
 

Czech University of Life Sciences Prague 

Faculty of Forestry and Wood Sciences 

 

The use of remote sensing imagery for the estimation of 

tree health characteristics related to bark beetle attack 

 

Ph.D., Dissertation thesis (Diss T) 

 

 

 

Author: Ing. Aleksei Trubin 

Field of study:  Applied geoinformatics and remote sensing in forestry 

Supervisor: doc. Ing. Peter Surový, Ph.D. 

Consultant: Ing. Rastislav Jakuš, PhD. 

Place & Year : Prague, 2024 



2 



 

3 



4 



 

5 

 

  



6 

Annotation 

 This thesis examines the impact of climate-induced drought stress and bark beetle 

infestations on European spruce forests, particularly the Eurasian spruce bark beetle (Ips 

typographus L.) attacks on Norway and Siberian spruce. Utilizing satellite remote sensing, 

ground truth, and meteorological data, the study explores tree health assessment during various 

bark beetle infestation phases. 

Four scientific publications form the core of this thesis. Two studies (Trubin et al., 

2023; 2024) apply PlanetScope multispectral imagery and ground truth data to identify forest 

spectral characteristics before and during early bark beetle attacks. Key findings highlight the 

effectiveness of specific spectral vegetation indices (Enhanced Vegetation Index (EVI) and 

Visible Atmospherically Resistant Index (VARI)) in early detection of beetle-related tree 

decline, offering a novel approach to forest health monitoring. 

The other two studies (Trubin et al., 2022 and Pirtskhalava-Karpova et al., 2024) focus 

on modeling tree mortality using meteorological variables. These studies identify key climatic 

factors influencing annual tree loss in forests with different spruce species. Results enhance 

predictive models for bark beetle outbreaks and highlight climatic patterns predictive of 

potential infestations. 

Overall, this thesis contributes significantly to forest management and conservation 

strategies. By integrating satellite imagery with terrestrial and climatic data, it provides a 

comprehensive framework for early detection and continuous monitoring of bark beetle 

infestations. This proactive methodology aids in identifying vulnerable and affected areas, 

enabling timely and targeted interventions to reduce damage. Moreover, the developed 

mortality models using climatic variables empower forest managers to better anticipate and 

prepare for potential outbreaks, optimizing resource management and response tactics. 

 

 

Keywords: Ips typographus, Picea abies, bark beetle outbreaks, drought, spectral 

vegetation indices. 
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1. Introduction and literary analysis 

 

Eurasian spruce bark beetle (Ips typographus L.) is one of Eurasia's most economically 

significant forest pests (Wermelinger, 2004), that leads to significant loss of coniferous forests 

within the whole Palearctic region (Christiansen and Bakke, 1988) and severe damage to 

coniferous forests in the Northern Hemisphere (Raffa et al., 2015). Despite their vital function 

in conifer-dominated forest ecosystems in the Northern Hemisphere's regeneration and 

succession (Bače et al., 2015; Winter et al., 2015; Zeppenfeld et al., 2015), bark beetle 

outbreaks in recent years have significantly exceeded their earlier recorded frequencies and 

effects (Winter et al., 2015). Considering the growing threat from the Eurasian spruce bark 

beetle, especially in conditions of climate change, it is crucial to explore triggers that global 

forests face, especially severe environmental stresses. 

In European spruce forests, the primary abiotic elements impacting their health are 

typically identified as drought and wind (Kärvemo et al., 2014; Komonen et al., 2011; Marini 

et al., 2017). These factors are anticipated to escalate due to climate change (Haarsma et al., 

2013; Seidl et al., 2017; Jactel et al., 2019). 

 

1.1 Main drivers of the bark beetle outbreaks 

Traditionally, storms have been the primary cause of spruce bark beetle infestations in 

Europe, but in recent times, there has been a notable rise in outbreaks induced by drought 

conditions (Kärvemo et al., 2023, Hlásny et al., 2021a, Hlásny et al., 2021b). 

 

1.1.1 Wind 

 In recent decades, European coniferous forests, particularly Norway spruce forests, 

have witnessed a surge in windthrow disturbances, intensifying in both regularity and impact 

(Nilsson et al., 2004; Seidl et al., 2011). This phenomenon, coupled with the activities of the 

Eurasian spruce bark beetle (Ips typographus L.), constitutes a dual threat to these ecosystems. 

Upon the proliferation of windthrown spruces, bark beetle populations burgeon, as these trees 

become primary hosts, facilitating beetles’ reproduction and, subsequently, attacks on healthier 

trees, which typically unfold one to three years post-windthrow (Marini et al., 2013; Økland 

and Berryman, 2004; Wermelinger, 2004; Sauvard, 2004). This ecological chain reaction not 
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only threatens protected areas, especially those adhering to a non-intervention management 

approach near managed forests (Havašová et al., 2017), but also becomes distinctly challenging 

during outbreaks when beetles overcome even robust trees’ defences (Lindman et al., 2023). 

While storms, the initial catalysts, usually affect confined geographical spaces (Seidl et al., 

2016; Hlásny et al., 2021b; Wermelinger and Jakoby, 2022), subsequent bark beetle 

infestations and their severity have been notably correlated with factors such as wind-felled 

spruces, host-tree volumes and age, neighboring infestations, and conditions related to aridity 

and temperature (Kärvemo et al., 2014a; Pasztor et al., 2014; Kärvemo et al., 2016; Brůna et 

al., 2013; Stadelmann et al., 2014; Netherer and Nopp-Mayr, 2005; Sproull et al., 2017; 

Blomqvist et al., 2018; Mezei et al., 2017; Kärvemo et al., 2023). 

 

1.1.2 Drought 

Globally, forests are increasingly susceptible to dieback due to physiological stress 

caused by heat and drought (McDowell et al., 2008), which is often linked to the accelerated 

growth of forest insect pests (Allen et al., 2010; DeRose et al., 2013; Kolb et al., 2016; White, 

2015). 

Research indicates that wind and drought are the two key non-biological factors 

affecting the health of spruce forests in Europe (Komonen et al., 2011; Kärvemo et al., 2014; 

Marini et al., 2017). Nonetheless, the specific physiological mechanisms that determine conifer 

survival and death under drought conditions remain largely unknown (McDowell et al., 2008). 

While conifers exhibit varying degrees of drought tolerance, extended periods of water scarcity 

can greatly increase their vulnerability to bark beetle attacks (Krokene, 2015). Environmental 

elements believed to accelerate bark beetle outbreaks include more frequent droughts and rising 

temperatures, which directly influence insect population dynamics as well as the growth and 

resistance of host plants (Jactel et al., 2012; Weed et al., 2013; Bentz and Jönsson, 2015; 

Meddens et al., 2015; Raffa et al., 2015). For instance, extended droughts coupled with high 

temperatures can reduce tree hydration, rendering them more prone to Ips typographus L. 

attacks (Wermelinger, 2004; Netherer et al., 2015). It is observed that plant defense chemicals 

may increase during moderate droughts but decrease during prolonged, severe droughts (Gely 

et al., 2020). Müller et al. (2022) identified that a heightened likelihood of bark beetle 

infestations is linked to factors such as high average canopy height, high spruce volume, 

reduced soil moisture, proximity to recent clear-cut areas and earlier beetle outbreaks. 
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1.2 Remote sensing of bark beetle attack stages  

 

 

Figure 1- Stages of the development of bark beetle attack 

 

Lots of studies show the great results of using RS imagery to detect the Yellow and Red 

attack stages in different locations and landscapes (Wulder et al., 2006; Zabihi et al., 2021; 

Marvasti-Zadeh et al., 2023). The promising results of these studies led researchers to 

investigate the possibilities of detecting the latest stage of infestation, and even before it. 

In terms of the phases of bark beetle attack, the current research focused on the mortality 

phase to have a complete understanding of the entire bark beetle outbreak cycle and the early 

phase (green attack), to understand forest characteristics before the attack (having signs of 

stress) and in the first days and weeks of the attack to be able to detect traceable signs using 

remote sensing data (Figure 1). 

The latest review on the early detection of Ips typographus was performed by Zabihi et 

al., 2021 and Marvasti-Zadeh et al., 2023. 

Georgiev et al., 2023 indicated the efficiency of using free Sentinel-2 satellite imagery 

for the early detection of Ips typographus infestations in Norway spruce forests in their study 

near Smolyan (Bulgaria) around  windbreak  and  windfalls  in  mountain areas. By analyzing 

the Normalized Difference Vegetation Index (NDVI), the research demonstrated that 

significant deviations in NDVI values from 2018 (the year of severe windthrow) to 2020 

provided evidence of pest attacks before observable symptoms. The study's findings underscore 

the potential of NDVI data to facilitate the early identification of bark beetle infestations, 

thereby enabling more effective forest management and mitigation strategies. 

Advanced approaches to using Machine Learning and Deep Learning in the detection 

of bark beetle infestation with remote sensing data are quite advanced, allowing it to cover 

large landscapes (Zhang et al., 2022). However, the performance of current ML methods for 
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early detection is limited, often achieving less than 80% accuracy. This performance is 

influenced by several factors including the type of imagery sensors, resolutions, acquisition 

dates, and the features and algorithms used. Deep learning networks and the random forest 

algorithm have shown promise, particularly for detecting subtle changes in the visible, thermal, 

and short-wave infrared spectral regions (Marvasti-Zadeh et al., 2023).  

