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Impact of Chainsaw Power on Fuel and Oil Consumption
Reprinted from: Sustainability 2023, 15, 2795, https://doi.org/10.3390/su15032795 . . . . . . . . 20
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Preface

The core of planning in forestry is sustainability and the promotion of five important 5E-criteria:

environmental, economic, energy-efficient, ergonomic, and esthetic. This is due to the various roles

forests have in everyday life. Forestry directly and indirectly affects society, and lately, the importance

of forests is more obvious than ever, as we are experiencing climatic extremes and climate change.

Efficient management in forestry includes cross-disciplinary actions as it combines various experts

from forest operations, silviculture, ecology, forest protection, wildlife management, forest inventory,

modelling, and remote sensing to forest genetics and dendrology, all with the same goal—achieving

and maintaining healthy and stable forest eco-systems.

Andreja Ðuka and Ivica Papa

Guest Editors
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Technodiversity—An E-Learning Tool as an Additional Offer for
the Master’s Degree and In-Company Training
Jörn Erler 1,*, Raffaele Spinelli 2 and Andreja Ðuka 3

1 Institute of Forest Utilization and Forest Technology, Dresden University of Technology,
01069 Dresden, Germany

2 Forest Harvesting Laboratory, Italian National Research Council, 00185 Rome, Italy
3 Department of Forest Engineering, Faculty of Forestry and Wood Technology, University of Zagreb,

10000 Zagreb, Croatia
* Correspondence: joern.erler1@tu-dresden.de

Abstract: In November 2021, a project proposal submitted by the TU Dresden and in which seven
other partner institutions are involved was approved in the ERASMUS+ program Action Type KA220-
HED. The aim of the project is to develop an e-learning tool that can be used to teach forest technology
at the Master’s level. Project work develops along four main tasks: (1) Facts and methods (theoretical
contents), (2) Scientific audiovisuals (descriptive contents), (3) E-learning platform (structure) and
(4) Didactics (implementation). In this article, the advantages and disadvantages of e learning are
discussed and the development of the course contents (facts and methods) is presented in detail.

Keywords: e-learning course; forest operations; ECTS; ERASMUS+

1. Introduction

Forest technology is part of the curriculum at most forestry training centers. Compared
to the basic disciplines (botany, soil science, chemistry, etc.), forest technology is an applied
subject that deals with the technical implementation of forest goals under operational
settings. A typical course offers a good description of forestry machines and equipment
and of their use in forestry work, and it also covers ergonomics, work safety and accident
prevention. It often includes the basics of forest road construction, logistics and other
special topics, according to local conditions and perceived needs. In the previously usual
sequence of diploma studies, the preliminary diploma was for the scientific basics, while
applied subjects such as silviculture, business administration, politics, etc. were read in
the last semesters before the diploma. The subjects of forest technology and work science
are among the applied subjects and therefore usually only appeared relatively late in
the curriculum.

As a result of the switch to bachelor’s and master’s degrees in the course of the
Bologna process [1], a significant shift had to be made. The new didactic strategy required
that the bachelor’s degree should be designed in such a way that it would fully qualify
students for the profession. Therefore, all essential instruction on forest technology had
to be integrated into the bachelor’s degree at an early stage. For the master’s degree,
however, the scientifically oriented, methodical approach remained, which could vary
greatly depending on the individual Institutions. Unfortunately, in many places, the
number of students enrolled in the master’s courses was too small for yielding a critical
mass of people who would opt for a teaching module with high technical content and the
forest technology course would not be included in the teaching offer. Since there are no
signs that this situation will improve in the future, a general lack of technical content can be
predicted in the Master’s programs. Therefore, statutory teaching in forest technology tends
to be reduced to the simple basics and may become impoverished in its scientific content.

Sustainability 2022, 14, 15851. https://doi.org/10.3390/su142315851 https://www.mdpi.com/journal/sustainability1
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At the same time, the proportion of forest entrepreneurs offering technical services
such as timber harvesting and forest regeneration is increasing across Europe. They too are
looking for qualified training programs for their employees. Technology development is
so rapid that knowledge becomes quickly obsolete and must be regularly updated. That
problem is less severe with the basics of forestry technology, as taught in the bachelor’s
degree, but becomes urgent when it comes to applied subjects and methodological in-
depth studies, as offered in the master’s programs. However, that specific target group
is often too busy for attending regular lectures at a university during the week, and is
best reached through other teaching formats for which the Internet offers ideal conditions.
This was the reason why eight research institutions across Europe have joined forces to
create an e-learning offer for forest technology training at the Master’s level. Institutions
are as follows:

⇒ Dresden University of Technology, Germany; Jörn Erler is the project leader and
guides the working group that is responsible for the course’s theoretical contents
(facts and methods); he gets administrational support from Christina Spirow at the
European Project Center, Dresden.

⇒ Transylvania University, Romania; Stelian Borz coordinates the filming of audiovisual
units and assembles them into scientific videos.

⇒ National Research Council, Italy; Raffaele Spinelli and Marco Simonetti build the
e-learning platform to overcome technical barriers.

⇒ Poznań University of Life Sciences, Poland; Piotr Mederski transforms the tool into
an e-learning system.

⇒ University of Natural Resources and Life Sciences, Austria; Karl Stampfer is responsi-
ble for the testing under mountain conditions.

⇒ Faculty of Forestry and Wood Technology University of Zagreb, Croatia; Andreja
Ðuka deals with the Mediterranean view and is responsible for communication.

⇒ FCBA Technological Institute, France; Nathalie Mionetto bridges to the practitioners
as target group.

⇒ Swedish University of Agricultural Sciences, Sweden; Ola Lindroos and Mikael
Lundbäck bring the Nordic focus on the fully mechanized methods.

2. Experiences with E-Learning in the Academic Environment

Initially, the term e-learning only meant that electronic aids were integrated into the
teaching and learning process. Various concepts have emerged over the past 20 years or
so, which for example are discussed and didactically evaluated in [2,3]. Findeisen et al. [4]
emphasize that here not only a new way of imparting knowledge is used, but that the type
of communication and the didactics are also shifting and diversifying. At this point it is
useful to describe the difference between the classic face-to-face teaching approach, blended
learning and e-learning in the narrower sense. In the classic teaching approach, the teacher
first conveys content in face-to-face lessons, which the learner then has to repeat and learn.
The opposite has proven to be advantageous with blended learning, where the learner first
acquires the teaching content with the help of electronic media, and then can ask questions,
conduct exercises etc. in the following face-to-face sessions, flipped classroom [5].

With e-learning in the narrower sense, there are no face-to-face phases; the entire
teaching module is carried out remotely. Of course, there can be phases in which teachers
and learners are connected, but that occurs exclusively via electronic media (e.g., in a video
conference). Teaching modules are first created by the teacher and uploaded to the Internet,
for the learner to download and use at a later time. In the strict implementation of the
concept, regular two-way communication is categorically excluded; those who are looking
for it must offer specific question times.

