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Objectives of thesis

1. Analysing the influence of solar radiation and canopy temperature on the spruce predisposition to Ips
typographus infestation using LIDAR and thermal data. Solar radiation has directinfluence on bark beetle
outbreaks and canopy temperature serves an indicator of tree stress. Potential heat load on every tree
can be calculated using a 3D model of forest, which is created by LiDAR data. Heat load on the trees
depends on their position in the stand and the crown geometry. Stand and tree crown characteristics can
be assessed by LIDAR data. These data are closely related to tree resistance to bark beetle attack.
Integrating solar radiation load, crown temperature and stand structure data into one model will make it
possible to identify areas of the forest most susceptible to bark beetle outbreaks.

2. Analysis of areas affected by Ips typographus infestations using satellite, aerial or UAV imagery. Conifer
forests affected by water stress are potential areas for bark beetle outbreak or these areas have already
been infested. Water stress is one important parameter of the predisposition to attack by bark beetles.
Remote sensing data can be useful for detection of these areas because water stress has influences to the
spectral signature. Detection of these changes with high accuracy needs high spatial resolution and bands
in the red and infrared ranges. Identification of bark beetle attack needs to compare the spectral
characteristics of attacked and non-attacked trees. Methods for detection of green stage attack need to
include spectral analyses and meteorological data such as temperature and precipitation. Spatial
distribution of bark beetle infestation is influenced by various stand and site factors.

Methodology

Field data will be collected in experimental plots in Kostelec nad Cernymi Lesy and other plots affected by
bark beetle outbreaks in the Czech Republic or in other areas with high bark beetle population. Field data
will be collected according to a developed method based on knowledge obtained from a literature review.
Key data are the infested trees detected in field work. During remote sensing campaigns, various platforms
and sensors will be used to obtain data for the study area.

Remote sensing data will be used to detect trees infested by the bark beetle. One of the sign of the bark
beetle attack is a change in the chlorophyll and the water content of the needles. These parameters can
be used to identify infested trees.
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ARTICLEINFO ABSTRACT

Keywords: This study investigates how tree crown and forest canopy characteristics affect crown temperature and solar
Norway spruce radiation in Norway spruce (Picea abies) stands, providing insights into forest health and the potential impacts of
T%mrmography climate change. The research was conducted at the School Forest Enterprise near Kostelec nad Cernymi Lesy in
LiDAR - . the Czech Republic. Using a dataset from LiDAR and thermographic surveys, our research utilises the Point Cloud
Solar radiation modelling o s . .

Voxel Solar Radiation Tool to model solar radiation. The voxel method was applied to the LiDAR data to calculate solar

radiation. In addition, LiDAR data were used for crown segmentation and to assess individual tree parameters
such as height, variability in crown height, crown area, canopy density index, the openness of the crown to gaps
from south direction, area of forest gaps surrounding the tree. The findings indicate that the average crown
temperature is significantly influenced by gaps area, the crown density, tree height, crown area, and crown
openness to the south. For solar radiation, factors such as height of trees, crown density, and gaps area were
found to be important. This research provides valuable insights for the development of effective forest man-
agement strategies, particularly for adapting to and mitigating the effects of climate change under the threat of
bark beetle outbreaks.

1. Introduction Leaf temperature deviations in plants are indicative of physiological

changes and serve as an early indicator of disruption to plant func-

Forests cover a significant proportion of Earth’s surface, and they
play an integral role in regulating global energy balance and biodiver-
sity. Canopy temperature can serve as an indicator of the physiological
condition of trees, acting as early warning signs of potential issues. The
impact of climate change on forests is a pressing issue. Rising global
temperatures have forced us to seek new approaches to forest manage-
ment in order to reduce the impact on the distribution and behaviour of
insect pests, which has led to increased forest damage (Solomon et al.,
2007; Seidl et al., 2008; Allen et al., 2010). Current forest management
practices utilise a variety of tools for measuring and analysing forest
environments, including structure, biomass, and temperature. These
tools employ advanced techniques such as 3D LiDAR mapping (Morsdorf
et al., 2006; Solberg et al., 2009). This context sets the stage for a
comprehensive examination of forest canopy temperatures and solar
radiation amount and their implications for forest health and
management.

