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Abstract

For the sustainability of an important renewable resource, such as wood, it is important to significantly increase
the efficiency of its processing. A large part of this raw material ends up in the wood processing industry, where it
is used for the production of pulp, paper, construction and furniture timber, floors and others. Therefore, it is very
important to gain the knowledge needed for optimal valuation of raw wood material, through quality detection and
classification into quality classes. There are many defectoscopic methods working on different physical principles.
The most familiar of these methods are semi-destructive and non-destructive, as they do not cause damage to the
tree or wood during assessment. The aim of this article is to describe, assess and compare known semi-destructive
and non-destructive methods for the assessment of wood properties. This article describes basic visual inspection,
basic semi-destructive methods (Pilodyn, Resistograph) and advanced semi-destructive methods (SilviScan®,
DiscBot®) aswell. Non-destructive methods use mostly acoustic wave motion (acoustic, ultrasonic), high-frequency
waves (using georadar, microwave) and methods based on visual evaluation (image, laser). At last, there are X—ray
methods with the latest technology using three-dimensional (3D) computed tomography (CT). The implementation
of modern non-destructive methods is of great importance for the application of principles of Industry 4.0, where
these methods provide collecting of data on the material properties, in its entire production flow of log processing.
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1. Introduction

Today, under growing pressure from society, ecological
standards and the developing industry in our country and
inthe world, there is an increasing emphasis on assessing
the quality and origin of wood raw material. For these
reasons, the European Union has developed several
instruments aimed at the ecology, regulation and legali-
sation of harvesting. In 2003, “Forest Law Enforcement,
Governance and Trade” (FLEGT) was created to prevent
illegal timber trade and encourage investment in legal
harvesting in developing countries. “Reducing emissions
from deforestation and degradation” (REDD) offers a
new method how to reduce CO, emissions by paying for
actions, to prevent deforestation or forest degradation.
Rising social and ecological standards have given rise to
FSC (Forest Stewardship Council) certification, which s
a trusted system for forest certification and certification
of the processing (consumer) chain of wood processing
worldwide.

Evaluation of the quality of wood raw material and
its sorting has a significant effect on maximising yield.
Financial, quantitative, but also ecological reasons are

important for the increasing yield. Globally, there is a
great shift in the intensity of forest management and log
processing, which requires significantly faster and more
accurate evaluation of wood properties. Unlike concrete,
bricks, steel, aluminium and most other construction
materials, wood has highly complex, anisotropic and var-
iable internal structure. For the correct use of woodand
productsbased on it (plywood, KVH prisms, timber, OSB
boards, etc.), it is necessary to evaluate the properties of
this material.

There are a number of methods for evaluating wood.
They can be divided, according to the degree of destruc-
tion of the evaluated material, into: 1. destructive, 2. non-
destructive, 3. semi-destructive methods. Non-destructive
and semi-destructive methods are more important in the
evaluation of wood. Non-destructive evaluation is the
identification of the physical and mechanical properties
of a material without altering its end use and, using the
identified properties, decides on its appropriate appli-
cations (Ross et al. 1998). In contrast, semi-destructive
techniques for evaluating wood properties are defined
as test procedures that are non-destructive in relation
to the structural element but destructive in relation to

*Corresponding author. Vojtéch Ondrejka, e-mail: ondrejka.vojtech@gmail.com



V. Ondrejka et al. / Cent. Eur. For. J. 67 (2021) 3-13

the extracted sample (Kasal et al. 2013). In the forestry
context, non-destructive evaluation of wood (NDE) is
considered attractive. Authors Schimleck, et al. (2019)
described the main reasons why the NDE has grown rap-
idly over the last 20-25 years: Protection of investment in
wood raw material; potential to reduce wood processing
costs; easier to use for field measurements; fast real-time
data collection; the ability to identify the most suitable
measurement application and reduce the variability of
product classes.

This article focuses on the description and mutual
comparison of non-destructive and semi-destructive
methods of wood evaluation, working on various physi-
cal principles, described from basic methods to today‘s
most modern. The methods will be examined in relation
to their use in forestry and the wood processing industry,
as these sectors are significantly interrelated.

2. Evaluation methods for wood

The main goal of wood evaluation is to assess qualita-
tive properties, sometimes supplemented by quantita-
tive ones. For qualitative evaluation, it is necessary to
determine the mechanical and physical properties of
wood. Non-destructive methods determine, for exam-
ple, mechanical properties (moduli of elasticity, impact
strength etc.) and physical (moisture, density, acous-
tic properties, visual properties etc.). Another part of
the qualitative evaluation is the determination of wood
defects (knots, cracks, rot, irregularity of the wood
structure, foreign objects, traces of biological damage,
etc.). The identified properties significantly affect the
subsequent sorting of wood products, yield and thus the

financial appreciation of wood.

Thebasic, still widely used evaluationisvisual inspec-
tion. The method is very fast, with lower costs. It allows
to obtain basic information in situ about the assessed
tree or log. Visual inspection allows only the detection
of external, visible defects and mechanical damage to the
wood. Another disadvantage is the higher demand on the
expertise of the assessor, which can increase the overall
cost. Visual inspection is also the basis for in situ visual
classification according to the quality classes of logs
and classification of construction timber into strength
classes. Visual evaluation is strongly represented in
supplier-customer relations in log trading. Here, the
log is most often sorted according to the standards STN
EN 1316-1 - 3 for broadleaf raw material and STN EN
1927—-1-3 for coniferous raw material. These standards
determine the evaluation parameters of raw logs for clas-
sification into four classes (A, B, C, D). Results of the
visual inspection form the basis from which subsequent
non-destructive testing (NDT) can be planned (Piaza et
al. 2008). To evaluate the quality of wood, alarge number
of devices have been developed that can assess the prop-
erties of timber logs, veneers and other wood products.

4

2.1. Semi-destructive methods

Semi-destructive methods damage the material only
partially without affecting its further use. They are used
mainly to evaluate the properties of wood, logs, or his-
toric roof constructions. A new approach to the historic
roof structures properties assessment is described in the
publication (Kloiber et al. 2015). The authors describe
recently developed assessment methods such as tensile
strength of small samples, tensile Young’s modulus of
mesospecimens, compression strength of cores, com-
pression strength in a drilled hole, mechanical resistance
to pin pushing, Young’s modulus derived by measuring
the hardness and shear strength of screw withdrawals.
They do notbelong to the industrially used methods, they
are used mainly for scientific work. They are described
here for their use in evaluating the quality of trees, which
helps in the classification of wood according to quality,
already in the first phase (standing tree).

Pilodyn is a portable tool for evaluating the density
of trees orwooden constructions. The tool was originally
developed in Switzerland to obtain quantitative data on
the degree of soft rot in wooden poles. The tip penetrates
the surface of the material, measuring the depth of pen-
etration (Cown 1978). The penetration depth of the pin
negatively correlates with the density of the wood. Three
different rods (diameter 2.0, 2.5 and 3.0 mm) enable to
adapt the use of Pilodyn to the density of tested wood
(Gao et al. 2017). In practice, the accuracy of Pilodyn is
somewhat limited, so it is mainly used to estimate aver-
age values (Cown 1978). It is one of the least invasive
sampling techniques, but unfortunately it cannot pen-
etrate the middle layers of the trunk. It is also assumed
that tested wood is above the fiber saturation point (FSP),
as the penetration of the tip decreases with decreasing
moisture content below the FSP (Llana et al. 2018).

Theresistograph began to develop in the early 1990s
(Rinnetal. 1996). It was utilised for improving the iden-
tification of rotin trees and poles. The tool drives a special
drill (needle) with a diameter of 3 mm through atree ata
given feed speed and rotation speed (rpm) and measures
the resistance to rotation (torque). The trace represents
theresistance profile every 0.1 mm and the radial change
in wood density (Rinn et al. 1996; Downes & Lausberg
2016). Gao et al. (2017) concluded that compared to
other semi-destructive techniques, Resistograph was a
cheaper and faster method for collecting wood density
data. The key features of this tool are its low cost for field
use, digital data collection and relatively high-resolution
data (Schimleck et al. 2019). Research by Kloppenburg,
(2018) focused on the possibility of using the Resisto-
graph to accurately assess the wood density of tropical
hardwoods. The tool has proven to be suitable, but the
sharpness of the tool has a significant effect on accuracy.

Specific devices are SilviScan® and DiscBot®. Both
of these devices are developed more for laboratory evalu-
ation of wood (logs, timber). They are more invasive, as it
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is necessary to take a sample (a prism, a disc) for evalua-
tion. The first of these, the SilviScan®, is a special labora-
tory device designed to measure wood quality parameters
such as the density and angle of microfibrils (Schimleck
etal. 2002). The device was created by Dr. Robert Evans
and developed with his CSIRO team as early as 1992. So
far, 3 versions of this device have been created. The main

components of SilviScan are (Schimleck et al. 2019):

— Optical cell scanner (radial and tangential tracheid
and fiber diameters, vessel size and their position, a
boundary and orientation of annual rings);

— X-ray densitometer (conditioned density profile,
fiber tilt, annual ring transition);

— X-raydiffractometer (microfibril angle, tracheid and
fiber 3D orientation, cellulose crystallisation).

A stiffness estimate generated by SilviScan” is based
on the diffractometric and densitometric properties of
wood, calibrated by the acoustic resonance technique
(Ilic 2001). The device has been tested in many studies
and has proven to be very accurate (Buksnowitz et al.
2008; Schimleck et al. 2002).

Another special device is the DiscBot, developed by
the New Zealand company SCION. The device utilises
scanning technologies, which can determine a large
number of wood properties affecting the resulting qual-
ity of timber and other final products. The scanner uses
automatic motion of wooden discs under various sen-
sors that capture information on wood density, microfi-
bril angle and chemical composition. The first sensor is
a camcorder for capturing a high-quality colour image
(in an RGB spectrum), which allows the identification
of wood defects such as knots, resin pockets and com-
pression wood. A spectrograph fitted with an infrared
(NIR) camcorder (900-1700 nm) applied in several
studies (Jones et al. 2006; Thumm et al. 2010) is used
to determine the chemical composition and properties
of lignin and cellulose. The wood density is measured
using X-rays. The strength of wood is evaluated using
an ultrasonic device when the wave passes through the
wood along the fibers.
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g - -
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2.2. Non-destructive methods

Non-destructive evaluation is the identification of the
physical and mechanical properties of a material with-
out altering its end use and, using the identified proper-
ties, decides on its appropriate applications (Ross et al.
1998). Previously, non-destructive methods were applied
to evaluate very valuable (e.g. exotic) wood species. Cur-
rently, these methods are increasingly preferred, because
they do not degrade the raw material (wood), they are
accurate and are fast. Thisis applied mainly in automated
modern sawmills, where the identified parameters help
to better evaluate the processed raw material. The most
commonly used physical principles in non-destructive
evaluation are: acoustic, ultrasonic, microwave, imaging,
laser and X-ray.

2.2.1 Acoustic and ultrasonic methods

Acoustic methods of wood evaluation are among the
oldest methods of evaluating the properties of wood.
As defined in (Lipta el al. 1972), acoustic velocity is in
a form of transitional elastic waves generated by the
rapid release of energy in a material. Thus, the source
is an acoustic impulse, such as a hammer impact, or an
excited acoustic signal (sound). Therefore, scanning the
speed of acoustic waves in wood is most often used for
evaluation. Another non-destructive acoustic method
is ultrasonic measurement. Ultrasound is a mechani-
cal wave with a frequency generally greater than 20 kHz
(Wang et al. 2002). The diagnostic tools operate with
frequencies in the range from 20 kHz to 500 kHz. Dur-
ing the measurement, ultrasonic waves to the object are
generated and subsequently the transmitted waves are
measured to identify the transmission properties of wood
(Osterberg 2009). To increase the contact of ultrasonic
receivers and transmitters, it has proven appropriate to
immerse the examined wood into a water bath (McDon-
ald 1978; Han & Birkeland 1992).

Fig. 1. Principle of measurement by acoustic tools: FAKOPP, a TreeSonic™ model and Microsecond Timer.
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The development of acoustic devices for the evalua-
tion of standing trees opened the way for assessing the
properties of tree wood before their harvesting. This facil-
itates the management, planning of harvest and wood
processing in a way that maximizes the value extracted
from the source (Riggio et al. 2008; Carter 2017). In the
last few decades, acoustic technologies have become
well-established devices for material evaluation in the
wood processing industry. They have become a widely
accepted tool for quality control and product classifica-
tion (Wang et al. 2004), but also for breeding research,
where they are utilised for evaluation of young trees (Lenz
etal. 2013).

Most acoustic devices that evaluate the properties of
trees are modelled for radial measurement (perpendicu-
lar to the trunk axis). For example, these devices: Arbor-
Sonic 3D Acoustic Tomograph, Hitman Resonance Tool,
IML Impulse Hammer, and FAKOPP company tools
(Microsecond Timer, Resonance Log Grader, ArborE-
lectro Impedance Tomograph) (Fig. 1). In contrast to
these tools, the FAKOPP TreeSonic™ is developed for
measuring in the longitudinal direction of the trunk (Fig.
2).Inacoustic systems, the source of the impulse is most
often the hammer impact.

Standing tree
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Fig. 2. Acoustic system for measuring standing trees in the
longitudinal direction.

Ultrasonic systems evaluate the material mainly per-
pendicular to the fibers (Fig. 3). The most used ultrasonic
devices are FAKOPP IltraSonic Timer, Arborsonic Decay
Detector, Sylvatest, V-Meter MK IV System, Proceq Pun-
dit Lab+, Pundit 250 Array and Tico. Most tools evaluate
the quality of wood using the determined dynamic modu-
lus of elasticity and density. When evaluating the moduli

6

of elasticity by acoustic tools, different values may occur
when repeating the measurement, which causes some
inaccuracies in the results, see research: Lindstrom et
al. (2009), Simic et al. (2019).
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Fig. 3. lllustration of the principle of ultrasonic tomography.

Allthe mentioned devices are difficult to apply to rapid
industrial production. That is why fast acoustic tools are
being developed today, measuring at a feed speed of 200
pieces per minute. An example is the Swedish company
DYNALYSE, which offers Dynagrade and Precigrade
devices for evaluating timber properties. Others are
devices for evaluating logs before cutting them. A com-
pany based in New Zealand, Fiber-gen, has developed
the HITMAN PH330 measuring toolsimplemented into a
forest harvester, the HITMAN LG640 for log processing
lines and the HITMAN HM200 manual tool.

2.2.2 Microwave methods

The microwave frequency in the electromagnetic spec-
trum is between the frequencies of infrared radiation
and high-frequency waves, i.e. approximately between
the frequencies 1 GHz and 100 GHz, or a wavelength
between 1 mmto 1 m (Fuller 1990). However, the bound-
ary between microwaves and infrared or radio waves
has not been precisely defined. The microwave scan-
ning method has been under development for several
years. The first tools were created to measure moisture
and were also applied in industrial production (Tiuri &
Heikkild 1979). At present, research using microwave
tomography is known, where the authors describe the
detection of internal wood defects with higher accuracy
(Pastorino et al. 2015; Boero et al. 2018). Using this
technique, it is possible to determine properties such as:
density and moisture of wood, deflection and direction
of fibers or detection of wood defects as well.
Microwave induced thermo-acoustic tomography
(MITAT) combining microwave imaging with ultra-
sonography. This special technology is mainly used in
biomedicine and is still under development and the sub-
ject of much research (Ku & Wang 2001; Meaney et al.
2012; Rosenthaletal. 2012; Wangetal. 2013). Research
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using thistechnology to determine the properties of wood
is known. Authors Zhang et al. (2019) use the thermo-
acoustic principle combining microwaves and ultrasonic
waves for spatialimaging of a hole in awood sample. The
method proves fast and efficient.

2.2.3 Georadar methods (GPR)

This method utilises electromagnetic radiation in the
microwave band, high-frequency radio waves (10 MHz
— 2.6 GHz) and detects reflected signals from subsur-
face structures of materials. (July 2008). This technol-
ogy is most often used for the evaluation of soils, rocks
and building elements (concrete, brick walls). However,
many studies have pointed to the possibility of using this
ground-penetrating technology to evaluate internal wood
defects (Nicotti et al. 2003; Muller 2003; Hislop et al.
2009), where microwave radiation with a frequency of
1.5 — 2.5 GHz is recommended. For the evaluation of
wood, mainly devices for construction industry are used.
Pirouz et al. (2015) in their research compares image,
laser, X—ray scanning and technologies using GPR. He
uses adevice by a Sensors & Software company, namely
a Pulse EKKO® type intended for the evaluation of inter-
nal rot.

Further research uses similar devices by aGSSI com-
pany, namely SIR 3000, SIR 4000 (Senalik et al. 2016).
The only device designed directly for the evaluation of
wood, or on trees, is TRU™ (Tree Radar Unit) by the
American company TreeRadar™ (Wen et al. 2016).

The study (Halabe et al. 2009) showed that GPR
can be used to accurately identify internal defects such
as knots, cracks, and metal nails that are not commonly
visible. Scanning speed, good repeatability and the ability
to detect wood moisture are the advantages of this tech-
nology. The disadvantage is the limited ability to detect
small defects and the complexity of data processing as
algorithms for evaluation are still under development.
The technology is proving very promising for use in the
sawmill indust.

2.2.4 Image and laser methods

The ever-increasing capacities of sawmills and the
speed of log processing are forcing wood processors to
introduce efficient and fast methods of material evalua-
tion. Various machine vision systems (machine vision)
in frequent combination with laser, acoustic and other
systems have proven to be suitable solutions. Today,
these systems are among the most widely used in mod-
ern industrial production, also in the wood processing
industry. Computer vision, which deals with the acquisi-
tion, processing, analysis and understanding of digital
images most often obtained from cameras, camcorders,
3D scanners and other scanning devices, is considered
the basis of this method. Its task is to develop theoreti-

caland algorithmic bases for achieving automatic visual
understanding (Sonkaetal. 2014). Image technology has
alsobecome a part of most of these non-destructive scan-
ning methods.

Many authors deal with evaluation methods by means
of image technology that utilises analysis of shadows,
shades of grey or colour spectrum (e.g. RGB) obtained
with the help of camcorders (Hu et al. 2004; Sandak &
Tanaka 2005; Faria et al. 2008). Most of the systems used
inthe wood processing industry can be considered as 2D
systems. These systems are mainly used for timber evalu-
ation. Today, more and more 3D scanning technologies
using lasers are coming to the fore, with their use mainly
for scanning logs in sawmills. Studies dealing with the
scanning of standing trees using LiDAR scanners to
achieve the evaluation of surface defects before their har-
vesting, is known (Pirouz et al. 2015; Sauteret al. 2017).
In spatial (3D) laser scanning, controlled operation of
laser beams is combined with a laser rangefinder. Using
specialized software, the shape of the surface of objects
can be quickly captured.

The laser was first utilised to irradiate samples when
measuring wood in the 1980s. The laser and camcorder
were first combined to measure the dimensions. Later,
dynamic laser dispersion was also used, e.g. to measure
grain orientation (Osterberg, 2009). Authors Kowal et al.
(2012) and Sioma (2015) deal with the use of 3D images
in automatic detection and localization of defects on the
wood surface using the laser triangulation method. The
work of Thomasetal. (2007) is aimed at scanning the sur-
face of hardwood logs to determine their external defects.

