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Annotation 

This thesis investigates the response of Norway spruce to drought and thermal stress at 

the stand level. It assesses the risk of bark beetle infestation using drought indices and models 

the phenology of the Eurasian spruce bark beetle (Ips typographus L.) within study areas in 

the Czech Republic. The thesis studies the outbreak of bark beetles on Kunashir Island, 

examining it in phases and identifying the drivers of the outbreak. This thesis is based on four 

scientific articles. 

The results of the first study (Karpov et al., 2025a) show how variation in crown 

temperature is explained by gap area, crown openness on the south side, tree height and 

canopy density. These analyses are then compared with solar radiation simulations. 

The second study (Karpov et al., 2025b) combines aerial thermal-hyperspectral 

surveys, LiDAR canopy indices, landscape parameters, sap flow and other sensor data to 

reflect the microclimate conditions of spruce stands. It investigates the sensitivity of thermal 

data and vegetation spectral indices to detect conditions of drought and thermal stress. 

The third study (Karpov et al., 2024) uses satellite imagery to quantify conifer 

mortality between 2017 and 2021 in the southern part of the Kurilskiy Nature Reserve and 

analyses the drivers of bark beetle outbreaks. The study demonstrates that the composition 

and age structure of stands influence the severity and spatial patterns of conifer stand loss. 

The fourth study (Pirtskhalava et al., 2024) applies the TANABBO II model, 

combining phenology simulations with simulated drought conditions based on meteorological 

data and potential solar radiation. This produces a spatial layer indicating areas at high risk of 

spruce stand infestation on a daily basis. 
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1. Introduction and literature analysis 

Spruce bark beetle (Ips typographus L.) outbreaks pose a serious threat to spruce 

forests. The global distribution of the spruce bark beetle ranges from Europe to Asia (EPPO, 

2020). The species therefore poses a significant threat to European forests, and outbreaks also 

occur in Asia (Karpov et al., 2024). The Czech Republic exemplifies this ongoing crisis in 

Central Europe. The extreme drought of 2018 intensified bark beetle proliferation to 

unprecedented levels (Hl§sny et al., 2021). Climate change is leading to higher temperatures, 

more frequent heatwaves and longer droughts, which are affecting the sustainability of spruce 

forests (Seidl et al., 2016; Marini et al., 2017). 

1.1 Drivers of spruce bark beetle outbreaks 

1.1.1 Drought driver 

In recent decades, an increase in bark beetle outbreaks in Central Europe, particularly 

in the Czech Republic, has been closely linked to drought stress (Hl§sny et al., 2021). A 

historical perspective suggests that wind disturbances were once the primary trigger of bark 

beetle outbreaks (Stadelmann et al., 2014). However, more recent massive spruce bark beetle 

outbreaks were driven primarily by extreme drought (Marini et al., 2017). Massive bark beetle 

damage was recorded in the Czech Republic following a severe drought year in 2018, 

culminating in the most devastating spruce dieback observed in two centuries (Hl§sny et al., 

2021; Pirtskhalava-Karpova et al., 2024). While wind disturbance remains a significant 

trigger for new outbreaks, prolonged drought related to climate change is drastically 

exacerbating damage to Norway spruce (Picea abies (L.) Karst.) forests. 

Drought-induced bark beetle outbreaks have consequently devastated spruce stands 

across Central Europe, intensifying salvage logging operations and leading to widespread 

mortality that continues to affect local forest economies (HĨsek et al., 2021; Kutnar et al., 

2022; ĠimŢnek et al., 2024). Deficient precipitation reduces the defensive capacity of Norway 

spruce, while warm early spring and higher temperatures during the springïautumn period 

create ideal breeding conditions for bark beetles (Potterf et al., 2025). Marini et al. (2017) 

argue that drought, exacerbated by climate change, can increase beetle populations even in the 

absence of windthrow events, thereby increasing forest damage, particularly in the southern 

border of the distribution of natural spruce stands. Kªrvemo et al. (2023) also highlight that 

forest characteristics such as spruce age and stand height, soil moisture deficits and the 

presence of neighbouring infestations are important in determining the severity of drought-
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induced outbreaks. The authors suggest that the interplay between climatic factors and local 

stand conditions shapes the dynamics of each outbreak, determining both the likelihood and 

magnitude of future epidemics. 