* Corresponding author.
E-mail address: aleksandr@fld.czu.cz (A. Karpov).
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tioning. These deviations are closely linked to stomatal activities, which
facilitate photosynthetic gas exchange and transpiration under optimal
conditions, leading to cooler canopy temperatures due to effective
transpirational cooling (Roelfsema and Hedrich, 2005; Daley and Phil-
lips, 2006). In contrast, canopies under stress exhibit higher tempera-
tures, which are often attributed to disrupted transpirational processes.
In the case bark beetle infestation, the feeding of the beetles and their
larvae on floem disrupts the hydration function of the tree
(Wermelinger, 2004). The hydration level of plants is crucial in deter-
mining stomatal behaviour, which in turn affects the canopy tempera-
ture (Costa et al, 2013). Understanding the relationship between
hydration, stomatal function, and canopy temperature is crucial for
assessing plant stress and health.

Previous studies have demonstrated that older forest stands with
higher biomass and closed canopies generally exhibit lower tempera-
tures than younger forest stands. These studies have established a
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correlation between canopy closure and thermal data, with denser
canopies correlating with lower temperatures. Furthermore, there have
been findings of higher canopy temperatures in pine trees experiencing
moisture stress and bark beetle infestation (Weber, 1971; Olson, 1972).
Recent research by Zakrzewska and Kopec (2022) supports these find-
ings by demonstrating that thermal infrared survey combined with laser
scanning can effectively identify healthy, stressed and dead Norway
spruce trees based on canopy temperature. Also, self-shading conditions
have been found to be an important factor associated with tree survival
during bark beetle outbreaks, highlighting its importance in the context
of forest health and resilience (Jakus et al., 2011; Korolyova et al.,
2022a, 2022b). Forest canopy temperature can be measured effectively
using thermal sensors in the thermal infrared spectrum at both regional
and local levels. These sensors are highly effective in the 8-14 um range,
which is commonly used in remote sensing due to its minimal interfer-
ence from reflected sunlight (Smigaj et al., 2023).

The thermal infrared region of the electromagnetic spectrum is
extensively used in remote sensing, with applications ranging from
climatology to ecology. Thermography is an essential tool in forestry
research. At the regional level, studies utilising thermal infrared data,
primarily from sensors such as MODIS, NOAA-AVHRR, and the Landsat
constellation, have been instrumental in identifying areas that are
vulnerable to forest fires and drought stress (Leblon, 2005;
Manzo-Delgado et al., 2009; Fernandes et al., 2022). Increases in canopy
temperature have proven to be more effective than standard vegetation
indices in detecting defoliation caused by insect outbreaks using this
technology (Abdullah et al., 2019). At a local level, the use of thermal
cameras mounted on Unmanned Aerial Vehicles (UAVs) or aircraft has
revealed that trees experiencing biotic stress, such as insect and disease
outbreaks, exhibit higher canopy temperatures, indicating higher levels
of stress (Smigaj et al., 2023; Zakrzewska and Kope¢, 2022). UAVs have
become increasingly significant in recent years, providing the ability to
obtain high-resolution data from mounted sensors for detecting stress in
individual trees.

Currently, various remote sensing techniques are employed to assess
forest cover, ranging from satellite and drone images in the optical and
infrared range to LiDAR scanning and thermographic surveys of forest
canopy (Smigaj et al., 2023). LiDAR data can provide detailed infor-
mation on crown structure, while thermographic data can reflect
physiological stress within the stand. LiDAR data can form the basis for
generating a 3D model with which to compute solar radiation. This
article presents an evaluation and comparison with thermographic
survey of a novel approach using a voxel-based model for solar radiation
modelling. This method enhances understanding of the forest canopy
environment, which could lead to more effective strategies for managing
forests comprised predominantly of Norway spruce (Picea abies) and
controlling spruce bark beetle (Ips typographus) infestations.