 

1.3 Aims of this thesis 

This thesis integrates three primary study areas related to the susceptibility, green 

attack, and mortality phases of Norway spruce (Picea abies (L.) Karst) trees in response to bark 

beetle infestations. It offers an in-depth analysis of these phases and their spectral 

characteristics, guided by the following hypotheses. 

Susceptibility Phase: The first study aimed to identify the potential for detecting trees 

susceptible to beetle attacks early in the growing season. By leveraging spectral bands and/or 

spectral vegetation indices (SVIs) derived from individual wavelengths, the goal was to 

establish the significant differences between healthy trees and those predisposed to attacks, 

developing a robust methodology using remotely sensed and ground-truth data to track the 

health status of Norway spruce on a temporal scale, specifically before and during infestation 

episodes. 

Green Attack Phase: The second study took a closer look at the spectral properties of 

forests under green attack, assuming they are significantly different due to the differing levels 

of damage caused by bark beetles. Assuming that the spectral signatures of affected trees would 

have unique features indicative of the ongoing physiological changes, this research aimed to 

identify these meaningful differences among the forest classes. The spectral properties of 

healthy forests were used as a reference point, giving insights into the undisturbed state of these 

stands.  

Mortality Phase: The third and fourth research was aimed primarily at identifying the 

most effective models using meteorological variables, such as temperature, precipitation, and 

previous-year damage, that accurately represent annual tree-cover loss. The objective was to 

investigate how these selected variables might influence annual fluctuations in tree loss, as per 

the simplest and most explanatory model. An additional aim was to investigate whether the 

variables linked to tree mortality vary according to geographical location, specifically 

comparing the northernmost limits of spruce occurrence to lower latitudes. This was achieved 

by integrating variables related to solar radiation into the analysis. The main goal of this study 
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was to refine our understanding of tree cover loss, particularly in the context of beetle-induced 

tree mortality, by leveraging robust predictive models grounded in meteorological data. 
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2. Summary of work methodology 

2.1 Study area and sites 

2.1.1 The School Forest Enterprise  

The School Forest Enterprise (ŠLP) is situated in the vicinity of Kostelec nad Černými 

Lesy, roughly 50 kilometers southeast of Prague in the Czech Republic. This area, managed by 

the Czech University of Life Sciences Prague (CZU), encompasses a forested region of about 

5,700 hectares. These forests are situated at the juncture of the Central Bohemia Uplands and 

the Polabí lowlands, part of the Česká křídová tabule geomorphological area, with elevations 

ranging from 300 to 527 meters. The region is classified within the temperate zone, 

experiencing mild winters. Historical climatic data indicates average annual temperatures 

fluctuating between 7.0 and 7.5 °C, with annual rainfall averaging around 650 mm. The 

vegetation period typically spans from 150 to 160 days annually. The forest composition is 

diverse: conifers, primarily Norway spruce (Picea abies), which accounts for nearly half of this 

category, dominate 70% of the forest cover. Scots pine (Pinus sylvestris) and other coniferous 

species also contribute significantly to this percentage. The remaining 30% comprises 

broadleaved species, predominantly European beech (Fagus sylvatica) and oak species (genus 

Quercus), alongside other varieties. The area's forest health has been increasingly challenged 

by recurring drought conditions in recent years. Notably, the severe drought of 2018 led to a 

significant bark beetle infestation, primarily caused by I. typographus, with localized 

occurrences of I. duplicatus, I. amitinus, and Pityogenes chalcographus. In response, forest 

management practices have been geared towards sanitary logging, focusing on the fast 

identification and removal of affected trees to mitigate further damage. 



 

19 

 

Figure 2 - Overlay of Forest Management Plan of The School Forest Enterprise on 

Planet Imagery dated April 23, 2022, cropped to the Area of Interest (AOI). 

 

2.1.2 Dvinsko-Pinegskiy reserve 

 

The Dvinsko-Pinegskiy reserve in Arkhangelsk region, Russia is a state-protected area 

between 62°30′ and 64°00′ N and 42°00′ W to 46°00′ E, untouched by significant human 

activities. Encompassing 300,420 hectares, the study area is predominantly forested (over 

90%), with Siberian spruce being the dominant species.  

In 2020, as compensation for 150 hectares of illegally felled forest in the Dvinsko-

Pinezhsky nature reserve, a logging company took under voluntary protection an area of taiga 

of 1,834 hectares, which was not included in the original configuration. 
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Figure 3 - Dvinsko-Pinezhsky natural reserve with Global Forest Watch 2004-2014 

dataset with forestry borders. 

 

The spruce stands, originating from past wildfires, naturally decay when reaching 180-

200 years of age, contributing to forest regeneration. The forest landscape is impacted by 

localized spruce death, infrequent disturbances, windthrows, insect outbreaks, and fires, with 

droughts often exacerbating these events. The Eurasian spruce bark beetle infestation that 

started in 1999 is linked to severe drought conditions in 1997 and heavy snowfall damage in 

2001-2002 (Trubin et al., 2022). 

 

2.2 Remote sensing data acquisition and processing 

The selection of remote sensing data sources is predicated on their unique strengths in 

monitoring and analyzing the health of trees affected by bark beetle infestation. In this context, 

PlanetScope data have been selected, leveraging the participation in Planet’s Education and 

Research (E&R) Program, which provides specialized access to these high-quality satellite data 

for academic purposes. This access is particularly beneficial given PlanetScope's exceptional 

temporal resolution, offering frequent updates that surpass the capabilities of alternatives like 
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Sentinel 2. This high-frequency data acquisition is critical in capturing dynamic changes in 

forest health, a task that would be prohibitively expensive and labor-intensive using UAVs, 

especially considering the spatial extent of the study area. 

Global Forest Watch (GFW), leveraging processed Landsat data, provides a 

comprehensive view of forest loss. This platform offers a distinct advantage over developing 

custom solutions for forest loss detection, such as training, validation and applying complex 

machine learning and AI models, which can be time-consuming and resource-intensive on large 

areas. GFW’s data significantly streamline the process, offering accurate and readily available 

information on forest changes, essential for quantifying the impact of bark beetle attacks. 

These data sources, with their respective strengths, not only enhance the efficiency of 

data acquisition but also ensure the reliability and accuracy of the analyses conducted in this 

study. In subsequent research endeavors beyond this thesis, the integration of diverse data 

sources will be explored to enhance the specificity and accuracy of monitoring bark beetle 

impacts on forest health. 

 

2.2.1 Global Forest Watch 

Global Forest Watch (GFW) is an online platform that provides data and tools for 

monitoring forests worldwide. Launched by the World Resources Institute along with over 40 

partners, GFW harnesses the power of satellite technology, open data, and crowdsourcing to 

deliver near-real-time information about the state of forests. This initiative aims to increase 

transparency and facilitate better management of forest landscapes by enabling policymakers, 

researchers, and the general public to access detailed information about forest cover changes. 

The GFW's data, which includes metrics like gross forest cover loss, is crucial for 

understanding and analyzing global deforestation patterns and trends. This data is particularly 

valuable for environmental research, as it offers precise and consistent measurements of forest 

change over time, captured through advanced analysis of Landsat satellite imagery. Such 

comprehensive and accessible data are important for the development of sustainable forest 

management strategies and conservation efforts in different geographical regions. 

The gross forest cover loss (lossyear) layers (Marini et al., 2013) were used from 2001 

to 2014 derived from Global Forest Watch data (ver. 1.2, Hansen et al., 2013), based on time-

series analysis of Landsat imagery, to create annual maps from 2001 to 2019 at 30 by 30 meters 
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spatial resolution. These raster images were derived from the original 10 × 10◦ granules and 

then were vectorized using the Polygonize plugin (GDAL 3.1.4), cut by the polygon of the 

reserve’s boundaries in the QGIS environment (ver. 3.16). 

 

2.2.2 PlanetScope 

PlanetScope imagery are high-resolution multispectral satellite images captured by the 

Dove satellite constellation, operated by Planet Labs. The numerous small satellites that make 

up this constellation, known as the "Doves", combine to cover the Earth's surface 

comprehensively and frequently. The primary benefit of PlanetScope imagery is its high 

temporal resolution, allowing the ability to monitor changes on the Earth's surface nearly on a 

daily basis. Applications requiring regular and up-to-date observations, including disaster 

response, agricultural management, and environmental monitoring, would especially benefit 

from this capability. With a spatial resolution of three meters, the imagery obtained by the 

Dove satellites, especially the Dove Classic (PS2) sensor utilized in this study, offers 

comprehensive visual information. In addition, the Dove satellites capture data in a number of 

spectral bands, including Red, Green, and Blue (RGB) and Near Infrared (NIR), which offers 

insightful information on a range of environmental topics. 

Cloud-free PlanetScope imagery (instrument–Dove Classic (PS2)) in the GeoTIFF 

format with surface reflectance data type (harmonized to Sentinel-2 for consistent radiometry) 

were used from April 2 to 5 September 2020 (22 imageries).  