1.1.2 Effect of drought on spruce stands 

Tree carbohydrate allocation, resin flow and phenolic production can be noticeably 

altered under drought conditions (Netherer et al., 2015). While mild water deficits can 

stimulate certain defence mechanisms and temporarily enhance chemical defences, prolonged 

or acute drought can deplete vital energy reserves and ultimately reduce a tree's resistance to 

mass attacks. Spruceôs resin defence mechanisms are progressively reduced during water 

stress, increasing the chance of successful colonisation by bark beetles (Netherer et al., 2014). 

Drought stress not only impairs a tree's ability to synthesise and transport resinous 

compounds, but also alters the volatile organic compounds (VOCs) profile (Ġamajov§ et al., 

2024), thereby increasing host attractiveness to beetles. Netherer et al. (2024) found that 

reduced resin flow and lower mono- and diterpene production increased host selection by 

spruce bark beetles, but chemical defence did not decrease significantly under moderate, 

prolonged drought stress. However, large-scale beetle infestations and fungal lesions may 

deplete the defences of spruce trees. Collectively, these results align with those of Basile et al. 

(2024), demonstrating that short-term water deficits can alter spruce physiology to the extent 

that defences against attacks by bark beetles are significantly decreased. 

1.1.3 The effect of solar radiation on the infestation of spruce bark beetles 

Solar radiation is identified as an important environmental factor in spruce bark beetle 

infestation (Jakuġ et al., 2011; Mezei et al., 2012; Kautz et al., 2013; Mezei et al., 2019; 

Akēncē et al., 2021; Fern§ndez-Carrillo et al., 2024). Studies in Central Slovakia and the 

Artvin region of Turkey showed a positive relationship between increased solar radiation and 

beetle activity, suggesting that increased solar radiation facilitates bark beetle colonisation of 

spruce stands (Mezei et al., 2012; Akēncē et al., 2021). These results suggest that the 

attractiveness of potential host trees can be increased under higher solar radiation, possibly 

because solar energy promotes microclimatic conditions suitable for beetle infestation and 

development throughout the season (¥hrn, 2012). 

Further landscape-scale investigations in Central Slovakia confirmed solar radiation as 

a driver of bark beetle infestation in spruce forests. At the peak and decline phases of the 

outbreak, Mezei et al. (2019) recorded intensified infestations in areas with greater solar 
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radiation. Higher daytime temperatures and drier microclimate conditions affect the 

physiological defences of trees and make spruce stands more susceptible to bark beetle 

infestation (Singh et al., 2025). Alongside solar radiation, spruce physiological parameters 

such as age, height, diameter, and the ratio of tree height to trunk diameter are considered to 

be the predominant factors for infestation (Mezei et al., 2014a, 2014b). Nevertheless, solar 

radiation exerted a particularly pronounced effect during the epidemic stage of bark beetle 

development, which influenced both spruce defences and presumably increased reproduction 

and development of the bark beetle in warmer conditions (Wermelinger and Seifert, 1998; 

Wermelinger et al., 1999). 

Research by Hroġġo et al. (2020) found that cumulative under-canopy solar radiation 

was a highly significant factor in spruce bark beetles colonising and infesting windthrown and 

uprooted trees. This study revealed that higher solar irradiation, along with factors such as 

trunk diameter, significantly increased the probability of bark beetle infestation of downed 

trees. Windthrown and uprooted trees after windfall create favourable conditions for 

increasing bark beetle populations to epidemic levels, allowing bark beetles to attack 

relatively healthy stands (Ïkland et al. 2016; Mezei et al., 2017). 

1.1.4 The forest edge effect and thermal stress 

Forest edges and gaps typically experience higher solar radiation and temperatures 

than trees in the forest interior. Sun-exposed edges often become focal points for beetle 

infestation. Investigating infested patches where sanitary logging had created new edges, 

Kautz et al. (2013) discovered a pronounced predisposition of recently formed south-facing 

edges to bark beetle attack. In contrast, permanent forest edges proved less attractive to the 

bark beetle, although still more susceptible than interior forest canopies. 

In a gap-creation experiment, StŚ²brsk§ et al. (2022) recorded 2ÁC higher bark 

temperatures at the forest edges, a twofold increase in the concentration of VOCs such as 

monoterpenes near the bark of edge trees at the early season (May and early June), and a 

sixfold increase in this concentration during the season (until August). A previous study by 

Mareġov§ et al. (2020) confirmed these edge-effect patterns. They also found that, just two 

months after the formation of the gap, the canopy temperature of spruce trees increased 

slightly and their sap flow rate doubled. Ġamajov§ et al. (2024) extended these observations 

by showing that monoterpene concentrations remained elevated by 1.6ï to 4.4ïfold for at 

least 14 months after gap formation. The emission of volatile monoterpenes from spruce 
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stands serves to enhance the olfactory signals used by the beetles to find suitable host trees 

(Jiroġov§ et al., 2022). 

