ twi2 + (1[Plot ) ©

The presence/absence of seedlings, Y, is a function of the relative
effects of the various predictors. In addition to the treatment factors
(Dist_m, Fence, Soil), we also included water accumulation and
potential sunlight exposure; normalizing these values transforms their
means to 0 and all values within 1 SD of the mean. Raster values of
potential water accumulation (TWI) were represented in the model
in their scaled forms of TWT (scale_twi) and it squared value (TWI%
scale_twi2). Scaled raster values of potential sunlight exposure (scale
solar) for all plots were also included. Fixed effects in this model are
Dist_m, Fence, Soil, scale_twi, scale_solar, and scale_twi2 and the
random effect in this model is (1|Plot).

3 Results

We determined that a UAV equipped with an RGB camera can
acquire very high-resolution terrain information, which can
be incorporated into a species distribution model to determine the
suitability of the local environment with a higher probability of
survival for various tree species. The most important predictors in our
model included a topographic wetness index, solar radiation, and
fencing, Soil treatments and distance to the forest edges were less
important to the establishment of naturally-regenerated seedlings. The
GLMM was based on 9,508 observations of seedlings across the four
plots. The strongest effects variables from the model were fencing,
topographic wetness index, and solar radiation. The estimates of the
model fixed effects are included in Table 2.

The scaled residuals indicate how well the model fit the data. The
values ranged from —0.9662 to 3.9978. Residuals close to zero suggest
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TABLE 2 Output data from the glmer model used for data evaluation.

10.3389/ffgc.2023.1329675

Predictor Estimate Std. Error z-value Pr{>|z])
(Intercept) —1.791183 0.272808 —6.566 5.18e- 1t
Dist_m —0.001746 0.004534 —0.385 0700217
Fence 0983035 0.083654 11751 <2etan
Soil2 0.017208 0.097514 0.176 0859931
Soil3 —0.263379 0.116543 —2.260 0.023826*
scale_twi 0319827 0.133707 2392 0016757+
scale_solar —0.465018 0.106108 —4.382 L17e-G44
scale_twi2 0489607 0.133558 3.666 0.000246%+*

The number of stars represents the significance of the correlation, and more stars mean a more significant correlation.

a good fit, while extreme values may indicate model inadequacy or
influential outliers. The estimated variance of the random intercept for
Plot was 0.2524, and the corresponding standard deviation was 0.5024.
'The presence of fencing had a positive effect on the probability of
the occurrence of naturally-regenerated seedlings with a coefficient of
0.983, as it protects against unwanted browsing from forest animals or
driving by heavy machinery. Fencing serves as a barrier against
external degrading factors. The presence of water is directly an
essential component for the growth of all vegetation, the topographic
wetness index (0.489) had a positive impact on the probability of
occurrence of seedlings. So, the more water the microrelief captured,
the better it was for regenerated seedlings; no places with excess water
were found in the research plots, which negatively affected the growth.
In our research, soil treatment after felling had no significant effect,
specifically, Soil2 (type no. 2; larger branches were cleared and no soil
treatment) only marginally increased the odds of occurrence (0.017),
and Soil3 (type no. 3; larger branches were cleared and treatment by a
plow) had a negative impact on the seedling establishment (—0.263).
The size of the deforested areas was small (< 2ha), but even so,
we verified the influence of the edge effect and the ability of seedlings to
spread, the distance of the point from the edge of the forest stand had a
slightly negative impact (—0.002). Sunlight had a strong negative effect
on the presence of regenerated seedlings; this result will be justified by
the excessive impact of light radiation on the plots, and for the seedlings
were more suited to locations in the shade (—0.465). The most
statistically significant predictors were fencing, solar radiation, and
topographic wetness index. The graphically represented predicted
probabilities of individual variables are presented in Appendix |
Figure 8 presents a prediction map for each of the four plot areas.
Points with higher values have a higher predicted probability of the
presence of seedlings at that location. Furthermore, the model suggests
a higher degree of confidence that the location is more suitable for the
presence of seedlings. In contrast, points with lower values have alower
predicted probability of the presence of seedlings, and the model has
less confidence that seedlings would be present at that location.
Prediction maps showed that the most suitable areas/areas with higher
probability of survival were inside the fence and also closer to the edge
of the study area where shading by mature surrounding trees and lower
levels of solar radiation occurred, solar was noted as a significant
predictor of the model. Figure shows all investigated points of presence-
absence of naturally regenerated trees, each point on the map identifying
the suitability of the location. It can be seen from the individual
sub-maps that the more suitable locations are located inside the fences
(points with a higher probability of survival are shown in yellow; these
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areas have a rectangular character that reflects the areas built by the
fences). Solar radiation and topographic wetness index cannot
be visually derived well from raster data because these input raster
variables contain high spatial resolution pixel information.

