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Anotace  

Mapov§n² zdravotn²ho stavu je dŢleģitou souļ§st² lesn²ho hospod§Śstv² a jeho vļasn§ 

identifikace v lesn²ch ekosyst®mech mŢģe minimalizovat ġ²Śen² pŚ²rodn²ch disturbanc². 

V souļasn® dobŊ metody d§lkov®ho prŢzkumu ZemŊ pracuj² s viditelnĨm nebo 

bl²zkĨm infraļervenĨm spektrem pro sledov§n² zmŊn ve spektr§ln² odrazivosti 

vegetace. V pŚ²padŊ napaden² kŢrovcem jsou pŚ²znaky zmŊn m²stn²ho mikroklimatu a 

pŚ²tomnosti chemick® komunikace mnohem dŚ²vŊjġ²m symptomem neģ zmŊna 

spektr§ln² odrazivosti korun. V pŚ²padŊ lesn²ch poģ§rŢ lze rozsah dopadu snadno 

zmapovat opticky, ale unikl® emise mohou m²t mnohem z§vaģnŊjġ² n§sledky. Tyto 

neoptick® zmŊny lze mapovat speci§ln²mi senzorickĨmi pŚ²stroji, elektronickĨmi nosy 

apod. Tato pr§ce ovŊŚuje nejnovŊjġ² technologie pro sledov§n² pŚ²rodn²ch disturbanc² 

v lesn²ch ekosyst®mech. 

Pr§ce je zaloģena na pŊti vŊdeckĨch ļl§nc²ch; prvn² ļl§nek se zabĨv§ mapov§n²m 3D 

distribuce alfa-pinenu pomoc² konvenļn²ch chemickĨch metod (Str²brsk§ et al., 

2023b). DruhĨ ļl§nek (H¿ttnerov§ a SurovĨ, 2024) se zamŊŚuje na srovn§n² tŚ² 

elektronickĨch nosŢ s c²lem vļasn® identifikace napaden² kŢrovcem. TŚet² ļl§nek 

(H¿ttnerov§ et al., 2023) zkoum§ vyuģit² komerļn²ho elektronick®ho nosu pro 

pozemn² a bezpilotn² sbŊr dat v napaden®m lese. ĻtvrtĨ ļl§nek (H¿ttnerov§ a Surovy, 

v tisku) je zamŊŚen na validaci satelitn²ch dat Sentinel-5P TROPOMI pro mapov§n² 

emis² pŚi lesn²m poģ§ru. P§tĨ ļl§nek (H¿ttnerov§ et al., 2024) se zamŊŚuje na analĨzu 

potenci§ln²ch stresovĨch faktoru mikroreli®fu pro hodnocen² pŚirozen® obnovy na 

holin§ch vzniklĨch v dŢsledku kalamitn² tŊģby. 

Pr§ce pŚedstavuje novĨ pŚ²stup v mapov§n² pŚ²rodn²ch disturbanc², a to za vyuģit² 

neoptickĨch senzorŢ v lesn²ch porostech pro vļasnou detekci stresu. V pr§ci bylo 

moģn® ovŊŚit vyuģit² nejnovŊjġ²ch technologi² pro mapov§n² zhorġen®ho stavu lesn²ch 

porostŢ, kter® se projevuje zmŊnami v chemick®m sloģen², ale i zmŊnou v lok§ln²m 

mikro-klimatu. 

 

Kl²ļov§ slova: D§lkovĨ prŢzkum ZemŊ, neoptick® mapov§n², vļasn§ detekce, 

elektronickĨ nos, pŚ²rodn² disturbance, mapov§n² 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 (StŚ²brsk§ et al., 2023b). The second article (H¿ttnerov§ and SurovĨ, 2024) 

focus on the comparison of three electronic noses devices with the aim to identify early 

identification of bark beetle infestation. The third article (H¿ttnerov§ 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 

(H¿ttnerov§ and Surovy, in press) is focused on validating Sentinel-5 TROPOMI 

satellite data for mapping emissions during a forest fire. The fifth article (H¿ttnerov§ 

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 

 

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. 

  



20 

 

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. 

 

Å Article I: Pilot Study of 3D Spatial Distribution of Ŭ-Pinene Emitted by Norway 

Spruce (L.) Karst Recently Infested by Ips typographus (L. 1758) (Coleoptera: 

Scolytinae). 

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

improvement of early forest disturbance detection? 

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

Detection in Forest Stands. 

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

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

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

seedlings. 