These observations of spruce stands under thermal stress, similar to the results 

published earlier by Kautz et al. (2013), suggest that the microclimatic changes caused by the 

formation of new forest edges are contributing to bark beetle infestations. However, drought 

stress, rather than thermal stress at lower elevations, appears to be a key factor in the 

susceptibility of spruce to bark beetle attack (Netherer et al., 2015). The main abiotic stress 

affecting monoterpene production that correlates with seasonal dynamics is drought 

(Ġamajov§ et al., 2024). 

1.1.5 Effect of spruce stands and landscape factors on stress conditions 

In addition to climatic factors, stand composition, density and site characteristics 

profoundly affect a tree's response to drought. Sap flow rate is a physiological indicator of 

water stress and is strongly influenced by environmental variables such as air temperature, 

soil moisture, topography, vapour pressure deficit and solar radiation (Jeģ²k et al., 2014; 

Mareġov§ et al., 2022; ¥z­elik et al., 2022; Mikita et al., 2023; Zavadilov§ et al., 2023). 

Mareġov§ et al. (2022) found a significant positive correlation between sap flow rate and 

terpene concentrations in airborne samples collected near the bark. In addition, site-specific 

variables such as elevation, slope and soil texture significantly affect tree transpiration rates. 

Tree characteristics, including trunk angle, internal trunk temperature, leaf biomass and stand 

density were also highlighted as important variables affecting sap flow (Zabihi et al., 2023; 

Singh et al., 2025; Zabihi et al., 2025). Low-density spruce stands can have higher 

transpiration rates than their denser counterparts because they receive increased levels of solar 

radiation (Singh et al., 2025). 

1.1.6 Thermal response of trees under drought conditions 

Increasing canopy temperatures can serve as sensitive markers of physiological stress 

in vegetation (Sack et al., 2006; Costa et al., 2013; Still et al., 2019). Under optimal non-stress 

conditions, stomatal opening provides transpiration to cool the canopy, reducing canopy 

temperature (Roelfsema and Hedrich, 2005; Daley and Phillips, 2006). However, under 

drought stress, stomatal aperture decreases in accordance with a water conservation strategy. 

This reduces evaporative cooling and increases leaf temperature (Kimball and Bernacchi, 

2006; Prashar and Jones, 2014). In cases of bark beetle infestation, the feeding of phloem bark 

beetles disrupts physiological functions, which exacerbates canopy temperature increases 
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(Majd§k et al., 2021). Moreover, once trees are infested, needle discoloration and partial 

defoliation reduce chlorophyll content and photosynthetic capacity, which impairs overall 

transpiration and intensifies heat accumulation in canopy layers (Zakrzewska and Kopeĺ, 

2022). Spruce crowns at the edge of the forest under thermal stress have a higher crown 

temperature due to a higher transpiration rate than spruce crowns in the forest interior 

(Mareġov§ et al., 2022). Additionally, low relative humidity, high vapour pressure deficit, and 

strong winds can further prompt more pronounced stomatal closure, which restricts 

transpirational cooling (Costa et al., 2013). 

1.2 Remote sensing 

1.2.1 Optical and infrared spectral range in multispectral and hyperspectral imagery 

Remote sensing (RS) has become an effective technology for assessing the health of 

forest canopies, allowing early detection of vegetation stress caused by both biotic and abiotic 

factors (Lawley et al., 2016). Many studies have successfully used RS data to identify 

drought-induced tree mortality, fire-affected areas, soil salinity effects and grazing. For forest 

ecosystems, canopy temperature estimates derived from RS imagery have proven especially 

valuable for monitoring vegetation stress (Huo et al., 2021; Trubin et al., 2024; Pivovar et al., 

2025). Multispectral aerial and satellite imagery is used to map forest health, disturbance, and 

insect outbreaks (Migas-Mazur et al., 2021; Junttila et al., 2022; Kovalev et al., 2024; Bozzini 

et al., 2025). In addition to the use of optical and infrared bands, research has also explored 

the use of radar data to detect insect infestations in forests (Ortiz et al., 2013; Hollaus and 

Vreugdenhil, 2019). Such approaches can also be integrated for forest monitoring, combining 

radar with optical and infrared imagery (Kºnig et al., 2023). 