4 Discussion

Conducting data collection at two different times of the year, spring
and autumn, enabled us to monitor vegetation development in deforested
areas. Our results suggest the practical applicability of this approach for
further use. Using the data collection and analysis as outlined in this
work, it is possible to accurately identify areas suitable for regeneration.
This approach can be particularly helpful for managers across large areas
that have experienced intensive disturbances. This methodology could
be used as an important basis for foresters when deciding on arestoration
plan for several reasons. First, it is possible to predict how sufficient
natural regeneration will be on a given site, thus avoiding unnecessary
economic costs of artificial planting (seed, human capacity) on areas
where it is not needed. If, based on the analysis, it is found that natural
regeneration will not be sufficient and artificial regeneration is needed in
some places, it would be advisable to again follow this methodology and
direct artificial planting to places where water will accumulate. It would
be appropriate to follow up this study with more extended monitoring
and to evaluate the regeneration over a longer time horizon. In the future,
it would be appreciated to focus on automatically detecting regenerated
trees, including determining the height of individual trees and deriving
their volume using Structure from Motion metrics.

4.1 Protection of fencing from browsing

The negative effects of browsing by deer on seedlings has been
demonstrated in several studies (Castleberry et al., 2000: Rooney,
2009), and fencing has proven to have a positive effect on tree seedling
survival and growth (Vercauteren et al., 2006; Vacek et al., 2014).
However, the effects of fencing are not consistent across all settings,
and positive changes may only become apparent over longer time
horizons (Bernard et al., 2017).

Qur results show that fencing had a positive effect on regenerated
seedlings. However, alonger period of observation would be appropriate
to confirm this statement. In some cases, deer populations reduce the
effects of one species and, conversely, they influence the success of other
species; for example, Bernard et al. (2017) observed the decline of silver
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Predict

fir (Abies alba Mill.) and, conversely, the increase of Norway spruce
[Picea abies (L.) Karst.] was recorded. In a study by Vacel et al. (2014),
they studied the natural regeneration of a mixed-species forest,
including fir (Abies), maple (Acer), hornbeam (Carpinus betulus L.),
rowan (Sorbus), beech (Fagus sylvatica L.), and Norway spruce, on plots
with and without fencing; areas with fencing were found to have
sufficient natural regeneration, but in areas with no fencing, they
observed significant deaths or damage to seedlings, with the most
significant damage to Abies and Acer species.

A long-term experiment by Rooney (2009) followed the effects of
fencing for a 16-year period, and they observed 83% relative coverage
of grass and sedge species (Poaceae and Cyperaceae spp.) in areas
without fencing; in contrast, areas with fencing had relative coverage
of the same species at less than 10%. According to Parker et al. (2020),
the density of seedlings was not affected in the first 10 years of their
study, but the height of the seedlings was reduced, and the horizontal
and vertical structure of the forest was changed due to the effects of
the browsing. Parker et al. (2020) recorded a higher coverage of forbs,
ferns, huckleberry, and blueberry in unfenced areas.