 

 

  



22 

 

Chapter 2 

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: 

i) Mapping of microclimatic changes as a result of natural disturbances;  

ii) Detection of specific chemicals compounds to identify bark beetle 

infestation;  

iii) 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 

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 (B§rta 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; B§rta 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 (Kop§ļek 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; Voġvrdov§ 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 ñAny relatively discrete event that disrupts the structure of an ecosystem, 

community, or population, and changes resource availability or the physical 

environmentò. 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 m3/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 m3 of wood harvested out of the total cutting of 25 million m3 in the Czech 

Republic. Biotic disturbances (i.e. pests) accounted for roughly 8 million m3 of 

harvested timber (Ministerstvo zemŊdŊlstv², 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 zemŊdŊlstv², 

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 

Ŭ-pinene 23-39% 

ɓ-pinene 25-58% 

ɓ-Phellandrene 5 ï19% 

limonene 1.5ï4% 

myrcene 1.6ï3.4% 

ȹ-3-carene 0.6ï1.1% 

camphene 0.2ï1 .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 l/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 (Kop§ļek 

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 (B§rta 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; StŚ²brsk§ 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 (H¿ttnerov§ 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 Saffell, 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) (Burgu®s 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 ï 500 

ÁC). 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; Burgu®s 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, CO2, O3, 

and SO2 (Burgu®s and Marco, 2020). 

AGSs represent a very promising amperometric detection method for measuring 

inorganic gases in units of ppb and ppm (CO, SO2, NO, NO2, H2S); 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 ï low consumption (<1mW). On the other 

hand, sensors provide a slow response and are very sensitive to temperature changes 

(Burgu®s 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 CO2 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, CH4, 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 ÁC) and suitable climatic conditions (warm weather, no wind or weak wind, clear 

sky) (Ravikumar et al., 2017; Burgu®s 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; 

Markoviĺ 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; Voġvrdov§ 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 ÁC; the optimal temperature for flight and, therefore, attack is 22 ï 26 ÁC 
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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; Slav²k 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 (Burgu®s 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 

(ñdownwashò); this phenomenon can be minimized by using a sampling tube and 

sampling the air in front of the drone (Burgu®s 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 (Klouļek 

et al., 2019; Gºtz et al., 2020; Honkavaara et al., 2020; B§rta et al., 2021; MinaŚ²k et 

al., 2021; Dalponte et al., 2022; Zakrzewska and Kopeĺ, 2022). According to their 

distance from the earthôs 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 (B§rta et al., 2022; Zakrzewska and Kopeĺ, 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 using 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) (B§rta 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(”    ɀ ), 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; B§rta 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 (Matejļ²kov§ 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 (270ï500 nm), near-infrared (675ï775 nm), and 

shortwave infrared (SWIR) (2305ï2385 nm) and is focused on air quality mapping 

through several products: methane, carbon monoxide, sulfur dioxide, nitrogen dioxide, 

formaldehyde, and UV Aerosol Index (Veefkind 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 

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-QÈ 

(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 ï 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 É2022 SZ Soarability Technologies Co., Ltd.: Shenzhen, 

China (ñSniffer4Dò) 

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 ī40 - 85 ÁC with a resolution of 0.1 ÁC, humidity in the range of 0 ï 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, SO2, CO, O3 + NO2, PM1.0, PM2.5, PM10, CxHy, H2S, 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 (H¿ttnerov§ et al., 2023). 

 

2) Miniature Bosch sensor device É Bosch Sensortec GmbH 2023 (ñBoschò) 

The Bosch BME688 sensor with built-in AI (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 - 85ÁC (sensitivity 

Ñ1ÁC), a humidity sensor measuring in the range of 0 - 100% with an accuracy of Ñ3%, 

a sensor pressure measurement in the range 300 ï 1 100 hPa (sensitivity Ñ1 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 (H¿ttnerov§ and SurovĨ, 

2024). 

 

3) Sensory device for environmental applications (ñSDEAò) 

SDEA was constructed based on close cooperation with Associate Professor JirovskĨ 

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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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 operatorôs 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 statusðsource, 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 (H¿ttnerov§ and SurovĨ, 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 (H¿ttnerov§ and SurovĨ, 2024). 

 Type of sensor Range Sensitivity 

NO2 MOX 20 ppm in the order of ppb 

H2S 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 

SO2 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 

[Á]>; <Longitude [Á]>; <Fan speed [%]>; <NO2 [ppb]>; <H2S [ppb]>; <VOC [ppb]>; 

<NO [ppb]>; <SO2 [ppb]>; <CO [ppb]>; <CO2 [ppb]>; <O3 [ppb]>; <Temperature of 

module 1 [Á]>; <Temperature of module 2 [Á]>; <Battery status [%]>; <Outside 

temperature [Á]>; <Pressure [hPa]>; <Relative Humidity [%]>. 

 

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

trademark on Ion Science Ltd. (ñTigerò) 

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 ÁC) 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 (É2022 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 (É2022 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.). 

 

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 (É2022 SZ DJI 

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-QÈ 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 (StŚ²brsk§ 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). 

 

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 (NO2, SO2, 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). 

 

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 (H¿ttnerov§ 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 (É2022 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: 110m, Front 

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

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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Forests 2024, 15(1), 10; https://doi.org/10.3390/f15010010 

AuthorËs contribution: 15 % 

 

 

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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Full article 
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