The selection of remote sensing data depends on the type of task and the size of the 

identified object. The spatial resolution should be half to three-quarters of the size of the 

target object (Woodcock and Strahler, 1987). Given that individual conifer crowns measure 

approximately 5ï6 m in diameter (Ortiz et al., 2013), spatial resolutions of 4 m or finer are 

recommended (Mullen, 2016). Coarser resolutions risk blending target tree signals with 

background reflections (e.g. shadows, understorey vegetation), thus undermining reliable 

discrimination between healthy and infested crowns (Zabihi et al., 2021). 

A variety of optical ranges including the visible, red edge, near infrared (NIR) and 

shortwave infrared (SWIR) have been found to be useful for detecting subtle physiological 

changes in conifer foliage. Research demonstrates that trees attacked by bark beetles often 
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exhibit changes in chlorophyll pigment concentration and water content (Ortiz et al., 2013; 

Zabihi et al., 2021). Foliage under severe stress typically reflects more visible and red-edge 

light while reducing absorption in NIR and SWIR bands due to changes in mesophyll 

structure and increased needle desiccation (Mullen et al., 2018; Trubin et al., 2023). 

A recent airborne hyperspectral study by Pivovar et al. (2025) demonstrated that sub-

metre VNIRïSWIR imagery covering 380ï2500 nm can distinguish drought-stressed and 

acutely thermally stressed Norway spruce stands from healthy ones. Statistically significant 

differences were found primarily in the blue (450ï500 nm) and red-edge region (640ï

720 nm) and in the SWIR windows (1500ï1800 nm and 1950ï2250 nm), which respectively 

track pigment degradation and canopy water status. These findings corroborate previous work 

and reinforce evidence that shifts in the green and red-edge bands provide an early warning 

signal of the bark beetle green-attack phase (Huo et al., 2021, 2023; Trubin et al., 2023). 

1.2.2 Thermography technology 

Thermography, using sensors in the thermal infrared (TIR) range of 8ï14 Õm, has 

emerged as a valuable tool for assessing plant physiological responses to environmental 

stressors (Zakrzewska and Kopeĺ, 2022; Smigaj et al., 2023). By measuring the energy 

emitted by the canopy, TIR images can provide estimates of surface temperature. Canopy 

temperature is then correlated with stomatal behaviour. Transpiration rates reflect vegetation 

health, making thermal data particularly useful for monitoring tree health and detecting early 

changes before visible symptoms appear (Zakrzewska and Kopeĺ, 2022). A growing research 

interest highlights the capability of thermal data to reveal spatial and temporal variability in 

tree stress. Airborne thermography has been used to successfully detect drought stress and 

pathogen-induced disease in diverse tree species by identifying warmer canopies, which are 

characteristic of reduced transpiration (Leuzinger et al., 2007; Junttila et al., 2016; Smigaj et 

al., 2015; Smigaj et al., 2023). 

Thermal remote sensing has shown particular promise in distinguishing spruce trees 

infested by Ips typographus from healthy trees. For instance, canopy temperature from 

Landsat 8 TIR bands allowed identification of early-stage infestations, which often preceded 

visible needle yellowing (Abdullah et al., 2019). Airborne thermal surveys similarly 

distinguished healthy spruce tree crowns (mean canopy temperature of approximately 27.7 

ÁC) from those in "poor condition" (28.6 ÁC) and "dead" (30.2 ÁC) (Zakrzewska and Kopeĺ, 

2022). Handheld thermal cameras have also been investigated for detecting infested Norway 
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spruce, particularly at trunk level (Majd§k et al., 2021). Infested spruce trunks generally 

register higher daily temperatures than healthy trunks, especially along forest edges exposed 

to direct sunlight. Thermal sensors can detect temperature increases in the canopy and trunk. 

Therefore, thermal imaging can improve early detection of tree infestations and stress. 

1.2.3 LiDAR technology 

Various remote sensing techniques are currently employed to assess forest cover. 

These range from satellite and drone images in the optical and infrared spectrum to LiDAR 

scanning (Smigaj et al., 2023). LiDAR scanning, for instance, is widely used in forestry to 

measure tree height, stand volume, and canopy structure (Saļkov, 2022). A point cloud 

acquired from LiDAR data can provide detailed information on canopy structure and 

individual tree metrics. LiDAR and multispectral data are often used together to achieve 

higher classification accuracy, because LiDAR data provide structural information that can be 

used to delineate individual crowns and define canopy metrics, and multispectral data contain 

spectral information that is sensitive to canopy physical changes such as water stress and 

infestation (Cessna et al., 2021; Zakrzewska and Kopeĺ, 2022).  