4.2 Solar radiation

Our results suggested that sunlight exposure had a negative effect
on the establishment of seedlings; areas with high exposure to sunlight
do not appear to be suitable habitats for restoration. In a study by Strand
et al (2006), they investigated the influence of sunlight and the
competition between pine (Pinus) trees. No correlation was found
between the height of the trees and the amount of light, but a negative
correlation was recorded between tree height and its nearest shelter tree.
The soil was sandy with low nitrogen content. Therefore, it will be the
rationale of results for the competitive struggle of the roots for minerals.
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Reduced solar radiation (shade/semi-shade) minimizes moisture loss
from the soil and thus may influence competing vegetation.

Promis et al. (2010) investigated the growth of Nothofagus betuloides
(Mirb.) Oerst. seedlings in small-scale deforested areas under different
intensities of solar radiation, and they found that shading by mature
vegetation did not affect seedling growth compared to seedlings grown
under open conditions. The seedlings were tolerant of long-term
shading and thus they could be sustainably managed in the southern
Chilean old-growth Nothofagus forests using a selective harvesting
system. However, in Patagonian forests, Ra. 21) demonstrated
the negative, linear relationship between diffuse radiation and forest
canopy cover and basal area; some seedling groups exhibited a
significant response to the amount of diffuse radiation, thus pine
plantations affected the vegetation in the understories.

In the study (Orlander. 1992) increased mortality of 2-year-old
cuttings of Norway spruce was demonstrated at high solar irradiation
of surfaces in interaction with low temperatures below the freezing
point; half-shade habitats appear to be the most suitable for restoration.
On the contrary, a higher density of oak seedlings (Quercus petraea
[Mattuschka] Liebl.) was correlated with higher solar radiation (Kuchne
et al, 2020). The ideal solar conditions for the natural regeneration of
oak have not been unequivocally researched and therefore depend on
several other factors—soil pH, presence of iron in the soil, basal area,
and species composition of the overstory (Brezina and Dobrovolny,

y etal. (

2011; Annighéfer et al., 2015; Kuehne et al., 2020).

4.3 Soil moisture
In studying surface moisture and understanding its distribution,
it is necessary to explore various explanatory variables, collect relevant

data, and determine the influence of the most important factors. The
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intensity and extent of dry areas have increased over the past few

decades (McCarthy and Intergovernmental Panel on Climate Change,
2001; Dai etal., 2004; Amani et al., 2017). For sufficient soil moisture,
precipitation is the main factor (Tromp-van Meerveld and McDonnell,

2006; Molina-Moral et al., 2022), however, microrelief across sites and
amount of vegetation on the sites also have a large impact on soil
moisture. Soil moisture can be used as a direct indicator to determine
the degree of soil drying, or it can be predicted using indirect
indicators. Our study focused on the analysis of microrelief, which was
used to create a topographic wetness index in a GIS environment; the
index allows users to identify places with a higher probability of water
accumulation based on the relief of the terrain.

In a study by Amani et al. (2017), they used a new indicator to
assess the landscape, namely the Temperature-Vegetation-Soil
Moisture Dryness Index; which combines the values of land surface
temperature, perpendicular vegetation index and soil moisture, this
index correlated very well with the values measured in the field. The
issue of drought is a complex problem and the use of indices
combining several critical input factors will be desirable for its
understanding and prediction.

4.4 Preparation of soil

In our research, the mechanical soil preparation treatments did
not significantly improve the establishment of tree seedlings. More
pronounced differences could be observed in the longer term with the
increasing number of weeds that could compete more with seedlings.
Mechanical preparation can be useful to remove weeds and provide
sufficient space for seedlings to grow; but intensive preparation can
reduce the quality of the soil and deteriorate its properties for seedling
growth. This predictor was insignificant, so we do not elaborate on the
discussion further.