Köhler et al. [6] show that the European Council already recognized the potential of
e-learning in its Lisbon Declaration of 2000. In 2011, the European Commission declared
that individual learning through electronic means was a key policy issue. In [7], a spirit
of optimism can be felt, which evidently prevailed among schools and universities at the
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beginning of the century, building the expectation of a speedy introduction of those new
teaching and learning opportunities. In a comparative experiment [8] showed that success
in a final exam depended significantly on how often learners took part in a face-to-face
event. She therefore recommended using e-learning components only as a supplement
to conventional teaching (i.e., in blended learning). Riegg Cellini et al. [9] confirmed that
students who carried out their studies in presence "on campus" performed significantly
better than students who studied the same subjects online at a distance. Only in the case of
"shorter technical certificates" was that difference not so sharp. Längin [10], on the other
hand, was already able to prove in the early days of e-learning that the willingness of
teachers and learners to try out e-learning methods increased significantly when external
conditions made it difficult to practice classic teaching methods, and then the advantages of
a spatially separate teaching with online formats obviously stood out. For forestry and even
specifically for the area of forest ergonomics, he reported that blended learning proved itself
in South Africa and was suitable for closing gaps in university education. Awan et al. [11]
pointed out that e-learning offers have improved significantly in recent years and that use
of the new didactic approach has increased as a result. They emphasized that students who
could make their own experiences with e-learning modules overcame their prejudice and
reached a better appreciation of the teaching formats. Giron-García et al. [12] addressed
the question of whether the learning style of students who are confronted with e-learning
offers changed, and whether that change had an impact on their motivation. Eventually,
they could not find any clear trend and concluded that motivation to learn depends rather
on the quality of the teaching modules, not their format.

The global COVID-19 pandemic has led to a significant acceleration in the adoption
of digital exchange formats. Erdmann et al. [13] showed that not only has the diversity
and professionalism of the e-learning offerings increased under that new pressure, but
that teachers and students also reached a more differentiated view of electronic teaching
forms. Egger and Witzel [14] assumed that the recent dramatic experience would lead
to a permanent improvement in online formats, increasing their importance, especially
in further education. This is quite revealing, especially if one considers that just before
the pandemics the first of the two authors was committed to maintaining conventional
teaching formats [15]. Cacault et al. [16] found limited confirmation to the common concern
that students would no longer participate to face-to-face events if given the e-learning
opportunity. In fact, they found that e-learning led to a further differentiation among the
students, reducing the performance of low-ability students on average, while triggering
positive effects in high-ability students. In particular, they reported that live-streaming
options had less impact on live course attendance than expected, since they were only
seized if that choice resulted in a clear reduction of expenses. Finally, Flake et al. [17]
pointed out the potential that e-learning has for further education and training. With ISO
29993 [18] there are now standards that serve to ensure quality of e-learning.

3. Technodiversity as an E-Learning Tool for Forest Technology

The research partners, who all deal with questions of forest technology and six of
whom work at universities and two at research institutes, developed a concept for a forest
technology e-learning package with the following characteristics:

⇒ The e-learning package is primarily aimed at students in the forestry master’s courses,
but could also be usable by forest practitioners as a further training offer.

⇒ The possibility of digital knowledge transfer are fully developed in order to encompass
all the variety and diversity of forestry challenges and solutions in Europe.

⇒ Teaching is based on a mix of basic verbal information, graphic visualization, short
films and interactive sessions.

⇒ English language is chosen as the common language because it seems neither possible
nor necessary to translate the entire course offer into all the official languages of
the EU.

3
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⇒ Access should be free of charge for everyone with standard software. Costs will only
be incurred if a service is provided for which an administrative fee has to be levied
(e.g., for issuing an official certificate or similar).

The e-learning course received the suggestive name Technodiversity. This name was
deliberately chosen for creating a parallel to the concept of biodiversity and stress the
importance of choosing among a diverse offer of techniques and technologies to match
Europe’s diverse operating conditions in terms of physical environment, economic con-
ditions and social expectations. The project is planned to last 29 months and is funded
by the European Union as part of ERASMUS+ Action Type KA220-HED. Work started in
November 2021 and will continue until the end of March 2024.

3.1. Objectives

The aim of the project is to show and explain the technological diversity in harvesting
operations and to promote it through targeted training. For this purpose, four main
components are being developed:

⇒ Facts and methods: tutorials about work techniques and an explicit method for their
selection based on work conditions and operational goals. This component also
includes a glossary on forest operations.

⇒ Scientific audiovisuals: Video clips illustrating all typical harvesting methods under
regional forest situations.

⇒ Knowledge platform: An electronic platform to host, organize and allow easy access
to the wide array of teaching materials offered by the course.

⇒ E-learning course: Implement the e-learning course in existing master programs at
the participating universities and used for professional life-long learning.

3.2. Target Groups

Four different target groups will be addressed:

1. Students on master’s degree courses are the primary future learners. In three summer-
schools the e-learning course will be tested and discussed among young specialists
(PhD-students) and interested students on master’s level under different environmen-
tal conditions (Poland, Croatia and Austria).

2. Forestry professionals are the second target group. They will be informed about the avail-
ability of the new course through articles in technical journals and posters/information
points at sector fairs such as EUROFOREST in France in June 2023 and KWF fair
in 2024.

3. Scientists will be specifically addressed in one open session organized at the FORMEC
international forest engineering conference held in Italy in 2023. Here the subjects of
education and harmonization of scientific methods and terminology will be discussed.
The ultimate goal of that initiative is to get support from the scientific community and
get the new e-learning course adopted by as many universities as possible, even if not
project partners.

4. Deans and study coordinators, who are responsible for curricula planning at the
partner universities will be informed with the projects’ content. After familiarizing
with the content of the e-learning course and the final test rules, they will get the
opportunity to decide about the implementation of the e-learning course in their
local curricula.

3.3. First Results: Facts and Methods

The core content of the learning package is a coherent array of Power Point presenta-
tions. All project participants contributed their knowledge to the course according to the
following development process:

⇒ When applying for the project, the rough framework was already defined and agreed
by all applicants.

4
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⇒ The first author of this article was responsible for the first draft of the presentations.
In that first draft, the topics were placed in a logical order, a selection was made as to
which scientific content was to be conveyed, and a first didactic suggestion was made.

⇒ The second Author then worked intensively on that first draft to improve content
consistency, linguistic style and general readability, as well as relevance for the tar-
get groups.

⇒ After that, all other participants contributed their views, asked critical questions and
suggested alternative texts. This step was particularly relevant in order to meet the
requirement to actively involve all project participants in the result and to actually
reflect the diversity in Europe.

⇒ During that step a number of questions were raised that could not be clarified in the
written circular procedure. A multi-day workshop was then held for this purpose.
For most questions, a common solution could be found. However, such topics on
which no agreement could be reached among the project participants were shown
in the presentations with all positions, so that learners will be able to form their
own opinions.

⇒ Finally, the presentations were adapted to the status of the discussion and edited
graphically and linguistically.

The presentations currently cover the following topics:

A. Basics of technodiversity

1. Do we need diversity in forest techniques?
2. Role of forest techniques in forestry
3. Criteria for assessment
4. Technique selection process (three steps model)
5. Responsibility for the choice

B. Terminology and models

1. Functions of timber harvesting
2. Sub-functions of timber harvesting
3. Harvesting equipment
4. Steps and degrees of mechanization
5. Functiograms
6. Harvesting processes
7. Process chaining

C. Economic assessment

1. Economic criteria
2. Engineering formula
3. Performance of a subsystem
4. Additional costs
5. Total system costs

D. Ecological assessment

1. Risks, side-effects and damage
2. Damage on forest soils
3. Repair and prevention
4. Avoidance of soil damage
5. Processes on trafficable areas

E. Social assessment

1. Social criteria
2. Societal compatibility
3. Standard methods
4. Safety and ergonomics
5. Social suitability

5
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F. Standard solutions for

1. Northern Europe
2. Atlantic broadleaf trees
3. South-Western pine stands
4. Mediterranean stands
5. Alpine regions
6. Eastern mixed stands

G. Path to the optimal solution

1. Singular problem
2. Selection of options
3. Assessing options
4. Extracting the best option
5. Target-driven optimality.

Parallel to the Power Point teaching modules, a glossary is being created, in which
terms are defined and explained using various examples. That is necessary due to different
ways in which the same term is used and the different terms used to define the same thing
by different professionals and in different countries. When creating the project glossary,
existing glossaries already published and used in English-speaking countries are being
taken into account. Here, too, the same principle applies: standardization and consensus if
possible, but presentation of differences and diversity if necessary. The project participants
do not want to add to the confusion with one more glossary, but rather make an attempt at
consolidation in the hope that it will help clarify the terminology.