There are several variants of a laser scanner, some
with multiple laser beams and one camcorder, while
other scanners have two camcorders and one laser. For
example, following manufacturers offer the laser scan-
ning method: Cognex (a model: 3D-A5000, In-Sight
9000), JoeScan (a model: JS-25-x-SERIES), LMI Tech-
nologies (a model: chroma + scan series, Gocator 2100
Series); SICK (a model: TriSpector 100).

2.2.5 X-ray methods

In the second half of the 1980s, X-ray image methods
were in the research phase. Methods developed for use in
medicine have been transferred to the wood processing
industry (Osterberg 2009). Efficient commercial X—ray
devices for log and timber evaluation are currently avail-
able. The device can detect internal defects of wood, hid-
den foreign objects, measure properties such as wood
structure, moisture and density. However, due to its
high cost, X—ray computed tomography (CT) is used
only in the largest sawmills. Conventional X—ray scan-
ners are usually based on discrete X—ray scanning in 1-4
directions (sometimes 6), where the object or source of
X-—rays does not rotate (Grundberg & Gronlund 1997).
The difficulty is that even an expensive scanner with six

7
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X-ray directions cannot provide an accuracy similar to
that obtainable by the CT scanner (Oja 1997). For these
reasons, CT X—ray scanners are coming to the fore today.

There are four generations of CT scanner technology
that are known. The first and second generation scan in
parallel, the third and fourth generation use rotary fan-
shaped scanning, where an object or source of an X-ray
beam moves. First generation scanners (Fig. 4a) use a
single X-ray detector. The X-ray beam passes through
the scanned object and measures X—ray intensities
through parallel paths in that object (Schmoldt et al.
1998). They are very simple, affordable but slow. The
second generation (Fig. 4b) uses a detector system con-
sisting of multiple X—ray detectors for scanning. It’s also
simpler, faster, but collects unnecessary large amounts
of data with frequent noise. The third generation of CT
scanners (Fig. 4c) uses an array of detectors with many
detectors usually placed in an arc. These devices are more
complex for data processing, but are more accurate. For
smaller objects, they collect unnecessary amounts of data
and are expensive. The fourth generation (Fig. 4d) has
a larger number of detectors placed in a circle. Here, an
X-ray source revolves around a scanned object, which is
placed onatable. It can produce very accurate 3D images.
The fourth generation has the same disadvantages as the
third generation but owing to the large number of detec-
tors it is more expensive.
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et al. 2019). Determining internal properties such as
pith, core, knots, cracks and others is another their use
(Sténgleetal. 2015; Raisetal. 2017). CT wood scanning
technology is also used for determining the content and
flow of water inwood (Hansson et al. 2017; Longuetaud
etal. 2017). A substantial part of the research is devoted
to mathematical algorithms for evaluating the acquired
images. Images for the above mentioned research are
obtained mainly by means of CT scanners intended for
medicine, but there are also modern industrial devices
intended for the wood processing industry.

The best known manufacturers of medical macro CT
scanners are Siemens and GE Healthcare. There are sev-
eral manufacturers of micro CT scanners on the market,
which are designed for smaller objects that they can scan
with higherresolution. These are, for example, BRUKER
(SkyScan series), ZEISS (Xradia series), Nikon (Model
XT H 225). The Belgian Ghent University (models:
EMCT, Hector, Herakles, Nanowood) also developed its
devices for micro CT scanning. Other device designed
mainly for timber evaluation uses X—rays in combination
withother methods (laser, image scanning). Well-known
manufacturers are: WEINIG Gruppe (Model CombiS-
can +), Innovativ Vision (Model WoodEye 5), Microtec
(Goldeneye series).

There are very few manufacturers of industrial X—ray
scanners designed to scanlogs. One of the manufacturers

d) TIT

Detectors

Fig. 4 Generations of CT scanners: a) 1st generation, b) 2nd generation, c) 3rd generation, d) 4th generation.

Most modern CT scanners (4th generation) are
equipped with the possibility of spiral CT scanning,
which provides almost perfect volumetric reconstruc-
tion created from CT images (Beaulieu & Dutilleul 2019).
Studies by Schmoldt et al. (1998), Gupta et al. (2004)
deal with the design of a tangential CT scanner, where
when scanning the detector field is placed parallel to the
axis of rotation of the object, parallel to the length of the
log. Unlike a typical scanning, where the beam is parallel
tothewidth of thelog. This technologyis patented (Gupta
1997), but its use in industry is not known.

CT X-ray scanning is becoming more and more
affordable, so there is a quantity of research arising for
thistechnology. They are utilised to determine the density
of wood and the size of annual increments in coniferous
and broadleaf species (Longuetaud et al. 2017; Jacquin

8

is the German Jorg Elektronik with its JORO-X model
with two X-ray sources. The second is a 3D laser scan-
ner with multi-sensor camcorders and an X—ray scan-
ner placed in two positions, produced by the MICRO-
TEC® company (Logeye series). The Italian company
MICROTEC® is the best known and most advanced
company dedicated to the field of CT scanners for the
wood processing industry. Its CT log device (Fig. 5) is
the only known device in the world designed for 3D log
scanning. The device scans and digitally reconstructs the
internal properties of the log what allows to optimise the
cutting planinreal time (Microtec 2019). The developed
software optimises the bending of the log, determines the
best cutting plan to achieve the highest possible quality
of the final product. So far, 8 of these devices have been
installed in the world (Table 1).
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Fig. 5. CT Log scanner. © Microtec (Microtec 2019).

Table 1. Overview of CT Log device installations.

State Number of CT Logs Company
Canada 1 Interforest Ltd.

Danzer Services, Inc.
Usa 2 Idaho Forest Group
Chile 1 Arauco — Horcones
France 2 P'iveteaubois

Siat Braun
Germany 1 HIT Holzindustrie Torgau
Sweden 1 Norra Timber

3. Applicability and efficiency of methods

Current trends, such as rising costs and limited supplies
of quality logs, are causing the increase in efforts to max-
imise yields in the wood processing industry processing
coniferous and hardwood tree species. The production
of timber is considerably complicated, due to the high
demands on the operation, complexity of the sorting, and
the requirements for the accuracy of the sawmill equip-
ment. For these reasons, in today‘s wood processing
industry, all process stages are increasingly being mod-
ernized and automated. A great benefit for improving
yield by automatic cut optimisation is also the introduc-
tion of various scanning systems to detect internal wood

defects. To a greater extent, these technologies are now
used in large sawmills focused on coniferous raw mate-
rial. However, they are of great importance for cutting
more expensive hardwood species.

In terms of applicability, we can divide non-destruc-
tive methods into two main categories, i.e. used only
for research and applicable for research and industrial
practice. Semi-destructive methods are used mainly for
research. Most of them are applied in dendrology and
forestry for the evaluation of young and older trees.
The Pilodin and Resistograph devices are often used in
Central Europe. Their utilization is also in wood degra-
dation assessment of roof structures. SilviScan® and
DiscBot® devices are very specific not being in Central
Europe. Their use in rapid industrial production is very
limited. Other methods (microwave methods, methods
using georadar) are still under development and further
research will be needed for their use in industry, ideally in
collaboration with practice. However, there are anumber
of publications appearing that prove the applicability of
these methods.

Described technologies enable different levels of
non-destructive evaluation. Osterberg (2009) created a
table (Table 2), which is suitable for a clear comparison
of individual methods. Indicates the level of technology
acquisition costs, application level, safety, and suitability
for identifying selected features.

It can be deduced from the table that the X-ray
method is the most suitable for the evaluation of most
parameters. These devices are less wide-spread due to
their high prices. In Europe, there are only 4 industrial
CT scanners located in France, Sweden and in Germany
interms of the closest distance (see Table 1). Other types
of technologies are laser and image ones. Considering
that these two technologies are combined in most indus-
trial devices, we can also consider them very suitable for
wood evaluation. Laser, image and also acoustic methods
are therefore the most used in industrial practice. Their
great advantage is affordability as well as advanced

Table 2. Evaluation of individual technologies according to their possibilities.

Laser IR Visible light Acoustics Radio frequencies p-waves X-ray
Cost ++ ++ ++ ++ + +
Applicability +++ - +++ + - ++ +
Safety - +++ +++ ++H+ ++ +
Performance:
3D-shape +H+ 2 +H+ _ oo
Rot and decay + - ++ - - 4t
Colour defects ++ -
Compression and tension wood - + + + + ++
Cracks and splits + + ++ + e
Resin pockets - R + T+
Foreign objects - - + ++ ++ 4t
Knots i + + ++ +++
Wood density - ++ ++ + ++ +++
Strength ++ + ++ + + + ++
Annual ring width - +++ +
Grain orientation EITET + + ++ ++
Moisture content ++ + ++ ++
Bark content ++! - +++ ot
Fiber properties - R

'when combined with image analysis; %is not thermography, i.e. no spectral content is utilised; -- the technology is completely unsuitable for determining the mentioned characteristics; +++ the
technology is suitable for determining the mentioned characteristics; Commercially known techniques.
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computer vision technology for image analysis. This
results in the possibility of accurate evaluation at high
speeds, applicable in fast automated production. Laser,
image and acoustic methods, often combined with IR
radiation, are used in all large, automated sawmills in
Europe. Gradually, however, they started to be used in
medium-sized sawmills. These devices are produced e.g.
by WEINIG Gruppe, Innovativ Vision, MICROTEC®.
MICROTEC® equipment is used in the Czech Republic
e.g. by sawmills Mayr-Melnhof Holz Paskov Ltd., Holz
Schiller Ltd., Danzer Ltd. In Slovakia there are PRP Ltd.
and Rettenmeier Tatra Timber. From these three meth-
ods, only the acoustic method has the ability of the evalu-
ation of internal wood structures. Investment in these
methods is very important for market competitiveness,
especially for large and medium-sized sawmills. Return
on investment ranges from 2 to 8 years. The most accu-
rate non-destructive method for evaluating properties
is certainly the X—ray method with computed tomogra-
phy (CT). These devices are slowly applied in modern
wood processing plants. The big disadvantage is the high
purchase price, which allows the use of this technology
mainly in medium and large plants. Gergel et al. (2019)
confirmed this from the existing research and concluded
that there is a demonstrable increase in the profit gained
from processed wood from 11.3% to 23.7% for conifer-
ous logs and by 24% for broadleaf logs. In processing
broadleaf raw material, the return period for large saw-
millsis about 3 years and for medium sawmills 8 years. In
processing coniferous raw material, the return period is
about 4 years for large sawmills and 8 years for medium
sawmills.

The Italian Microrec® company, which offers tech-
nologies using all the mentioned methods (acoustic,
image, laser, X-ray), is the important company in the
development of these automation technologies. In all
technological industries, the Industry 4.0 application
comes to the fore, or the modernization and automation
of production lines, associated with the need to obtain a
large amount of data on material. The Microrec® com-
pany has developed the Sawmill 4.0 — Digital Fingerprint
system, which applies their non-destructive wood evalu-
ation technologies to achieve the greatest possible auto-
mation of coniferous and broadleaf wood cutting. Combi-
nation of their devices (CT Log, Logeye, Goldeneye) and
the implementation of artificial intelligence allows to cre-
ate arecord for each board that is monitored throughout
the process. This makes it possible to qualitatively classify
the final products and thus make the most of them.

4. Conclusion

Analysis of existing methods for evaluating the quality
of wood properties, using semi-destructive and non-
destructive technology. Semi-destructive technologies
can be used mainly for scientific activities and for grow-
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ers. Currently, some non-destructive methods are only
applicable to scientific activities and their introduction
into industrial practice is the future. The most widely
used non-destructive methods in industry are image,
laser and acoustic methods. These technologies are now
more available and allow very fast evaluation of wood
properties. However, the possibilities of these technolo-
giesare limited mainly to surface defects, with the excep-
tion of acoustic ones. The X—ray method, mainly using
computed tomography, is certainly the most accurate
method. Most X-ray devices create 2D images of the
scanned material. The CT Log by Microrec® company
is considered the most advanced device as it enables 3D
X-ray scanning of the log in real time. It can thus detect
internal defects with high accuracy, and then choose the
optimal cutting pattern to achieve the highest quality of
the final product (timber).

For modern sawmills of the third millennium, it is
necessary to invest in modern non-destructive methods
of wood evaluation to increase the yield of a quality final
product. These technologies can significantly increase
competitiveness. The use of Industry 4.0, or modern
automated log cutting lines, is certainly the future in the
wood processing industry. Streamlining of production
under Industry 4.0 anticipates achieving almost zero
production downtime and transparency. This requires
the processing of huge amounts of data from a variety
of sensors and transducers. To process this data, special
systems using machine learning, neural networks and
artificial intelligence are applied. The Microrec® com-
pany applied this method and developed its own Sawmill
4.0 system — Digital Fingerprint. This technology enables
to create a separate record with all the data obtained for
each board from scanning the log to the final product.
This facilitates a significant increase in the degree of
automation on sawmills. These processes are the basis
for creating a reliable system that will monitor the flow
of wood from its harvest to the final product.

The implementation of these technologies within the
European area is very different. Sweden, Finland and, in
the area of Central Europe, Germany and Austria have
a significant competitive advantage in the utilization of
these technologies. These countries are significantly
innovating and automating the entire log processing
process. Scanning technologies are used only at the
two largest sawmills in Slovakia, but they are gradually
started to be used by medium-sized log processors. It
is strongly recommended to support this trend, e.g. by
subsidies, because these technologies mean significant
savings and improved quality of wood raw material.
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Abstract

People think very little about the consequences of consumer and ecological manners. Responsibility for raising chil-
dren to sustainable behaviour is transmitted to educational institutions that bear the full weight of this burden. Non-
teaching experts such as foresters enter the educational process. These specialists are called “forest educators”. At
the 14th European Forest Pedagogics Congress 2019 in Latvia, 167 forest educators from Europe met, and 52 of
them were willing to participate in a qualitative research survey. This paper aimed to identify why foresters, as people
without pedagogical education and despite the unfavourable funding, become educators. The following questions
guided thisresearch: What leads them to start organizing educational and adventure programmes for children and the
public? Is their intrinsic motivation based on an unconscious level to implement ideas of Deep Ecology? Philosophy
of Arne Naess and semi-structured interviews with forest educators in the form of the Pyramid Model of Wengraf,
through which qualitative data were obtained, methodologically approached this paper. Interviews with foresters
revealed their values, needs, motivation, dominant psychological-ethical moments and prosocial behaviour that
brings inner satisfaction and pedagogical activity as an added value of their profession. Forest educators have aunique
philosophical system related to nature and the environment. They subconsciously follow and develop the ideas of Deep
Ecology through the methods of Forest Pedagogy. The paper presents the way of involving forest educators into the
distance and online teaching due to the Coronavirus pandemic, as well as the topic for further research in this area.

Keywords: Arne Naess; ecosophy; education for the 21st century; Forest Pedagogy online; Wengraf Pyramid model
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1. Introduction mate changes, global economic stability, labour market

trends, impending energy crisis, depletion of non-renew-
able fossil fuels, poverty, and inadequate medical care
(Bolstad et al. 2012). Slaughter (1974) states that the
long-term intention of the educational system must con-
cern broader social, political, and economic objectives.
Education is the key to make society move towards
sustainable and ecological perception (Britto 2017).
Dumont et al. (2010) introduce seven principles of learn-
ing and teaching for the 21st century. Main pillarsare (1)

The cause of the ecological crisis is due to human attitudes
of superiority over nature. The creation of anew harmoni-
ousrelationshipbetweenhumansandnatureisthe goalfor
a deeply oriented environmental movement, which is
associated with the name of the Norwegian philoso-
pher Arne Naess (1912-2009), who considers his ideas
as “nonviolent and long-lasting revolution” (Naess 1989,
1993). It seems time has come to resurrect and bring to

mind the ideas of Arne Naess, who gave the world a cohe-
rent philosophy and the necessary dose of radicality. His
appeal seems to be up to date these days.

Modern society is harming the environment. The
Value Objectivism characterizes Deep Ecology: animals
have value in themselves and the right to live, even though
they are not directly useful to humans. Naess (1989)
accentuates a universally shared lifestyle that is sustain-
ablewithoutinjuring other life forms. Arne Naess‘s ideas
can be well applied in education for the 21st century,
which must reflect current global challenges such as cli-

Learners at the centre; (2) The social nature of learning;
(3) Emotions are integral to the learning process; (4)
Recognizing individual differences; (5) Stretching all
students; (6) Assessment for learning; (7) Building hori-
zontal connection. It is precisely the point (3), intuition,
emotionality, and empathy, thanks to which, according
to Naess (1989), the individual acquires the truth about
the world and wisdom.

Naess (1989) considers nature as the best source of
knowledge; however, the disadvantage of many environ-
mental education programmes is that they show nature
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from an adult perspective, which is too abstracted for
the child‘s perception in the early years. Naess suggests
that the essential tool for the knowledge of nature is the
non-rational form of cognition, empathy, identification
through emotions, not through reason. Humans perceive
nature by empathy more objectively than scientifically.
Thatis the reason why education should consist of events
and creative activities; there is not a sharp line between
learning and action (Naess 1989, 1993). How we relate
to nature is a matter of feeling, so Naess recommends
getting feelingsinto learning as well and emphasizes that
feelings have cognitive value (Devall & Sessions 2007).
This point of view is supported by Wedlichova (2011):
sensory experiences can increase emotional intelligence
in children.

Environmental education and training for sustain-
able behaviour are closely related to the natural environ-
ment. We can hardly find a better example of sustainable
management for centuries than in forestry. In nature, it is
the best to demonstrate methods to improve sustainable
development and environmental education. Slee (2001)
considers forest to be a natural framework, essential for
human existence and development as forests perform
many functions-protective, medicinal, economic, rec-
reational, and educational. Could it be the reason why
foresters enter the educational process?

Forest Pedagogy represents neoteric sustainability
education that corresponds to the philosophy of Deep
Ecology, affecting emotions, will, and awareness. The
basic principle of Forest Pedagogy is the perception of
nature by all senses, according to Pestalozzi‘s concept
of “learning with head, heart,and hand” (Kuhlemann &
BriihImeier 2002). Cornell (1991, 1998, 2012) qualifies
Forest Pedagogy as a form of public relations and social
phenomenon that includes environmental education,
institutions, associations, forest schools and describes
four levels of experience: awakening enthusiasm, focus-
ing attention, direct experience, and sharing inspiration.

The term “forest educator” is currently used and uni-
fied in the international forest environment and means
a Forest Pedagogy Lecturer as a professional forester
with pedagogical education gained by a particular course.
Experts with forestry education or experience in forestry
who have completed a Forest Pedagogy course accredited
by the relevant Ministry of Agriculture of the given state
can become forest educators. Forest Pedagogy courses
are of two types and take 40 hours each. The introductory
one, where foresters learn the fundamentals of pedagogy,
psychology and didactics, and are trained to work with
class groups of kindergartens, primary and secondary
schools. The advanced course is intended for graduates
of theintroductory course and expands the target groups
by adults, seniors and groups with special educational
needs. Forest Pedagogy courses are compatible with
courses in other European countries and are based on the
outputs of the European project PAWS (Pddagogische
Arbeit im Wald).