The individual four bands and the SVIs were used to differentiate three defined classes. 

These three classes were non-attacked trees during our year of study, assumed and considered 

as the “Healthy” class; trees were attacked in the later stages of the growing season, assumed 

and considered as the “Susceptible” class; trees that were previously classified as 

“Susceptible”, but had since reached the date of bark beetle green attack and, consequently, are 

designated as the “Green-attack” class in Paper 2. For Paper 1, only the first two classes were 

selected. 
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Figure 4 Stacked multiband data cube containing individual bands and SVI  

 

For each acquisition in the time series, 23 SVIs were calculated using the Raster 

Calculator plugin in QGIS version 3.16.16 (QGIS Development Team, 2009). All individual 

bands and SVIs were merged into a single GeoTIFF file to make a cube image of 27 bands, for 

further statistical analysis (Figure 4). 
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2.3 GIS and ground truth data collection and validation 

2.3.1 Cross-platform ArcGIS application 

The coordinates of the areas of evidence of bark beetle in The School Forest Enterprise 

(ŠLP) in Kostelec nad Cernými lesy were recorded by employers of the company and CZU 

FLD and EXTEMIT-K project using cross-platform ArcGIS application. A cross-platform 

ArcGIS application is a set of compatible tools and applications within the ArcGIS system, 

intended to perform a variety of GIS tasks on various devices. Esri's ArcGIS is a versatile 

mapping and spatial analysis platform which is used in resource management, urban planning, 

and environmental research, among other fields of study. The ArcGIS platform makes it 

possible for data to be seamlessly integrated and synchronized across various hardware and 

software environments via a cross-platform architecture. Since it enables users to perform more 

in-depth analysis and visualization on desktop computers, as well as to record and access data 

on-the-go via smartphones and tablets, this versatility is especially important for field data 

collection and subsequent analysis. 

The aim of the application was to have the ability to record, store, analyse and visualize 

data on different platforms. ArcGIS Collector was used for smartphones (both iOS and 

Android-based) to record points with coordinates of the hotspot and ArcGIS Online portal and 

ArcMap 10.8 desktop application were used for storing, analysis, visualising and report 

creation. 
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` Figure 5 - Mobile application (Photo by Roman Modlinger) 
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Figure 6 Desktop application 

 

 

 

Figure 7 Overview of desktop application and layer description 
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Table 1 - Attributes of layers, used in the application for collecting information about 

hotspots 

Attribute 

# 

Attribute name Description Type and Options 

1 Date of collection 

 

 

Filled by forest managers and 

other users of Collector for 

ArcGIS. 

 

2 Number of attacked 

trees on the date of 

first collection 

Filled by forest managers and 

other users of Collector for 

ArcGIS. 

 

3 Development stage 

of bark beetles 

Filled by forest managers and 

other users of Collector for 

ArcGIS. 

There is a list of available 

choices (domains). 

Entry holes, Eggs, 1st instar larvae, 

2nd instar larvae, 3rd instar larvae, 

pupae, yellow beetle, brown beetle, 

emerging holes, dry dead tree 

4 Hot spot state Filled by forest managers and 

other users of Collector for 

ArcGIS. 

There is a list of available 

choices (domains). 

 

5 Date, Number of 

attacked trees, 

Maximum developed 

stage of bark beetles 

at the first and next 

inspections 

Filled by forest managers and 

other users of Collector for 

ArcGIS. 

 

6 Type of bark beetle Filled by forest managers and 

other users of Collector for 

ArcGIS. 

Users are using the list of 

choices, which are Yes/No. 

Eurasian spruce bark beetle (Ips 

typographus), Six-toothed spruce 

bark beetle (pityogenes 

chalcographus), Double-spined bark 

beetle (Iplicatups dus), Small spruce 

bark beetle (Polygraphus 
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poligraphus) 

7 JPRL Forest stand code. Filled by 

GIS administrator. 

 

8 Estimated volume  Cubic meters of affected trees 

at the time of collection. 

 

9 Forest management 

area (numeric code) 

Filled manually by GIS 

administrator 

 

 

Date of collection (implied as date of attack), Number of attacked trees on the date of 

first collection, Development stage of bark beetles, Hot spot state, Date, Number of attacked 

trees, Maximum developed stage of bark beetles at the first and next inspections, Type of bark 

beetle, JPRL, Estimated volume and Forest management area (numeric code) in the day of 

inspection were recorded using the ArcGIS Collector app.  

Foresters conducted weekly surveys in their assigned regions to identify initial bark 

beetle infestations. Simultaneously, EXTEMIT-K project researchers collected similar data 

around six experimental plots. They employed visual inspections and sniffer dogs to spot early-

stage infested trees within a 500-meter radius of these plots (Vošvrdová et al., 2023; Trubin et 

al., 2023). Each experimental plot was divided into four subplots, which include 8–10 

neighbour trees (Özçelik et al., 2022; Stříbrská et al., 2022). 

 

2.4 Meteorological variables 

In the Dvinsko-Pinegskiy reserve study area, the meteorological variables were crucial 

for understanding the impact of climate on bark beetle epidemics and tree mortality from 2001 

to 2014. The dataset included monthly temperature, precipitation, and duration of solar 

radiation, obtained from the Sura meteorological station, and calculated indices - JJA (June, 

July, and August average air temperature), DJF (December, January, and February average air 

temperature), annual variables and the Selyaninov hydrothermal coefficient, calculated to 

assess moisture during the growing season.  

The ŠLP study, focusing on a bark beetle outbreak in Central Europe, also heavily relied 

on meteorological variables to understand annual tree cover loss and bark beetle damage from 

2012 to 2022. Conducted near Kostelec nad Černými Lesy in the Czech Republic, the study 
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used data from the nearest weather station (Ondřejov). The meteorological variables analyzed 

included the same variables as in the Dvinsko-Pinegskiy study, excluding the Selyaninov 

hydrothermal coefficient and adding April to September wind speed 

 

2.5 Statistical analysis   

2.5.1 Difference between two and three classes 

For each distinct class, mean values of individual spectral bands and Spectral Vegetation 

Indices (SVI), compiled in the multilayer spectral data cube, were utilized to identify 

significant differences between classes. The suitability of parametric statistical methods was 

verified using the Shapiro-Wilk and Levene tests. Shapiro-Wilk test checks for normal 

distribution, while Levene's test assesses the equality of variances across groups. To identify 

statistically significant differences in spectral values (individual bands and SVIs) for each 

image capture date, Welch’s t-test and Linear Discriminant Analysis (LDA) with leave-one-

out cross-validation accuracy (LOOCV) were applied for two categories ("Healthy" and 

"Susceptible"). Welch’s t-test is used when data have unequal variances and sample sizes, and 

LDA is a method for finding the linear combination of features that best separates two or more 

classes of objects. LOOCV is a method of cross-validation for model assessment. In the case 

of three categories ("Healthy", "Susceptible", and "Green-attack"), a One-Way Analysis of 

Variance (ANOVA) with Three Factors was conducted. This was followed by the Games-

Howell test for datasets meeting the Levene test’s assumptions, and Tukey’s Honestly 

Significant Difference test (Tukey’s HSD) for those that did not. ANOVA is used to compare  

mean values between three or more groups. Games-Howell and Tukey’s HSD are post-hoc 

tests for multiple comparisons. For datasets not conforming to these assumptions, the 

nonparametric Kruskal-Wallis H Test (also known as “one-way ANOVA on ranks”) with 

Three Independent Groups, and subsequently Dunn’s post hoc tests, were used. 

The extraction of mean values from data cube bands was carried out using QGIS, the OTB 

package, and the ZonalStatistics plugin. All statistical analyses were performed in Python, 

employing the SciPy library (ver. 1.7.1), scikit-learn (ver. 1.1.2), the statsmodels package (ver. 

0.13.5), and scikit-posthocs (ver. 0.7.0). 
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2.5.2 Modelling tree mortality using remote sensing and climate data 

Prior to analysis, the data was inspected for outliers and collinearity. Data exploration 

involved plotting the response variable against each covariate to examine their 

interrelationships. Based on this exploration, the correlation between tree mortality and 

explanatory variables was investigated using linear regression in Article 3, as well as 

Generalised Additive Models (GAMs) and Ridge regression in Article 4. Linear regression is 

employed to examine the association between a dependent variable and one or multiple 

independent variables. GAMs are a flexible approach to modelling complex data, and Ridge 

regression is a technique used to analyze multiple regression data that suffer from 

multicollinearity. 

A selection of a priori models was predefined for analysis to determine which model best 

describes tree infestation by I. typographus in Article 3, and the initiation and spread of spots, 

as well as tree infestation in Article 4. These models were developed using known variables 

relevant to the dynamics of bark beetle populations, primarily climatic factors. 

For linear regression and GAMs, the Information-Theoretic (I-T) method was employed to 

evaluate competing models. Models were ranked by the Akaike Information Criterion (AIC) 

for small sample datasets, with the delta AIC (ΔAIC) indicating the AIC difference between a 

model and the top-performing model in the candidate set; the model was chosen based on the 

lowest ΔAIC. AIC serves as an indicator of the relative quality of a statistical model in relation 

to a specific data set. Models within the ΔAIC of less than 2 were considered comparable to 

the best, while those within the ΔAIC range of 2–7 were also plausible. Akaike weights were 

computed to rank candidate models in terms of parsimony, reflecting the likelihood of each 

model being the most suitable given the data and set of candidates (Burnham et al., 2011). 