4. Instead of Conclusions

In summary, the following statements can currently be made about e-learning for-mats
in the strict sense:

⇒ In training, they are not so much suitable for imparting basic knowledge, but for
deepening existing knowledge and for further training.

⇒ Above all, they are offered by teachers and accepted by learners when the ad-vantages
of the digital format become clearly recognizable for both sides.

⇒ The didactics of digital media must differ from the didactics in the lecture hall and
must make full use of the possibilities offered by dedicated software.

⇒ The offers must be easily accessible; their costs must be significantly lower than those
that a face-to-face event would incur.

The success of technology training is often dependent on psychological impact. Field
trips are best suited for that effect, but they are usually limited to the region in which the
training takes place and are therefore are not an option for a European project such as
Technodiversity. Therefore, our project tries to obtain the same effect through the use of
short instructional videos. That expectation is supported by the experience that e-learning
is primarily perceived and accepted by the target group as advantageous if the special
possibilities of digital communication are also used [4]. One might think that there are
enough videos on the Internet that deal with forest technology topics. Some of them are
also extremely valuable, especially if they deal specifically with working processes and
provide tips for the practitioner. However, they are usually too specific for training at
master’s level and can hardly be used in teaching, simply because of the time it takes to look
at them. At the other extreme are the many videos of forestry machines in use, in which
the focus is apparently on ‘showing particularly impressive situations’, often reinforced
by emotional music, so that psychological impact becomes the main goal and technical
content is only secondary. Between these two categories are commercial videos, offered by
equipment manufacturers and primarily aimed at attracting customers: although rich in
technical information, those videos are weakened by a strong commercial overtone that is
all, but impartial. All those categories can hardly be defined as ideal for use in scientific
training at master’s level.
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For that reason, the project work plan included the production of short videos of
around 5 min, in which machines and sub-processes are shown, explained and evaluated
in a targeted manner. Those videos, which are offered in different categories (machining
principles, technical features, machine in action, effects, risks and side effects...), are based
on a uniform script style developed by Stelian Alexandru Borz (Brasov, Romania) in
collaboration with Mikael Lundbäck (Umeå, Sweden). According to that plan, each project
partner will shoot a few clips, which will be then edited and equipped with English texts
in Romania according to a uniform pattern. In this way, a complete range of explanatory
videos will be made available for describing all the sub-processes in the lectures, for a total
of more than 100 short films, all featuring the same consistent style and format.

With 38 teaching modules (Power Point), a glossary and probably more than 100 videos
and other audiovisual offers it is no longer possible to set up a linear educational path that
every learner must complete. Such a wealth of training materials will be integrated in a
platform on which learners will develop their own path, according to capacity and needs.
Such a platform is being created by Raffaele Spinelli and Marco Simonetti from National
Research Council (CNR), Italy. To that purpose, they are using the proven learning software
MOODLE in connection with 5hp and LUMI, so that all materials mentioned above can be
integrated in a way that is logical, user-friendly and didactically appealing.

An e-learning tool must not only provide information, but also organize the learning
process towards a final exam. Such process will match the formal requirements for a master
level course and conform with the European standards and examination regulations. That
way a student in Padua, like her fellow student in Vilnius, can choose this course and have
it recognized as an equivalent exam achievement.

On the one hand, the project requires quality control in which the study ability and the
level of performance are ensured. For this purpose, summer schools are being organized
within the scope of the project, for all target groups. Furthermore, the success of the new
e-learning tool requires recognition by colleagues from other forest faculties not involved
in the project. Piotr Mederski from Poznan, Poland, is responsible for quality assurance
and market launch. The further steps mentioned above will occupy the project team in
the coming months. The end of the project is set for March 2024. In order to reflect the
diversity and also get to know other opinions, the project team decided to involve other
partners as well. Although their later arrival excludes them from accessing to the project
financing, they are included in most exchanges so that they can actively contribute to the
development process. If you are interested in this, please contact us at the following e-mail
address: joern.erler1@tu-dresden.de.
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Abstract: The application of modern technologies to increase the overall sustainability of forest
operations is known as precision forest harvesting. Precision forest harvesting can be a very powerful
tool; however, it requires modern forest machinery, which is expensive. Given that most of the forest
operators in the Mediterranean area are small-scale businesses, they do not have the resources to
purchase costly equipment; thus, the application of precision forest harvesting is affected. Bearing
this in mind, in this study, we aimed to test the accuracy of the GNSS receiver on which an innovative
Information and Communication Technology (ICT) system developed to monitor small-scale forest
operations is based. We tested the GNSS’s accuracy by comparing the extraction routes recorded
during coppicing interventions in two forest sites located in Central Italy with those obtained with a
more high-performing GNSS receiver. We also used linear mixed-effects models (LMMs) to investigate
the effects on the GNSS positioning error of topographic features, such as the slope, elevation, aspect
and Topographic Position Index (TPI). We found that the average positioning error was about 2 m,
with a maximum error of about 5 m. The LMMs showed that the investigated topographic features did
not significantly affect the positioning error and that the GNSS accuracy was strongly related to the
specific study area that we used as a random effect in the model (marginal coefficient of determination
was about 0.13 and conditional coefficient of determination grew to about 0.59). As a consequence of
the negligible canopy cover after coppicing, the tested GNSS receiver achieved satisfactory results. It
could therefore be used as a visualising tool for a pre-planned extraction route network, allowing the
operator to follow it on the GNSS receiver screen. However, these results are preliminary and should
be further tested in more experimental sites and various operational conditions.

Keywords: sustainable forest operations; forwarder; strip roads; terrain features

1. Introduction

One of the most important things to take into account in the effort to achieve Sustain-
able Forest Management (SFM) [1–5], a primary goal of the European Forest Strategy [6], is
the implementation of Sustainable Forest Operations (SFOs) [7–9]. The term “SFOs” refers
to the use of logging techniques that have reasonable costs, have minimal environmental
effects, and guarantee worker safety [10,11]. Precision forestry is defined as the use of
contemporary technology, including Information and Communication Technology (ICT),
Geographic Information Systems (GISs), Global Navigation Satellite Systems (GNSSs),
Unmanned Aerial Vehicles (UAVs), and a variety of sensors, to enhance the overall sustain-
ability of forest management [12–14]. It is one of the most powerful tools for addressing
the target of Sustainable Forest Management [15–17].

Sustainability 2024, 16, 4629. https://doi.org/10.3390/su16114629 https://www.mdpi.com/journal/sustainability9
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The term “precision forestry” refers to an interdisciplinary and transdisciplinary idea
that allows for the creative application of cutting-edge technology in specific forest sector
situations [18]. There are many uses for various smart technologies within the context
of precision forestry, given the high degree of multidisciplinarity that characterises the
forest sector. When performing forest inventories, satellites or unmanned aerial vehicles
(UAVs) can be used to measure the aboveground biomass [19–21] and track pests and
drought [22–24]. Geographic Information Systems (GISs) can be used to plan harvesting
operations in a variety of ways, such as choosing the best extraction technology [25,26],
designing skid trail networks that are optimised in advance [27–29], or creating maps of
soil trafficability [30–33].

Monitoring harvesting operations is another function that cutting-edge and intelligent
technologies may carry out within the context of precision forestry. When a fully mecha-
nised harvesting system with state-of-the-art machinery is used, some data on the machine
functioning and the features of the harvested wooden material can be obtained, such as
the dendrometric features, species, or location [34]. Additionally, data, including the fuel
consumption, productivity, and position, can be seen remotely through the manufacturer’s
portal. The Controller Area Network (CAN-bus) system, which is implemented in nearly
all modern forest harvesters and processors, makes all these applications realisable by
transmitting the machine status and the parameters to the on-board computer (OBC) via
the Standard for Forest Machine Data and Communication (StanForD) [35,36].