4.5 Distance to the edge

The distance of the seedling to the edge may have potentially
improved seedling establishment near mature forest edges. In our
study, this predictor has a low impact on the presence of seedlings,
perhaps because of the relatively small size of the areas (< 2ha), which
would suggest that the dispersal of the seeds from the surrounding
mature trees was sufficient. Seed dispersal is limited to a maximal
distance of one or two times the height of the mature forest stands of
Norway spruces (Hanssen, 2003),

5 Conclusion

In this study, we focused on evaluating the presence of seedlings.
Based on the research questions, we find out that a passive camera
with R, G, and B spectral resolution can provide terrain models in a
very high spatial resolution if the data collection is taken at a low
height level and with the Hover and Capture Mode. Using GIS
analyses and a species distribution model, seeding areas were
identified as the most significant predictors: fencing, topographic
wetness index, and solar radiation. Fencing and a higher probability
of water accumulation positively influenced the presence of seedlings,
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while solar radiation had a negative effect on the establishment of new
seedlings. Given the dynamic changes many ecosystems are
experiencing related to changing climates, forest managers will need
efficient and effective tools to address the demand for reforestation
and restoration, and our proposed methodology offers a means to
quickly and efficiently identify areas favorable for tree
seedling establishment.

The presented methodology offers a quick and efficient assessment
of natural regeneration in deforested areas; this prediction could serve
as a basis for determining the rate of natural regeneration and for
reducing the economic intensity of artificial afforestation.
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Discussion

Deteriorated health status and stress associated with a higher risk of mortality of forest
stands has been a severe issue in recent years. Degradation of the forest and the
subsequent premature harvesting of damaged trees, on the one hand, negatively affects
the local ecosystem and thus has a very significant secondary impact on climate change
and carbon sequestration. The best strategy for maintaining forest ecosystems in good
vitality is to prevent or minimize natural disturbances and their accompanying adverse
effects. Therefore, this thesis focused on the possibilities of cutting-edge methods for
natural disturbances using modern mapping techniques. Accurate map data can be
crucial for further mathematical modeling of strategic interventions (Yoshimoto et al.,
2017). The idea is to search for alternative, innovative methods for data analysis and
thus get more timely or extensive information about natural disturbances and related
processes. The stress can stem from many causes, in the next part the discussion

focuses mostly on bark beetle, fire and mortality of regeneration.

In the case of a bark beetle attack, the damage to the forest stand can be estimated
based on an assessment of the health of the stand and a prediction of its spread.
Accurate and proven remote sensing imaging methods are now available to detect bark
beetle infestation. The changes resulting from these stress conditions normally appear
after 6 - 10 weeks and only in approximately 40% of attacked trees (Kautz et al., 2023).
Although methods working with changes in spectral expression are ideal for mapping

dead trees, they are not appropriate for early detection (Matejcikova et al., 2024).

Early detection has been described many times, and it is a viable method but usually
works only partially (Brovkina et al., 2018). That is why this thesis aims to earlier
identification, even before the spectral reflectance of the canopy changes. Much earlier
manifestations are non-optical changes, consisting of chemical communication
between bark beetles (aggregation pheromone), defense reactions of stressed trees
(a group of volatile organic substances), and changes in local microclimate. Changes
in the local microclimate are promising; several studies have shown the effect of forest
cover on the local microclimate, with significant differences between temperatures and

humidity in the forest cover and open space (Aussenac, 2000; Kaspar et al., 2021).
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Kopacek et al. (2020) devoted to investigating the change of the temperature and
humidity profile in the attacked stand over a longer time horizon. This thesis worked
with the hypothesis that in case of stress and damage to trees, there will be reduced
ability of transpiration and thus bring measurable non-optical changes in the
manifestations of the local microclimate. Our measurements show that changes could
occur much earlier, in the first weeks of an attack (Hiittnerova and Surovy, 2024). The
prediction of a potential infestation can be derived already at the beginning of the
growing season based on the analysis of individual spectral bands of multispectral data
of the Planet. The subsequent infestation depends, of course, on the presence of bark

beetle (Trubin et al., 2023).