For ridge regression, an error-based assessment method was utilized for model comparison. 

Models were evaluated using the Root Mean Square Error (RMSE) criterion, with the most 

accurate model identified by the smallest RMSE. RMSE measures the average magnitude of 

the error. The alpha parameter, acting as a regularization term, penalizes large coefficients in 

the model, thus reducing overfitting risks. A higher alpha value increases regularization 

strength, favoring simplicity, while a lower value allows more flexibility but may capture noise. 

In Article 4, Annual bark beetle spot initiation (ha), spread (ha), and Annual tree loss 

change (the natural logarithm of the ratio between tree mortality in a given year and the 

previous year) were used as response variables; in Article 3, only Annual tree loss change. 
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To address the issue of high correlations among variables, we implemented a criterion 

where variables were selected based on a correlation coefficient threshold of 0.7. The 

relationship between yearly fluctuations in tree cover loss and its previous years' changes was 

examined by computing the autocorrelation function (ACF). Additionally, the cross-correlation 

functions (CCFs) were employed to analyze the relationship between the predictor time series 

and the variables identified in the most effective model. 

In the context of Article 3, all computational and statistical analyses were performed using 

R (Version 3.6.1) within RStudio (Version 1.3.1093, R Development Core Team 2018). 

Conversely, for Article 4, the analyses were carried out in VSCode 1.73.1 using the Jupyter 

Notebook and Python (Version 3.11.1). The Python environment included various libraries 

such as pandas (Version 1.5.0), Matplotlib (Version 3.6.0), statsmodels (Version 0.15.0), 

pygam (Version 0.5.5), and scikit-learn (Version 1.3.0). 
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3. Results 

The PhD dissertation thesis consists of three first-author articles (one as a manuscript) and 

one second-author article. The first part of the results focuses on the detection of susceptible 

Norway spruce trees to I. typographus attack (section 3.1.1). The second part demonstrates 

spectral differences of Norway spruce forests before and during green attack in comparison 

with healthy forests (section 3.1.2). The third part (section 3.2.1) examines a study that models 

annual changes in tree cover loss (mortality) using climate variables in the northernmost mass 

Eurasian spruce bark beetle outbreak. The fourth part (section 3.2.2) describes the results of 

modelling the bark beetle-driven spot initialisation, spot spreading and annual tree loss change 

using meteorological variables in central Europe. 

Article I (Trubin et al., 2023) shows that using PlanetScope satellite imagery and field data, 

spectral vegetation indices (SVIs), specifically the Enhanced Vegetation Index (EVI) and 

Visible Atmospherically Resistant Index (VARI), can successfully distinguish healthy trees 

from those susceptible to infestations early in the growing season in central Europe's Norway 

spruce-dominated forests. This article responds to Objectives 1, 2 and partly 3. 

Article II (Trubin et al., 2024) expands on the approach outlined in Article I, applying 

PlanetScope satellite imagery and field data to not only distinguish healthy Norway spruce 

trees from those susceptible to infestations in central Europe but also to identify trees under 

green attack. The study utilized the Enhanced Vegetation Index (EVI) and Visible 

Atmospherically Resistant Index (VARI) to differentiate these three classes, employing a 

variety of statistical methods to increase the accuracy and robustness of the classification 

process. This article responds to Objectives 1, 2 and partly 3. 

Article III (Trubin et al., 2022) reports that Siberian spruce forests in the Arkhangelsk 

region, Russia, have experienced unprecedented tree cover loss over the past two decades due 

to the Eurasian spruce bark beetle, marking the first recorded outbreak of this kind at higher 

latitudes. Utilizing remote sensing and climate data, we modelled annual tree-loss changes over 

a 14-year period, pinpointing a combination of average annual temperature and precipitation, 

temperature and precipitation in June, as key factors driving these changes. This article 

responds to Objective 3. 

Article IV (Pirtskhalava-Karpova et al., 2024) expands on the approach outlined in 

Article III for the different study area (The School Forest Enterprise, Kostelec nad Černými 

Lesy, the Czech Republic), with new statistical approaches (GAM and ridge regression), 

periods division (initialization, spread and annual total tree cover loss change) and adding new 
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variable - wind speed. Applying the same GFW tree cover loss dataset and meteorological data, 

we found that spot initialization was strongly related to April's solar radiation from the previous 

year; spot spreading - with the current year's average air temperature and annual tree loss with 

solar radiation in June and September (and the previous year's average precipitation, using 

ridge regression). This article responds to Objective 3.  
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3.1 Assessment of the predisposition of trees to bark beetle 

3.1.1 Detection of susceptible Norway spruce to bark beetle attack using PlanetScope 

multispectral imagery 
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Extended summary 

 

Introduction 

Global forests, particularly coniferous ones, are becoming increasingly vulnerable to 

dieback due to physiological stress caused by heat, drought, and increased pest growth, with 

the European spruce bark beetle (I. typographus) being a key economic pest in Eurasia. The 

bark beetle's life cycle, its impact on trees, and how it can lead to infestations are affected by 

environmental factors, tree age, and density. Recent outbreaks have been significant, driven by 

climate change, leading to increased tree mortality, particularly in spruce forests. Gathering 

precise, up-to-date spatial information on infestations can help create effective plans for 

removal and sanitation, though this remains challenging due to limited access in large areas. 

Remote sensing (RS) data, using active and passive sensors, has proven to be an effective 

method for tracking vegetation stress and infestations. The use of PlanetScope satellite imagery 

has allowed for better tracking of small changes in land cover within broad areas. Individual 

bandwidths and Spectral Vegetation Indices (SVIs) can be used to detect changes in needle 

pigments, chlorophyll content, and water content due to bark beetle attacks. This study seeks 

to investigate if trees susceptible to beetle attacks can be detected before or early in the growing 

season and to develop a methodology for using remotely sensed and ground-truth data to 

characterize the health status of Norway spruce before and during infestations. 

 

Materials and methods 

The research was conducted in forests southeast of Prague, Czech Republic, managed 

by the Czech University of Life Sciences (CULS). The forests, located in a temperate climate 

zone, experienced a bark beetle outbreak in 2018 due to severe drought. The vegetation mainly 

consists of spruce, pine, beech, and oak. We utilized 22 cloud-free PlanetScope (instrument 

Dove Classic (PS2)) images from April to September 2020 for our study. Each image consisted 

of Red, Green, Blue (RGB), and Near Infrared (NIR) bands. Using QGIS software, we 

calculated 23 Spectral Vegetation Indices (SVIs) for each image. These were used to 

distinguish between non-attacked ("Healthy") and those that were attacked in the later stages 

of the growing season ("Susceptible") trees. The positions of attacked trees were recorded using 

the ArcGIS Collector application on smartphones, along with the date of the attack, the bark 

beetle species involved, and the number of trees attacked each day. For the "Susceptible" class, 

we excluded samples showing signs of later logging, which led to a reduction in sample size 
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and the exclusion of the last five dates of imagery from the time-series datasets. Statistical 

analyses involved the use of Welch’s t-test to identify if there were significant differences in 

the means of spectral reflectance between the "Healthy" and "Susceptible" classes. Linear 

Discriminant Analysis (LDA) was employed to evaluate the separability of the individual 

bands and SVIs for differentiating the two classes. 

 

Results 

The study revealed two peak periods of bark beetle swarming and infestations during 

the growing season: mid-June and mid-July to early August. Susceptible trees had a higher 

mean value for individual bands than healthy trees, especially during the first half of the 

growing season. However, the top-ranked Spectral Vegetation Indices (SVIs), EVI and VARI, 

showed the opposite trend, with healthy trees generally having higher values. Individual bands 

demonstrated significant differences between healthy and susceptible trees, particularly 

between days 93 to 114. However, these bands could not sufficiently distinguish between the 

healthy and susceptible classes, as classification accuracy from the Linear Discriminant 

Analysis (LDA) did not meet the 70% threshold. SVIs showed significant differences between 

the two classes, especially from days 93 to 129. However, only EVI and VARI displayed 

significant differences at other dates during the first half of the growing season. Accuracy from 

the LDA test only passed or almost reached the 70% threshold for VARI and EVI, respectively, 

at days 93 to 114. The study determined that the most effective SVIs for differentiating between 

the classes were EVI on days 114 and 183, and VARI on days 93, 100, 108, 114, and 183. 

 

Discussion 

The study found that all four PlanetScope wavebands (Red, Green, Blue, and NIR) have 

the potential to detect trees susceptible to bark beetle attacks, with the NIR being the most 

reliable spectral reflectance for susceptible trees during the first half of a growing season. 

Among spectral vegetation indices, EVI and VARI were most effective in detecting susceptible 

trees, with EVI showing potential as a key index for predicting bark beetle attacks and 

managing forest pests. Seasonal SVI patterns revealed an increase until late July without 

significant declines, and the mean EVI values for predisposed trees were significantly lower 

than those for non-attacked trees. The study, however, had limitations such as the spectral 

resolution, limited by the choice of sensor with 4 bands due to the period of observation in 

2020. Future research should consider data sets with additional bands such as SWIR to track 

early stressed trees more effectively, potentially using products from third-generation 
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PlanetScope sensors, available from mid-March 2020, or other satellites like Sentinel-2. 