The common goal of foresters and teachers should
be to organize a lesson in which pupils better under-
stand the context of nature. The forest would serve as
a unique classroom, combining the experience of the
forester with the teacher‘s expertise. This approach con-
nects pedagogy-experience and nature (Machar 2009),
where pupils meet their teachers working as a team
member and gain valuable social experience. Stern et al.
(2010) revealed that specific characteristics of teachers,
particularly enthusiasm, interest in the matter, sincerity
and charisma, are strongly associated with more positive
pupils achievements. Other authors support the impor-
tance of demonstrating genuine care of students (Russel
2000; Ballantyne et al. 2001; Fien & Packer 2001) and
providing a holistic experience (Tilden 1957; Skibins et
al.2012). Sternetal. (2008) found that when teachers are
actively involved in on-site lessons with instructors, stu-
dents‘ outcomes are generally more positive. The findings
suggest that teachers and other adults play a crucial role
in environmental literacy development (Emmons 1997,
Rickinson 2001; Sivek 2002; Stern et al. 2008, 2010).

Increasing aggression of children and heavy mental
burden accompany the educational process. Children are
alienated from nature, showing no interest in education
(Mazacova 2001; Bajto§ & Honzikova 2007). Burnout
often occursinthe teaching profession, and the education
sector is often under-funded in many countries. Liu et
al. (2000) reported that in the USA teaching is a signifi-
cantly less prestigious profession than others in terms of
income, with teachers earning among the lowest annual
salaries of their college cohort (Henke et al. 2000, as cited
in Liu et al. 2000). Teachers work under the scrutiny of
parents and the media without sufficient job satisfac-
tion (Spear et al. 2000; Lai et al. 2001; Hoyle 2008).
Much of the existing literature on teachers‘ motivation
to teach coming from western countries found teachers
tobe motivated mainly by intrinsic and altruistic motives
suchas nurturing students‘ growth (Sinclair 2008). They
believe they contribute to society and may consider teach-
ing as a vocation (Spear et al. 2000; Scott et al. 2001;
Richardson & Watt 2006; Alexander 2008).

This paper aims to identify why foresters, as people
without pedagogical education and despite the unfavour-
able financial valuation, become educators. The follow-
ing questions guided the research: What made them start
organizing educational and adventure programmes? Is
their intrinsic motivation based on an unconscious level
to implement ideas of Deep Ecology? Semi-structured
interviews methodologically approached this topic with
forest educators in the form of the Pyramid Model of
Wengraf, through which qualitative data were obtained.

The results may contribute to understanding better
the content of work, formal and legal issues as well as
employment conditions of forest educators and improve
theirrelations with teachers. Educationis anintegral part
of forestry, in particular as forest tenure changes, and
now the share of private forest ownership is large. The
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growing publicinterestin the recreational function of the
forest makes forest education now more crucial than ever.

2. Material and methods

Inrecentyears, there hasbeen an increase in new criteria
to assess the quality of qualitative research. In a plethora
of modern terms, many modern concepts can be found
such as imperial validity, ironic validity, situational
validity, neopragmatism validity, rhizomatic validity,
overt validity, instrumental validity, or theoretical valid-
ity (Altheide & Johnson 1994). Based on the above, the
qualitative research was carried out, as qualitative data
naturally describe the situation and aims to understand
people and the events in their lives (Gavora 2008). The
interviewee fully expresses subjective opinions and indi-
cates relations and contexts (Hendl 2016). Qualitative
research is not based on any hypothesis or theory but
tries to outline a new theory (Svaricek & Sedova 2007).
The advantage of the interview is also a significantly
higher proportion of completed interviews compared to
the return rate of the questionnaires, and also the pos-
sibility to clarify responses which have not been previ-
ously appropriately understood and the researcher is
sure to speak to the intended person (Disman 2002).
In this paper, the method of the in-depth individual
semi-structured interview was applied. The Pyramid
Model of the interview was used to create the interview
scheme (Wengraf 2001). This model consisted of a cen-
tral research question, theory questions, and particular
interview questions.

2.1. Research sample

The first criterion was that all of the respondents for
qualitative research were forest educators actively pur-
suing their profession. The second criterion was an
international comparison. An available opportunity
was the 14th European Forest Pedagogics Congress
2019 in Riga, Latvia, with international participation of
one hundred sixty-seven forest educators from eighteen
European countries. The third criterion was the diversity
of organizations in which forest educators operate, i.e.
Urban or State Forests, Forest Learning Centers, Envi-
ronmental Centers, and Youth Homes.

The research sample included fifty-two active forest
educators from various forestry organizations from five
regions of the Czech Republic (18), as well as foresters
from Finland (2), Norway (3), Latvia (9), Germany (5),
Poland (3), Slovakia (4), Slovenia (3), Luxembourg (5)
and other countries. The qualitative data collection was
inprogress from 1st Julyto 31st October 2019 during the
congress, and after its completion, interviews with for-
est educators took place via Google Meet and Microsoft
Teams online. Subsequently, the text was submitted to
the respondents for authorization.
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The structure of questions according to the Pyramid
Wengraf model (2001) is as follows:

The main research question
What made foresters become educators, what does the
profession bring to them and what motivates them?

Specific Research Question 1

What work experience and education did the foresters
have before they become educators?

— Forestry education,

— pedagogical education,

— previous experience from leisure activities.

Specific Research Question 2

What influenced the decision of the forest educator to
choose his new professional focus?

— Previous positions,

— financial remuneration,

— otherreasons.

Specific Research Question 3
How do forest educators perceive their profession?
— Positives and negatives,
— how should ideal forest educator look like?
Probing, based on questions and non-verbal hints,
was used to deepen answers in a particular direction.
A problem-oriented interview, tailored to the research
goal was conducted. Transcripts of interviews were
transformed and interpreted to capture the complexity
of the examined phenomenon. The Open coding for data
evaluation and the ATLAS.ti programmes were used,
where each significant sentence, word, or phrase, was
highlighted and assigned a code representing the essence
of the text. According to the codes, information was com-
pared to each other, merging and integrating similar and
related semantic units.

3. Results

On the answers obtained from the interviews conducted
according to the Pyramid Model by Wengraf (2001), data
were analyzed and interpreted.

3.1. Education and professional experience
of forest educators

3.1.1 Forest Education

Almostall (49) forest educators addressed have a forestry
education and completed a course in Forest Pedagogy,
which is an essential condition for practising this profes-
sion. Aminimal number of foresters (3) do not have a for-
estry education, which is compensated by noless than ten
years of experience in environmental education centres.
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3.1.2 Pedagogical education

All respondents (52) are graduates at least an introduc-
tory Forest Pedagogy course. More than half of them (38)
also have a certificate from the extension course. Every-
one confirms that the course is beneficial, as they know
the basics of didactics, psychology, have the opportunity
to meet new colleagues and acquire inspiration for future
work. Forest educators mostly agree that without the
basics of developmental psychology and the basics of peda-
gogy, I would probably not know how to engage children.
Sixteen foresters already have a bachelor‘s pedagogical
education obtained in college. Four of them are currently
studying vocational subjects or leisure-time education.
Foresters who are interested in further pedagogical edu-
cation are those forwhom Forest Pedagogy takes up more
than half of their working time. Foresters who provide
Forest Pedagogy activities beyond their work duties, do
not consider the further pedagogical study. However,
they all agree that the basics of pedagogy, psychology,
and didactics are desirable. Otherwise, this would affect
the quality of the programmes.

3.1.3 Free-time pedagogy

Most forest educators have been interested in nature,
experiential education, and children since their youth,
ashead of children‘s camps, Scout, or another organiza-
tion. One answer for all: As a child, I liked going to summer
camps in the countryside, and I am glad that I can bring
this hobby to my job as well. Most of the respondents (46)
have tacit knowledge in organizing leisure and free-time
activities.

3.2. What influenced the decision to become
aforest educator

Only a third of the foresters (17) carried out this activity
on a full-time basis and had to leave their existing post.
The others focus on the main content of the work, such
as forest recreational function, forest protection, or for-
est management, so their pedagogical activities take up
only part of their working time. Respondents often spend
free time preparing Forest Pedagogy activities and do it
beyond their job, in many cases for free or for a symbolic
allowance only. Especially the statements of the Czech
and Slovak forest educators show that the management
of forest enterprises prefers non-pedagogical content of
work.

3.2.1 Previous employment

The previousjob position remains, and educational activ-
ity is included in addition. The scenario prevails, where
foresters participated in environmental and leisure activi-
ties (Scout, Forest Pedagogy course) and the supervisor

then offered them the opportunity to attend the course
and become a forest educator.

3.2.2 Financial aspect

Forest educators coincide that salaries did not play a role
in their decision-making. One forest educator describes
it as follows: It is not possible to get rich in Forest Peda-
gogy. When it becomes a business, enthusiasm is lost. At
present, in many European countries, the profession of a
forest educator is not well-paid for generating a separate
full income. Thanks to these facts, it is not appropriate
to expect the forester to perceive Forest Pedagogy as
aprofession, but rather as a hobby, especially in the post-
communist countries where Forest Pedagogy does not
have such a tradition.

3.2.3 Raison d‘etre for Forest Pedagogy

The vast majority of forest educators say this is due to
the variety and creativity of their profession. They praise
not to have office work, duties are diverse, and the job
brings satisfaction. There are considerable differences
between countries.

Forest educators from Austria state that although
in their country forest education courses are open to
all interested, only a graduate with forestry education
receive the certificate and only the certificate holder can
be financially supported.

Polish forest educators report that at least one full-
time forest educator is available at each forest administra-
tion in Poland and offers four follow-up programmes for
each season. The average Polish Baccalaureate attends,
onaverage, thirty Forest Pedagogy lessons. It may affect
young people in the future on Forest Pedagogy.

Estonians are considered “forest nation” and want to
raise awareness about the forestamong the public, espe-
cially in preschool children, and find many candidates
interested during the Forest Weeks.

Foresters from Finland are also motivated by mate-
rial reasons: there are many forest owners in Finland,
and every sixth schoolchild is expected to own the forest
in the future, so children should be informed about it.
To educate the schoolchild, efforts to engage teachers
and so the Finnish Forestry Association, together with
teachers, created publications and websites to support
teaching at schools.

The situation in the Czech Republic is significantly
different. A frequently mentioned reason for forest educa-
tors from the Czech Republicis the possibility to “clarify”
the forestry and forester‘s reputation negatively affected
by media and to provide nature-oriented upbringing and
awareness-raising. Forest Pedagogy is one of the ways to
attract people to the forest and also to improve the image
of forestry. A curious reason for being a forest educator
was mentioned by one female, who received the answer
to the question: “Who is the most significant pest in the
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forest?” Answer: Forester. It was precisely the moment
when she decided to change the image of forestry in the
eyes of the general public in the Czech Republic.

3.3. Perception of Forest Pedagogy

Distinctions between countries are evident. Each forest
educator devotes to Forest Pedagogy and educational
programmes in another way and has different time and
financial support, which are based on how a particular
forestry enterprise approaches Forest Pedagogy.

3.3.1 Pros and Cons of Forest Pedagogy

Allrespondents agreed that the most considerable advan-
tage of Forest Pedagogy is the possibility to get people
into the countryside, to familiarize them with the forest
environment, what is in line with Forest Pedagogy goals
(Harkabus & Marusakova 2007). Forest educators can
arrange the programmes, be it a theme, games, activities,
or a place to go and appreciate having contact with new
people and the possibility of self-education, socialization,
and self-realization. They mostly appreciate attending
seminars, lectures, and meetings organized for forest
educatorswhere they canlearn and inspire. Young female
forest educators expect to gain experience and skills in
activities with children in nature, which they can use in
raising their kids. They see what today-kids are missing.

Half of the forest educators prepare programmes and
materials during free time. Almost half of the respondents
regret not to have sufficient financial or moral support
at their employers. Forest educators, especially from the
former post-communist states, repeatedly complained
that the public does not appreciate their work and con-
siders it inferior. Many professional foresters look at
their colleagues with absolute disrespect. They consider
Forest Pedagogy to be entertainment only. Another dis-
advantage is that forest educator has no chance to get
to know the children accurately in a short period, and
cannot cooperate with them in contrast to regular leisure
activities or school lessons.

To respond to the question of whether the foresters
lost something in carrying out their educational activities,
embarrassing answers were received. Some admit that
this activity deprives them of illusions, mainly of teach-
ers’ cooperation with them and how some teachers treat
children and foresters. Following are presented the words
of one forester: I think that teachers are afraid to “hand
over”their pupils tous as if they are afraid of losing control
and power. Sometimes the teacher comes in a bad mood,
and his current mental state is unfortunately passed on
to children. They are then bored, and it is complicated
to master the discipline. This experience was repeated:
When several classes came at the same time, the teachers
stood apart and talked among themselves and showed no
interest in the pupils. I was then very disappointed that
the teachers wrote a critical assessment, not even knowing
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what was happening around. Many forest educators have
lost their expectations about the basic knowledge of the
publicabout forest and nature and the respect that people
should have for nature.

3.3.2 Theidea of an ideal forest educator

The final question of the interview concerns the char-
acteristics, abilities, experience, and education of ideal
forest educator should have. Two streams of opinion
emerge from the respondents’ answers. Twenty-seven
would appreciate practising Forest Pedagogy at full-time:
Iwould have time to refresh content, innovate games, have
more scope and support. Collaboration with schools could
be planned and implemented in the long term without the
risk of any other event interfering with the plan.

However, the other half (25) of forest educators
strongly disagree with this and believe that foresters
should only do this part-time. They are satisfied that they
do not have to do educational plans every day and are
engaged in other activities, and Forest Pedagogy does
not become a routine matter. There is also an opinion
that: Forest educatoris not an independent profession and
should not be in the future. It is something in addition to
the professional forest focus.

4. Discussion

Forest educators are introduced as professional foresters
with pedagogical education gained by a particular course
(Cornell 1991; Bolay & Reichle 2007). There is no rel-
evant article or study that would examine in more detail
the reasons and motives of foresters, why they voluntar-
ily and despite the low funding undertake pedagogical
courses so that they can act as teachers of their kind.

The paper aimed to identify why foresters enter the
educational process and if their intrinsic motivation is
based on the subconscious level of Deep Ecology think-
ing. Interviews showed that foresters have a specific per-
sonal framework of values related to human and nature
issues. For forest educators, ecology is not just a theory
butadeep conviction. They are probably not even aware,
their stance to life reflects a deep ecological feeling that
hasrootsin A. Naesse’s conception. Forest educators try
to pass on the depth of knowledge and experience, live
in nature and with nature, not just visit it. They show the
public how to move in the forest without consequences,
respecting alllife forms, not just those beautiful, remark-
able, or useful. They teach not to use living beings only
asaresource; leading to the recognition of their intrinsic
value. Forest educators protect the forest ecosystem as a
whole, not just individual life forms and show that peo-
ple living in urban areas can be connected with nature
eveninadisturbed environment, as parts of green can be
found everywhere. The ideas of Deep Ecology are based
on these rudiments (Naess 1989, 1993).

Why do foresters engage in education despite many
obstacles, misunderstandings and inadequate funding?
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One of the reasons is the general effort of foresters to
explain objectively the distorted information dissemi-
nated by the media relating the bark beetle calamity. All
the foresters addressed agree that they have the honour
to carry out highly professional activities for nature and
future generations and do it with enthusiasm, even if
the result of their effort is difficult to measure. Foresters
believe their activities have a deeper meaning. Interest,
a positive attitude to nature, and self-realization force
themto go forward. Theirjob offers an opportunity for the
initiative, responsibility, and knowledge growth. Forest-
ersconsidertheircallingessentialand are willingto devote
toit, although they often do not get extra money for their
endeavour. Theprofession of foresteducatorhasapsycho-
logical-ethical moment-the chance to educate someone
elseisperceived asareward. Forest educators consider as
asubstantial intrinsic value of the job to broaden horizons
for someone else and to expand the moral compass. The
above is consistent with the motives of intrinsic motiva-
tion presented by Dieblovéa (2005).

Forest educators understand the context of nature
very well, their tacit knowledge goes beyond school text-
books of natural history, and they could be a functional
link between the public and the natural ecosystem. Based
on strong inner convictions and enthusiasm, it is recom-
mended to involve them in school curricula to provide
transmission of knowledge and experience to children.
The content of School Education Programmes can be
arranged in the school curriculum in coherent parts,
such as modules or blocks using parallel support by close
cooperation with a local forest centre.

The Coronavirus pandemicincreases the demands on
the form and methodology of teaching. The Ministries of
Education of the affected states now more recommend
including full-time educational activities held in the
school garden, playground, park and school surround-
ings, where there is no accumulation of more people in
orderto reduce epidemiological risks, improve the overall
health, concentration and well-being of pupils and teach-
ers. Many parents and teachers perceive outdoorlearning
as too risky and unsafe. The presence of a forest educa-
tor, as an expert on a stay in nature, should eliminate the
concerns of parents.

In pandemically affected areas, pupils are not
present at school and are educated synchronously and
asynchronously. There is also a new dimension for the
online inclusion of forest educators into the teaching
process of those subjects that have nature and science as
abasis. Aforesteducatorwearing alivery can engage chil-
drenwith his demeanour, speech, personal example, pos-
itive attitude and commitment. The forest-dressed educa-
tor does not fit into uniformity of civilian teachers and can
pass on knowledge and context of a different dimension
than the science teacher could. Forest Pedagogy methods
can also be manifested in the distance form; the forest
educator assigns tasks, for which pupils have to get out
in nature and together with their classmates in the online

forum share their experiences of the forest. The growing
ability to recognize the signs of upcoming changes in the
forest that children would report to the forester could be
regarded as an added value. The looming negative phe-
nomena in the forest can thus be identified and resolved
at the beginning. Even if only one child is enthusiastic
about thisidea, it would be a significant help to foresters,
who, due to the scale of their activities, may not always
be able to detect all changes in their districtimmediately.
This way of teaching could help and solve the problem
even for teachers who do not support outdoor activities.

5. Conclusion

Involving professionals into education is desirable and
beneficial-due to the differences between learning about
versus learning from an expert (Berliner 2001; Guskey &
Yoon 2009). Children are not passive recipients only, they
are often the initiators of new manners, and by constitut-
ing theirrelationship to nature, it is realistic to expect the
effect that is secondarily transmitted on parents.
Theinvolvement of forest educators in distance teach-
ing will be the theme of further research survey, where
the Experimental group (online tuition with forest educa-
tor) would be compared with the Control group (distance
education by the teacher) through a didactic test.
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Abstract

The study was conducted in pure Scots pine (Pinus sylvestris L.) stands within the forest steppe physiographic region
of Ukraine damaged by surface fires with different intensity. The aim of the research is to determine the effect of
different fire intensity on pine stand and individual trees, considering tree morphometric parameters and type of
damage. The intensity and duration of fire-related tree mortality was different in stands with different age. We found
that tree fire resistance is driven by tree diameter, height of the rough bark, and natural degree of thickness. The pro-
portion of dead trees one year after the spring fires in the middle-aged pine stands was 5 times lower and in mature
pine stands even 10 times lower than after the summer fires. The critical damage to tree crowns in young pine trees
causing their death is 80% of the needles burned. In the middle-aged pine trees, critical damage depended on the
size of trees. The death of large, mature trees after smoldering summer fires was associated with the accumulation
of alarge stock of forest litter and duff near the tree-base, which contributed to the increased intensity of fire and its
localization near the base part of the trees. Based on our findings, postfire tree mortality models have been developed

for different age groups of pine stands.
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1. Introduction

Wildfires are one of the most dangerous factors for for-
ests, leading to their destruction and degradation. Due
to global warming and increasing aridity, the risk of
increased frequency and extent of wildfires is very high.
Many regions of the world have experienced an increas-
ing trend of excessive wildfires and an increasing occur-
rence of extremely severe fires (FAO 2006).