1.2.4 Solar radiation modelling 

Quantifying the amount of solar radiation received by tree stands and how much 

sunlight penetrates the forest canopy is central to understanding tree physiology, 

microclimate, drought stress and ultimately the risk of bark beetle infestation. Earlier work 

relied on indirect proxies to approximate solar irradiance within the canopy. These proxies 

included leaf area index (LAI), vertical foliage profiles, gap fraction photography, long-term 

field placement of photodiodes or quantum sensors, and hemispherical imaging 

(Niinemets, 1996; Welles and Cohen, 1996; Niinemets et al., 2004; Weiss et al., 2004; 

Gonsamo et al., 2010). These techniques suffer from low spatial or temporal resolution and 

are sensitive to solar angle, instrument calibration and operator bias. 

Airborne LiDAR has largely overcome these limitations. High-density point clouds 

capture the three-dimensional structure of individual crowns, making it possible to develop 

solar radiation models that extend below the canopy ð an area that is almost inaccessible to 

optical sensors alone. For the calculation of solar radiation, different LiDAR-based strategies 

can be used. Metric-based LiDAR approaches (e.g. laser penetration index, canopy height or 

density percentiles) correlate simple point cloud statistics with measured photosynthetically 

active radiation under the canopy (Witzmann et al., 2024). Voxel approaches divide the point 
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cloud into cubic volume elements whose occupancy represents foliage density. Radiation is 

traced through this 3D grid and attenuates each time a ray intersects a voxel (Pruģinec and 

ńuraļiov§, 2022). 
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2. Methods 

2.1 Study area and sites  

2.1.1 The School Forest Enterprise 

The School Forest Enterprise (ĠLP) is located near Kostelec nad ĻernĨmi lesy in the 

Central Bohemian Region of the Czech Republic. ĠLP is managed by the Czech University of 

Life Sciences in Prague and covers an area of 5,700 hectares. Elevations range from 

approximately 300ï527 metres above sea level (a.s.l.). Climatically, the region experiences 

relatively warm and dry summers, with an average annual temperature of 7.5ÁC and total 

annual precipitation of nearly 600 mm (Tolasz et al., 2007). Droughts have intensified in 

recent years, creating favourable conditions for bark beetle outbreaks. Norway spruce 

dominates the forest composition, although Scots pine (Pinus sylvestris) and European beech 

(Fagus sylvatica) with oak species (genus Quercus) are also common (Pirtskhalava-Karpova 

et al., 2024). 

 

Figure 1 - Map of the study areas covered by this thesis: A ï study area in the ĠLP; B ï study 

area in the Horn² Plan§ region; C ï study area on Kunashir Island. 
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Experimental plots were established in 2018 as part of the EXTEMIT-K project 

(http://extemit.fld.czu.cz). Plots numbered 1, 2, 5, 7 and 8 (Figs. 1 and 2) constitute the study 

area of Article 2. Each plot consisted of four subplots designated A, B, C and D, which 

received different treatments. Each subplot has eight to ten Norway spruce trees monitored for 

sap flow and bark-surface temperature and soil temperature. Subplots referred to as 'Edge' 

(1B, 2A, 5A, 7A, 8A) were established to study thermal stress in spruce at the edge of forest 

stands resulting from clear cutting. Another treatment, 'Roof' (1A, 2B, 5B, 7B, 8B) was 

designed to study drought stress in spruce trees in the forest interior. For this purpose, a 

polycarbonate roof was installed over a wooden frame beneath the canopy to divert 

precipitation away from the roots. 'Control' subplots (C and D) were left to develop naturally 

in the interior of the forest (Pivovar et al., 2025; Singh et al., 2025). 

 

Figure 2 - Map of the trial plots in the ĠLP study area. 



нн 
 

The study area of Article 1 is located around plot 1, with the centre of this area at longitude 

14.827054Á E, latitude 49.970676Á N, and an elevation of 450 metres a.s.l. The research area is 

230 metres long and 150 metres wide, situated in forest management units dominated by 

Norway spruce (45ï100%) ranging in age from 50 to 110 years (Fig. 2). 

2.1.2 Kunashir Island 

Kunashir Island is situated in the southernmost section of the Great Kuril Chain, 

characterised by a predominantly volcanic landscape formed by three mountain ranges and 

four active volcanoes (Tyatya, Rurui, Mendeleev and Golovnin). The climate is moderately 

humid and marine, influenced by both the Sea of Okhotsk and the Pacific Ocean. The islandôs 

wind regime has an average speed of 4.9 m/s, with record gusts reaching up to 60 m/s during 

typhoons. The island receives a substantial annual precipitation of 1300ï1500 mm. Average 

temperatures vary from -5.6ÁC in the coldest month to +15.5ÁC in the warmest month 

(August). Overall, the average annual temperature is +5.1ÁC, with a relative humidity of 

around 80.2% (Ganzei et al., 2008; Igarashi, 2016; Korznikov et al., 2019). 