However, these systems are only available on modern forest machines. Nonetheless,
it is very important to develop systems that are just as efficient and effective at a cost
that is feasible for small-scale forest business. Small-scale forest businesses make up the
majority of those operating on the territory in several modern countries, including Italy [37].
To the best of our knowledge, no scientific paper has focused on the development of a
system to monitor forest operations within the context of small-scale forestry. Small-scale
forestry is defined as forest operations carried out by small or medium enterprises. These
businesses typically use machinery that is not specifically developed for forestry. Most of
the machinery used by these businesses is machinery originally purposed for agricultural
use, which is adapted for forest work. It is worth noting that the type of agricultural
machinery is usually of an old model. There is a previous study that made an effort to find
a solution to this issue. A monitoring system was developed for forwarding operations
performed by old models of forwarders with no CAN-bus system and for forestry-fitted
farm tractors equipped with a trailer [38]. It included a GNSS portable receiver with an
Android platform-specific app and a weighing system mounted on the loading deck of
the machine to assess the amount of extracted timber in each working cycle. In addition
to tracking the working hours and productivity, the system can record the strip road
pattern [38]. In this preliminary research, we wanted to address the following question: “Is
the GNSS precision of the developed ICT system enough to guide the driver of the machine
along a pre-planned strip road network?”.

It is known that the correct functioning of a GNSS system is often hampered in a
forest environment [39–41]. The use of GNSS in forestry is frequently impacted by a
multi-pathing error, which happens when satellite signals are reflected or diffracted by
surrounding objects or surfaces or occluded by the canopy or other solid objects. This
problem exists even with the application of real-time kinematics correction techniques,
which may normally increase the position accuracy, even at a sub-centimetric level, but
only in the presence of robust satellite coverage [42–44].

Taking all the above into account, we established this research with the goal of test-
ing the efficiency of the previously developed monitoring system for forwarding oper-
ations [38], with a particular focus on the level of precision of the GNSS receiver. We
tested the system in two operational contexts in Central Italy’s Turkey oak (Quercus cerris
L.) coppice forests. We further tried to investigate the effects on the GNSS’s precision of
topographical features such as the slope, aspect, elevation, and Topographic Position Index.
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We also aimed to understand if this system is reliable in the harsh topographic conditions
in which forest operations are performed in the context of Mediterranean forestry.

2. Materials and Methods
2.1. Study Areas

We selected two forest sites located in Central Italy (Figure 1), one in the municipality
of Avigliano Umbro (Umbria, Italy, 777769 E, 4726803 N WGS84UTM32N) and the other in
the municipality of Bracciano (Latium, Italy, 761256 E, 4671354 N WGS84UTM32N). The
two sites are both Turkey oak coppices harvested in the harvesting season 2022–2023 and are
highly representative of oak coppices in Central Italy. The sites were specifically selected
because they presented a wide range of slopes (from 0% to almost 30%, representing
the upper limit where forwarders are generally applied) and complex topography, thus
resulting in optimal testing conditions for our scope. In both the study areas, the forest
operations consisted in motor-manual felling and processing by chainsaw and extraction
by an old model of forwarder (Avigliano) and forestry-fitted farm tractor equipped with a
trailer (Bracciano).
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2.2. Field Surveys

A full description of the tested ICT system for monitoring forest operations on forest
machines not equipped with a CAN-bus system is reported in [38]. Briefly, it is made up of
a weighting system located on the forwarding deck, a GNSS receiver and a dedicated app
to record and describe the various working elements. Concerning the GNSS, the system is
based on a GNSS Android 4G receiver Mobile Mapper 50 (Spectra Geospatial, Westminster,
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CO, USA) with a declared GNSS precision up to 1 m. The overall implementation cost of
the ICT system ranges from EUR 4000 to 8000, depending on the precision of the installed
weighing system and of the performance of the GNSS receiver.

The ICT system has two purposes. Firstly, it records the duration of the work session,
then it measures the weight of the timber extracted. The work productivity is calculated
automatically. Secondly, it acts as a navigator where a GIS-planned strip road network can
be uploaded to the Mobile Mapper 50 software. The driver can visualise and follow the
work progress on the screen of the GNSS receiver. At the same time, the ICT system records
in .gpx format all the strip roads established by the machine. In our experiment, we did
not develop a GIS-planned strip road network, but we allowed the drivers to establish the
extraction routes according to their experience. A technical flow chart of the ICT system is
reported in Figure 2.

Sustainability 2024, 16, x FOR PEER REVIEW 4 of 12 
 

2.2. Field Surveys 

A full description of the tested ICT system for monitoring forest operations on forest 

machines not equipped with a CAN-bus system is reported in [38]. Briefly, it is made up 

of a weighting system located on the forwarding deck, a GNSS receiver and a dedicated 

app to record and describe the various working elements. Concerning the GNSS, the sys-

tem is based on a GNSS Android 4G receiver Mobile Mapper 50 (Spectra Geospatial, West-

minster, CO, USA) with a declared GNSS precision up to 1 m. The overall implementation 

cost of the ICT system ranges from EUR 4000 to 8000, depending on the precision of the 

installed weighing system and of the performance of the GNSS receiver. 

The ICT system has two purposes. Firstly, it records the duration of the work session, 

then it measures the weight of the timber extracted. The work productivity is calculated 

automatically. Secondly, it acts as a navigator where a GIS-planned strip road network 

can be uploaded to the Mobile Mapper 50 software. The driver can visualise and follow 

the work progress on the screen of the GNSS receiver. At the same time, the ICT system 

records in .gpx format all the strip roads established by the machine. In our experiment, 

we did not develop a GIS-planned strip road network, but we allowed the drivers to es-

tablish the extraction routes according to their experience. A technical flow chart of the 

ICT system is reported in Figure 2. 

 

Figure 2. Technical flow chart of the developed ICT system. 
Figure 2. Technical flow chart of the developed ICT system.

During the harvesting operations in both study areas, the forwarder operator was
provided with the ICT system, which recorded all the machine’s movements, thus creating
a vector file of the strip road network established for carrying out the extraction operation
in each study area.

After the end of the harvesting operations, the created vector files of the strip roads
were converted into a point shapefile and uploaded to a more complex and high-performing
GNSS receiver, Spectra SP20 (Spectra Geospatial, Westminster, CO, USA), which, thanks
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to the real-time kinematics correction techniques, can reach a centimetric precision. The
Spectra SP20 receiver was equipped with Mobile Mapper 50 software as well.

At this stage, the field surveys started. With the Spectra SP20, one operator identified
85 points located along the strip roads in Avigliano and 45 points located along the strip
roads in Bracciano. The operator reached each point and waited 3 min so as to be sure of
being in the exact location of the recorded point. Then, the operator used a tape measure to
check the distance between the location of the point and the centre of the actual strip road.

In this way, we obtained 130 measurements for the distance between the point along
the strip roads recorded by the ICT system and the real location of the strip road. These
distances were used as a measure of the error of the ICT GNSS and as dependent variables
in the developed models.

2.3. Investigated Terrain Features and Statistical Analysis

To assess the reliability of the ICT system in different operating conditions, we wanted
to understand how the topography of the logging site affects the precision of the GNSS
receiver. We therefore used a 10 m resolution Digital Elevation Model (DEM) [45,46]
to extract the elevation (m a.s.l.) and calculate the terrain slope (%), terrain aspect and
Topographic Position Index (TPI) [47,48] in correspondence to the survey points. The
Topographic Position Index is a terrain categorisation technique that compares the height
of each data point to that of the surrounding points. A point index value will be positive if
it is higher than the surrounding area, as on ridges and hilltops, and negative for sunken
features such as valleys. All the GIS analyses were carried out using QGIS 3.28 software [49],
while the statistical analysis was performed using R software [50].