In 2017, wildfires burnt over 1.2 million hectares
of natural lands in the EU. The European Forest Fire
Information System estimated the amount of fire-related
losses to be around 10 billion Euros (San-Miguel-Ayanz
etal. 2017).

In Europe, Scots pine forests now exceed 28 million
hectares, covering over 20% of the productive forest area
(Mason & Alia 2000). The most fire hazardous conifer-
ous forests occupy 43% of the total area of Ukraine, in
particular, pine stands — 35%, which grow in the North
of Ukraine (Polissya) and in the South (Steppe) along the

largest rivers, also in the Crimea Peninsula. More than
90% of forest fires in Ukraine occur in pine forests (Voron
& Melnyk 2009; Voron & Sydorenko 2014). During the
last ten years (2009-2018), 19.9 thousand forest fires
have occurredin Ukraine on anarea of 37.2 hectares. The
economiclosses amounted to 8.86 million Euros (Public
Report 2017).

The rapid deterioration of the sanitary state of dam-
aged trees leads to significant economic losses due to
the decline of stand merchantability and the deteriora-
tion of its technical quality. Timely diagnosis and accu-
rate prediction of the postfire trees mortality are thus
extremely important. Such studies can mitigate the
negative effects of wildfires and will be used to support
decisions about forestry treatments in such forests. A
considerable amount of research papersis devoted to the
prediction of postfire loss of trees for different conifer
species (Regelbrugge & Conard 1993; Usenya & Churylo
2001; Fites-Kaufman et al. 2008; Sah et al. 2019). It is
well known that the value of postfire mortality rate affects
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the predominant type of damage and fire intensity as well
as secondary disturbances such as drought, insects, and
diseases (Ahafonov & Alekseev 1989). The research on
the impact of fire damage on postfire tree mortality in
Ukraine is rather fragmented. The existing diagnostics
and predictions of postfire sanitary condition of damaged
treesisbased on an assessment of the state of tree crowns
andvisible damages without considering the main factors
controlling the fire resistance of trees.

The main goal of this study is to find additional crite-
ria that reflect the intensity of damage and the morpho-
logical indicators of fire resistance of pine trees for the
development of postfire tree mortality models.

2. Materials and methods

The study was conducted in the pine forests of the for-
est steppe of Ukraine. The climate is mild, moderately
continental. The total precipitation is 546 mm peryear™!,
of which 38—40% falls during the growing season. The
duration of the growing season lasts 205 days. The period
with an average daily temperature of +5 °Cto +15 °Cis
80-90 days. Climatic stress factors (high temperatures in
the summer months with the absence of rainfalls, irregu-
lar rainfall, long dry periods, evaporation exceeding pre-
cipitation) cause repeated occurrence of forest fires.
Study plots (SP) were established in pine stands
homogeneous by forest type conditions and stand com-
position.
The evaluation of fire damage to the tree trunks was
determined by the following indicators:
— thebark char height (minimum and maximum), m;
— fire damage of thin (light) bark;
— relative bark char, %;
Relative bark char was determined by the formula [1]:

Hm=(Hm dm/H) x100% [1]
where H - relative bark char, %; H- height of tree, m; H
— the maximum height of the bark char, m.

The evaluation of the crown damage was based on
the following:

— discoloration, % (the proportion of needles that have
lost their natural color, with an accuracy of 10%, no
later than a week after the fire damage) (Eichhorn
etal. 2010);

— defoliation, % (accuracy up to 10%).

The following tree characteristics were determined:
tree height, m; DBH, cm; class of Kraft; height of rough

bark, m; number of first-order roots above ground. Natu-
ral degrees of thickness (NDT) were additionally calcu-
lated for each plantation on the test plots. The date of fire,
the date of measurement, the soil condition and the stand
agewererecorded. We also examined a one-year postfire
period, when the intensity of postfire tree mortality was
the most intensive.

The sanitary state of the pine stand was character-
ized by the index of sanitary condition, which was deter-
mined by the formula [2] (Sanitary Forests Regulations
in Ukraine, 2016):

I =K xn,+Kxn,+Kxn,+..Kxn. /N [2]

where: I —index of sanitary state; K ....K,—category of sanitary

state for individual tree (from [ to VI); n....n,— number of trees

with specific sanitary category, stems; N—total number of trees
on a study plot.

Thesanitary state of each tree was determined accord-
ing to 6 categories (Table 1).

The degree of differentiation of trees in the stand was
evaluated according to the Kraft classification (Pogreb-
nyak 1968):

[- predominant, exceptionally large trees, which
dominate the others, have the highest height and
diameter and well-developed crowns;

II- dominant trees, which have relatively well-devel-
oped crowns and about the same height as class [
trees;

[II - low co-dominant trees, normally developed, smaller
in height than the trees of the previous classes, with
less developed, compressed crowns;

IV — dominated trees whose crowns are compressed and
the tops reach only the lower part of the crown of
the dominant trees;

V- entirely overtopped trees completely under the
canopy of dominant trees, far behind in growth and
development.

The postfire growth of the damaged trees was inves-
tigated on 33 study plots (3 SP in young pine stands, 21
SP in middle-aged and premature stands, and 10 SP in
mature and overmature stands). The stands on the SP
differed in age and forestry characteristics (Table 2).

Stand structure was characterized by a curve of trees
distribution by natural degrees of thickness (NDT).
Natural degrees of thickness are an indicator of the tree
size by diameter (DBH), expressed in relative propor-
tion of the average diameter of the stand. (Tyurin 1945;
Mashkovsky 2015).

Table 1. Criteria for determining the sanitary index of pine stands.

Range of the sanitary index %] Iﬂ?gﬁiggﬁ‘gg’?nee dles on shoots Needles color The degree of stand damage
1.00-1.50 90-100 without signs of violation green absent
1.51-2.50 66-90 without signs of violation green, light green weak

2.51-3.50 33-66 clustered pale green medium
3.51-4.50 33 clustered with a yellow tint or yellow-green strong
4.51-6.00 0 there are no living needles gray, yellow very strong
4.51-6.00 0 there are no living needles — very strong
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Table 2. Characteristics of study plots damaged by surface
fires.

NoSP  H, ,[m] Alyears] Dfecm] H[m] [m31;1/]a"] Relative density
Yong pine stands
Summer fires or spring fires
1 1.20 11 5.3 3.8 9 0.90
2 0.90 11 73 4.1 9 0.90
Control — 11 5.5 4.0 9 0.90
Middle aged stands
Summer fires
1 0.69 60 27.2 24.5 386 0.77
2 2.02 57 26.0 21.0 476 1.00
3 2.30 57 211 18.7 238 0.58
4 2.52 60 28.4 25.2 481 0.93
5 3.58 68 25.3 20.8 256 0.62
6 4.45 70 26.5 21.2 261 0.62
7 0.78 61 28.6 25.7 268 0.50
8 1.26 61 21.8 19.6 220 0.60
9 1.85 65 28.4 22.2 375 0.91
10 1.98 65 26.6 22.5 401 0.96
11 0.95 65 25.3 23.1 419 0.94
Spring fires
12 2.05 60 25.8 22.9 384 0.82
13 2.22 60 29.5 23.5 466 0.97
14 3.06 47 24.0 21.8 327 0.74
15 0.20 66 26.3 23.2 411 0.86
16 0.30 59 21.7 22.4 443 0.96
17 0.30 60 29.5 231 419 0.88
18 0.80 60 25.8 22.9 380 0.80
19 2.97 60 22.6 21.0 389 0.91
20 2.90 55 17.1 18.5 185 0.88
Mature and overmature
Spring fires
21 1.10 81 31.2 23.0 370 0.70
22 3.00 81 37.3 26.2 390 0.60
23 233 88 30.1 271.3 642 0.99
24 2.46 88 31.2 24.8 430 0.93
25 1.81 86 34.7 26.0 375 0.69
26 240 86 33.2 26.6 476 0.96
27 1.90 86 31.1 25.2 398 0.77
Summer fires
28 0.48 95 42.6 27.2 361 0.60
29 2.02 116 50.4 31.1 477 0.72
30 2.16 116 42.6 29.8 385 0.60

Note: SP - sampling plot; H , - the average height of the bark char, m; A—age; D~ diameter;

H-height; M- stock volume per 1 ha.

Classification of pine stands by age group was per-

formed according to the following criteria (Svyrydenko
etal. 2004):
young (pine stands up to 40 years old);
middle-aged (41 to 80 years old);
premature stands (from 81 to 90 years);
mature and overmature (over 90 years old).
Tree resistance was assessed using Pearson’s
correlation. Correlation analysis was used to assess
possible linear associations between tree sanitary index
and potential variables that reflect fire resistance: DBH
(diameter at breast height), NDT, tree height, tree age,
bark thickness, rough bark height, etc.

Multiple regression analysis as well aslogistic regres-
sion analysis (binary regression) were used to construct
predictive models for the tree mortality probability of
individual trees. The use of logistic regression is appro-
priate to determine the likelihood of individual trees
mortality. Logistic regression quality and accuracy were
tested by ROC analysis using IBM’s SPSS 20. For the
analysis of model quality and its cut-off threshold cor-

rection ROC-analysis (receiver operating characteristic)
was used. In ROC-analysis, model quality is considered
to be excellent at AUC (area under curve) value 0.9—1.0;
verygood at0.8—0.9; good at 0.7—0.8; average at0.6—0.7;
poor at 0.5-0.6 (Fawcett 2004).

While studying the influence of Kraft class (KC) on
theresistance to fire damage of trees with the same height
of bark char, a sampling of trees was selected from the
whole set of trees within the range of bark char height
0.51-1.00 m differing in KC. Despite a small number of
[-1I and IV-V KC trees, they were joined into groups:
[-II, [Tl and IV-V KC. One-way ANOVA was used. The
power of the influence of the factor was determined by
the method of Plokhinsky (Lakyn 1990).

3. Results

3.1. Postfire tree mortality in the young pine
stands

Assignificant correlation (r=0.92; p = 0.05) was found
between the level of discoloration and the sanitary condi-
tion of the trees. The highest intensity of mortality was
determined in the year of the fire, when 23.8% of the total
number of trees. In the following year, the mortality rate
decreased, reaching 5.6% of trees, and 1.7% of trees in
the third year after the fire.

It has been found that the lethal level of damage to
young pine trees is achieved when the relative bark char
(H ) reaches 61-70%. In this case, mortality reaches
82% of trees, corresponding with the 80% of the growing
stock (Table 3).

Small damages of tree crowns (up to 30%) did not
lead to tree mortality. Significant deterioration of the
sanitary state with the subsequent death of a significant
number of trees was observed in the case of a severe dam-
age to the crown — more than 81%. Trees with over 91%
damage to the crown died within a year after the fire.

Table 3. Distribution of dead trees depending on the type
and value level of damage in the pine young stands of Vasy-
shchevske Forestry, State Enterprise Zhovtneve, Kharkiv re-
gion.

Proportion of dead trees [%]

The value of damage

0 0
(%] , Heet [%] - D[%]
0-10 6 1 — —
11-20 7 1 — —
21-30 8 1 — —
31-40 25 20 — —
41-50 35 32 — —
51-60 71 75 — —
61-70 82 80 3 1
71-80 — — 4 1
81-90 . — 38 42
91-100 94 92 94 96

Note: H , - relative bark char, %; D - crown discoloration, %; N — number of trees, stems, %;
M- percent of the stock, %.

Larger pine trees were more fire resistant. Character-
istics such as diameter, height and class of Kraft were the
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best indicators of fire resistance in young pine stands.

It has been confirmed that a model that considers
tree diameter, relative bark char, and crown discolora-
tion (AUC = 0.95 + 0.012) performs best in predicting
the probability of tree mortality.

A simplified version of model, which included
only the magnitude of crown discoloration, had an AUC
value 0of 0.93£0.014. Both models have “excellent” qual-
ity in classification (Fawcett 2004), so we suggest to use
the simplified model (3) that includes discoloration and
predicts postfire mortality with an accuracy of 89.9%.
This model correctly predicts the postfire status of sur-
viving trees with an accuracy of up to 94.3% and of dead
trees up to 80%. The risk of trees mortality is extremely
high with a discoloration of over 80%.

exp (—=9.095 + 0.111 X D)

P = AT exp (<9095 + 0111 x DY (3]

where P is the probability of postfire mortality; D — crown dis-
coloration,%.

3.2. Postfire tree mortality in the middle-aged
pine stands

Middle aged middle-aged pine trees were found to be
characterized by an increase in fire resistance of trees
with anincrease in trunk diameter (a correlation between
the diameter and the sanitary condition of damaged trees
was revealed: r =—0.4; p=0.05).

Stands with the same level of damage caused during
fires that occurred in different seasons of the year were
exhibiting different intensity of mortality. We found that
mortality rate after summer fires can be 10 times higher
than after spring fires. Trees with the same value of dam-
age (mean height of bark char) and age but damaged in
different seasons had a different reaction to fire damage.
The index of sanitary state after spring fires was 2.48;
after summer fires — 4.4 (ANOVA results: F, = 79.8 and
F o0 =12.4,02=0.77).

After spring fires, the index of sanitary state, even
with significant damage to the trunk (bark char height
above 4 m), ranged from 2.6 to 2.8 (weakened stand).
After the spring surface fires, only Kraft class IV-V trees
died out. The percentage of dead trees increased in stands
with a larger proportion of IV and V Class Kraft (CK)
trees. Thus, in damaged pine trees, the fire accelerated
the natural liquefaction of the stands. The significance
of the influence of the investigated factor was proved by
comparing trees that are homogeneous in their level of
damage and taxation characteristics but different in Kraft
classes (F,=6.47;F, ,=4.88).

A strong direct relationship between the bark char
on the tree trunks and the sanitary state of the trees was
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established (r=0.91, t. = 6.80, t ,, = 3.17). The results
of the regression analysis show that in 83% of cases after
summer fires, the sanitary state of trees is determined
by the average bark char on trees. It was also proved the
proportion of dead trees after the fire in the studied tree
groups increases in response to the increasing average
height of the bark char (r = 0.87, t, = 5.80, t, , =3.17)

2 70.01
(Fig. 1).
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Fig. 1. Relationship between the proportion of dead trees and
average bark char height on the trunks in middle-aged pine
stands damaged by surface fires in summer.

The postfire models were further improved by con-
sidering the distribution of trees by NDT (ranking trees
inthe planting relative to the average diameter) that con-
tains both the class of tree development (Kraft class) in
the stand and its size (diameter). A negative correlation
(r=-0.54; p = 0.05) was found between the sanitary
state and the NDT; a less close relationship was found
between the diameters and the sanitary condition of the
trees (r=0.40; p=0, 05).

ForNDT0.7-1.2,lethal damage occurs at the height
of up to 3 mon the trunk (the index of sanitary state reac-
hing 4.1-4.6). For trees with NDT more than 1.3, lethal
damageis achieved only if the height of bark char exceeds
4 m (Table 4).

Table 4. Proportion of dead trees depending on the natural de-
grees of thickness and average bark char height after summer
surface fires.

H. [m] NDT

chir >0.6 0.7-0.8 09-10 1.1-12 13-14 1.5>
>1.0 22 11 8 1 0 0
1.1-2.0 47 12 10 1 0 0
2.1-3.0 71 30 34 3 9 —
3.1-4.0 75 42 41 29 0 .
4.1> — 100 43 36 40 33

Note: H, —m; NDT - natural degree of thickness.

char

An increase in the proportion of dead trees with the
increasing average height of bark char was detected in the
groups of trees that were different in NDT and the aver-
age height of bark char. The group of trees depressed in
growth (NDT 0.5-0.7) is characterized by an extremely
high proportion of dead trees, which increases rapidly
(from 22 to 75%) with the growth of damage intensity.
For trees with the NDT of 0.7—1.0, the critical bark char
heightis more than 2 m (the share of dead trees comprises
30-34%).

The best performing models based on the logistic
regression analysis included the natural degree of thick-
ness and the average bark charheight (H , ) (Fig.2) (4).
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exp(2.67-5.20XNDT+0.61XHeep)
(1-exp(2.67-5.20XNDT+0.61XHeep))

[4]

where P stands for the probability of postfire tree mortality
(from 0 to 1); NDT is the natural degree of thickness; H , is

char

the average bark char height on the tree trunks.

Prabability of mortality

Fig. 2. Probability of postfire mortality in middle-aged pine
stands depending on the height of bark char and the natural
degree of thickness (NDT). The accuracy of the prediction
model reaches 78.2%. The high quality of the proposed model
was confirmed by ROC analysis (AUC = 0.83 £ 0.020). The
inclusion of more variables in the model did not increase its
accuracy by more than 1%. According to the sanitary condi-
tion classification, the dead trees belonged to the fifth and
sixth categories of the sanitary condition. “The dying trees”
susceptible to stem tree beetles (category IV of sanitary state)
that will probably die with time have not been taken into ac-
count, so the cut-off limit for the above model has been re-
duced to 0.38.

The one-way ANOVA analysis confirmed the sig-
nificance of fire damage of thin (light) bark. Trees with
average NDT ranging from 0.9 to 1.1, same age and in
bark char height on the trunks (2.8—3.1 m), were selected
for analysis. The sample was divided into three groups:
“rough bark” — when the bark char did not exceed the
height of the rough bark; “transition zone” — when the
bark char reached one meter below the zone of transition
to thinbark or reached the zone of transition of the coarse
bark; and the third group, “thin (light) bark damage” —
the height of bark char exceeded the zone of transition of
the rough bark to the thin one. The effect of thin bark area
damage on the trees” sanitary state was statistically sig-
nificant (Ff=>5.98; Fst=3.07; (p=0.003) (Fig. 3, Fig. 4).

_— Thus, selecting drying-
prone trees for cutting (as trees
that are likely to die), it is worth
paying attention to the pres-
ence of thinbark burns. In cases
where the height of the bark char
height exceeds the height of the
coarse bark (thin bark fire dam-
age), the likelihood of postfire
@ trees mortality increases dra-
8 matically.

Fig. 3. Transition zone: rough bark
goes into thin light color bark.

Index of sanitary condition

zone of
transition

thin bark
damage

rough bark

Fig. 4. Index of sanitary condition for groups of trees which
have equal height of bark char.

3.3.Postfire tree mortality in the mature
pine stands

It was found that in mature pine stands there is no sig-
nificant relationship between bark char height and the
trees” sanitary state. Taking into account the role of the
char height on the trunks as an indicator of fire damage,
tables of predicted mortality were drawn up separately
for summer and spring fires (Table 5).

Table 5. Sanitary state and postfire mortality in mature pine
stands damaged by surface fires.

Season of fire
Spring Summer
[m] | Proportion of dead trees [%] I Proportion of dead trees [%]
s N M s N M
0-0.5 27 59 2.6 43 33.0 38.4
0.5-1.0 3.0 74 3.2 4.5 540 55.9
1.1-1.5 29 54 1.7 41 56.0 65.6
1.5-20 29 54 3.5 43 310 27.0
21-25 29 15 1.2 47 640 52.3
2,6-3.0 2.9 48 3.4 47 640 72.1
3.1-40 2.7 3.0 4.2 5.7 83.0 72.3

Note: Is— index of sanitary state; H,, -~ bark char height, %; N — number of trees, %; M — the
share of the stock, %.