In the case of forest fires, the damage and extent of the fire is -easily
identifiable visually but escaped emissions can have a much more significant and
severe impact. Satellite imaging is used for abiotic disturbances, mapping the intensity
of fires, including emissions (Van Der Velde et al., 2021b; Byrne et al., 2024).
Nechita-Banda et al. (2018) examined fires in Indonesia in 2015, recorded significant
increase in concentrations of carbon monoxide, and estimated the total amount of
carbon monoxide at 0.35-0.60 Pg. In our study (Hiittnerova and Surovy, submitted),
we recorded a 36.7% increase in carbon monoxide emissions in the first three days of
the fire. Increased concentrations during forest fires have been mapped in several
studies, including characterizing changes by type of biomass burned (Ross et al., 2013;

Nechita-Banda et al., 2018; Van Der Velde et al., 2021a; Byrne et al., 2024).

After the dieback of adult forest stands, or in managed forests after the harvest

(either planned either salvage), another stress factors may endanger the forest cycle

continuation and increase its vulnerability. It is the mortality of regeneration caused by
various biotic and abiotic factors. Deforested areas bring risks associated with reduced
stability, erosion, and habitat loss, so timely forest restoration is essential
(Veldkamp et al., 2020; Khodadadi et al., 2021). Restoration of forest stands
i1s a time-consuming and financially expensive process. Some areas may have the
potential for natural restoration and only minimal human intervention (Jonasova and
Prach, 2004). Therefore, we focused on finding a methodology for evaluating the
influence of terrain on natural regeneration. Our study used microrelief analysis
to create a topographic wetness index in a Geographic Information System (GIS)

environment, which allows for identifying places with a higher probability of water
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accumulation based on terrain relief. Topographic wetness index had a significant
positive effect, which indicates the importance of soil moisture (Hiittnerova et al.,

2024).

The main aim of this thesis is to evaluate modern remote sensing sensors and their
capability to “map” and numerically quantify the stresses in the forests. For all the
above-mentioned stresses, mapping techniques were evaluated and tested and in next

part of discussion will be described on various levels from ground to satellite.
Mapping methods for stress assessment

The appropriate mapping technique depends on the goals of the mapping research, the
required resolution, and the details of the output processing. Ground data collection
techniques obtain the greatest detail at the expense of time-consuming data collection
in scale of large areas. At the same time, some forests are impossible to map in this
way due to their inaccessibility. On the other hand, satellite chemical data products
cover a much larger area, but stress mapping at the level of one tree is unrealistic, given
the resolution of 5.5 km x 3.5 km, but they are very suitable for global analyses or

emission leakage from entire forest stands.
Mapping — ground level

First, we focused on ground data collection and using conventional analytic chemical
methods for stress mapping. SPME and cartridge noted differences in the
concentrations of VOC. The output from the field measurement was a 3D cloud of
alpha-pinene in details on a single tree (Stribrska et al., 2023b). Conventional chemical
analytical methods accurately quantify given compounds, including their amounts.
The sampling is time-consuming, and collecting data on an SPME fiber or a sampling
cartridge takes 30-60 minutes in the field; all samples must be kept in the cold
immediately. Subsequent analysis is performed on a gas chromatograph; the time
required for one sample is approx. 30 minutes. The stress of spruce trees caused by
natural disturbances (bark beetle, drought) was monitored by chemical analytical
methods in several studies (Santos et al., 2006; Amin et al., 2013; Stfibrska et al.,
2023a; Basile et al., 2024) . However, the small number of samples is insufficient for
global upscaling; there is potential for use as a validation dataset. More extensive

collection can be carried out using electronic noses or satellite data.
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This thesis demonstrated the detection ability of electronic noses to map stress and
thus identify changes that bring natural disturbances together. The most accurate Bosch
sensor tested achieved a detection capability of 95% in differentiating between healthy
and infested parts of forest stands. Bosch is a low-cost sensor, and there is potential
for its wide use, for example, within a large-scale observation mapping network. Bosch
does not have an integrated GNSS module and is not equipped with recognition

software; the data cannot be displayed immediately during the measurement.