We used linear mixed-effects models (LMMs) to investigate the effects of the topo-
graphical variables on the GNSS error. In the models, we used the positioning error as the
dependent variable, the elevation, slope, aspect and TPI as fixed effects, and the study area
(Avigliano or Bracciano) as a random effect. A random effect was included to account for
the spatial-related data dependency and for the fact that the surveys were carried out on
two different days, one per each study area.

We started by fitting a full model with all the dependent variables by using the
package lme4 [51], and we checked the Variance Inflation Factor (VIF) to exclude excessive
correlation among the fixed-effects with the car package [52]. No variable showed a VIF
higher than 10, so we could exclude collinearity among the fixed effects. Subsequently,
we used the dredge() function from the MuMin package [53] to select the best model; in
particular, we selected the model with the lowest Akaike’s Information Criterion, corrected
for the small sample size (AICc). In this way, we developed a further LMM by using only
the elevation and TPI as fixed effects. Finally, we used the MuMin package [53] to calculate
the marginal coefficient of determination (R2m) and conditional coefficient of determination
(R2c), respectively indicating the amount of variance explained by the fixed effects and that
explained by both the fixed and random effects [54]. We used the package ggeffects [55] to
calculate and visualise the marginal response and marginal means, representing the mean
values of a given fixed effect assuming a constant level of all the other predictors and no
random effect (global estimate).

3. Results

Descriptive statistics concerning the investigated variables and the GNSS positioning
error are reported in Table 1. The average positioning error result was 1.71 m in Avigliano
(maximum error 4.80 m) and 2.30 m in Bracciano (maximum error 5.20 m). In both the
study areas, the minimum positioning error was practically negligible (0.01 m). Particularly
for the Avigliano study area, the slope range covered practically all the slopes where
ground-based logging is generally applied by forwarding, ranging from 0% to 25%.
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Table 1. Descriptive statistics concerning the investigated terrain features and the GNSS positioning
error for the two study areas.

Avigliano Bracciano

Elevation (m)
Average 390 407

Max 397 425
Min 382 399

Slope (%)
Average 14.55 10.99

Max 25.19 16.6
Min 0.76 5.68

Topographic position index
Average 0.15 0.04

Max 1.41 0.50
Min −0.35 −0.47

Positioning error (m)
Average 1.71 2.30

Max 4.80 5.20
Min 0.01 0.01

The results of the linear mixed-effects model are shown in Table 2. The standard
deviation related to the random effect in the model (study area) was 1.21 m. Both the
elevation and TPI did not show a statistically significant influence (p < 0.05) on the GNSS
positioning error, while the slope and aspect were even excluded by the final model after
checking the AICc. The marginal coefficient of determination R2m was 0.136, which
increased to 0.592 when considering the effect of the study area-related random effect.
Therefore, it is evident that there is a strong effect of the study area on the GNSS positioning
error, which is not explainable by the topography.

Table 2. Summary of the linear mixed-effects model investigating the effects on the GNSS positioning
error of the elevation and Topographic Position Index.

Linear Mixed Model

Random effects
Groups Name Variance Std.Dev

Area (Intercept) 1.464 1.21
Residual 1.311 1.145

Number of observations 130, groups area, 2
Fixed effects

Estimate Std.Error t value
(Intercept) 26.693 7.017 3.804
Elevation −0.062 0.017 −3.551

TPI 0.369 0.272 1.357
R2m R2c

0.1363706 0.5920209

The relationship between the GNSS positioning error and the topographic variables is
reported graphically in Figure 3A (error vs. elevation) and Figure 3B (error vs. TPI). The
regression line for the elevation is negative, while for the TPI it is positive; however, for
both variables, the data distribution clearly confirms the lack of influence on the GNSS
positioning error, as already highlighted by the results of the model.

14



Sustainability 2024, 16, 4629

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 12 
 

both variables, the data distribution clearly confirms the lack of influence on the GNSS 

positioning error, as already highlighted by the results of the model. 

 

Figure 3. (A) Effect of the elevation on the GNSS positioning error. (B) Effect of the Topographic 

Position Index on the GNSS positioning error. Both variables did not show significant effects on the 

GNSS error. Dots indicate data distribution. Grey area indicates the confidence intervals. 

4. Discussion 

The GNSS is globally recognised as the key tool for positioning an object on the 

Earth’s surface [56–58]. However, it is well known that forests represent a challenging 

environment for GNSS position accuracy, with positioning errors that generally prove to 

be two to four times higher than in open areas using the same GNSS receiver [39,59]. The 

main reason for the decreased GNSS precision in forests is related to the canopy cover, 

with increasing canopy density generally leading to bigger errors [39]. In our case study, 

both the operator driving the forwarder and recording the positions with the ICT system 

and the operator checking its accuracy with the SP20 receiver worked in conditions of 

negligible canopy cover. This took place after a coppicing intervention releasing about 100 

Figure 3. (A) Effect of the elevation on the GNSS positioning error. (B) Effect of the Topographic
Position Index on the GNSS positioning error. Both variables did not show significant effects on the
GNSS error. Dots indicate data distribution. Grey area indicates the confidence intervals.

4. Discussion

The GNSS is globally recognised as the key tool for positioning an object on the Earth’s
surface [56–58]. However, it is well known that forests represent a challenging environment
for GNSS position accuracy, with positioning errors that generally prove to be two to four
times higher than in open areas using the same GNSS receiver [39,59]. The main reason
for the decreased GNSS precision in forests is related to the canopy cover, with increasing
canopy density generally leading to bigger errors [39]. In our case study, both the operator
driving the forwarder and recording the positions with the ICT system and the operator
checking its accuracy with the SP20 receiver worked in conditions of negligible canopy
cover. This took place after a coppicing intervention releasing about 100 standards per
hectare. Therefore, the influence of the canopy on the GNSS receiver accuracy can be
excluded. As a result, the positioning errors were on average much lower than what was
shown in previous similar studies in forest environments, where the average error was
about 2 m and the max error about 5 m (Table 1) [59]. This level of the positioning error is
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obviously not enough to consider developing an automatic driving system [60], but it is
enough to perform a very important task in the framework of sustainable forest operations.
Indeed, with this position accuracy, it is possible to use the GIS to pre-plan an optimised
strip road network, upload it to the GNSS receiver and allow the operator to visualise it on
the screen and follow it, similarly to what happens in modern forest machines [28]. In this
way, the operator can avoid zones with excessive slope or areas of soil particularly sensitive
to machinery-induced compaction [30].

Previous studies have shown that that topography can have an influence on the
GNSS positioning accuracy as well. For instance, Zimbelman and Keefe (2018) found that
topographic features can affect the number of signal losses from the GNSS technology
paired with radio frequency (RF) transmission (GNSS-RF) [42]. However, the study [42]
also found that the positioning error was significantly related to the stand features (proxy
of canopy cover) exclusively and not to the terrain features such as the slope, aspect and
presence of concave. Our results confirmed these findings. Indeed, we did not reveal any
significant effect for any of the investigated terrain features, with the slope and aspect even
being excluded from the final model, and the TPI and elevation showing non-significant
results (Table 2, Figure 3). This means that the system can be used in the target operational
context (Mediterranean forestry) without being affected by the topographic features of the
forest site.

Furthermore, it is worth noting that the developed ICT system is applicable in any
small-scale forestry operations in which timber extraction is carried out by forwarding; that
is to say, by using a loading deck. Being based on a weighing system, a GNSS receiver and
a specific app, it can be installed on any machine equipped with a loading deck used for
forest operations.