[t was found that the damage caused by the spring
fires did not pose athreat—the proportion of dead trees in
the total stand stock did not exceed 3.4%. This indicates
that the least developed trees die after the spring fires.

After the summer fires, the trees affected by any dam-
age responded with rapid deterioration of their sanitary
state. No significant relationship was found between the
sanitary state of trees and damage value, although there is
a tendency toward an increase in the proportion of dead
trees as the average height of bark char increases (from
31 to 83% by the number of trees and from 27 to 72.3%
by the stock). The proportion of dead trees by the number
was inferior to the share of dead trees by the stock. This
indicates that after the summer surface fires, the most
developed dominant and predominant trees have ahigher
probability of mortality.

The suppressed small trees in the pine stand died at
any level of damage (natural thinning by suppression)
(Table 6). At the same time, the most developed trees
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of the highest natural degree of thickness (NDT) also
responded to the damage most radically — the mortality
rate was 48—55% even with minimal damage (the height
of bark char up to one meter) and 100% for the bark char
above one meter.

Trees whose DBH was inferior to the average in the
stand, namely with a natural degree of thickness 0.7-0.8,
were found to be the most fire resistant. The mortality
rate in this group is minimal (0-5%). Thus, the diameter
of mature and overmature pine trees is not an indicator
of fire resistance: the slightly less developed and thinner
trees have proved more resistant.

Table 6. Proportion of dead trees in mature pine stands, de-
pending on the natural degrees of thickness (NDT) and bark

char height (H, ) after summer smoldering fires, %.
Bark char height (H,,,) Natural degrees of thickness
[m] >0.6  0.7-0.8 09-1.0 1.1-12 1.3-14
>1.0 43 5 48 54 55
1.1-2.0 — 0 69 100 100
2.1-3.0 — 0 100 100 100
3.1-4.0 — 0 100 100 100

Atendency was established toward an increase in the
share of dead trees with an increase in their diameter.
Correlation analysis established a strong direct reliable
relationship (t.=5.84;t  =3.71) between these indica-
tors. One of the reasons for the higher mortality of large-
sized trees was the bigger amount of litter accumulated
near tree basis. Thus, in the undamaged parts of the pine
stands measurements were taken of the thickness of the
litter and duff at different distances from the trunk.

The thickness of litter and duff layers near the tree
basis varied within 7 to 14 cm (average value —11.0 £
0.52 cm) and decreased as the distance from the trunk
increased to 2.6 + 0.30 cm, which is statistically con-
firmed (F,=56,8; F ,,, = 2.7). Rough bark reaches only
the level of the litter, therefore surface fires severely dam-
age the cambium, leading to the weakening of the tree
and ultimately to dying. It was found that the thickness
ofthe bark on the pine root paws canbe 2.5 times smaller
than on the trunk above — 8.8 £ 0.99 mm versus 22.2 +
2.29 mm. The reliability of the difference in bark thick-
ness on model trees was statistically confirmed (t,= 5.54;
t,0s = 2.26). The presence of open root paws, on the one
hand, indicates damage to the first order roots, while on
the other, is an indicator of a strong degree of forest lit-
ter combustion, which causes also damage to fine roots.

4, Discussion

Our results show that the response of pine trees of
different age groups to the effect of surface fire differs
greatly. In young pine stands, damage to the crown
with simultaneous damage to the tree trunk prevails.
In middle-aged pine trees prevails damage to the trunk;
in mature pine stands — damage to the trunk by heat
radiation and root systems (roots of the first order at the
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base of the tree). The deterioration of tree sanitary state
or even the death of trees after the surface fire is caused
by damage to stem tissues; buds and needles in the crown
of the tree; damage to tree roots (Valendik et al. 2006;
Kosov2008), but the authors do not provide critical levels
of damage for each age group of pine stands. The bark
char indicator is widely used alone or in combination
with crown scorch to predict postfire mortality of pine
forests. These two indicators are considered to be the
most significant ones (De Bano & Conrad 1978; McHugh
& Kolb 2003). Kobechinskaya and Oturina (1997)
indicated that the height of bark charis not necessarily the
main criterion for the mortality in a stand. According to
theirresearch in the Crimea, the proportion of dead pine
trees varies greatly, with the same height and different
combustion and destruction of cambium. In our opinion,
such variation is caused by differences in the stand and
individual trees characteristics.

Accordingto Dieterich (1979), theamount of damage
to the crowns during fires has been identified as the main
cause of coniferous tree mortality and has been success-
fully used to predict postfire mortality. In our opinion,
crown scorch should be included in the prediction models
of postfire tree mortality, especially for predicting mor-
tality in young pine stands, where this type of damage is
typical during surface fires and closely correlates with
the deterioration of the sanitary state of damaged trees.
The surface fires in the young pine stands are extremely
dangerous. Because of the low height crown attachment,
the fire causes severe damage to both tree trunks and tree
crowns. Due to this, for young pine stands it is advisable
to use also “relative bark char” (the ratio of maximum
bark char height to the height of the tree) as an additional
indicator. This criterion is not new and was used Regel-
brugge and Conard (1993), but it is appropriate to use it
for young pine stands. This technique allows to predict
postfire mortality of trees more accurately, compared
to using the “char height” indicator. According to our
results, the lethal damage value of the crown scorch for
young pine trees is 80% and relative bark char — 60%.

Critical for pine stands damaged during summer
fires can be considered the average height of bark char
above two meters, the sanitary index being 3.4 and the
proportion of dead trees reaching 21%. As the average
bark char height increased, so did the proportion of dead
trees from 21% for bark char height of 1.5-2 m to 70%
forbark char of more than 5 m the sanitary index ranging
from 2.6 to 2.8. The rate of postfire tree mortality was
insignificant (1-6%). The probability of postfire mortal-
ity of individual middle-aged trees after summer surface
fires is determined depending on the diameter (DBH) of
the trees and the value of damage to the trunk. Trees of
thelowest natural degree of thickness (NDT 0.6—-0.7) are
killed by minor damage to the trunk (up to 1 m). The risk
of postfire mortality for trees with the NDT of 1.0-1.1
is significant only when the height of bark char is more
than 3.5 m.
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As is evidenced in major research papers (De Bano
& Conrad 1978; Pinard & Huffman 1997; Stephens &
Finney 2002), tree mortality rate is inversely related to
the diameter of the trees, since larger trees typically have
a thicker bark, which is a good insulator. According to
our research, the height of the coarse bark may be an
additional indicator of fire resistance of trees, especially
for middle-age trees. The trees whose height of the bark
charreaches the zone of the thin bark (its thickness being
0.1-0.9 mm), respond to damage by deterioration of the
sanitary state and have a higher probability of mortality.

The thermal insulation properties of the bark layer
depend on its thickness, structure, bulk density and
humidity. These bark characteristics vary widely across
tree species. The bark of coniferous tree species from fam-
ily Pinaceae (Pinus sylvestris L., Pinus pallasiana D. and
others) is the most successfully adapted for the thermal
isolation of living tissues from fire damage (Valendik et
al. 2006). Some authors (Hare 1965) provide data about
fireresistance, whichisrelated to morphological features
and increases with the size of the tree (diameter) and
its age. Other authors have reported that the diameter
and thickness of the bark are poorly correlated with the
postfire mortality rate (Menges & Deyrup 2001). Basi-
cally, the conclusions are often contradictory. On the
other hand, authors of similar works (Hood et al. 2007)
claim that trees with a larger diameter, on the contrary,
are less resistant to fires. In our research, such conclu-
sions are only partially confirmed. In mature pine trees,
especially after the summer fires and smoldering fires,
the fire resistance of the most developed trees was negli-
gible, they died after exposure to even minimal fire dam-
age. Tree mortality may take place in case of the small
thickness of the bark and its high thermal conductiv-
ity in trees with smaller diameter (DBH) (Kosov et al.
2005), so young and middle-aged pine trees larger in
size proved more fire-resistant and had a better sanitary
state one year after fire. In our opinion, the authors came
to different conclusions because they did not take into
account the fire intensity, damage to the roots and tree
morphological changes relative to its age. Our results
have shown that the high rate of mortality and probability
of mortality of more developed large trees in mature pine
standsis associated with the accumulation of a relatively
larger stock of litter and duff at the tree base near the
trunks. This contributes to the increased intensity of fire
and its localization near the tree trunk. The bark on the
root paws (8.8 = 0.99 mm) in mature pines is 2.5 times
thinner than on the trunk 10 cm above ground (22.2 £
2.29 mm). Therefore, summer surface fires damage the
cambium in thislocation, which leads to the weakening of
the trees and their subsequent dying. According to Fowler
and Cieg (2004), damage to fine roots can be crucial for
their postfire survival. Prolonged heat during smoldering
fires can cause root damage when first order roots near
the base of the trunk are damaged and die off. Along with

them, the rest of the higher order roots, which are related
to the first order roots, will also die (Guo et al. 2008). J.
Varner (2009) demonstrates that the lethal temperature
during a fire, spreads deeper than 20 cm into the soil.
O’Brien found (O’Brien et al. 2010), that the fine roots
of Pinus palustris Miller were almost evenly distributed in
the lower layers of forest duff and developed in the upper
30 cm of soil. Although the thermal conductivity of the
soil is negligible, the fire can, in certain conditions, sig-
nificantly damage the root systems. Therefore, if the trees
in the pine stand form a surface root system, a smolder-
ing fire can significantly affect the root systems. At the
same time, a steady smoldering fire that damaged the
cambium near the root (tree basis zone) can cause along-
term weakening of the trees, reduce resistance to beetles”
attacks and lead to the death of the pine stand. Similar
processes were recorded by Varner (2009) in mature pine
trees that were damaged during smoldering fire in the
summer; such trees died even with slight damage (up to
0.5 m of bark char height). Varner, in his work, came to
the same conclusion, finding that in low intensity surface
fires, mature pine trees can withstand fire damage, but a
smoldering fire in planting with a thick layer of litter and
duff can cause more than 80% of trees to die (Thies et al.
2006; Varner et al. 2009).

The intensity of postfire mortality depends also on
the season of fire (spring, summer, autumn). This phe-
nomenon was not clear due to a number of reasons. For
example, Menges and Deyrup (2001) argue that the
intensity of post fire mortality is the highest after the
autumn and winter fires. Harrington (1987) claimed
that more intense postfire mortality occurred during
spring fires (active season) than after autumn ones (dry
season), while Thies (2005), on the other hand, deter-
mined greater tree mortality after fall than after spring. It
islogical to assume that the season itself, as a factor, has
little effect on tree mortality, the mainrole being played by
the intensity and characteristic of the damage. Thatis, in
the summer, the intensity of the fire is greater, especially
during prolonged droughts when forest fuel dries up to a
critical level. This hypothesis has been confirmed in the
research of Thies (2006). Our results have shown that
summer fires have amore negative impact on pine stands.
Summer fires for middle-aged, mature and overmature
pine stands have more significant consequences than
spring fires. The intensity of postfire tree mortality after
summer surface fires in mature pine trees was 10 times
higher than after spring fires. Since spring fires are rapid,
only the top thin layer of litter is burned during the fire,
and the wetter ones do not burn out. Such type of damage
is less significant than in summer, all the litter and duff
burning, and damage to the trunk is also accompanied
by damage to the root and the destruction of the most
physiologically active fine roots in the topsoil. Inaddition,
trees damaged in early spring do not experience lack of
moisture, and they recover faster after being damaged.
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5. Conclusions

We conclude that fire resistance patterns in pine trees
change during their growth and vary greatly between
different age groups. We have found evidence that in
young, middle-aged and premature pine stands the main
indicators of fire resistance are connected to the tree size
—large trees appear more resistant. The main indicators
of fire resistance were thus tree diameter, tree height,
NDT, Kraft class, and otherrelated indicators. In mature
stands, on the contrary, larger trees were less resistant
to fire damage. The reason is that trees with larger diam-
eterin mature pines stands accumulate arelatively larger
stock of fuel (litter and duff) near the tree trunks. This
contributes to the local increase of fire intensity and its
localization near the tree trunk. Such local changes in
fire behavior lead to severe damage to the lower part of
tree trunks and the death of damaged trees. The height
of the coarse bark may be an additional indicator of pine
tree fire resistance. Trees whose height of the bark char
does not exceed the zone of the coarse bark have a better
sanitary condition and a higher probability of survival.
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Abstract

European bison (Bison bonasus) were successfully reintroduced in many free or semi-free areas across Europe during
the last decades. Due to the increased numbers, the conflicts between human activities and bison are more frequent.
Therefore the knowledge about spatial activity and habitat preference in new regions is the need for management
decision making. We studied daily and seasonal habitat use of the semi-free European bison herd in the Czech Repub-
lic from 2014 to 2019. The lead cows of the herd were collared with the GPS devices with a 30-minutes GPS fixes
interval. The bison herd strongly preferred the managed open areas and supplementary feeding stations during the
seasons (Jacob’sindex from 0.49t0 0.99). On the contrary, they avoided the forest type and unmanaged open habitats
(Jacob’sindex from —0.23 to —0.69). The managed meadows and feeding places they used almost exclusively during

the night while the forest during the day-light.
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1. Introduction

The European bison is the largest wild ungulate on the
European continent (Ramos et al. 2016). At the end of
the 19th century, it was on the verge of extinction, but
thanks to a successful reintroduction programme, more
than 40 wild yet geographically separated populations
currentlylive in Europe (Raczynski2019). Due to the fact
that the European bison is introduced to new areas and
different types of environments, there is still a lack of a
unified view of its habitat preferences and what its natu-
ral environment is. The European bison is considered a
species that prefers a forest environment (Plumb et al.
2009; Bleieretal. 2012; Hofman-Kaminska & Kowalczyk
2012). However, the reason may be that the European
bison is an example of a species that has been forced to
move into the forest due to a combination of overgrowth
of open areas after the last postglacial period and increas-
ing human pressure on it (Cromssigt et al. 2012; Kerley
et al. 2012). Based on these assumptions and the fact
that the European bison needs a large amount of her-
baceous vegetation each day, in recent years the bison
has been very often introduced to places where it should
serve as one of the species naturally farming open grassy
and bushy succession habitats. In these types of vegeta-

tion, the European bison should prevent the spread and
development of shrubs and trees and thus maintain these
areas (Jirka & Dostal 2020). The presence of the Euro-
pean bison in these semi-wild farms has a significant
effect on the species structure of habitats (Dostal et al.
2012). This is often the reason for the so-called rewild-
ing concept, which assumes the reintroduction of spe-
ciesthat have disappeared from the landscape or species
farmed with the aim of increasing biodiversity without
the need for active human management. This idea also
often includes the reintroduction of the European bison
in many areas of Central and Eastern Europe, namely
Germany, Poland, Lithuania and Latvia. Where several
highly suitable regions large enough to support a new
herd were found, with the optimal areas being in Poland,
the European bison was introduced in this way (Lord et
al. 2020). Usually, semi-wild breeding is significantly
limited (fenced) in space, however, with the ambition of
spreading the European bison into the wild. And as like
in the case of open landscape, habitat preferences may
be different. This can be reflected in the resulting impact
on different types of habitats. Therefore, we decided to
evaluate the habitat preferences of European bison herds
bred in semi-wild breeding in the Czech Republic.
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2. Material and methods
2.1. Study area

Zidlovis a nature reserve with an approximate area of 38
km? and is one of the largest fields in Central Europe. It
islocated in the northern part of the Czech Republic and
was established in 2000 on the territory of a former mili-
tary training ground. 55% of the area is occupied by com-
mercial forests, of which 88% are conifers (pine, spruce)
and 12% deciduoustrees (birch, oak). The rest of the area
(38%) consists of former impact areas that have been
left to natural succession and currently form a forest-
steppe landscape with a predominance of unmaintained
grasses, pioneer trees and shrubs. Cultivated agricultural
land occupies 5% and consists of maintained meadows
used for grazing game. In the nature reserve there are
red deer, fallow deer, mouflon, roe deer, and wild boar.
Since 2011, European bison, which have been imported
from Biatowieza Forest and Kampinos National Park,
have been bred in the nature reserve. Currently, there
is a herd of a total of 34 European bison in the nature
reserve (Raczynski 2019). Since 2014, wolves that are
able to overcome fencing occasionally occur in the nature
reserve.

2.2. Data collection

Between 2014 and 2018, the movement of the European
bison herd was monitored with a telemetry collar (VEC-
TRONIC Aerospace GmbH; type GPS Plus 5D). The
sampling frequency of GPS positions was 30 minutes
(Cerveny et al. 2014). GPS data were used according to
the method of Lewis et al. (2007), and all positions with
DOP less than 6 were not used in the analyzes due to high
inaccuracy of measurement. A total of 23,000 positions
were available.

Information about the environment comes from the
mapping itself, when on the basis of field walks the area
wasvectorized and habitats were divided into the follow-
ing main types: Meadow, Bush, Forest, Feeding places.
Meadow is a grassland economically maintained and
restored, which is used to graze game kept in the nature
reserve. Bush is formed by stands of early successional
stages, which are gradually overgrown with shrubs and
trees; these stands are not maintained. Forests are com-
mercial forests used for wood production. Feeding places
are places where supplementary feed (grain, corn, hay,
haylage) is presented to game throughout the year. An
area with aradius of 100 meters from the feeding facility
was defined as a feeding place.

2.3. Statistical analyses

Occurrence and habitat data were processed in ArcGIS
10.7 software (ESR12010). The spatial join toolwas used
to link bison herd data and habitat type.

The Jacob’sindex was used to determine habitat pref-
erences. The Jacob’s index was calculated according to
the formula:

D=(r-p)/(r+p-2rp),
where r is the proportion of habitat used and p the proportion
of habitat available. D varies from —1 (strong avoidance) to +1
(strong preference), and values close to zero indicate that the
habitat is used in proportion to its availability (Jacobs 1974,
Kauhala and Aittilla 2008).

Data normality was tested using the one-sample
Kolmogorov-Smirnov test. If the distribution was not
normal, a nonparametric test was used to compare the
data. For the Jacob’s index, 95% confidence intervals
were calculated to find the difference in different parts
of the year.

The data were divided according to the time distri-
bution in the year, either according to calendar months
or seasonality for spring (March, April, May), summer
(June, July, August), autumn (September, October,
November) and winter (December, January, February).

The Oriana 4.02 software (Kovach Computing) and
circular statistics were used to examine the distribution
of habitat preference during the 24-hour cycle (Lehner
1996). Significant deviations from random distributions
were investigated using the Rayleigh test of circular sta-
tistics.

3. Results

On average across the entire time period, the European
bison herd used forest type (34%), feeding places (23%),
meadow (22%) and bush (21%). However, habitat use
varied significantly between seasons (Kruskal-Wallis
Anova, p<0.000; Fig. 1). Forest stands were mostly used
by bison in summer (47%) and least in autumn (20%),
feeding places mostly in winter (58%) and least in sum-
mer (3%), meadows mostly in summer (33%) and least in
winter (5%), and bush most in summer (23%) and least
in winter (15%).