These limitations are overcome by the SDEA, a technically advanced device with 89%
in detection capability testing; this electronic nose offers immediate viewing
of measured data within individual graphs (each chemical sensor has its graphical
output live) and it has GNSS. Promising results were achieved by Paczkowski et al.
(2021), who tested the GGS1330, GGS2330, and GGS5330 sensor series for chemical

changes in forest ecosystems due to bark beetle infestation.

The proof that these substances are detectable and located near the attacked trees is the
research of specially trained dogs (sniffer dogs), trained to search for synthetic
semiochemicals (substances very similar to the aggregation pheromone). Sniffer dogs
are much faster than Fieldworkers and can sense attacks up to 150 meters away
(Johansson et al., 2019; Vosvrdova et al., 2023). The practical use of this technique in
forestry is limited by the potential upscaling, mostly due to the easy distraction of the
dog after several successes and lack of quantification of the exact smell the dog feels
(in other words what it is sensitive to). On the other hand, chemical quantification of
inventory stands would require only minimum effort and can bring significant
information when used in modeled data (eliminating the influence of time and annual

period).
Mapping technique — close-range UAV level

Ground measurements with electronic noses are still not fast and efficient enough for
large-scale analyses. Therefore, we focused on the interaction of the electronic nose
with the UAV platform. We studied the possible height comparison between
ground-based and UAV data collection above tree canopy. We achieved the highest
correlation between sensor value and distance from infested trees for ground
collection. We did not observe an increased correlation above canopy during UAV data

collection (Hiittnerova et al., 2023). Paczkowski et al (2021) also did not confirm
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in his research the sensor's ability to record changes due to stress above the canopy.
This could be due to more significant wind divergence, lower chemical concentrations,
etc. Here, we see the possibility of validating UAV data collection under the tree

canopy, where such substantial wind divergence might not be recorded.

As aresult of natural disturbances, increased logging and deforested areas are recorded
in European forests. Deforested areas can cause soil erosion and associated drought.
In recent years, the extent of the dry regions has increased (Dai et al., 2004; Amani et
al., 2017). In study Hiittnerova et al. (2024) is potential for water accumulation based
on the analysis of microrelief. However, due to lower precipitation and other factors,
these potential "accumulation sites" may not be fulfilled, and the area identified
as potentially suitable for water accumulation may suffer from drought. Therefore, we
suggest using electronic noses that can measure air humidity for future testing.
An interesting finding could be a study investigating the correlation between the
potential for microrelief for accumulation and measured air humidity values in

deforested areas.

Solar radiation had a negative coefficient in our natural regeneration research, meaning
that overly illuminated areas were unsuitable for regeneration, and increased mortality
could have been recorded there (Hiittnerova et al., 2024). Orlander (1993) found
increased mortality of spruces exposed to high sunlight combined with frost, with
partial shade proving more suitable. Kuehne et al. (2020) identified a positive effect of
sunlight on seedling density of oak seedlings (Quercus petraea [Mattuschka] Liebl.)
It would be appropriate to supplement the solar radiation potential based on the terrain
model with temperature measurements using electronic noses for a more detailed

examination of variations.
Mapping technique — satellite level

Hiittnerova and Surovy (submitted) demonstrated the ability of carbon monoxide data
products from TROPOMI to map emissions from forest fires in Czechia and model the
distribution. In this article, we were able to map the extent of the affected area
as a result of the forest fire and the beginning and end of the spread of the carbon
monoxide cloud. However, determining the total emissions in the thesis is still very
speculative. For a correct estimate it will be necessary to estimate gas dynamics from

snapshot satellite images. Another variable that will affect the total amount
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of emissions will be the type of biomass burned. Van Der Velde et al. (2021a)
characterizing changes by type of biomass burned, with boreal forests recording
3x to 6x higher emissions during forest fires than tropical forests and savannas.
For this purpose, it will be important to determine the tree biomass burned by the fire.
In the fire inventory, we recorded various degrees of burning intensity, where even in
case of fire with highest severity, trees remained almost intact in terms of their

dimensions.