 

Figure 3 ï Map of the study area on Kunashir Island. 

The study area of Article 3 is situated in the southern part of the Kurilskiy Nature 

Reserve and covers 15,317 hectares (Figs. 1 and 3). The highest elevation point in this area is 
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Golovnin volcano at 543 m, and the mean elevation of our study area is 117 m. The study area 

features a hilly relief. The forest area is 13,831 ha (90.2%), with coniferous trees covering 

6,555 ha (47.4%). Sakhalin fir (Abies sachalinensis) dominates (82% of the coniferous cover), 

together with Yezo spruce (Picea jezoensis, 15%) and Glehn spruce (Picea glehnii, 3%). No 

large-scale bark beetle outbreaks have been documented, although minor infestations and 

diseases have been observed sporadically (FID, 2007). 

2.1.3 Study area in Horn² Plan§ region 

The Horn² Plan§ region is located in the southern part of the Czech Republic and is 

managed by the state enterprise Military Forests and Farms of the Czech Republic (Figs. 1 

and 4; study area of Article 4). This enterprise is responsible for managing a total land area of 

19,960 ha, which includes 16,569 ha of forests area. The landscape of this area is gently hilly, 

with elevation differences of about 100ï150 metres. Most of the study area is situated 

between 600 and 800 metres a.s.l. 

 

Figure 4 ï Map of the study area in the Horn² Plan§ region. 

The climatic conditions are characterised by an average annual temperature of 5 to 7 ÁC and 

annual rainfall of 700 to 800 mm. Norway spruce represents 69% of the total forest cover, 
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accompanied by 6% silver fir (Abies alba) and 5% European beech. Scots pine is present at 

lower altitudes and accounts for 12% of the tree composition. Stands younger than 40 years 

occupy around 23.5% of the region, while those exceeding 100 years account for 

approximately 32% (Culek et al., 2013). 

2.2 Remote sensing data acquisition and processing 

A multi-source remote sensing framework was implemented to capture stress 

conditions of spruce stands and monitor bark beetle-related disturbances. Datasets include 

satellite imagery, airborne thermal and hyperspectral data, and LiDAR point clouds. This 

integrated approach enabled analysis at both the canopy and landscape levels. 

2.2.1 Global Forest Change 

The Global Forest Change (GFC) dataset (Hansen et al., 2013) provides spatial data on 

forest cover loss. The dataset is based on Landsat imagery with a spatial resolution of 30 m. It 

is organised in 10Á Ĭ 10Á tiles and covers forest loss over the period 2000-2023. The pixel 

value of this layer reflects the year of forest cover loss. This layer was used to produce a 

windfall area in the period 2015-2016 (Article 3). 

2.2.2 Satellite images and data 

Sentinel-2 satellite imagery has a high spatial resolution of 10 metres and was used to 

detect standing tree mortality caused by bark beetle infestation (Article 3). Coniferous forest 

mortality induced by bark beetles was classified using k-means clustering and performed in 

Google Earth Engine (Gorelick et al., 2017). The validation dataset was created using high-

resolution Google Earth imagery. 

The Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) (NASA, 

2013) with a resolution of 90 m was used in Article 3, and the Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) Global DEM (NASA, 2024) with a spatial 

resolution of 30 m was used in Article 4. 

2.2.3 Thermographic and hyperspectral surveys 

Thermographic data collection focused on forest canopy temperature as a potential 

indicator of tree stress. The DigiTHERM thermal sensor with a spectral range of 7.5ï14 Õm 

was mounted on an SDO 50 V2 VTOL drone to acquire high resolution thermal imagery with 

a spatial resolution of 0.1 m in the Article 1 study area. The thermal survey was carried out on 

7 August 2020.  
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Surface temperature data were provided by the TASI-600 sensor for the Article 2 study 

area. The spatial resolution of this thermal data is 1.25 metres. This thermographic sensor was 

mounted on a Cessna 208B Grand Caravan with hyperspectral sensors and the survey was 

performed on 11 August 2023. Both surveys were conducted at times of peak midday solar 

radiation to maximise temperature contrasts between stressed and unstressed trees. 

Hyperspectral data were acquired using two sensors: CASI-1500, operating in the 

visible and near infrared (VNIR), and SASI-600 in the shortwave infrared (SWIR) spectrum. 