Additional coefficients not connected with band values could be integrated into vegetation 

indices to improve performance if accurate ground truth data are collected. The infestation 

causes weren't determined, and the process by which drought conditions cause bark beetle-

induced Norway spruce mortality remains to be fully understood. Despite these limitations, the 

findings of EVI and VARI as significant spectral vegetation indices offer insights into detecting 

water-stressed trees, thus facilitating changes in the physiological and biochemical processes 

in trees. Further research is recommended to enhance these methods. 

 

Conclusions 

Amidst a warming climate, the increased severity of droughts and associated bark beetle 

outbreaks necessitates proactive forest management and policy measures, including continuous 

monitoring of forest health and timely sanitation procedures. Utilizing vegetation indices like 

EVI and VARI can help detect water-stressed trees susceptible to attacks early in the growing 

season, thus allowing a proactive response. The ability to discern different phases of attack—

from initial attacks on stressed trees to the spreading of infestations to neighbouring trees—has 

been noted. The complexity of these patterns can influence the ability to detect susceptible trees 

using a single Spectral Vegetation Index (SVI). Hence, an integrated approach using multiple 

SVIs sensitive to both healthy and susceptible trees and different attack phases is 

recommended. Furthermore, establishing thresholds for these indices can aid in creating 

classified maps, serving as practical tools for predicting vulnerable trees and potential 

infestation hotspots. Future research should explore additional bands from new generations of 

PlanetScope satellites and formulate new SVIs for better detection of water-stressed trees. A 

spectral difference based on SVI could be used to preemptively identify stress and 

predisposition to bark beetle infestations.  
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3.1.2 Detection of Green Attack and Bark Beetle Susceptibility in Norway Spruce 

Trees using PlanetScope Multispectral Imagery 
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Extended summary 

 

Introduction 

Recent studies have highlighted the escalating vulnerability of global coniferous forests 

to the Eurasian spruce bark beetle (I. typographus), a significant economic pest in Eurasia. 

These forests are increasingly susceptible to dieback due to physiological stress from factors 

like heat, drought, and pest spreading. Environmental factors, tree aging, and density 

significantly influence the life cycle of bark beetles, their impact on trees, and the resultant 

infestations. Notably, climate change has driven substantial outbreaks, leading to heightened 

mortality rates in spruce forests. The task of accurately mapping these hotspots is critical to 

developing effective removal and sanitation strategies but is often challenged by the vastness 

and inaccessibility of the affected areas. In this context, remote sensing (RS) data has emerged 

as a valuable tool for monitoring vegetation stress and pest infestations. Specifically, the use 

of PlanetScope satellite imagery has enhanced the ability to detect subtle changes in land cover 

over extensive areas. This study focuses on the application of individual bands and Spectral 

Vegetation Indices (SVIs) to identify alterations in spectral signatures in trees attacked by bark 

beetles. The main objective is to determine whether trees at risk of beetle attack can be 

identified before or at the beginning of the growing season. In addition, this study aims to 

develop a methodology that combines remote sensing data with ground-based observations to 

assess the health status of Norway spruce before and during bark beetle infestation. 

 

Materials and methods 

This research was conducted in a 5,700-hectare forest near Prague, Czech Republic, 

primarily composed of conifers, among which spruce is the most common. The area, managed 

by the Czech University of Life Sciences Prague, has experienced recent droughts, 

exacerbating bark beetle infestations, particularly by I. typographus. The study utilized cloud-

free PlanetScope satellite imagery captured between April and September 2020. These images, 

with RGB and NIR bands, were processed to compute 23 Spectral Vegetation Indices (SVIs) 

for each image. The study identified three tree classes: Healthy (unattacked trees), Susceptible 

(trees attacked later in the season but before green-attack phase), and Green-attack (trees that 

had reached the green-attack phase). GIS data on attacked trees were collected weekly using 

the ArcGIS Collector app, and 61 locations were identified for the study. The data was 

validated and cleaned, with adjustments made for logged trees and changes in attack stages. 
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Statistical analysis of spectral reflectance and SVIs was conducted using Python, including 

ANOVA and Kruskal-Wallis tests with relevant post-hoc tests to assess differences among the 

three classes. 

 

Results 

In this study, 122 forest polygons, split evenly between 61 “Healthy” and 61 attacked 

samples (further classified as “Susceptible” or “Green-attack”), were analyzed. Each polygon 

averaged 0.165 hectares, with the total area for attacked and healthy samples being 

approximately 10.089 ha and 10.065 ha respectively. Statistical analysis of individual bands 

across 72 datasets revealed non-normal distribution in 32 datasets. Additionally, 11 of the 24 

datasets in individual bands showed unequal variances. Regarding the Spectral Vegetation 

Indices (SVIs), out of 414 datasets, 188 did not follow a normal distribution, broken down as 

105 in “Healthy,” 22 in “Susceptible,” and 61 in “Green-attack.” In SVIs, 33/138 datasets 

showed unequal variances. Significant differences were identified between at least two classes 

using individual bands, particularly noted in the Green band on Days 153 and 183, and the Red 

band on Day 194. In the case of Spectral Vegetation Indices (SVIs), out of the 23 Vegetation 

Indices (VIs) studied, 17 showed significant differences between at least two classes. 

Particularly, marked differences were observed between two pairs of classes for the Enhanced 

Vegetation Index (EVI) and Visible Atmospherically Resistant Index (VARI) on Day 196, as 

well as for the Infrared Percentage Vegetation Index (IPVI), Modified Soil-Adjusted 

Vegetation Index (MSR), Optimized Soil-Adjusted Vegetation Index (OSAVI), and Simple 

Ratio (SR) on Day 194. 

 

Discussion 

This study reveals that while PlanetScope's four wavebands and several vegetation 

indices are capable of detecting trees vulnerable to bark beetle infestation and green-attack 

phases, no single waveband or vegetation index could consistently distinguish between healthy, 

susceptible, and green-attacked trees. Key wavebands showed potential in identifying Norway 

spruce trees at risk of infestation and during green-attack phases, particularly on specific days 

within the vegetation season. The Green waveband was most effective in differentiating 

between healthy and green-attacked trees in May and July. The Red waveband was also 

effective, particularly towards the study's end, correlating with a decrease in chlorophyll 

content leading to higher reflectance. The NIR waveband was less significant for spectral 
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separability. Spectral vegetation indices provided significant results mainly in the study's latter 

half. The Enhanced Vegetation Index (EVI) and Visible Atmospherically Resistant Index 

(VARI) emerged as the most promising indices for detecting susceptible and green-attacked 

trees. These indices, particularly EVI, consistently distinguished between healthy and 

susceptible trees throughout the season. The study also noted that different sets of Spectral 

Vegetation Indices might be needed for different halves of the growing season. Moreover, 

individual wavebands like Blue, Green, and Red could be prioritized for differentiating the 

three classes of trees across the season. Additionally, the study observed seasonal spectral 

separations between susceptible and green-attacked areas starting from July, supporting the 

theory that abiotic stress and initial bark beetle infestation affect trees' spectral signatures 

similarly. The study faced limitations due to the spectral resolution of the sensor and the 

challenge of determining the exact cause of infestations. Advancing to an individual tree level 

could enhance detection accuracy but requires additional data collection and preprocessing. In 

terms of management implications, large-scale bark beetle outbreaks are expected in the future, 

and satellite data with high-frequency scanning, such as PlanetScope products, could be crucial 

for early detection. Combining this with field surveys and phenology models can help 

determine optimal times for airborne sensing. The study suggests that drone imagery may offer 

better spatial resolution for early attack detection, but the challenge lies in covering extensive 

outbreak areas and ensuring early tree removal to prevent further spread. 

 

Conclusions  

This study highlights the effectiveness of PlanetScope imagery and spectral analysis in 

distinguishing healthy, susceptible, and green-attacked trees, with the Green and Red 

wavebands proving particularly useful. Additionally, EVI and VARI indices emerged as 

significant in detecting trees prone to bark beetle infestation. These findings enhance 

understanding of bark beetle infestation dynamics and tree predisposition, suggesting the need 

for further research and the potential of integrated high-resolution satellite systems for early 

detection. 
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3.2 Tree mortality 

3.2.1 Northernmost European spruce bark beetle Ips typographus outbreak: Modelling 

tree mortality using remote sensing and climate data 
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Extended summary 

 

Introduction 

Worldwide forests are becoming increasingly susceptible to dieback, largely due to heat 

and drought stress, with these conditions often encouraging the development of destructive 

forest insect species (Allen et al., 2010, DeRose et al., 2013, Kolb et al., 2016, McDowell et 

al., 2008, White, 2015). European spruce forests are particularly vulnerable, with drought and 

wind being the leading abiotic stressors (Kärvemo et al., 2014, Komonen et al., 2011, Marini 

et al., 2017). While the physiological mechanisms of drought survival in conifers are not well 

understood (McDowell et al., 2008), it's known that species adapted to fluctuating water 

conditions are more susceptible to bark beetle attacks in conditions of severe and constant water 

shortages (Netherer et al., 2015, Wermelinger, 2004). Climate change, resulting in increasing 

droughts and higher temperatures, is seen as a major factor for bark beetle outbreaks, which 

directly affect insect population dynamics and indirectly impact host plant growth and defence 

(Romashkin et al., 2020, Schroeder and Dalin, 2017). The Eurasian spruce bark beetle, I. 

typographus, has become a significant pest, causing considerable damage to coniferous forests 

in the Northern Hemisphere (Raffa et al., 2015). The intensification of these outbreaks is 

connected to latitude (Maslov, 2010, Romashkin et al., 2020) in the European part of Russia, 

causing mass forest dieback. This study aims to determine the most influential predictive 

variables such as temperature, precipitation, and previous-year damage to explain annual tree-

cover loss, understand their effects, and establish whether factors related to tree mortality in 

the northern border of spruce occurrence differ from those in lower latitudes. 