For the severity estimates, it would be appropriate to use accurate difference canopy
height models from Light Detection and Ranging (LiDAR) technology as shown in
Berdych (2024) where aerial lidars were used. UAV lidar scans can cover the territory
of individual forest units with even higher accuracy with a point density of 200 and
more points/m? (Slavik et al., 2020; Da Costa et al., 2021). For larger extents it would
be more appropriate to use a satellite platform. The LiDAR satellite Global Ecosystem
Dynamics Investigation (GEDI) or the Radio Detection and Ranging (RADAR)
satellite TerraSAR-X Add-on for Digital Elevation Measurement (TanDEM-X) can be
used to estimate tree canopy extent and height and calculate the volumes (Schlund et
al., 2019; Turubanova et al., 2023; Lei et al., 2024; Moudry et al., 2024). Such data
coupled with detail emission can lead in future to more precise information about the
carbon emissions from forest fires (Van Der Velde et al., 2021b) where the application

of this research can be continued.

All the mentioned mapping techniques are nowadays capable to quantify the stress and
provide reliable maps. On the other hand, it is important to mention that many of these
tools were unavailable just a few years ago. In the next few years, technological
advances may bring more advanced and easy-to-use sensors, and this work can

hopefully work as a base for future research and studies.
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6.1. Conclusion

Non-optical mapping of forest ecosystems is a new chapter that opens the possibilities
of advanced forest mapping, focusing on early identification of stress and associated
processes. With the advanced development and miniaturization of sensors, high-tech
chemical detectors and electronic noses are available nowadays and are conventionally
used in industry and agriculture. The object of mapping was both biotic natural
disturbance (bark beetle attack) and non-biotic natural disturbance (forest fire);
conventional analytical chemical methods, electronic noses, and TROPOMI satellite

sensors were used.

This thesis presented individual data collection and analysis methods, presenting the
acquired knowledge and results in scientific articles with an emphasis on practical use
for the innovation of forest management to minimize ecological losses and more
effective planning. The methodology presented is very experimental; the procedures
described are an entry point for non-optical mapping in forestry and show high

potential for practical uses in forest protection and management.
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6.2.Further research

During this work, the author came across several exciting points worth more extensive
research and further investigation. Unfortunately, the time for theses and the research
itself is limited, but I hope that this scientific activity will not end, and I will be able
to participate in the discovery of further knowledge about this new topic. Below are
summarized interesting findings that would be worth considering and possibly more

extensive research.

A more detailed investigation of microclimate changes using non-optical mapping
would be appropriate as part of further research. Focus on more extensive research
about determining when changes occur, what effect seasonality has on temperature
buffering, and how temperature and humidity manifestations change with height -
possible measurements with UAV. More extensive mapping of emissions from forest

fires with a focus on the issue of deriving total emissions based on snapshot images.

A more permanent network for long-term monitoring in real-time with data logging
into the cloud - a method that could serve as a screening of the forests for initial records
of changes in stress. The system would serve on the principle of, for example, smoke
detectors; it would issue a warning report about a risky situation, based on which a
field worker would go to the site and verify the problem, for example, by mapping

with an electronic nose on a UAV.

More extensive verification of the UAV platform should be focused on collecting
under the treetops, finding a suitable trajectory for a safe flight, and, at the same time,
a more extensive and faster survey of forests, including those that are difficult to
access. The use of artificial intelligence methods to teach electronic noses to recognize
specific groups of chemical substances and, for example, the extent of changes in the

microclimate, which could more effectively identify stress.
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