This survey was conducted alongside thermal data acquisition on 11 August 2023. The spatial 

resolution of hyperspectral data ranged from 0.5 m (CASI-1500) to 1.25 m (SASI-600). The 

acquired images were compiled into a mosaic and then vegetation spectral indices were 

calculated to analyse the spruce stand condition. 

2.2.4 LiDAR data 

Airborne LiDAR surveys provided structural information on the forest canopy and a 

cloud point for solar radiation calculation. In the study area in Article 1, LiDAR data were 

acquired using a Leica ALS70-CM sensor on board a Cessna 206. In a separate LiDAR 

campaign for the study area of Article 2, a Riegl LMS Q-780 scanner was used on a Cessna 

208B Grand Caravan in August 2022. These LiDAR surveys captured the forest canopy to 

complement the hyperspectral and thermographic survey. 

The point clouds were processed through noise filtering, ground classification, Canopy 

Height Model (CHM) generation, and canopy density index calculation (Kane et al., 2010; 

Khosravipour et al., 2014). CHM was used for crown delineation. Structural attributes derived 

from the LiDAR data, such as canopy height and canopy density index, were then integrated 

with other data in the analysis. 

LiDAR point clouds were processed using LasTools (ver. 220926; LasTools, 2022) in 

Article 1, while in Article 2, they were processed in RStudio (v. 4.3.3, RStudio Team, 2023) 

using the lidR package (Roussel et al., 2020). The delineation of the crowns was performed in 

RStudio using the ForestTools library (Plowright, 2023). 

2.2.5 Solar radiation modelling 

Solar radiation was modelled at both tree canopy and landscape scales. At the canopy 

level in Articles 1 and 2, the Point Cloud Solar Radiation Tool (PCSRT; Pruģinec and 

ńuraļiov§, 2022) and LiDAR data were used to calculate the direct and diffuse solar radiation 
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components according to the voxel-based approach. At the landscape level in Articles 3 and 4, 

potential solar radiation was modelled using the SRTM DEM with the ñArea Solar Radiationò 

toolbox in ArcGIS 10.6.1 (Esri, 2011), and the ASTER Global DEM in GRASS GIS 7.8 

(GRASS Development Team, 2020) and the TANABBO II tool (Pirtskhalava-Karpova et al., 

2024). 

2.3 Field surveys, forestry, climate and sensor data 

2.3.1 Sap flow and additional physiological measurements 

The sap flow of spruce trees was measured continuously at 10-minute intervals using 

EMS81 sensors manufactured by EMS Brno in the Czech Republic. The sensor is installed at 

breast height (Fig. 5) and measured sap flow in kilograms per second per centimetre (kg s ĭ 

cm ĭ) using trunk heat balance principle (Ļerm§k et al., 2004). The sap flow data were 

recorded at 10-minute intervals using a GreyBox N2N 3P data logger connected to a cloud 

system for real-time data delivery and storage. Prior to subsequent analysis, raw sap flow 

values were preprocessed in the manufacturer's Mini 32 software (Singh et al., 2025). 

In addition to sap flow measurements, bark temperature was recorded on the north and 

south sides. Soil temperature and soil water potential were measured using 2ï5 soil sensors 

per subplot (StŚ²brsk§ et al., 2022). Sap flow, bark and soil temperature, and soil water 

potential were extracted on 11 August 2023 to align with the aerial survey activities. Spruce 

trees in the study plots were visually inspected for signs of bark beetle attack in August and 

September 2023. 

2.3.2 Field, forest inventory, bark beetle trapping and climate data 

Field test plots were established on Kunashir Island in the southern part of the 

Kurilskiy Nature Reserve, particularly in the Golovnin Volcano Caldera and the Danilovskiy 

Field (Article 3). Ten circular plots with a 20-metre radius were initially established in 2019, 

followed by an additional four plots in 2021. Each standing tree in the test plots was measured 

for height, DBH and age. The health status of conifers was classified as green (healthy), red 

or grey based on visual inspection. In addition, the presence of beetles under the bark of 

deadwood was examined at breast height. 
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Figure 5 ï Control plot in the ĠLP study area. Sensors installed on a spruce tree: A ï sap flow 

sensor; B ï bark temperature sensor; C ï soil water potential sensor (photo: Nana 

Pirtskhalava-Karpova). 