70%

60% %

50%
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. Bush

Forest

0] Feeding place

40% i
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g
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Fig. 1. Habitat utilization of bison during the seasons (% of to-
tal location in the season) for different type of habitat (column
= mean; whisker = mean + 0.95 conf. interval).
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As for the preferences in individual seasons (Fig. 2
and Table 1), the largest Jacob’s index showed a bison
herd for feeding places in winter (0.98), spring (0.87),
autumn (0.86), only in summer the preference slightly
decreased (t0 0.41). Anothertype of vegetation that Euro-
pean bison strongly preferred were cultivated meadows.
In spring the Jacob’s index was 0.49, in summer 0.76,
in autumn 0.70. Only in winter the index fell to —0.14.
On the contrary, the European bison did not prefer, or
evendeliberately avoided the forest and bush. The Jacob’s

index are greatest, European bison primarily use feed-
ing places and meadows during the night, while forest
almost exclusively during the day. Bush, on the other
hand, is used during dawn (Fig. 3). At the same time,
in meadows and forests there is a very high value of the
mean length of the vector and the concentration of datain
the preferred parts of the day throughout the year. With
the exception of spring, the values of bushes are very low
and the significance is also an order of magnitude lower
than for other types of stands.

index for the forest ranged from —0.69 in the fall to —0.23

inthe spring. It was similar for bush, when the index took a) i b) e
values from —0.49 in winter to —0.26 in spring. ) b
|
\\\\\\\\\\§ Forest 6:00
Bush
Meadow
12:00
0:00
Feeding place g
-1.0 -0.5 0.0 0.5 1.0
| Winter Autumn  NSummer  # Spring 6:00
5%
Fig. 2. Habitat preference of bison during the seasons (Jacob’s o
index) for different type of habitat. %
Table 1. Values of Jacob’s index for month’s and different ki 1200
type of habitat.
) Fig. 3. Daily habitat selection during the spring: a) bush; b)
Feeding place Meadow Bush Forest forest; ¢) feeding place; d) meadow.
January 0.99 —0.42 -0.71 -0.67
February 0.96 -0.11 -0.23 -0.53
March 0.96 0.36 -0.36 -0.49
April 0.77 0.53 -0.28 -0.15 i i
May 0.00 0.57 -0.27 -0.05 4. Discussion
}E{;" %%61 g;g :8%% :g'gg The high preference of the forest corresponds to the
August 0.48 0.78 -0.24 -0.41 results found in other studies. As reported by Bleier et al.
E)eclzf)%‘zrber 8;2 g;g :8% :ggi (2012) or Hofman-Kamiriska and Kowalczyk (2012), the
November 0.94 072 ~0.19 07 European bison prefer forest type environments, espe-
December 0.99 0.02 052 -0.75 cially during daytime (Cerveny et al. 2014; Marozas et al.

2019). Conversely, at night, European bison prefer open

The distribution of habitat use also shows statisti-
cally significant differences (Table 2). In winter, when
the differences in preference according to the Jacob’s

stands (Pucek et al. 2004; Daleszcyk et al. 2007; Marozas
et al. 2019). This corresponds to the theory that bison
changed their behaviour after the last postglacial period,

Table 2. Circular statistics values for daily use of different type of habitat and season.

Spring Summer Autumn Winter

Mean vector (time) 01:00 21:33 12:23 00:08

. Length of Mean Vector (r) 0.151 0.21 0.139 0.164
Feeding place Concentration 0.305 0429 0.8 0333
Rayleigh Test (p) <0.001 <0.001 <0.001 <0.001

Mean vector 00:35 0:58 00:22 02:33

Length of Mean Vector (r) 0.5423 0.486 0.412 0.200

Meadow Concentration 1.222 1.109 0.904 0.409
Rayleigh Test (p) <0.001 <0.001 <0.001 <0.001

Mean vector 12:27 12:42 12:06 12:04

Length of Mean Vector (r) 0.338 0.459 0.509 0.464

Forest Concentration 0.719 1.033 1.179 1.046
Rayleigh Test (p) <0.001 <0.001 <0.001 <0.001

Mean vector 00:11 00:06 20:37 19:14

Length of Mean Vector (r) 0.299 0.099 0.035 0.092

Bush Concentration 0.628 0.199 0.069 0.184
Rayleigh Test (p) <0.001 <0.01 <0.01 <0.01
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which was associated with a decrease in open areas and
increasing activity of people for whom European bison
were prey (Cromssigt et al. 2012; Kerley et al. 2012).
Their frequent stay in open areas during the night can
alsobe the result of better grazing, when, like other rumi-
nants, they look for richer food habitats at a time when
they are less disturbed by humans (Whittaker & Knight
1998). This is also confirmed by conclusions about the
type of habitat preference. In most cases within our study
these were maintained grasslands, regularly managed.
Their share in the total area is only 5%, but bison occur
in it up to 33% of the total time of day (Summer). Other
natural successive shrub formations (Bush) are avoided
throughout the year, even though they make up more
than 43% of the total area. On average, they spend only
21% of their total time on them. In other studies, Euro-
pean bison similarly preferred cultivated farmland. E.g.
in Lithuania (Marozas et al. 2019), European bison spent
up to 56% of their time at night there, of which only 7%
on the uncultivated land to which we can compare bush.
Onthe contrary, they significantly preferred qualitatively
rich types of vegetation, such asrape or cereals. European
bison living on the borders of the Biatlowieza National
Park showed similar preferences, when their home dis-
tricts intervened in the agricultural landscape. This also
supports the findings of Mendoza and Palmquist (2008),
who rank the bison morphologically among the species
adapted to live in rich grass communities. On the con-
trary, the results of food analyses carried out in the cen-
tral part of the Biatowieza National Park, where neither
feedingis carried out nor cultivated agricultural crops are
present, suggest that European bison prefer highly nutri-
tious and easily digestible parts of woody plants, shrubs
and herbs to grasses (Kowalczyk et al. 2019). At the same
time, they also point out that the content of graminoids
(which contain alarge percentage of grasses) was higher,
especially in the period when the supply of quality trees
and shrubs was declining. This indicates a high degree
of plasticity of the bison in food selection and they can
thusbe described as a generalist (Freeland 1991), where
this type of animal prefers high quality food and is only
selective if its presence in the environment is high.

The theory of the European bison as a generalist is
also supported by the high intensity of the use of feeding
places, whichin our study achieved very high preferences
(Winter Jacob’sindex=1), and where the bison spent up
to 60% of the day in their immediate vicinity (< 100 m).

Such a high preference for feeding sites can cause a
significant reduction in flight distance and also to attrac-
tion by strengthening an animal’s behavior through posi-
tivereinforcement and encouraging movement towards a
stimulus (Haidt et al. 2018). Bisons aggregation by feed-
ing sites may facilitate transmission of nematode Ash-
worthius sidemi, which occurs by ingesting an invasive
larval stage (Radwan et al. 2010; Vadlejch et al. 2017).

5. Conclusion

We conclude that bison highly preferred the managed
open habitats (meadows) and feeding sites all year
around. The forest habitats bison use usually during the
daylight which is related to antipredation behavior. In
contrary they avoid the opened unmanaged succession
areas. This can cause conflicts between the humans and
bison interests. It"s also necessary to consider the rela-
tionship with other game species because of the high
preference for feeding stations by bison. This can cause
that other species will have limited access to these places.

In the case of bison reintroduction in areas with
intensively cultivated agricultural areas, it is appropri-
ate to cultivate a special pasture areas for it and thus
eliminate possible migration outside the core area and
prevent damages and conflicts. A very common goal of
bison reintroduction is to eliminate woody plants and
other aggressive species of plant on the open succession
areas by bison grazing. However, this purpose proves
to be unsuitable for large semi free areas or in the free-
range areas. It is suitable to implement it only in small
limited farms, where the bison has a limited choice of
habitat and food sources. To establish the management
plansand true decision making policy, a detailed study of
habitat preferences is suitable, especially in areas newly
inhabited by bison.
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Abstract

The purpose of the study was to examine the effects of forest disturbance on seasonal changes in soil temperature
in the Tatra Mountains (Poland). In the years 2015-2020 soil temperatures were measured at a depth of 20 cm on
north- and south-facing mountain slopes in a catchment where forest was disturbed by hurricane-force winds in
2013 and in a control neighboring woodland catchment. The effect of forest disturbance was manifested first and
foremostin anincreasein the soil temperature during the summer months—average by 1.8 to 2.4 °Con a south-facing
mountain slope — and by about 1 °C on a north-facing slope. The buffer effect of forest on soil temperature can be
observed via lower coefficients of correlation between soil temperature and air temperature in a woodland catch-
ment versus a disturbed catchment in the summer. In the winter, the effect of forest disturbance on soil temperature
was less pronounced than in the summer. Small differences in soil temperature in the winter between the woodland
catchment and the disturbed catchment were associated with the presence of snow cover and its capacity to yield
thermal insulation. Good insulation of the soil from the atmosphere generated by snow cover yielded a very weak
relationship between soil temperature and air temperature in the winter. In springtime the soil temperature increased
the fastest on a south-facing slope in the disturbed catchment while in the autumn season, soil temperatures declined
most rapidly on a slope facing north in the disturbed catchment.

Key words: soil temperature; forest disturbance; windthrow; seasonal changes; Tatra Mountains
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to an increase in evaporation and decline in transpira-
tion during low flow periods (Likens et al. 1970; Jewett
et al. 1995; Anderegg et al. 2012). However, according
to Gholami (2013), Hlasny et al. (2015) and Khaleghi
(2017), deforestation causes increase in peak discharge
and runoff volume during rainfall events. Forest distur-
bance along with the soil warming leads to changes in
carbon cycling (Davidson & Janssens 2006; Allen 2009),
as does nutrient cycling (Anderegg et al. 2012) and soil
respiration (Londo et al. 1999; Schlesinger & Andrews
2000; Ney et al. 2019).

Most studies indicate that forest disturbance and
deforestation cause amarked rise in soil temperature dur-
ing the summer months (Donnelly et al. 1991; Bhatti et
al. 2000; Hu et al. 2003; Moroni et al. 2009) and minor
changes in the winter months (Donnelly et al. 1991;

1. Introduction

Theincreaseinair temperature observed across the Earth
inthe last few decades (Allen et al. 2018) is a cause of the
rise in soil temperature. This pattern was examined in
studies in the United States, where the soil temperature
atmost of nearly 300 stations has shown a trend of warm-
ing in the last 35 years, with the average warming rate
at 0.38 °C per 10 years (Hu & Feng 2003). The increase
in soil temperature and the associated soil drought have
served as the cause of forest disturbance in many parts
of the world over the last few decades (Allen et al. 2010;
Andereggetal. 2012; Martinez-Vilalta 2012; Steinkamp
et al. 2015). Forest disturbance as well as deforestation
drive an array of feedback mechanisms. For example,
they generally lead to a continuous increase in the soil
temperature primarily due to an increase in near-ground

solar radiation (Anderegg et al. 2012). The rise in soil
temperature due to forest disturbance and deforestation
triggers changes in the functioning of ecosystems. Water
circulation patterns in catchments change mostly due

Hashimoto & Suzuki 2004; Moroni et al. 2009). How-
ever, Whitson et al. (2005) measured distinctly higher
soil temperatures at harvested sites than at forest sites
during snowmelt. Iwahana et al. (2005) also argue that

*Corresponding author. Joanna P. Siwek, e-mail: joanna.siwek@uj.edu.pl, phone: +48 126 645 277
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clear-cutting enhances ground thawing and the depth of
the soil active layer in areas underlain by permafrost, for
example in the eastern Russian region of Siberia. Snow
cover also plays an important role in seasonal changes in
soil temperature. The depth of snow together with snow
thermal conductivity play a key role in snow thermal
insulation, as noted by Iwahana et al. (2005), Mellander
etal. (2005) and Hu et al. (2013). Work by Mellander et
al. (2005) showed that the nature of tree stands deter-
mines the thickness of snow cover in awoodland area. For
example, an open tree stand together with a low surface
area covered by its canopy ultimately result in thicker
layers of snow.

The purpose of the present study was to investigate
the effect of forest disturbance triggered by natural causes
—such asahurricane-force wind —on seasonal changes in
soil temperature in a mountain region where tree stands
are dominated by spruce. Anincrease in soil temperature
after forest disturbance was expected; however, the key
questions were the following: (i) What was the magni-
tude of the increase? (ii) How does slope exposure affect
this magnitude? These are important questions today, as
forest disturbance may increase soil warming caused by
global climate warming. Despite the availability of sev-
eral global soil surface temperature databases based on
satellite products, according to Cassardo et al. (2018),
there is still a lack of observational data on soil tempera-
ture profiles, especially for the root layer zone.

Initial research work focused on a comparison of soil
temperature in a catchment where forest was disturbed
by hurricane-force windsin 2013 and soil temperature in

Fig. 1. Study area in 2008 and 2014.
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aneighboring undisturbed woodland catchment. In the
course of the research a unique opportunity presented
itself. It became possible to directly examine the effects of
forest disturbance on soil temperature in the same catch-
ment. Spruce stands in a woodland catchment experi-
enced an attack of the bark beetlein 2018. In the following
year the stands were partly overturned by high winds.

2. Material and methods

2.1. Study area and meteorological conditions

The research study was conducted in two small sub-
catchments: (1) disturbed catchment, and (2) control
woodland catchment (Fig. 1). Both sub-catchments are
located in the Koscieliski Potok catchment area in the
Polish part of Western Tatra Mountains, which is pro-
tected as Tatra National Park. The woodland catchment,
called the Konczysta Turnia, hasasurface areaof 14.1 ha,
while the disturbed catchment, called Posrednia Kopka,
has a surface area of 14.4 ha. The woodland catchment
is located at elevations ranging from a minimum of 968
to a maximum of 1,264 m. The disturbed catchment is
found at elevations in the range from 940 m to 1,200 m.
The mean gradient of the woodland catchment is 30.1°,
and that of the disturbed catchment is 23.6° (Zelazny et
al. 2018). Both catchments are fragmented by narrow,
deep V—shaped valleys, and are formed of sedimentary
rocks: limestone, sandstone, conglomerates. These par-
ent material rocks are covered with Rendzic Leptosols
(Skeletic) and Haplic Cambisols (Eutric) (Skiba et al.

Koriczysta Turnia catchment
/

A
o W5 2
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2015). These soils are most often 40 to 60 cm deep. Soils
found in the woodland catchment are characterized by
the occurrence of horizon O (1-5 cm), while soils found
in the disturbed catchment lack this horizon (Zelazny et
al. 2018). In both catchments the mineral horizons are
formed of silt loam (USDA classification); however, the
Ahorizonis characterized by a higher proportion of sand
than lower horizons (Table 1).

in the study period occurred in late 2015 and early 2016
as well as late 2019 and early 2020 (Fig. 2a). According
to Ustrnul et al. (2015), the mean annual atmospheric
precipitation total in the study area ranges from 1,200
mm at lower elevations to 1,600 mm at high elevations.
In the study period the highest atmospheric precipita-
tion totals were recorded in the summer months (Fig.
2b). Snow cover appeared usually in October or Novem-

Table 1. Texture and carbon (C) content in mineral horizons of the soils in the studied disturbed and woodland catchments — data

source: Zelazny et al. (2018).

Disturbed catchment Woodland catchment

Soil horizon Depth ¢ Sand 9 Silt Clay Texture*  Soil horizon Depth ¢ Sand o Silt Clay Texture*
[cm] [%] [cm] [%]

A 0-4 6.89 24 64 12 Silt loam A 0-6 6.66 29 60 11 Siltloam

AB 4-19 3.98 8 74 19 Silt loam B 640 1.45 0 83 17 Siltloam

Bea 19-40  2.19 0 82 18 Silt loam Bea 40-60  1.85 0 84 16 Siltloam

*according to United States Department of Agriculture.

The study areaislocated in atemperate climate zone —
inamoderately cool climate zone (Hess 1965). According
to Zmudzka et al. (2015) the mean annual air tempera-
ture ranges from 4 °C at lower elevations to 6 °C at high
elevations. In the study period (2015-2020) the warmest
months of the year were June, July, and August when the
mean monthly air temperature exceeded 10 °C (Fig. 2a).
The coolest months of the year when the mean monthly
air temperature decreased below 0 °C were usually
December, January, and February. The warmest winters

ber and melted in April or May. The largest snow depth
was noted usually in December, January, and February,
reaching usually more than 20 cm. Exceptionally small
snow cover depths were noted in the winter of 2015/2016
(Fig. 2¢).

Originally, the study area was occupied by Dentario
glandulosae-Fagetum, dominated by beech (Fagus syl-
vatica L.), fir (Abies alba L.), and spruce (Picea abies
L.). The trees were felled at the end of the 19th century
and monocultures of spruce were planted at the begin-

Air temperature [°C]

Average snow depth [cmimonth]
8 B

|
oNDJ

FMAMJJASON
2015 2016

DIFMAMJIJASONDJ
17

FMAMIJASOND) FMAMIJASONDJF
2018 2018 2020

Fig. 2. Meteorological characteristics of study period: monthly air temperature (a), precipitation (b) and snow depth (c).
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ning of the 20th century (Szwagrzyk et al. 2019). The
share of spruce in the studied stands exceeded 90%
while the share of fir and beech did not exceed 10%
(Bodziarczyk et al. 2019). Until December 2013 about
93% of the Konczysta Turnia catchment was covered
with forest, while almost 100% of the Posrednia Kopka
catchment was forestland (Fig. 1). The age of the for-
est ranged from 85 to 150 years. In December 2013 the
Posrednia Kopka catchment experienced hurricane-force
winds felling 97% of its tree stands (Fig. 1). The maxi-
mum hourly average wind velocity during the windthrow
event was 29 m/s (Strzyzowski et al. 2016). In the same
time period, only 13% of the forest in the Konczysta Tur-
nia catchment became disturbed (Zelazny et al. 2018).
Some of the fallen trees lying across the hillslopes in the
lower and central parts of the PoSrednia Kopka catch-
ment area were removed in 2014—-2015. Fir and beech
seedlings were planted in a part of this area in 2015.
Research work performed in 2018 showed that 23% of
the disturbed area of the Posrednia Kopka catchment was
experiencing a succession of bush vegetation and juve-
nile trees (Zelazny et al. 2018). Vaccinium myrtillus L.,
Rubus idaeus L., Athyrium distentifolium, Sorbus aucu-
paria L., Calamagrostis villosa, Deschampsia flexuosa
L., Homogyne alpina L., and Oxalis acetosella L. are the
most common species, which have emerged in the dis-
turbed area (Szwagrzyk et al. 2019). The same study also
showed that in 2018 almost 50% of the forested area in
the Konczysta Turnia catchment experienced an attack of
thebark beetle. In 2019 alarge percentage of trees on the
south-facing slope of the woodland catchment became
felled by high winds present in the area.