 

Materials and methods 

This study investigates tree mortality in the Dvinsko-Pinegskiy reserve in the 

Arkhangelsk region, Russia, where Siberian spruce dominates the preserved taiga ecosystem. 

Annual tree cover loss data from 2001-2014 and meteorological variables from the Sura station 

were used to understand the effect of climate on bark beetle outbreaks, a key factor in tree 

mortality. Particular focus was on the April-June bark beetle season, considering factors such 

as average monthly temperature, precipitation, and the Selyaninov hydrothermal coefficient for 

moisture assessment. Using linear regression to analyze tree loss and explanatory variables, 

multiple models were constructed based on factors known to impact bark beetle population 

dynamics, with the most suitable model selected using the Akaike information criterion (AIC) 
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and Akaike weights. Further analyses were performed using the autocorrelation function (ACF) 

and cross-correlation functions (CCF), with all calculations conducted in R software. 

 

Results 

The total tree cover loss in the Dvinsko-Pinegskiy reserve from 2001 to 2014 was 160 

km², with varying mortality rates across years. Autocorrelation analysis showed no patterns in 

tree mortality rates between consecutive years. Linear regression was applied to explore the 

relationship between tree mortality and meteorological variables, such as different monthly and 

yearly average air temperatures, precipitation, and total solar radiation. The most suitable 

model indicated that the average annual air temperature of the previous year had a positive 

effect on tree mortality, while June temperatures had a negative effect. Other models, although 

less parsimonious, suggested that variations in monthly or yearly temperatures and June 

precipitation could also have significant explanatory power regarding tree loss changes. 

 

Discussion 

This study investigated the complex interplay between temperature, bark beetle 

population dynamics, and host tree physiology in the Arkhangelsk region's forests. The results 

show a nuanced relationship where tree loss decreased slightly with an increase in June 

temperatures but increased during years with overall higher temperatures. Despite some 

limitations, including reliance on a single meteorological station's data, the findings highlight 

the influence of temperature on bark beetle-caused tree mortality. The most significant factors 

were found to be the average June temperature and the previous year's temperatures. The study 

also suggests that high temperatures during dry summers and the duration of solar radiation 

play pivotal roles in bark beetle population dynamics. Moreover, increased temperatures can 

enhance tree defences, and drought stress can significantly affect spruce trees' susceptibility to 

infestations. With climate change, the threat of drought-induced bark beetle outbreaks may 

escalate, potentially affecting northern Russian forests where such outbreaks are currently not 

significant. This emphasizes the need for urgent protective measures against such future 

disturbances. 

 

Conclusions 

This research concluded that the temperature of the current and preceding years is a 

critical determinant of tree mortality from bark beetle outbreaks in the Arkhangelsk region. 

Other significant factors include the duration of solar radiation in April and May and June 
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precipitation. The study suggests that two groups of variables may influence these outbreaks. 

The first group links rising temperature sums to increased bark beetle aggressiveness, while 

the second ties drought to reduced spruce defence abilities. However, the flight behaviour of I. 

typographus and its other biological aspects at high latitudes, as well as their correlation with 

climatic changes, are not entirely understood and warrant further research. 
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Extended summary 

 

Introduction 

The Eurasian spruce bark beetle (Ips typographus L.), a destructive pest, thrives in 

weakened trees under climate-induced stress. Climate change, marked by extreme events like 

storms and droughts, creates ideal conditions for these beetles, leading to significant outbreaks 

(Raffa et al., 2008; Jönsson et al., 2012; Mezei et al., 2014; Bentz and Jönsson, 2015). Rising 

temperatures enhance beetle activity and reproduction, while drought weakens tree defences, 

fueling infestations (Huang et al., 2020; Hlásny et al., 2021; Netherer et al., 2021). This has 

been evidenced by correlations between increased temperatures, prolonged droughts, and 

severe beetle outbreaks across Europe (Nowakowska et al., 2020; Abdollahnejad et al., 2021; 

Korolyova et al., 2022). Key studies highlight the role of specific climatic factors like June 

temperatures, annual precipitation, and summer drought in influencing these outbreaks (Seidl 

et al., 2011; Mezei et al., 2017; Trubin et al., 2022). The Czech Republic, particularly affected 

by these outbreaks, witnessed a major one in the 1990s and a catastrophic event following the 

2018 drought, leading to widespread forest damage (Knížek and Liska, 2020; Korolyova et al., 

2022; Hlásny et al., 2021). Our study leverages the Global Forest Watch database to analyze 

the relationship between meteorological variables and bark beetle outbreaks in the Czech 

Republic. Using data from 2000 to 2022, we focus on annual forest loss patterns, particularly 

in the Kostelec nad Černými Lesy area. Prior research has shown the importance of tree 

characteristics and environmental factors like solar radiation and elevation in beetle infestation 

patterns (Jakuš et al., 2003; Mezei et al., 2014; Potterf et al., 2019; Kärvemo et al., 2023). This 

study aims to identify meteorological variables influencing annual tree cover loss, spot 

initiation, and spreading, and to assess how these factors affect bark beetle outbreak patterns. 

We hypothesize that temperature and precipitation conditions significantly impact bark beetle 

development, flight activity, and host tree stress, thereby shaping the spatial dynamics of 

outbreaks. 

 

Materials and methods 

Our study focused on the School Forest Enterprise area near Kostelec nad Černými 

Lesy in the Czech Republic's Central Bohemian region, covering about 5700 ha of forest land. 

To assess tree cover loss, we utilized the Global Forest Change dataset with Landsat images 

from 2011 to 2022, refining this data with a spruce forest mask based on forest management 
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data. Bark beetle spot initialisation and growth were analyzed by distinguishing new 

infestations from expansions of existing ones, using a 30-metre rule for identification. 

Meteorological data was sourced from a weather station in Ondřejov, near the study area. 

Statistical analyses were conducted using Generalised Additive Models (GAMs) and Ridge 

regression, focusing on the initialisation and spread of bark beetle spots and tree mortality. 

Models were selected based on the Akaike information criterion and Root Mean Square Error, 

respectively. Our study employed various variables, including tree cover loss changes and 

weather parameters, processed through Python with pandas, matplotlib, and scikit-learn 

libraries. 

 

Results 

In our 10-year study, total tree cover loss reached 845.4 ha, largely due to a bark beetle 

outbreak initiated by a decrease in precipitation and a rise in average temperature in 2018. The 

peak of this loss occurred in 2020. Our analysis showed that initial spot areas were most 

extensive during the early and epidemic phases, with a significant reduction in tree loss rates 

and an increase in spot spread area post-peak. By 2022, the outbreak entered the post-epidemic 

phase, yet tree cover loss hadn't returned to pre-outbreak levels. For bark beetle spot 

initialisation, the GAM regression pinpointed the previous year's April solar radiation sum and 

August wind speed as influential factors in tree loss. Ridge regression identified the current 

year's May air temperature, the previous year's average precipitation, and the current year's 

June wind speed as significant variables. In the case of bark beetle spot spreading, GAM 

regression indicated the current year's average air temperature and the previous year's June 

wind speed as crucial factors. Ridge regression, however, highlighted the previous year's 

average yearly precipitation and solar radiation sum in April and June as key variables. In the 

case of Annual tree loss change, the GAM regression revealed that the June and September 

solar radiation sum in the current year significantly influenced tree loss. Ridge regression 

showed that the previous year's average yearly precipitation, the current year's May 

precipitation, and May wind speed were significant factors. These findings underscore the 

complex interplay of meteorological conditions in influencing bark beetle activity and 

subsequent tree cover loss. 