The study analysed data from a thermographic and LiDAR survey of
the forest canopy, and modelled the amount of solar radiation at the tree
crown level. The research methodology involves the use of the Point
Cloud Solar Radiation Tool (PCSRT; Pruzinec and Duraciova, 2022) to
model solar radiation in 3D space, particularly in complex environments
such as those with vegetation. PCSRT employs the European Solar Ra-
diation Atlas model to calculate direct and diffuse solar radiation com-
ponents. The software converts point clouds into 3D voxel grids and
computes insolation for designated time frames. LasTools software
(LasTools, 2022) was used to process LiDAR data and to construct the
Canopy Height Model (CHM), and the Forest Tools library in RStudio
was used for crown delineation. Data on the structure and parameters of
each tree crown were prepared based on LiDAR data. A dataset was
collected for further analysis, and it contained data on crown structure
and parameters, solar radiation, and crown temperature. The Boosted
Regression Trees (BRT) model was used in our study to analyse the
various factors that influence crown amount of solar radiation and
temperature, with a specific focus on the role of solar radiation.

The objectives of this study included the following: quantitative

Forest Ecology and Management 582 (2025) 122557

comparison of the relative effects of tree crowns and forest canopy
characteristics on spruce crown temperature and solar radiation;
investigation of the relationship between solar radiation and crown
temperature.

2. Material and methods
2.1. Study area

The study area is located in the area of the School Forest Enterprise
(SLP) around the town of Kostelec nad Cern)"rni Lesy in the Central
Bohemian region of the Czech Republic. The research area is 230 m long,
150 m wide, and it is located in forest management units that are
dominated by Norway spruce (45-100 %) ranging in age from 50 to 110
years (Fig. 1). The centre of this area is at longitude 14.827054°E,
latitude 49.970676°N, and an elevation of 450 m above sea level (a.s.L.).
The SLP area experienced a spruce bark beetle outbreak, which peaked
in 2020. Sanitary felling was carried out to prevent the spread of the
spruce bark beetle (Trubin et al., 2023, Pirtskhalava-Karpova et al.,
2024).

The soil across the SLP is granodiorite covered with Luvisol (Singh
etal., 2024). The climate is characterised by drier and warmer summers,
with an average annual temperature of 7.5°C and annual rainfall of
600 mm (Tolasz et al., 2007). More detailed recent climate data from the
Ondfejov weather station (id P3ONDRO1, Cesky hydrometeorologicky
Gistav (CHMU), n.d), located approximately 8 km from the study area
and at an elevation of 491 m a.s.l., indicated that in August 2020 the
maximum temperature reached 25.3°C with an average temperature of
19.2°C. During the summer months from June to August, total precipi-
tation was recorded at 248.8 mm, with July recording the minimum
monthly precipitation of 33.4 mm.

2.2. Preprocessing LiDAR dataset

For the SLP area, a LiDAR data survey was carried out in 2022. The
characteristics of the LIDAR sensor, the acquired data for the study area,
and the date of the survey are summarised in Table 1. The LiDAR dataset
was processed using LasTools (ver. 220926; LasTools, 2022). Noise
removal, ground point classification, and additional processing were
applied to the point clouds to produce the Canopy Height Model (CHM;
Khosravipour et al., 2014), calculating the canopy density index (Can-
opy; Kane et al., 2010) based on the ratio of first returns that are 3 m
above ground to all returns. This is performed step’s descriptionin the
following order using LasTools:

1. Noise removal (lasNoise): A step size of 1 m was used in the x, y, and
z directions to identify and remove noisy points (points with signif-
icant deviation from surrounding points) that were isolated within a
5-unit neighbourhood.

. Ground point classification (lasGround): This was used to classify
ground and non-ground points. The “hyper fine” parameter allowed
detailed ground surface extraction, and the “replacez” option
recalculated the vertical coordinates of each point by measuring the
height from the ground surface.