Obviously, our study presents some limitations. First of all, it should be observed
that this paper can be considered a preliminary study. In fact, the test that was carried out
was a preliminary one, taking into consideration only two study areas and both referring
to one forest typology (oak coppice), although it was highly representative of the typical
working conditions of forwarding extractions after coppicing in oak forests. It is interesting
to note how the model’s coefficient of determination grew substantially when including
the effect of the study area (R2c 0.59 vs. R2m 0.13—Table 2). This highlights the importance
of the specific study area in relation to the GNSS accuracy, most probably related to the
localisation of the satellites in those areas on those specific days.

Further studies to test the overall reliability of the developed ICT system should
therefore involve more study areas and also different forest typologies with higher canopy
cover. However, the preliminary results obtained in this study are quite encouraging.
After deeper investigation and further tests of the developed ICT system in alternative
contexts, we do believe that the proposed solution can represent a valuable contribution to
the implementation of precision forest harvesting in the framework of small-scale forestry.

5. Conclusions

In this preliminary research, we tested the reliability of one of the components that
compose an innovative ICT system previously developed to monitor forest operations in the
framework of small-scale forestry, i.e., the GNSS receiver. We tested the GNSS positioning
error in two study areas, consisting of coppiced oak forests in Central Italy, by checking the
precision of the recorded extraction routes with a better-performing GNSS receiver with RTK
correction. We further used linear mixed-effects models to investigate the influence of the
elevation, slope, terrain aspect and Topographic Position Index on the GNSS positioning error.
We found that the positioning error was lower than in previous trials in a forest environment as
a consequence of the negligible canopy cover that characterises a coppice forest after logging.
We found that none of the investigated terrain features had a significant influence on the GNSS
positioning error. Although this study can be considered a preliminary study, we confirmed
that the previously developed ICT system is suitable for integration with a GIS pre-planned
network of extraction routes. The operator of the forest machine can visualise it on the screen
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of the GNSS receiver so that it can be followed, thus avoiding zones of the parcels that may be
unsafe or lead to impactful disturbance to the soil.
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Abstract: This research was carried out in a selection stand of beech and fir, where logging was
performed with chainsaws of different powers. Two chainsaws of 3.9 kW were used for work on
one area, while on the other one the applied tools were a combination of a smaller and a larger saw
(2.5 kW and 3.9 kW). After logging, the consumption of energy products (fuel (gasoline and motor
oil mix ratio 50:1) and chainsaw oil) was measured for each individual chainsaw by the method of
refueling. It was found that the power of the chainsaw, i.e., the combination of chainsaws of different
powers, significantly influences the consumption of energy products in a beech–fir mixed stand. By
using a combination of one larger and one smaller chainsaw instead of two larger chainsaws, savings
of about 26% for fuel and 24% for oil were achieved. The prediction analysis found that by using two
chainsaws (of lower and higher power) instead of two higher power chainsaws (currently common
mode of work) in beech stands for an estimated volume of about 1 million m3 year−1, the savings
could be about 54,000 L of fuel and about 19,000 L of oil. In monetary value, this is a saving of about
EUR 120,000 year−1, i.e., of about 2,500,000 MJ year−1 of energy.

Keywords: chainsaws; fuel consumption; oil consumption; felling; logging

1. Introduction

It is estimated that a volume of about 3.7 billion m3 of timber is felled around the globe
annually, of which about 824 million m3 is felled in Europe [1]. In developed countries, a
large part of the wood volume is cut by machinery. For example, in Scandinavian countries,
machine felling accounts for about 90% of the wood volume (Latvia, Finland and Sweden),
in Germany about 50%, Belarus 41%, the Czech Republic 29% and Poland 20% [2]. However,
in some countries this percentage is far lower. For example, in Slovakia it is only 5% [2]
and in Croatia 3–4% [3], while in less developed countries these values are even lower
(e.g., Ukraine 1%, Romania 2%) [2].

According to the research of [4], about 98.5% of the total amount of logged wood in
Serbia is cut with chainsaws, while only about 1.5% is logged with a harvester. However, in
the period since 2011, several harvesters have been procured in Serbia, so the assumption is
that now the ratio is 90:10, in favor of chainsaws. That means that about 4.5 million m3/year
of wood volume from state and private forests are cut by chainsaws, which speaks volumes
about their high importance.

Although the number of engaged harvesters is on the rise, chainsaws are still dominant.
The reasons for their use are a number of advantages over machinery which are, in essence,
reflected in lower unit costs. These costs are directly affected by daily operating costs,
which include, but are not limited to, the purchase value of the asset (which directly affects
depreciation), fuel and oil costs, replacement of spare parts, maintenance costs, etc. In
addition, chainsaws are sometimes the only tools for logging and tree felling, as well as for
the cutting of assortments in some specific conditions, such as on steep slopes, or in case
of a large tree diameter [5–7]. The main reasons for the limited use of harvesters are the
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specifics of natural conditions, different ways of forest management as well as the financial
capacity of companies to procure funding for that purpose.

While efficiency has increased through mechanization [8], forest operations are still the
major producer of emissions in the wood value chain. In that regard, harvesting is the most
critical phase, due to high consumption of fossil fuels [9–12]. Felling and processing alone
require over 1.1 L diesel per m3 of roundwood [13] and when this amount is multiplied by
the volume harvested in industrialized countries, consumption soars to over 1 billion liters
of diesel per year [11].

Fuel consumption of cut-to-length (CTL) harvesters accounts for 38% of the total
61 fuel used in the technological cycle, which is higher than the amount consumed during
62 forwarding (35%) and transportation (27%) [11]. As with most production systems,
logging assumes energy input that is largely provided by fossil fuels, thus contributing to
greenhouse gas emissions (GHG) [14–16].

Author [17] state that determining the consumption of energy and energy carriers
(fuel and oils) for chainsaws is of great importance for work in practice. Several researchers
were involved in the research of energy consumption of chainsaws in logging [17–22].

However, [23] states that fuel consumption in logging is still not sufficiently researched
(unlike in transport) and that the existing measurement technologies are mostly untested,
because although several studies have been conducted, more comprehensive research
is needed to investigate how to manage forests in a more efficient way while reducing
fuel consumption.

The aim of this paper is to determine the consumption of energy products and deter-
mine the economic benefit in logging and wood assortment production in a mixed beech
and fir stand for different combinations of chainsaws, which primarily differ in power,
i.e., to determine which combination of chainsaws is more efficient from the aspect of fuel
consumption (two saws of the same power—Husqvarna XP 372—versus two saws of which
one has lower and the other one higher power—Husqvarna XP 372 and Husqvarna H 545).

2. Materials and Methods
2.1. Object of Research

Data collection was performed in a hilly mountainous area, in a selection forest of
beech (Fagus silvatica L.) and fir (Abies alba Mill.), while the conditions for sample plot 1
(hereinafter: SP1) and for sample plot 2 (SP2) were the same. The ratio of beech to fir was
approximately 45:55. Recording of data for the purposes of this paper was performed in
the period of winter logging (November–March), at the teaching base Goč of the University
of Belgrade, Faculty of Forestry, Serbia.

Characteristics of the sample plots (tree species, average tree volume, average diameter
of the felled tree at breast height and the percentage share of roundwood in the total volume)
are shown in Table 1. The percentage share of firewood in the total volume ranged from
9–17%, but in addition to technical roundwood, long firewood was also produced (their
sum value makes a supplement up to 100%).

Table 1. Basic characteristics of the sample plots.