 

Discussion 



144 

In the current investigation of forest dynamics within a 5700 ha area, a substantial 15% 

forest loss was attributed primarily to an I. typographus outbreak, catalyzed by the severe 

drought conditions of 2018. It is important to note that this study operates under the assumption 

that the majority of tree mortality during the outbreak period was a direct result of bark beetle 

activity, albeit acknowledging some contribution from wind damage. Also, the limitation of 

this research stems from its dependence on a single meteorological station to represent the 

entire study area, coupled with the utilization of version 1.10 of Global Forest Watch data, 

whose accuracy was criticized (Ceccherini et al., 2020). Despite these constraints, the study's 

findings offer meaningful insights into the dynamics of bark beetle outbreaks, particularly in 

relation to meteorological conditions. The results of regression analyses identified several key 

factors influencing the initiation and spread of bark beetle spots. The initiation phase was 

predominantly affected by the previous year's April solar radiation duration and June wind 

speed, while the spreading phase was most influenced by the current year's average air 

temperature, along with the previous year's average yearly precipitation. Additionally, the April 

duration of solar radiation in the previous year emerged as a significant factor. These findings 

align with existing literature on the subject and contribute to a deeper understanding of bark 

beetle behaviour in response to climatic variables. In terms of practical implications, the 

insights derived from this study are particularly relevant for the development of predictive 

models for spruce bark beetle outbreaks. Understanding the climatic triggers and patterns of 

outbreak development is crucial for forest management, especially in the context of climate 

change and its impact on forestry economics. This research, conducted in the relatively flat 

terrains of Czech forests, provides valuable data that could enhance forest management 

strategies in Central Europe and other regions with similar ecological characteristics. 

 

Conclusions 

The 2018 bark beetle outbreak, triggered by severe drought, led to notable tree cover 

loss through the initialization and spread of beetle spots, influenced by distinct meteorological 

factors. Initially, spot initialisation was the key process, closely linked to April's solar radiation 

from the previous year. As the infestation advanced, spot spreading became more significant, 

influenced by the current year's average air temperature. Overall, the change in annual tree loss 

was primarily driven by solar radiation in June and September, as well as the previous year's 

average precipitation (using ridge regression) emerging as a significant factor. 
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4. Discussion 

4.1 Data collection of forest and climate data 

Monitoring forests at risk of bark beetle infestations necessitates the expertise of 

seasoned professionals, such as foresters and researchers, who are trained to discern subtle 

changes in the canopy and detect the presence of bark beetle boreholes. Given the high degree 

of precision required for detection and the often inconspicuous signs of an early-stage attack 

on the tree, this task presents substantial challenges. These complexities underscore the 

importance of a skilled workforce in effectively managing the threat of bark beetle infestations, 

highlighting the need for rigorous training and a nuanced understanding of the early indicators 

of infestation (Trubin et al., 2023; Hlásny et al., 2019). 

Trained detection dogs offer considerable advantages in promptly identifying bark 

beetle infestations due to their acute sense of smell and their capacity to survey large areas 

more quickly than humans. Conventional human detection methods require close inspection 

and are time-consuming, expensive, and not always feasible, often leading to delayed detection. 

As a result, infestations are typically identified 2-3 months post-infestation in northern Europe, 

by which time most bark beetles have moved on to infest other trees. The presence of specific 

beetle pheromone components and other semiochemicals for several weeks after an initial 

attack makes detection dogs a potentially more effective alternative (Johansson et al., 2019). 

Dogs trained to recognize bark beetle pheromones are significantly more efficient than human 

experts in detecting bark beetle infestations, with the ability to locate infested trees up to a 

distance of 150 meters (Vošvrdová et al., 2023). The use of sniffer dogs, therefore, greatly 

expands the window for the detection and removal of infested trees, thereby potentially 

averting the development of larger infestations. These factors underscore the potential of 

trained detection dogs as a valuable asset in the timely management of bark beetle infestations 

(Singh et al., 2024). 

In the context of rapidly evolving bark beetle infestations, the utility of mobile 

applications for prompt and accurate data collection regarding emerging hotspots cannot be 

overstated. These applications provide critical real-time geospatial data, enabling timely and 

effective responses to unfolding infestation events. As such, the ability to quickly collect, 

analyze, and act upon data related to infestation hotspots is crucial in the management and 

mitigation of bark beetle outbreaks, reinforcing the significant role these mobile applications 

play in contemporary forest health management. There exists a diverse array of platforms 
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designed to facilitate the collection of data pertaining to emerging hotspots of bark beetle 

infestations. ArcGIS Field Maps is an all-in-one app that uses data from ArcGIS to deliver 

easy-to-use maps to the field. It integrates with ArcGIS Online and ArcGIS Enterprise, 

enabling users to capture and update data in real-time. Its capabilities extend to high-accuracy 

data collection, tracking the location of mobile workers, and the capacity to perform map 

viewing, markups, and measurements. Survey123 for ArcGIS is an application geared towards 

form-centric data collection. This design aspect may be particularly useful for the structured 

collection and categorization of data regarding different stages and aspects of bark beetle 

infestations. QField, an open-source application, enables users to transfer their QGIS projects 

to the field, making it an effective tool for individuals already working with QGIS for their GIS 

needs. Mappt is a robust, intuitive, and cost-efficient mobile GIS and data collection 

application. It provides the capacity to gather, view, and scrutinize geospatial data offline or 

online, thereby making it a valuable tool for real-time data collection and analysis of bark beetle 

infestations. Fulcrum is a mobile data collection platform that allows for the creation of custom 

apps for field data collection. Its ability to capture location-specific data renders it particularly 

useful in the geographical mapping of infestations. Input is another open-source app designed 

to bring QGIS projects to mobile devices, reinforcing field data collection capabilities for QGIS 

users. Finally, OpenDataKit (ODK) provides a free and open-source suite of tools that facilitate 

data collection using Android mobile devices, even in the absence of internet or mobile carrier 

service. These platforms, each with its unique functionalities and strengths, offer valuable tools 

for the systematic collection of data related to emerging hotspots of bark beetle infestations. 

Future research could benefit from utilizing these tools, allowing for more accurate, prompt, 

and comprehensive data collection and thereby enhancing our understanding and management 

of bark beetle infestations. 

Another critical data source for monitoring both bark beetle activity and tree responses 

involves sap flow measurements. These are captured through installed sensors, enabling us to 

track fluctuations in sap flow dynamics. Such data provide key insights into the physiological 

state of trees, including stress-induced patterns. Climate and meteorological datasets, when 

analyzed in conjunction with sap flow data, offer a comprehensive understanding of both the 

environmental conditions and tree behaviors. As such, sap flow monitoring emerges as an 

indispensable tool in the evaluation and prediction of tree responses to bark beetle infestations, 

thereby contributing significantly to our holistic understanding of forest health dynamics. 
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4.2 Data processing 

The calculations for the Spectral Vegetation Index (SVI) were conducted using the 

ArcGIS Image Analysis module (arcpy.ia) and QGIS (QGIS Development Team, 2009) Raster 

Calculator. These tools, although effective, are primarily suited for single calculations. When 

multiple SVI calculations are required, particularly with extensive time-series remote sensing 

datasets, these methods can prove to be highly time-consuming. For efficiency and speed in 

processing, the application of programming languages, such as Python, can be considered. The 

use of Python (Van Rossum and Drake, 2010), specifically with the spyndex library (Montero 

et al., 2023), can facilitate rapid and efficient solutions, allowing for the generation of multiple 

outputs simultaneously. This has the potential to significantly expedite the computational 

processes involved in SVI calculations. 

 

4.3 Mortality analysis 

In this section, we discuss and compare two studies on bark beetle outbreaks in diverse 

climatic and geographical settings. The study, conducted in the Dvinsko-Pinegskiy reserve in 

Russia, examines tree mortality in a largely untouched taiga ecosystem. The second, set in the 

School Forest Enterprise (ŠLP) near Kostelec nad Černými Lesy in the Czech Republic, 

focuses on a bark beetle outbreak in a Central European forest landscape. These studies, while 

centered on the same insect species – the Eurasian spruce bark beetle (Ips typographus) – 

provide insights into how different climatic conditions, forest management practices, and 

statistical models can influence and explain tree mortality dynamics. 

The core of both studies is the analysis of climate variables in relation to bark beetle-

induced tree mortality. While both studies emphasize temperature and precipitation, they differ 

in specific variables and approaches. The Dvinsko-Pinegskiy study highlights the significance 

of the previous year’s temperatures and June temperatures, using linear regression. On the other 

hand, the Czech study employs Generalised Additive Models (GAMs) and Ridge regression, 

and using wind speeds in addition to temperature, precipitation and solar radiation. These 

differences underscore the importance of selecting appropriate climatic variables based on 

regional climate characteristics when analyzing bark beetle outbreaks. 

The geographical setting of each study area plays a crucial role in understanding the 

differing dynamics of bark beetle outbreaks. The Dvinsko-Pinegskiy reserve, located in a 

colder, more northerly latitude, experiences distinct climatic conditions compared to the 

temperate climate of the Czech Republic's ŠLP. This geographic distinction likely influences 
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the lifecycle and behavior of Ips typographus, affecting how climate variables impact tree 

mortality. 

The two areas also differ significantly in their forest management practices and 

disturbance regimes. The ŠLP area in the Czech Republic has seen active forest management, 

including sanitary logging in response to bark beetle infestations. In contrast, the Dvinsko-

Pinegskiy reserve is a protected area with minimal human intervention, allowing for a more 

natural progression of forest dynamics and beetle outbreaks. This contrast provides a valuable 

comparison for understanding how management practices can influence the severity and 

dynamics of bark beetle outbreaks. 