. CHM construction (las2dem): CHM layers were constructed by
filtering out points based on height, specifically excluding points
below 0.1 m and above 2m, below 2m and above 5m, and
continuing in 5 m increments up to 45 m elevation. The maximum
values of these layers were integrated into a pit-free CHM layer using
the QGIS v. 3.22.11 raster calculator tool. A ‘pit-free’ CHM is a
refined representation that is cleared of inaccuracies caused by laser
beams hitting lower obstacles. This ensures a smoother and more
accurate representation of the canopy (Khosravipour et al., 2014;
QGIS.org, 2022). The CHM layers have a horizontal resolution of
0.3m.
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Fig. 1. Map of study area.

Table 1
Name of sensors, airplane, drone and characteristics of LIDAR and thermal data.
LiDAR Thermal data
Sensor Leica ALS70-CM DigiTHERM
Airplane/drone Cessna 206 SDO 50 V2 VTOL
GPS/INS SPAN3.911/CR56 Novatel OEMV1
Characteristic of ~ Point density: all returns Spatial resolution: approx.
data 24.96 last only 12.76 s¢. m 10 cm Size of image: approx.
Spacing: all returns 0.20 40x60 m
last only 0.28 sq. m
Time and date 17.07.2020 11:27 - 11:33 a.m. 07.08.2020

4. Canopy calculation (lasgrid): Two raster layers were generated. The
first layer included all LiDAR returns, and the second layer included
only the first return above 3 m. The Canopy was calculated in the
QGIS raster calculator as the ratio of the first returns above 3 m to all
returns (Kane et al., 2010).

2.3. Crown delineation

The Forest Tools library in RStudio v. 4.3.1 (RStudio Team, 2022)
was utilised for crown delineation based on the pit-free CHM raster
layer. Tree crowns with a minimum height of 20 m were identified and
then polygons were created around these crowns, also using the 20 m
minimum height criterion. A linear functionx x 0.05 + 0.6 was used for
delineation (Plowright, 2023). The delineated spruce crowns were
manually selected using high-resolution drone imagery and Google
Earth images. The quality of the crown delineation was then evaluated
visually, and any crowns that were incorrectly delineated were excluded
from the subsequent analysis.

2.4. Solar radiation

Solar radiation for each LiDAR point was determined using PCSRT
method, which calculates the direct and diffuse solar radiation

components and insolation time using a voxel approach (Pruzinec and
Duraciova, 2022). Parameters included geographical coordinates of the
centre of the study area and elevation, a time frame from 11:00 to
11:30 am (10-minute intervals) on 7 August 2020. This time corre-
sponded to the thermal image acquisition period (Table 2). The Link
turbidity factor was set to 3.8 based on data from the SoDa service site
(SoDa Service, 2023). This is a factor that is used to evaluate water
clarity and pollution levels. Higher values indicate greater turbidity. The
noise-removed LiDAR dataset was used to calculate solar radiation. The
PCSRT automatically fitted the voxel size, which was found to be
1.03m, or an average of 3.7 LiDAR points were used for each voxel.
Direct solar radiation values from cloud points were rasterised using
CloudCompare v. 2.13 (CloudCompare, 2023) with a spatial resolution
of 1 m, averaging values per pixel.

2.5. Preprocessing thermal images

A drone thermographic survey was carried out for the study area in
2020. The characteristics of the thermal sensor, the data acquired, and
the date of the survey are summarised in Table 1. The thermal sensor

Table 2
Names and descriptions of variables.
Variable Unit Description
H m Height of tree
H.SD m Standard deviation of crown height based on Canopy Height
Model
Crown_area m? Crown area

Distance m Distance crown from centre of thermal image

Gaps_area m Sum area of forest gaps, which touches the crown

Canopy - Lidar canopy density index, which represents ratio of first
returns above ground 3 m to all returns

o

Tmean °C Average temperature of crown
SolRad w/ Average solar radiation of crown
m?

S_percent % Openness of the crown to the forest gaps on the South side







































































































































































































































































