Sample plot Altitude (m) Terrain Slope
(%) Species

Processed
Number of

Trees

Average Tree
Volume

(m3 Tree−1)

Average
Diameter of

Felled Tree at
Breast Height

(D1,3) (cm)

The
Percentage

Share of
Firewood in

the Total
Volume (%)

SP1
1150 10−20

Beech 9 6.41 67 9
Fir 23 4.75 56 15

SP2
Beech 16 5.63 73 17

Fir 24 3.52 62 10
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2.2. Chainsaw Characteristics

In Serbia, in over 90% of cases, trees are logged by chainsaw. In most cases, two
workers with chainsaws work together, most often both of them have chainsaws of the
same power and size, and they are mostly chainsaws with a power of over 4 kW. A
combination of a lower and higher power saw is very rare in practice.

The chainsaws used in this study are Husqvarna XP 372 (3.9 kW) and Husqvarna
H 545 (2.5 kW) (Husqvarna, Stockholm, Sweden) with X-Torq® technology (higher fuel
efficiency and lower exhaust emissions compared to conventional engines). As can be seen
from Table 2, the Husqvarna 372 XP chainsaw is larger in size and has a higher power than
the Husqvarna H 545 chainsaw.

The Husqvarna 372 XP chainsaws were used in SP1 (both saws were the same). They
were 3 months old, while the Husqvarna H 545 chainsaw was 1 month old (applied in
SP2), along with the Husqvarna 372 XP. New guides and chains were mounted on all saws.
Chainsaws used a gasoline and motor oil mix in the ratio 50:1.

Table 2. Basic technical characteristics of the applied Husqvarna chainsaws.

Technical Characteristics Husqvarna 372 XP Husqvarna H 545

Cylinder capacity (cm3) 70.7 50.1
Output power (kW) 3.9 2.5

Recommended guide bar length (cm) 70 50
Chainsaw weight without the cutting

assembly (kg) 6.3 4.9

Special characteristic - X-Torq® technology

2.3. Work Methods

Two workers operated the saws in each sample plot. In SP1, both workers operated
the same chainsaws (two chainsaws Husqvarna 372 XP), while in SP2, one worker operated
a higher power saw (Husqvarna 372 XP), and the other one operated a lower power saw
(Husqvarna H545). Workers were different for both sample plots, but they worked at the
same time on both sample plots.

In SP1, both workers took turns in all work operations (felling, bucking, delimbing
technical roundwood and firewood processing), while in SP2, the worker with the larger
chainsaw performed work operations of tree felling, technical roundwood and firewood
bucking, while the worker who operated the smaller saw mainly performed the delimbing
of technical roundwood, firewood processing and firewood bucking (which was produced
on this surface as long firewood and as a classic one-meter firewood).

2.4. Energy Consumption Measurement

Fuel consumption was measured for each tree individually by the method of energy
products refueling the tank. Measuring cylinders of 250 and 500 mL with a 10 mL accuracy
of reading, with engraved values of 10 to 250 (for oil) and 500 mL (for fuel), respectively,
were used for the refueling of fuel and oil into tanks. The workers would start their workday
with full tanks, and then after each felled and cut tree, they would refill the fuel and oils.
The amount of refilled fuel or oil represents the amount of fuel or oil consumed for the
previously cut tree. The data on fuel and oil consumption were entered in the corresponding
manual. The manual also contains data on the tree (tree species and diameter at breast
height), as well as data on the processed wood logs (diameter in the middle of length), from
which the volume of logs was calculated according to the Huber formula.

V =
Ds

2·π
4

·L

V—volume of log (m3), Ds—diameter in the middle of the log (cm), L—length of log (m).
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2.5. Data Analysis

The data were analyzed using descriptive statistics and Student’s t-test to determine
differences in mean values. Regression analysis was used to analyze fuel and lubricant
consumption by diameter classes. All analyses were performed in Microsoft Excel 2013.

3. Results
3.1. Consumption of Energy

The average consumption of energy products per individual sample plot is shown in
Figures 1 and 2. As can be seen, the average consumption of both fuel and oil was higher
in SP1, where two saws of higher power were used, compared to SP2, where one saw had
higher (3.9 kW) and the other one lower power (2.5 kW).

1 

 

 
 

 

Figure 1. Fuel consumption (mL m−3) by sample plots—mean and 95% confidence interval.

1 

 

 
 

 

Figure 2. Oil consumption (mL m−3) by sample plots—mean and 95% confidence interval.

The t-test established that at the 0.05 level of significance, there are statistically signif-
icant differences in fuel consumption between SP1 and SP2 for beech (t = 2.200, df = 11,
p = 0.025), as well as for oil consumption (t = 2.178, df = 12, p = 0.020). However, there

23



Sustainability 2023, 15, 2795

are no statistically significant differences between SP1 and SP2 for fir in terms of both fuel
consumption (t = 2.021, df = 40, p = 0.178) and oil consumption (t = 2.026, df = 37, p = 0.261).

For further analyses, only the consumption of energy products for beech was taken
into account, because there are obvious differences, but also due to the fact that beech is the
most common species in Serbia.

With the increase in diameter at breast height, fuel and oil consumption logically
grows. However, as can be seen from the figure, differences in energy product consumption
between SP1 and SP2 make a drastic difference in higher diameter classes (from 67.5 cm
upwards), while in lower diameter classes these differences are smaller (Figures 3 and 4).
By applying two higher power saws (in SP1) and by applying one higher and one lower
power saw (SP2), an obvious difference can be observed. This difference in energy product
consumption reaches over 40% in the highest diameter classes (on average about 26% for
fuel and 24% for oil). 

2 

 

Figure 3. Fuel consumption of beech in mL tree−1.

 

2 

 

Figure 4. Oil consumption of beech in mL tree−1.

The increase in the consumption of energy products expressed in mL tree−1 with
an increasing diameter at breast height is shown by exponential functions, which are
given below.
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SP1—fuel consumption y = 83.03e0.04x

SP1—oil consumption y = 23.98e0.04x

SP2—fuel consumption y = 192.30e0.02x

SP2—oil consumption y = 59.22e0.03x

where

y—fuel consumption is expressed in mL tree−1

x—diameter at breast height (cm).

This is also shown in the figures of the average consumption of energy products
expressed in mL m−3 (Figures 5 and 6), whose balancing functions are linear, where
the consumption of energy products is correlated with the diameter class, i.e., with the
increase in diameter class, the average consumption expressed in ml m−3 of processed
wood decreases.

 

3 

 

Figure 5. Fuel consumption of beech in mL m−3.

 

3 

 
Figure 6. Oil consumption of beech in mL m−3.

However, the correlation coefficient in SP2 for fuel and oil (R2 = 0.84; R2 = 0.78)
shows that diameter is affected on fuel and oil consumption. Nevertheless, there is a clear
difference in the consumption of energy products in SP1 and SP2, which is shown by
dependency functions, where y, fuel consumption, is expressed in ml m−3 and x is diameter
at breast height (cm).

The functions that show fuel consumption in the individual sample plots are given below:
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SP1—fuel consumption y = −1.36x + 305.77
SP1—oil consumption y = −0.90x + 155.63
SP2—fuel consumption y = −1.68x + 252.57
SP2—oil consumption y = −0.59x + 98.77

where

y—fuel consumption is expressed in mL m−3.
x—diameter at breast height (cm).

3.2. Economic Benefit

Beech accounts for about 50% of the total felled wood volume in state forests in
Serbia [24]. Beech (Fagus sylvatica L.) is the most widespread broadleaf species in Europe
and it plays a key role in the European forest sector, covering more than 11 million hectares
throughout Europe [25]. Beech is predominantly widespread in mountain conditions. Fuel
consumption in the selection stand of beech found in this study is on average 26% higher for
fuel and 24% higher for oil in SP1 (two higher power saws) than in SP2 (one higher power
saw and one lower power saw). If we make a prediction, according to which all the wood
volume from state beech forests in Serbia (estimated at about 1 million m3 year−1) [24]
would be cut down by two saws of higher and lower power compared to two saws of
higher power (as is normally done), then the annual savings in absolute value would be
about EUR 120,000 year−1 (Table 3) (in 2022). Calculated as energy savings, that would
be about 54,000 L of fuel and about 19,000 L of oil per year. Especially in times of energy
crises, these seemingly small savings would be reflected in the reduction of energy product
consumption, i.e., the reduction of dependence on the imports of energy products, but also
in the emission of harmful gases. The wood volume from private forests, which is assumed
to have approximately the same value, was not included in this analysis.