Both studies leverage the Global Forest Watch (GFW) data, highlighting its utility in 

monitoring forest cover loss and disturbances. The high-resolution, time-series data from GFW 

allows for precise tracking of tree mortality and forest changes, if a particular type of 

disturbance is confirmed, making it an indispensable tool for studies focusing on forest health 

and dynamics. 

The findings from these studies have significant implications for forest management, 

especially in the context of climate change. Understanding the climatic drivers of bark beetle 

outbreaks and their interaction with forest ecosystems is crucial for developing effective 

management strategies. The differing methodologies and findings of these studies also 

highlight the need for further research, particularly in exploring the effects of climate variables 

on bark beetle dynamics across various geographical settings. 

 

4.4 Limitations of this research 

The findings of this thesis predominantly pertain to the susceptibility, green attack, and 

mortality phases of bark beetle infestations. The red attack phase was not a focal point of this 

research, given its comprehensive coverage in existing studies (Wulder et al., 2006; Zabihi et 

al., 2021; Marvasti-Zadeh et al., 2023). Instead, this research placed a greater emphasis on the 

early stages of infestation, even prior to the outbreak, due to the substantial challenges 

associated with gaining meaningful insights during these initial stages. The primary constraint 

in identifying these early stages is establishing a reliable system for ground truth data collection 

and validation. The process of obtaining accurate and reliable ground truth data for these initial 

infestation stages can be labor-intensive (Zabihi et al., 2021), which may limit the scope and 

frequency of such data collection efforts. This has the potential to impact the validation of 
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models and tools designed for early detection, presenting a notable limitation of the current 

study. 

When dealing with the susceptibility and green attack phases of bark beetle infestations, 

a key challenge lies in accurately identifying the appropriate vegetation index at the right 

temporal point. This is a significant limitation given the specific nature and time dependence 

of such invasions. Additionally, geographical location could have a significant impact on 

susceptibility. For example, mountainous regions may exhibit unique patterns of infestation, 

and our understanding of these patterns is currently limited. Thus, the interaction between 

geographical variables and bark beetle susceptibility remains an area requiring further 

exploration and constitutes a potential limitation of the current study. 

In the case of forest mortality resulting from bark beetle infestations, a major limiting 

factor lies in leveraging historical data to gain a better understanding of the dynamics of bark 

beetle spread under varying conditions. Using methods such as Generalized Additive Models 

(GAM), non-linear models, and Machine Learning (ML) models could potentially reveal 

significant insights regarding the drivers of forest mortality. However, the application of these 

complex modelling techniques requires comprehensive and accurately recorded historical data, 

and the absence or insufficiency of such data could limit the depth and accuracy of these 

analyses (Pirtskhalava-Karpova et al., 2024). Hence, while these models promise new and 

meaningful insights, their efficacy is contingent on the availability and quality of historical 

data, representing a significant limitation in studying forest mortality due to bark beetle 

infestations. 

 

4.5 Future studies 

 There is a noticeable deficit in the development of models and platforms specifically 

tailored towards monitoring bark beetle infestations within the season and making accurate 

forecasts based on our current knowledge. The existing TANABBO model (Duračiová et al., 

2020; Pirtskhalava-Karpova et al., 2024), although effective, leaves room for enhancements 

and adjustments. For future studies, it would be advantageous to explore the integration of 

various data sources, including climate variables, bark beetle-related ground truth data, and 

remote sensing information. The amalgamation of these diverse and rich data types could pave 

the way for a comprehensive and effective tool. This would significantly aid in the timely 
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detection of infestations, potentially preventing extensive forest losses. An innovative, data-

integrated approach like this has the potential to transform our understanding of bark beetle 

infestations, enhancing our ability to predict, monitor, and manage these events within a forest 

management context. 

It would be beneficial to explore and test a broader range of spectral indices beyond 

just vegetation. Investigating soil indices, for instance, might provide valuable insights and 

further enhance our ability to differentiate between stressed and healthy forests. Once 

established indices have been thoroughly tested, another promising way of research could be 

the development of novel indices. These new indices could be tailored to achieve clear 

separability throughout the vegetation season, with a particular emphasis on its early stages. 

By evolving and diversifying our approach to spectral indices, we can potentially refine our 

ability to monitor and respond to forest health and infestation risks in a timely and effective 

manner. 

For the green attack phase of bark beetle infestations, the principal challenge in 

formulating effective management strategies is the ability to promptly respond to emergent 

hotspots within the ongoing season. This challenge is further compounded by constraints 

related to human capacity, and the need for rapid, informed decision-making in the face of an 

active infestation. A thorough analysis of the dynamics of the previous season's hotspots could 

provide valuable insights to inform the development of proactive management strategies. 

However, the time-sensitive nature of this phase and the need for an immediate response 

present significant obstacles. 

 

4.5.1 Satellites with multi and hyperspectral sensors 

With the advent of increasingly advanced satellite systems, researchers are equipped 

with newer datasets to better comprehend and manage bark beetle infestations. Notably, the 

emergence of multispectral and hyperspectral satellites offers promising prospects for 

insightful and detailed data. Hyperspectral satellites, in particular, hold significant potential in 

providing deeper insights into forest health. Existing systems such as PRISMA and DESIS 

(Aneece and Thenkabail, 2021; Giacomo et al., 2020; Alonso et al., 2019) are already in 

operation, offering substantial data resources. Moreover, further advancements are on the 

horizon, with more systems, such as the European Copernicus Next Generation Hyperspectral 

Satellite CHIME (Nieke and Rast, 2018), being planned for future deployment. Notably, the 
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German system EnMAP (Storch et al., 2023) was successfully launched into space on April 

1st, 2022, marking a significant milestone in remote sensing capabilities. The forthcoming 

Global Hyperspectral Observation Satellite (GHOSt, launch date - April 15, 2023) further 

underlines the dynamic progression in this field. These burgeoning developments in satellite 

technology offer increasingly refined datasets for the surveillance and management of bark 

beetle infestations. The implementation of these new technologies can potentially revolutionize 

our understanding and response to these infestations, thereby marking a pivotal shift in the field 

of forest health management.  
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5. Conclusions 

The progression of this research underlines several key conclusions and directions for 

future exploration in the monitoring and management of bark beetle infestations. 

Rapid Data Collection and Monitoring: Mobile applications and sensor technology 

have emerged as vital tools, used by skilled specialists, for prompt and accurate data collection 

on emerging hotspots of infestation. The use of trained detection dogs also presents a promising 

alternative for the fast and efficient detection of infestations, amplifying the window of 

opportunity for effective management. 

Integrating Diverse Data Sources: The integration of diverse datasets, such as climate 

and meteorological data, sap flow measurements, and remote sensing data, can offer a 

comprehensive understanding of the factors influencing bark beetle infestations and tree 

responses. The advent of advanced satellite systems, particularly hyperspectral satellites, 

presents immense potential for detailed and insightful data on forest health. 

Focus on Early Detection: While monitoring the green attack phase is important, 

catching the early symptoms of susceptible trees to future bark beetle attacks is crucial. The 

development and application of systems based on thresholds of EVI/VARI or new indices 

could provide timely indications of potential infestations. 

Evaluating Mortality Patterns: Yearly mortality data can provide valuable insights 

into the history and dynamics of infestations. Such data can be transformed into actionable 

metrics for real-time assessment, aiding in the creation of effective mitigation strategies. 

In conclusion, the management of bark beetle infestations is a complex, multi-faceted 

task that necessitates rapid data collection, integration of diverse data sources, a focus on early 

detection, and a skilled workforce. The advent of new technologies and methods promises to 

enhance our understanding and response to these infestations, setting the stage for effective 

and sustainable forest health management strategies. 
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7. Supplementary material 

 

Supplementary materials are included in the electronic version of this PhD thesis and 

comprise the supplementary data from the three published papers discussed. The first two 

papers contain supplementary data. The supplementary content is as follows: 

 

7.1 Article I (chapter 3.1) 

Supplemental table 1 | Mean and standard deviations of Susceptible and Healthy 

samples of individual bands and SVI for all imagery 

The Supplementary Material for this article can be found online at: 

https://www.frontiersin.org/articles/10.3389/ffgc.2023.1130721/full#supplementary-material 

 

7.2 Article IV (chapter 3.4) 

Table S1 - Proposed 102 best GAM regression models with which to study annual 

changes of tree cover loss for a 10-year period. 

Figure S1. The result of fitting the most parsimonious model (Table 4) for the relation 

between the bark beetle spots initialisation and May average monthly air temperature in the 

current year, average yearly precipitation in the previous year, and June wind speed in the 

current year over a 10-year span in the study area. 

Figure S2.  The result of fitting the most parsimonious model (Table 7) for the relation 

between the bark beetle spot spreading and Average yearly precipitation in the previous year, 

sum duration of solar radiation in the previous year in April and June over a 10-year span in 

the study area. 

Figure S3.  The result of fitting the most parsimonious model (Table 10) for the relation 

between the annual tree cover loss change and Average yearly precipitation in the previous 

year, May amount of precipitation in the current year, and May wind speed in the current year 

over a 10-year span in the study area. 

The Supplementary Material for this article can be found online at: 

https://ars.els-cdn.com/content/image/1-s2.0-S0378112723009003-mmc1.docx 
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