Field data on bark beetles caught in pheromone traps were collected at several sites 

during the 2014 and 2015 growing seasons in Horn² Plan§ study area (Article 4). The number 

of bark beetles caught in pheromone traps was included in our datasets, together with specific 

characteristics of the forest management unit, such as the percentage of spruce and the age of 

the forest, extracted for each trap location based on the forest management plan. Meteorological 

parameters, including average and maximum temperatures, precipitation and solar radiation, 

were collected from a weather station located at approximately 1100 m a.s.l. in the study area. 
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2.4 Statistical analysis 

Statistical analyses for Articles 1ï3 were conducted using R software (version 4.3.3; R 

Core Development Team, 2023) within RStudio, while Article 4 was analysed in Python 

(version 3.11.1; Rossum & Drake, 2010) using Visual Studio Code (version 1.73.1). The 

datasets were checked for missing values and outliers. Checks for autocorrelation and 

collinearity were also performed on the variables in the datasets. Statistical tests were used to 

compare groups, while modelling approaches provided insights into more complex 

relationships and identified influencing factors. 

The assumption of normality was tested using the Shapiro-Wilk test, and homogeneity 

of variance was assessed using Levene's test. Non-parametric Kruskal-Wallis and parametric 

ANOVA tests were then used to detect significant differences between groups in the datasets. 

Pairwise comparisons were carried out using Dunn's and Tukey's post hoc tests. Boosted 

Regression Tree (BRT) models were used to calculate the contribution of each explanatory 

variable in the datasets to the predicted variable. The relative contribution of each predictor 

was scaled so that all variables summed to 100%. The optimal BRT model was selected based 

on the highest mean cross-validation correlation and training data correlation. This modelling 

approach was used to identify drivers of canopy temperature and disturbance severity in 

Articles 1 and 3. 

In Articles 2 and 4, Linear Regression (LR) and Generalised Additive Models (GAMs) 

were applied. Both studies used an information-theoretic (I-T) approach to model selection. 

Candidate models were ranked using the Akaike Information Criterion (AIC). Models with a 

ȹAIC less than 2 were considered the best fit. Those with a ȹAIC between 2 and 7 were 

considered plausible alternatives. Akaike weights measured the relative likelihood of each 

model. The best model performance was measured by the adjusted R-squared and Root Mean 

Square Error (RMSE) criteria. In Article 2, the significance of the GAM predictors was 

assessed using F-statistics and effective degrees of freedom (EDF). 

Analyses in Articles 1ï3 made use of R packages including dismo and gbm for BRT 

(Ridgeway, 2007; Elith and Leathwick, 2011; Hijmans et al., 2023), mgcv for GAMs (Wood, 

2017), corrplot (Taiyun & Simko, 2021), and dunn.test for non-parametric post hoc 

comparisons (Dinno, 2024). The Python workflow in Article 4 used pandas (1.5.0) for data 

manipulation, numpy for numerical operations, scikit-learn (1.3.0) for regression and cross-

validation, statsmodels (0.15.0) for statistical tests, and pyGAM (0.5.5) for GAM fitting.  
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3. Results 

This thesis combines high-resolution remote sensing and field data to elucidate how 

crown structure, microclimate and drought stress determine the vulnerability of spruce to bark 

beetles. At the stand scale, thermal data and spectral indices linked stand characteristics and 

canopy architecture to physiological stress, while landscape-scale analyses showed how 

species composition and landscape characteristics determined outbreak spread. Finally, the 

incorporation of phenological modelling with drought indices proved effective in predicting 

spruce bark beetle swarming periods at a fine spatial scale and mapping potential risk areas. 
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3.1 Analysis of solar radiation and thermography data using tree crowns parameters for 

Norway spruce 

 

Published as: Karpov, A., Pirtskhalava-Karpova, N., Trubin, A., Surovy, P., & Jakuġ, 

R. (2025). Analysis of solar radiation and thermography data using tree crowns parameters for 

Norway spruce. In Forest Ecology and Management (Vol. 582, p. 122557). Elsevier BV. 

https://doi.org/10.1016/j.foreco.2025.122557 

 

The main objectives of this study were to quantitatively compare the relative effects of 

crown and canopy characteristics on spruce crown temperature and solar radiation, and to 

investigate the relationship between solar radiation and crown temperature. 

This study identified four factors: area of forest gaps, LiDAR canopy density index, 

tree height and standard deviation of crown height using BRT approach. These predictors 

have significant and broadly comparable influences on crown temperature and retain their 

importance for predicting solar radiation. However, tree height was found to be the strongest 

determinant of insolation. Higher crown temperatures and solar radiation were associated with 

increases in gap area, tree height and southern crown openness. 
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