2.2. Methods of measurements

Soil temperature probes (Decagon ECH20 5TM) were
installed at two sites in each of the studied catchments.
The WN and WS sites located in the studied woodland
catchment represent north-facing and south-facing
woodland hillslopes, respectively. The studied DN and
DS sites located in the disturbed catchment represent
north-facing and south-facing disturbed hillslopes,
respectively. Soil temperature probes were installed in
the mineral soil horizons at a depth of 20 cm. The 20
cm depth was chosen to ensure that the probes will be
installed in the mineral and not the organic horizons of
the soil. The probes were placed at an elevation of roughly
900 m (Fig. 1). The technical specifications of the Deca-
gon ECH20 5TM probes: range from —40 to 60 °C, reso-
lution at 0.1 °C, =1 °C. Soil temperature measurements
were collected every 10 minutes. The first probes were
installed in October 2015 on a north-facing slope in the
woodland catchment (WN site) and on a south-facing
slope in the disturbed catchment (DS site). In April 2017
probes were installed on a north-facing slope in the dis-
turbed catchment (DN site), while in June 2017 probes

38

were installed on a south-facing slope in the woodland
catchment (WS site). The probes experienced failures
several times during the study period, which explains
gaps in the data set used in the study.

Meteorologic data were obtained from weather sta-
tions run by the Institute of Meteorology and Water Man-
agement in Poland. The weather stations were located in
the vicinity of the study areas examined. Air temperature
data measured at a height of two meters above ground
level were obtained from the Polana Chochotowska sta-
tion, which is located about 6 km away from the stud-
ied catchments, and found at 1,147 meters of elevation.
Atmosphericprecipitation data and snow cover datawere
obtained from the Kiry-KoScielisko station located about
1 km away from the studied catchments at an elevation
of 933 meters.

Monthly soil temperature analyses were performed
only for months with a complete set of data for particular
study site. The coefficient of correlation for mean daily
soil temperature data for the 4 study sites with respect
to mean air temperature data was calculated only for
months with a complete data set from all the study sites.
The Pearson correlation coefficient () was computed.
Mean daily air and soil temperatures were calculated
using row data. Statistical analyses were performed in
Statistica 1.3 software.

3. Results

The largest differences between the highest and the low-
est values of the soil temperature over the course of the
yearwere noted on the south-facing slope in the disturbed
catchment (DS site), while the smallest were noted on
the north-facing slope in the woodland catchment (WN
site) (Fig. 3). In summer months (June to August) the
soil temperature at the DS site usually exceeded 15 °C—it
ranges from about 12.5 °C up to 20 °C in summer 2017.
Soil temperatures were lower during the same period of
time on the south-facing slope in the woodland catch-
ment (WS site), where usually did not exceed 15 °C. Soil
temperatures in the summer on north-facing slopesin the
woodland and disturbed catchments usually ranged from
10 to 15 °C — exceeding the latter only in selected cases.
Soiltemperatures decreased below 5 °Cin all the studied
catchments in wintertime, but did not normally fall below
0 °C. Only the soil temperature at the DS site decreased
below 0 °C in the winter of 2015. Soil temperatures in
the spring and autumn months usually ranged from 5
to 10 °C (Fig. 3).

The smallest monthly differences in soil temperature
occurred in all the studied sites in the wintertime, as evi-
denced by the monthly interquartile range and monthly
maximum-minimum range (Fig. 3). Larger monthly dif-
ferences in the soil temperature in spring, summer, and
autumn in both catchments occurred on south-facing
slopes (vs. north-facing), with the largest monthly dif-
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Fig. 3. Statistical characteristics of soil temperature at four studied sites for each month of the studied period (November 2015

— February 2020). The above statistics are based on raw data.

ferencesin soil temperature noted at the DS site. The rela-
tionship between mean daily soil and air temperatures for
a given month was stronger for south-facing slopes (DS
and WS sites) than north-facing slopes (DN and WN
sites). The strongest relationship was noted for the DS
site and weakest for the WN site (Table 2). This relation-
ship was strongest for all sites in the summer months and
weakest in winter.

A comparison of soil temperature measured at the
same time on south-facing slopes in the disturbed and
woodland catchments (DS site vs. WS site) showed that
in 2017 and early 2018 (January to March, lack of data
for DS for subsequent months) the soil temperature at
the DS site was much higher than at the WS site. Mean
monthly soil temperatures in summer (June to August
2017) were from 1.8 to 2.4 °C higher at the DS site than
the WS site (Table 3). These differences were smaller in
the winter. This pattern changed in 2019 when soil tem-
peratures were often higher at the WS site than the DS
site, especially in the summer (Fig. 4), and mean monthly
soil temperatures at both study sites were comparable
(Table 3). Acomparison of soil temperatures measured at
the same time in both catchments on north-facing slopes
(DN site versus WN site) showed that soil temperatures
inthe summer were higher at the DN site versus the WN
site, while in the winter the situation was just the opposite
—higher soil temperature values were noted for the WN
site versus the DN site. This pattern was evidenced by

mean monthly soil temperature data (Table 3).

Table 2. The Pearson correlation coefficient (p < 0.05) be-
tween mean daily soil temperature and mean daily air temper-
ature for four studied sites: DS — south-facing slope of the dis-
turbed catchment, DN — north-facing slope of the disturbed
catchment, WS — south-facing slope of the woodland catch-
ment, WN — north-facing slope of the woodland catchment
(ns —not significant).

Year / month DS DN WS WN
2017/ June 0.804 0.614 0.833 0.645
2017/ July 0.845 0.644 0.758 0.443
2017 / August 0.874 0.618 0.748 0.487
2017/ September 0.774 0.628 0.707 0.572
2017 / November 0.565 0.516 0.657 0.502
2017 / December ns -0.392 ns —0.395
2018/ January 0.479 0.375 0.444 ns
2018/ February 0.765 ns 0.475 0.773
2018/ March 0.571 ns ns —0.389
2019/ February ns ns ns ns
2019/ March 0.556 ns 0.490 ns
2019/ April 0.788 0.492 0.737 0.441
2019 /May 0.830 0.795 0.802 0.599
2019/ June 0.665 0.525 0.599 0.386
2019/ July 0.798 0.730 0.722 0.602
2019/ August 0.736 0.465 0.694 ns
2019/ September 0.613 0.606 0.652 0.538
2019/ October 0.508 0.421 0.700 0.441
2019/ November ns 0.453 0.508 ns
2020/ January ns ns ns —0.364
2020 / February —0.405 ns ns ns

In the springtime, soil temperatures first begin to
increase at the DS site, with temperatures higher than
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5 °C already in March. At other sites, soil temperatures
begin to rise later, in April. The situation changed at the
WS site in 2019 when the soil temperature at this site
began to rise as quickly as that at the DS site (Fig. 3). A
decreasein temperature inlate autumn and winter below
5°Cisfirst observed on north-facing slopes in the studied
disturbed catchment.

Table 3. Mean monthly soil temperature [°C] at four studied
sites: DS — south-facing slope of the disturbed catchment, DN
—north-facing slope of the disturbed catchment, WS — south-
facing slope of the woodland catchment, WN — north-facing
slope of the woodland catchment.

Year / month DS DN WS WN
2017/ June 14.3 12.0 11.9 10.9
2017/ July 14.8 133 12.8 12.2
2017 / August 16.1 13.9 14.3 13.3
2017 / September 122 10.3 10.5 10.3
2017 / November 4.5 3.0 3.8 41
2017 / December 24 1.7 1.9 2.5
2018/ January 1.8 1.2 1.5 1.9
2018 / Fabruary 1.6 1.1 1.0 1.6
2018 /March 2.4 0.8 0.9 1.3
2019/ January 23 1.5 1.9 2.5
2019/ Fabruary 2.1 1.3 1.4 2.0
2019 /March 4.0 1.1 2.9 2.2
2019/ April 73 2.9 6.2 4.5
2019 /May 8.5 7.2 7.8 6.6
2019/ June 14.6 13.7 14.5 12.4
2019/ July 14.4 13.1 14.4 12.5
2019/ August 15.7 14.2 15.6 13.7
2019/ September 13.2 11.0 12.6 11.2
2019/ October 10.6 7.6 9.9 8.8
2019/ November 7.5 5.3 6.8 6.5
2019 / December 43 2.5 34 3.9
2020/ January 33 1.9 2.1 27
2020 / Fabruary 2.9 14 2.1 2.1

4. Discussion

The effect of forest disturbance on the soil temperature
at 20 cm depth in the study area is observable first and
foremost via a rise in the soil temperature in the sum-
mer months. The mean soil temperature in the summer
months on south-facing slopes in the disturbed catch-
ment is 1.8 to 2.4 °C higher than that in the woodland

catchment. After partial disturbance on the south-fac-
ing slope of the woodland catchment in 2019, the mean
monthly soil temperature increased and was comparable
to thatin the disturbed catchmentin 2013 (Table 3). The
soil temperature difference on the north-facing slopes of
the woodland and disturbed catchments in summertime
was smaller at about 1 °C (Table 3). Higher soil temper-
atures in disturbed areas versus woodland areas in the
summertime have been documented by many researchers
in other parts of the world. The differences in mean soil
temperatures described by these other researchers for
the summer months between woodland and disturbed
areas do vary mostly due to differences in the depth at
which each measurement was performed. According to
Paul et al. (2004) soil depth is the most important factor
aside from other key factors such as air temperature and
the surface area covered by tree canopies controlling soil
temperature. Moroni et al. (2009) studied soil tempera-
ture at adepth of 10 cm in Newfoundland in Canada and
found that the difference in the soil temperature between
a harvested area and woodland area in the summer sea-
son equals about 2 °C. Bhatti et al. (2000) showed in
northeastern Ontario in Canada that soil temperature ata
depth of 5 cmincreases in the summer after harvesting by
4 t0 6 °C. According to research by Hu et al. (2013) con-
ducted in a steppe area in Central Asia, the soil tempera-
ture at a depth of 10 cm was higher by 4 to 8 °C relative
to that in awoodland area in the warm season. Londo et
al. (1999) studied soil temperature in Texas in the United
States and found a marked increase in soil temperature
after deforestation — the measurements were performed
atadepth of 10 cmin the summer season. The increase in
soil temperature was larger after clearcutting than after
partial clearcutting (Londo et al. 1999).

According to Hashimoto & Suzuki (2004) a marked
increase in soil temperature following forest clear-cutting
isassociated with anincrease in absorbed solar radiation.
Soils in woodland areas are protected from heating not
only by trees but also by the organic forest floor situated
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Fig. 4. Relationship between soil temperature (raw data) at DS site and WS site (A), and DN site and WN site (B) taking into
account all measurements made in 2017 (red points), 2018 (grey points), and 2019 (blue points).
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atop the mineral soil horizons. The forest floor acts as
a thermal insulator (Bhatti et al. 2000). The presented
research has shown that an area without trees and an
organic layer, such as a disturbed catchment, heats up
more during the summer than a wooded area with an
organic layer that is 1-5 centimeters thick, as would be
the case in a woodland area. The buffer effect of forest
on soil temperature is confirmed by lower coefficients of
correlation between soil temperature and air temperature
in awoodland catchment versus a disturbed catchment.

The effect of forest disturbance on soil temperature
measured at adepth of 20 cm in the winter months in the
catchments examined in the present study was weaker
than that in the summer. Similar conclusions were
reached by Donnelley et al. (1991) for the northeastern
United States, Hashimoto & Suzuki (2004) for Japan,
and Moroni et al. (2009) for Newfoundland (Canada).
Small differences in soil temperature in the winter
between the woodland and disturbed areas examined
in the present study were undoubtedly associated with
the presence of snow cover and its capacity for thermal
insulation. The thickness of the snow cover in the study
period in the winter months usually reached into the tens
of centimeters (Fig. 2c). The soil temperature is above
freezing in winter months when mean daily air temper-
atures fall below —5 °C and sometimes below —20 °C.
Short-term decline in soil temperature below 0 °Con a
south-facing slope in the disturbed catchment could be
due to the negligible thickness of snow cover, less than
10 cm. It is possible that the snow simply melted on the
south-facing slope in the disturbed catchment. Meng et
al. (1995) observed that soil frost penetrates deeply into
deforested wind-exposed soil, e.g. soil without snow
cover. The relatively good insulation provided by snow
cover to the soil separating it from the weather above
yields only a poor correlation between soil temperature
and air temperature in the winter —unlike that in the sum-
mer months. According to Mellander et al. (2005), snow
depth together with snow thermal conductivity play an
important role in the timing of soil warming in winter
and spring.

Forest disturbance leads to an increase in the differ-
ence in soil temperature over the course of the year. On
south-facing slopes, thisis caused by a very large increase
in soil temperature in the summer; in the winter months,
soil temperatures are generally somewhat higher than
those in the woodland catchment. However, on north-
facing slopes, this is caused by a small rise in the soil
temperature in summer and a small decline in winter.
The presented research has confirmed the assertion by
Hu et al. (2013) that the forest buffers the soil tempera-
ture by lowering the soil temperature during the warm
season and increasing it during the cold season; however,
thisis only true of north-facing mountain slopes. Whatis
puzzling is the phenomenon of higher soil temperatures
on south-facing slopes in winter in the disturbed catch-
ment versus the woodland catchment. This is most likely

duetoincreased solar radiation in disturbed areas versus
woodland areas, as shown by larger diurnal changes in
the soil temperature on a south-facing slope in a dis-
turbed catchment versus all other measurement sites
(unpublished data).

Soil temperatures rise in spring (>5°C), as early
as March, in the disturbed catchment on south-facing
slopes. At all other measurement sites, soil temperatures
begin to increase only in April. Hu et al. (2013) studied
soil temperature in Central Asia and observed that the
spring thawing of soils occurs two weeks earlier in tree-
less areas (i.e. steppe) versus woodland areas. On the
other hand, Whitson et al. (2005) studied soil tempera-
tures in southwestern Canada and learned thatland cover
(harvested sites vs. forested sites) does not determine the
timing of the spring soil thaw. Instead, slope exposure
is the determining factor: the soil profiles of southerly
aspect began thawing in mid-April, while those with
northerly aspect in the latter half of May (Whitson et
al. 2005). The presented research has shown that both
land cover and slope exposure determine the timing of
increases in soil temperature in spring. On south-facing
slopes in disturbed areas, the snow cover disappears
more rapidly than that on north-facing slopes as well as
on woodland slopes. Soil on a disturbed, south-facing
slope becomes devoid of snow earlier, on the one hand,
and is not yet covered by young grass and bushes on the
other. Thelack of thermal insulation leads to increase the
absorbed solarradiation triggering arise in soil tempera-
ture. Mellander et al. (2005) assert thatin years with thin
snow cover there was the largest variation in the timing
of soil warming (when soil temperature reaches 5 °C) in
spring between stands of different age. In autumn, soil
temperatures examined in the present study fall the earli-
eston north-facing slopesin the disturbed catchment due
tobothless absorbed solar radiation than on south-facing
slopes and the absence of the buffer effect of forest.

The presented research represents a small step
towards a better understanding that forest disturbance
may lead to dangerous feedback loops in the atmos-
phere, pedosphere, and biosphere. The increase in soil
temperature caused by forest disturbance will result in
an increased release of greenhouse gases from the soil
into the atmosphere. Soil temperature is a very impor-
tant factor shaping methane emissions (Mikkela et al.
1995) and soil respiration — soil CO, efflux (Davidson et
al. 1998; Subke et al. 2003; Uvarov et al. 2006; Tang et
al. 2008). For example, Hick Pries et al. (2017) noted an
increase in CO, loss of 34% to 37% from the first meter of
the top mineral soil horizon with a rise of 4°C in soil tem-
perature. The increase in greenhouse gas emissions will
induce an increase in air temperature, which will result
in a further increase in soil temperature and further tree
mortality. Neyat al. (2019) note that forest management
practices enacted following a natural forest disturbance
are becoming an increasingly important part of climate
change mitigation strategies.
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5. Conclusions

The effect of forest disturbance triggered by hurricane-
force winds on soil temperatures at a 20 cm depth in the
Western Tatras in Poland is marked by an increase in the
difference in the soil temperature over the course of the
year. Thisis due first and foremost to amarked increase in
soil temperature during the summer months. The mean
soil temperature in the summer months on south-facing
slopes in the studied disturbed catchment was 1.8 to
2.4 °C higher than that in the studied woodland catch-
ment. On north-facing slopes, the difference in the soil
temperature between the woodland catchment and dis-
turbed catchment in the summer months was smaller at
about 1 °C. The presented research has confirmed the
presence of the buffer effect of forest on soil temperature
in summer, which is manifested by lower coefficients of
correlation between soil temperature and air temperature
in the woodland versus disturbed catchment.

The effect of forest disturbance on soil temperature
in the winter months is less pronounced than in the
summer months. This is associated with the presence of
snow cover that acts as a thermal insulator. In the winter
months (December-February) snow cover depth usually
exceeds 20 cmin the studied area. Good insulation of the
soil from the atmosphere by snow cover leads to a very
weak relationship between soil temperature and air tem-
perature in winter. The soil temperature on disturbed,
north-facing slopes in the winter is lower than that on
woodland, north-facing slopes. This suggests the pres-
ence of a buffer effect of forest on the soil temperature
that increases the soil temperature during the colder
season and decreases it in the warmer season, on north-
facing slopes. However, itis puzzling that a south-facing
slope in a disturbed catchment would exhibit slightly
higher soil temperatures in winter than those in a wood-
land catchment. This is likely due to increased absorbed
solar radiation on south-facing slopes in disturbed areas
versus woodland areas. However, this finding requires
further research.

Theresearch has shown thatland cover (i.e. forest vs.
lack of forest) and slope exposure (south versus north)
determine the timing of increases in soil temperature in
spring and timing of soil temperature declines in autumn.
In the spring season, soil temperatures increase the fast-
est (in March) on disturbed, south-facing slopes due to
faster thawing of snow and absence of any vegetation
such asyoung grasses or bushes. Given alow level of ther-
malinsulation, one may expect increased absorbed solar
radiation that leads to a rapid increase in soil tempera-
ture. In the autumn season, temperatures on the studied
disturbed, north-facing slopes decrease at an earlier date
than elsewhere due to less absorbed solar radiation than
on south-facing slopes as well as the lack of the buffer
effect of forest cover.

The present study shows that an increase in soil tem-
perature triggered by forest disturbance may significantly
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intensify soil warming caused by climate warming. More-
over, forest disturbance will lead to dangerous feedback
mechanisms. The increase in soil temperature caused by
forest disturbance will cause increased emissions of CO,
from the soil to the atmosphere, which will contribute to
anincrease in air temperature. This will result in a further
increase in soil temperature and the decline of some tem-
perature sensitive tree stands. In order to minimize the
soil warming effect triggered by forest disturbance, tree
seedlings should be planted as soon as possible after for-
est disturbance. Moreover, this type of situation should
be used to plant stands whose tree species composition
corresponds to the natural habitat in a given climate zone
in the mountains. Natural forest stands are believed to
be more resistant to natural disasters such as hurricane-
force winds or bark beetle invasions than spruce mono-
cultures frequently found in Central Europe.
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Abstract

Wood, as a building material, is nowadays more often used outdoors. From the point of view of environment care,
wood constructions and use of renewable materials belongs between modern increasing trends in industry. Wooden
facades, more often used without surface treatment, are the important part of this trend. In Central Europe, European
larch (Larix decidua) and Siberian larch (Larix sibirica) are especially popular materials for wooden facade elements.
The aim of this study is to characterize the surface degradation of untreated facade models from both European and
Siberian larch wood. The wood species, orientation to the sides of the world and construction type of the facade
were the evaluation factors, which were regularly examined during 24 months of outdoor exposure via measuring
the changes of surface colour, gloss, wettability and visual appearance in the form of cracks and resin leaking. The
influence of all evaluated factors on the measured properties was determined. The results of this work can help to

proper use of untreated larch wood on facade elements in practice.

Key words: colour changes; facades; larch wood; surface degradation; weathering
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1. Introduction

Wood, as a building material, is well known for many
advantages. But thereis aneed to use itin awayto protect
itagainst some specific factors, which negatively affect its
service life, functionality and appearance. This process
is called bio-degradation (Hrapkova 2012). According
to study of Gielen (1997), the production of all building
materials is responsible for 8 — 12% of all CO, emissions
in Western Europe. The use of wood as a building mate-
rial can reduce this number (Goverse et al. 2001; Bribian
etal. 2011). Already in the last century the trend of eco-
logical construction became familiar and the modern
wood constructions are the proof that wood still belongs
between popular and abundantly used building materials
(Ingo 2011, Krzi8nik 2018).

Untreated wood, as a material for facade, can be
a cost-effective alternative to materials with an applied
coating system, as it requires limited maintenance. On
the other hand, more information about final costs, envi-
ronmental impact of building components and service life
are needed (Feist & Hon 1984). In the study of Gupta et
al. (2011), the FTIP analysis was used to estimate the pre-
diction of service life of wooden facade elements. Based
on their results, the key is to understand the degradation

processes of untreated wood during weathering. Gener-
ally, the prediction of service life of wood components is
the main factor of research, which requires careful exami-
nation of material’s properties (Brischke et al. 2008;
Guptaetal. 2011). Current trends even favor facade ele-
ments without surface treatment, even though the visual
appearance of untreated wood changes over time due to
weather conditions (Feist & Hon 1984; Hirche 2014;
Lesar et al. 2016).

Wooden facades are usually made from softwoods
and used more and more often without surface treatment
(Ingo 2011). According to Connell (2004), during last
decade there was a trend of increasing application of
domesticwood species. The reasons for that are the lower
costs of transport, lower emission of CO, and negative
perception of tropical wood use, which is often connected
with deforestation (Sohngen et al. 1999). In the area of
Czech Republic, there are several domestic wood species,
which are suitable for facade production — spruce, fir,
larch and Douglas fir among softwoods and oak, Black
locust or chestnut among hardwoods. But practically,
hardwoods are not used at all for this purpose. The rea-
son are more disadvantages of more durable hardwoods
(forexample Quercus sp. or Robinia pseudoacacia) —their
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higher density (Pozgaj et al. 1993) and thus increased
facade weight, higher price and also higher susceptibil-
ity of lumber to shape deformations and formation of
larger cracks. Furthermore, various types of thermally
modified wood are used, preferably made of Scots pine or
Norway spruce (Reinprecht 2016). The most important
factors for the selection of suitable wood species are the
number and width of annual rings — the denser annual
rings stands for higher durability of wood (Ingo 2011).
Frequently used larch wood belongs to the durability
class 3 according to EN 350 (2016). European larch
(Larix decidua Mill.) is characterized with distinguished
sapwood and heartwood, sapwood is narrow and yellow-
ish, heartwood is from red-brown to red-purple colour
and turns dark on the air (Wagenfiihr 2003; Gierlinger
etal. 2003). European larch wood does not have a lot of
resin canals but they can be recognized in all directions
well known for wood structure — radial, tangential and
longitudinal. This wood species is dimensionally stable
arelatively resistant to acids, climatic changes and attack
of insects and fungi (Musil 2007). Sapwood of Siberian
larch (Larix sibirica) is yellow, heartwood is red-brown.
Siberian larch wood is also known for high mechanical
resistance and strength in compression and relatively low
water absorption. Due to the high content of terpenoids it
is durability to biotic and abiotic factors (Gierlinger et al.
2003). Siberian larch is highly resistant to atmospheric
factors, in practice, it is considered as durable wood,
which can be used in construction without any protec-
tion. Both European and Siberian larch are character-
ized with high strength, which gives a high percentage of
use in furniture and construction (Gierlinger et al. 2003;
Musil 2007).

Wood exposed to outdoor conditions is subjected
to process of natural weathering, when wood degrades
due to the effect of atmospheric factors and changes its
surface properties both on macroscopic and microscopic
level (Williams 2007). The degree of degradation is gen-
erally influenced by wood density, amount of sapwood
and heartwood, annual ring”s orientation and content
of lignin and extractives (Williams 2005). Abiotic fac-
tors cause atmospheric degradation of wood, which
negatively affects only its surface layers (Temiz et al.
2005; Evans 2008; Oberhofnerova et al. 2017) but it can
be beginning of more dangerous degradation caused by
biotic factors —wood-destroying fungi and insects (Feist
and Hon 1984; Reinprecht 2012). The changes take place
only to the depth of few millimetres and do not affect the
important mechanical properties, service life or even the
function of wooden element (Gobakkenetal. 2011). The
most significant factors influencing the rate of degrada-
tion are solar radiation and water, acting synergistically
(Tolvaj& Faix 1995; Hon & Shiraishi 2001; Miiller et al.
2003). Ultraviolet (UV) radiation provokes photochemi-
cal reactions, which cause the decomposition of lignin,
extractives and partly hemicellulose (Feist & Hon 1984;
Pandey 2005; Reinprecht 2008). In the first phase, the
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lignin is decomposed. As a result, in indoor applications
the wood turns dark, but in outdoors the decomposed
partsarewashed outbyrainwater from the surface (Tolvaj
1995; Pandey 2005). Due to that process, the light shade
of wood caused by light colour of non-degraded cellulose
is formed, but it is immediately disrupted by deposition
of dust particles and pollution into the porous structure
of wood surface (Evans 2008). The well known greying
of wood surface in exterior takes place. After leaching the
products of photodegradation the layers of wood cells
are further exposed and eroded (Feist 1982; Williams &
Feist 1999; Reinprecht 2008). The other factors affect-
ing the intensity of surface degradation are temperature,
acid rains and wind (Feist 1990; Williams 2005; Evans
2008; Teaca et al. 2013). The effect of wind is evident in
formation of typical plastic structure of wood in exterior,
which is manifested by increased roughness of surface.
The uneven surface is caused mainly by the different den-
sity of early wood and late wood, which is more obvious
at softwoods (Williams 1999).

Other important factors influencing weathering of
wood are biotic factors and combination of wood product
application and construction or design solution (Sandak
etal.2017). When applying untreated wood elements on
facade, the principles of construction protection should
berespected in order to significantly reduce the weather-
ing process (EN 335; Ganne-Chédevilleetal. 2012). The
basic point of construction protection is keeping the opti-
mal shape and connection of wooden facade element in
order to ensure the rainwater drain. Other principles are
suitable roof overhangs, which can significantly reduce
the exposition of wood facade to water, or avoiding the
contact of wood with ground (Ingo 2011). Geographic
and climatic factors plays an important role as well in
weathering. In the study of Mohebby & Saei (2015)
the influence of different cardinal points on weather-
ing was confirmed — facades exposed to south side are
more affected by intensive solar radiation and changes of
relative humidity and temperature, therefore the higher
protection of facade is recommended for this side. The
intensity of solar radiation is lower at north side, on the
other hand it is more exposed to higher humidity and
slower drying out of wood, which makes suitable condi-
tions for growth of wood-destroying fungi and moulds
causing colour changes of wood (Reinprecht 2016). In
the climatic conditions of Central Europe, the western
side is more influenced by the predominant direction
of winds and incident rainfall compared to the eastern
exposure. The western side is more influenced by the
predominant direction of winds and incident rainfall
compared to the eastern exposure in the climatic condi-
tions of Central Europe.

The aim of this study is to determine the influence
of wood species, different exposure to cardinal points
(south and north) and different type of construction
on the surface changes of untreated wood facade ele-
ments. Facade models were made from European (Larix
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decidua) and, still more frequently used, Siberian larch
(Larix sibirica) and they were exposed to weathering con-
ditionsin Prague (Czech Republic) in Central Europe for
24 months. The results of this study could help to under-
stand behaviour of larch wood in exterior and its applica-
tionin the form of facade cladding and to understand aes-
thetical changes of untreated wood during weathering.

2. Materials and methods

2.1. Preparation of samples

Based on the analysis of currently used wooden cladding,
the two types of construction profiles (type A and B) and
their placement were designed in software AutoCad. The
accent was put on the elimination of rainwater and its
faster drain from the wood surface (Fig. 1). The facade
models were made from European larch (EL) and Sibe-
rian larch (SL), which were prepared in dimensions of
cladding of 400 x 145 x 20 mm (length x width x thick-
ness). The overall size of the facade models was 400
x 600 mm (width x length). The facade models were
marked by the wood species, type of construction and
exposure (f. e. SL-B-S, see Table 1).

Table 1. Marking of the facade models.

Wood species Construction type
Siberian larch

(SL) x European larch (EL)

Exposure
(South) S x (North) N

Type Ax Type B

Profiled cladding was sanded by sandpaper with 120
grain and then attached by fasteners to spruce wood sup-
porting construction from the south (S) and north (N)
side. These facade models were subsequently exposed in
exterior stands in the inclination of 90° (Fig. 2). Before
exposition, the samples were showed 18% of wood mois-
ture content.

TYPEA

The natural weathering test took place in Czech
Republic at Suchdol (50° 07°49,68 “N; 14° 22°13,87”
E, 285 m elevation above sea level) for 24 months based
onthe EN 927-3 (2006). Testing stand with facade mod-
elswas placed at the roof of Pavilion of Wood Sciences of
Faculty of Forestry and Wood Sciences in Prague.

Fig. 2. The placement of facade models in the testing stands
in exterior in 90°.

The selected surface properties were regularly exam-
ined before and after 6, 12 and 24 months of exposure:
changes of gloss and colour, wettability (via measur-
ing contact angle) and visual evaluation focused on the
cracks forming and resin leaking.

2.2. Colour measurements

Colour parameters L*a*b* were determined using
the spectrophotometer CM-600d (Konica Minolta,
Japan) at the same marked places on the specimens. The
device was set to an observation angle of 10°,d/8 geome-
tryand D65 light source in L*a*b* colour space (accord-
ing to the Commission International del Eclairage — CIE
1986). Forty measurements were carried out for each

TYPEB N
i

Fig. 1. Design of facade profiles — type A (left — Siberian larch) and B (right — European larch). Type A is characterized with clad-
ding top cut in 45°, while type B was designed with inclination 30° and rounded top with radius r = 15 mm.
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tested model — twenty for south exposure and twenty
for north exposure. For the mathematical expression of
difference of two colours is used the Euclidian distance
— called as total colour difference AE *. The total colour
difference was calculated using the following equation
[Equation 1]:

E* = /(AL")? + (4a*)? + (Ab*)? [1]

where:

L*is the lightness from 100 (white) to O (black), a* is the chro-
maticity coordinate from —60 (green) to + 60 (red), b* is the
other chromaticity coordinate from —60 (blue) to +60 (yellow)
(Sehlstedt-Persson 2003).

2.3. Gloss measurements

Gloss measurements were performed based on EN
ISO 2813 (2014) using glossmeter MG268-F2 (KSJ,
Quanzhou, China). Forty measurements at a 60° angle
per sample (twenty for south side, twenty for north side)
were performed during weathering.

2.4. Contact angle measurements

The sessile drop method with static contact angle meas-
urement (without external interference) was performed
using the methodology of Bastani et al. (2015). The wet-
tability measurements were taken using a goniometer
Kriiss DSA 30E device (Kriiss, Hamburg, Germany) on
radial surfaces of wood samples before weathering and
after 24 months. From each model, the samples from the
south and north side after 24 months of exposure were
prepared — in dimensions 70 x 30 x 20 mm (I X w X t).
Ten measurements were taken for each sample, with
distilled water drops with a dosing volume of 5 pl. The
contact angle values were determined after 5 s of drop
deposition to reach the equilibrium point and prevent the
risk of contamination with extractives. The phenomena
of spreading and absorption of drops on the wood sur-
face wasinvestigated viacomparison between initial and
weathered state of wood samples.

2.5.Visual evaluation

The formation of cracks and degree of surface degrada-
tion were evaluated before and after weathering using
visual evaluation on the base of EN ISO 4628 (2003).

2.6. Statistical analysis

The statistical evaluation was performed using Statistica
12 software (Statsoft, Palo Alto, USA) and MS Excel
2013 (Microsoft, Redmond, USA) using mean values,
standard deviations, whiskers plots and analysis of vari-
ance (ANOVA).

3. Results and discussion

The total colour difference AE *, calculated from the
measured values (L*, a*, b¥), was the most significant
factor indicating weathering of facade models. The spe-
cificcolour parameters (L ¥, a %, b *) represents the change
of colour more accurately. During exposure of face mod-
els in exterior there was a significant change of colour,
at the end of the experiment almost all the tested mod-
els were characterized with the total colour difference
AE*>12. This value is considered as different colour in
comparison with the initial colour at the beginning of the
experiment. An exception was recorded for facade mod-
els SL-B—S and EL-B-S, which were characterized with
the total colour change AE* =9.9 and 11.2 respectively.
These values are considered as high colour change only
(Sehlstedt-Persson 2003). The most significant colour
changes were noted after 24 months of exposure for the
facade models exposed to north side, specifically SL—A—
N, EL-A—N. Regarding south side, the most significant
colour difference was recorded for the model SL-A-S
with the values AE* = 19.3 (Fig. 3).

When evaluating the colour parameter L *, a nega-
tive difference of its values was initially observed, which
means that the colour of the facade models gradually
changed to a darker shade. This change is mostly caused
by the deposition of dust particles in exterior and by the

Colour changes during natural weathering
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Fig. 3. Total colour changes AE * of facade models during natural weathering.
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Fig. 4. 2SD whiskers plots and Mean values of L * changes during natural weathering of facade models from European (left) and
Siberian (right) larch.
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Fig. 5. 2SD whiskers plots and Mean values of a * changes during natural weathering of facade models from European (left)
and Siberian (right) larch.
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Fig. 6. 2SD whiskers plots and Mean values of b * changes during natural weathering of facade models from European (left) and
Siberian (right) larch.
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photodegradation of extractives and lignin on wood sur-
face (Oberhofnerova et al. 2017). The most significant
difference in the values of the parameter AL* was clearly
observed at the facade models of type A, specifically in
the Siberian larch (SL) on the north side (N) with AL*
=—17.9. The second highest value was recorded for the
same model on the south side with AL * =-17.0. From
the point of view of this indicator of lightness, the con-
struction type A model exposed to north side was less
suitable for both wood species. For construction type
B, due to its specific inclination of the facade profiles
greater than 90° (see Fig. 1), there was less deposition
of impurities in the porous structure and micro-cracks
of the wood. The European larch on the south side best
suited the construction type A of facade model. Facade
models SL-B-S and EL—-A-S type showed the lowest
differences in lightness values.

The colour parameters a* and b* increased after 6
months of exposure, which is caused by the photodeg-
radation of lignin (Miiller 2003), but after 12 months
this trend was completely opposite and during the expo-
sure the values kept decreasing, which is due to gradual

leaching of lignin (Pastore et al. 2004). All facade mod-
els exposed to natural weathering for 6 months showed
a trend of increasing values of the parameter a*. After
12 months of exposure, all models showed a decrease in
these values. The most significant decrease was recorded
for the EL-B—N and EL-A—-N models. On the contrary,
the least significant decrease in a* values was measured
for the SL—-B—S and SL-A—S models. Overall, the north
side and the European larch generally showed lower
values of a*. The highest value of the parameter b* was
recorded after 6 months of exposure for model SL-B-S
(b* =27.1) and model SL-A-S (b* =26.9). At the end
of the weathering, the most significant decrease of the
parameter b* was measured at model EL-A—N (b*=7.1)
and SL-B-N (b* =7.9). According to the dimensional
colour model, the facade models approached the yellow
huein the 6" month and the blue hue from the 12 month
until the end of the test. The colour parameterb* showed
lower values of European larch compared to European
larch, and lower values were also measured for the facade
models on the north side than on the south side.

10
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Fig. 7. Gloss changes of facade models during natural weathering.
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The wood of both types of tested larch had a matt
surface (EN ISO 2813 2014) even before the start of the
weathering (Fig. 7). During the test, there was a slight
increase after 12 months of weathering and a decrease
again to almost original values after 24 months of expo-
sure. Despite some slight differences in the initial values
and the course of changes, the gloss values are so low that
they do not play animportant role in the visual perception
of the facade cladding for the external observer.

The contact angle of surface wettability with water
showed considerable variability due to the inhomoge-
neous structure of larch wood even before weathering
(Fig. 8). This inhomogeneity was slightly lower at SL
with higher density of annual rings, where the depos-
ited drop with a volume of 5 pl always partially affected
the zone of early wood and late wood. For EL with wider
annual rings, the variability was higher. The places with
a higher resin content were other reason for the varia-
bility of results (see photos in Fig. 1). After weathering,
significant decrease in contact angle values (CA®) and
adecrease invariability of EL were observed. This action
was due to the gradual photodegradation and leaching
of hydrophobic lignin from wood surfaces (Pastore et al.
2004). In general, lower CA° values were measured for
facade model B (lowest for EL-B—N), but the differences
were not statistically significant (Fig. 8). The decrease is
not as significant as in study of Oberhofnerové & Panek
(2016), which is, however, due to the 90° inclination of
the wood in this experiment, where there is no such rapid

weathering compared to exposure in the inclination of
45° according to EN 927-3 (20006).

Visual evaluation of facade models confirmed more
significant formation of cracks at SL—A—S in comparison
with other models. These visual changes were observed
after 12 months of weathering (Fig. 9). In this Figure, it
isalso possible to see typical greying of wood in exterior.

In some cases, resin leaking was observed, especially
in the first 12 months of exposure (Fig. 10). This char-
acteristic was the most pronounced at SL-B—S model.

The colour changes were observed even by naked
eye, which confirms the values of total colour difference
measured by spectrophotometer (Fig. 3).

4. Conclusion

Two construction types of facade models were made
from European Larch (Larix decidua Mill.) and Sibe-
rian Larch (Larix sibirica). These models were subjected
to natural weathering for 24 months on the south and
north exposure. The colour changes at all models were
significant, the lowest changes were observed for SL—
B—S model. But in general, the most significant overall
colour changes were paradoxically shown by the facade
models made of Siberian larch. In terms of the indicator
of total colour difference, the European larch reached in
more cases better results than Siberian.

In terms of type of exposure, the north side showed
higher colour changes compared to the south side.

Fig. 9. The formation of cracks — visual appearance of Siberian larch after 12 months of exposure to south side, construction

type A.

Fig. 10. The resin leak after 12 months of weathering at Siberian larch exposed to south side, construction type B.
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Another evaluation parameter was the gloss, where,
however, due to its low initial values and small changes,
the visual characteristics of the facade models were not
significantly affected. A more significant decrease in the
contact angle of wettability was observed for European
larch and for facade model B, but the differences after
weathering were not statistically significantly differ-
ent due to the large variability of the measured values.
There was a higher formation of cracks on Siberian larch
wood in comparison with European larch. Cracks were
observed on both types of exposure (NxS) and construc-
tion models (AxB) but the most at the facade model A on
the south side. The occurrence of resin leaking during
outdoor exposure was also observed, especially in the
first 12 months of exposure.

Finally, the main result of this work is that changes
of larch facade appearance during exterior exposure
depend not only on kind of larch wood, north or south
exposure, but important factor is also design of profiles
in construction.
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