It should also be noted that the chainsaws that are currently in use mostly have a
power of over 4 kW, so the difference in the consumption of energy products is probably
even greater.

Table 3. Predictive analysis of energy carriers’ consumption for different combinations of use of
chainsaws in beech forests in Serbia.

Combination
of Applied
Chainsaws

Estimated
Wood

Volume of
High Beech

Forests
(m3 Year−1) *

Average
Fuel Con-
sumption
(L m−3)

Average Oil
Consump-

tion (L m−3)

Fuel Price by
Volume

(EUR m−3) **

Price of Oil
by Volume

(EUR m−3) **

Total Fuel
Cost (EUR

Year−1)

Total Cost
of Oils
(EUR

Year−1)

Total Cost
of Energy
Carriers

(EUR
Year−1)

Two saws
Husqvarna

372 XP
1,000,000 0.19 0.08 0.31 0.17 310,000 170,000 480,000

Husqvarna
372 XP and
Husqvarna

H 545

1,000,000 0.14 0.06 0.23 0.13 230,000 130,000 360,000

Absolute
difference 0.05 0.01 0.08 0.04 80,000 40,000 120,000

Percentage
difference (%) 26 24 25

* Estimated value based on data from the monofigure “Beech in Serbia” (2005) [24]. ** The value of fuel was EUR
1.57 L−1, while the value of oils was EUR 2.13 L−1.

If the amount of potentially saved energy was recalculated according to [26] as the
energy value of fuel, which is 33.75 MJ L−1, this would also mean a lower consumption
of energy products in beech stands in the total value of about 2,463,750 MJ year−1. This
issue is very important in times of the great worldwide energy crisis. Of course, this
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would consequently mean a significantly lower emission of harmful gases, to which special
attention should be paid.

4. Discussion

Forest mechanization plays an important role in increasing labor productivity and
reducing production costs. Chainsaws are the most commonly used tool for tree felling and
can have both positive and negative environmental impacts on the forest ecosystem [27].

As already mentioned, in Serbia, trees are logged by chainsaw in over 90% of cases,
where two workers with chainsaws work together (a power of saws over 4 kW). Very rarely,
combinations of larger and smaller saws are used, assuming that this would lead to savings
not only in the initial investment, but also in the consumption of energy products and also
in lower emissions of harmful gases, etc., as already shown in the results.

The average fuel consumption for beech was 198 mL m−3 in SP1, and in SP2 it was
almost 30% lower (0.144 L m−3), while the average fuel consumption of fir in SP1 was
153 mL m−3 and in SP2 it was 0.136 L m−3. The situation is similar for oil consumption—
0.082 L m−3 and 0.063 L m−3 for beech (SP1 and SP2) and 0.066 L m−3 and 0.061 L m−3 for
fir (SP1 and SP2).

When comparing the average fuel consumption expressed in L m−3 for beech with the
results obtained by [18], it can be noted that it is higher than in the case of fuel consumption
in our research for the same organizational form of work (2+0—two workers with chainsaw,
without assistant) (0.295 L m−3 compared to 0.198 L m−3 in SP1 and 0.163 L m−3 in
SP2). Converted into percentage values, this consumption in [18] is higher by about 32%
compared to SP1, or about 44% compared to SP2.

Comparing the data of [21] for a fir and spruce stand, where the chainsaw Husqvarna
372 XP (3.9 kW) was used in the organizational form of work 1+0, and the data of this
research, where the same chainsaw was used in the organizational form 2+0, we can
conclude that a higher consumption of energy products was achieved in this research (SP1),
where the fuel consumption was 0.153 L m−3 and the oil consumption reached 0.066 L m−3,
while in the research of [21] these values were 0.104 L m−3 for fuel and 0.023 L m−3 for
oil. Calculated as a percentage, in terms of fuel consumption, this amount is slightly
higher than 30%, while for oil this value is as high as over 60%. However, the factor with
the highest impact on fuel consumption, i.e., diameter at breast height, was not taken
into account, so these data are only partially comparable. The values obtained by other
researchers [17,28,29] are almost completely incomparable with the data of this research
study, both due to missing data and the incomparability of the existing data.

The problem with comparing the consumption of energy products in different studies
is that the works often do not specify all the conditions (factors) that can have an impact
on fuel consumption, as well as the fact that very rarely can comparable data regarding
most impact factors be found. For this reason, the data obtained by other researchers can
only serve for orientation, and in order to determine the norms, it is necessary to conduct
research under specific conditions.

The consumption of energy products increased with an increase in diameter at breast
height, i.e., with an increase in diameter class, which is logical. However, for larger diameter
classes, the difference in consumption between SP1 and SP2 increases significantly, and in
the highest diameter classes it reaches up to 40%. This can be explained by the fact that the
worker who operates the lower power chainsaw (SP2) mainly performs the delimbing and
firewood processing, thus saving energy. Unlike that, in SP1, these work operations are
performed by a worker with a larger chainsaw, which can be considered irrational, since
mostly diameters below 20 cm are dealt with in this case. This means that the application
of one smaller and one larger saw is particularly significant for trees of large dimensions.
The correlation coefficient in SP2 for fuel and oil shows that, in addition to diameter, other
factors such as crown size probably influence fuel consumption, which were not taken into
account in this study.
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The manufacturer’s website (Husqvarna) states that the Husqvarna H 545 chainsaw
has a fuel consumption which is reduced by 20%, but it is not specified in relation to which
type of chainsaw. Therefore, these studies have shown that this consumption is even lower,
but in relation to the Husqvarna 372 XP chainsaw (almost 30% perceived as total average
consumption). The Husqvarna H 545 chainsaw has X-Torq® technology (this technology
uses pure air, instead of air mixed with fuel, to flush out exhaust fumes).

When the values from SP2 are compared with the data from SP1, where the data are
recorded in the same conditions, it can be concluded that the organizational form of work
in which one worker operates a higher power saw and the other operates a lower power
saw is more efficient compared to the form of work in which both workers work with larger
saws, if beech logging is performed.

The average oil consumption in relation to the fuel consumption in this study, ob-
served by diameter classes, ranged from 0.42 to 0.45 of fuel consumption regardless of the
tree species.

Currently, in Serbia, there are norms, which were researched by [20], which can serve
as a basis for the orientation on energy product consumption for different tree species.
However, in order to achieve any savings, and also to reduce the emission of harmful
gases, a more detailed analysis is needed. This can only be achieved by determining
the consumption of energy products in a specific situation, their analysis and possible
comparisons, in order to improve the process while saving energy, but also by getting an
overview of other aspects (efficiency and ergonomics).

Authors [21] state that fuel and oil savings could be achieved primarily by regular
inspections of chainsaw working order, proper storage and distribution of energy products,
the use of adequate accessories for fuel manipulation, as well as education and stimulation
of workers. It is necessary to continue to pay a lot of attention to the rationalization of fuel
and oil consumption, as well as to the reduction of their harmful effects on man and the
environment (introduction and use of biodegradable fuels and oils).

In this research, it was found that by using the appropriate type of chainsaw, there can
be a reduction in the consumption of energy products, and consequently a reduction in the
emission of harmful gases. Fuel consumption in the selection beech stand is 27% higher for
fuel and 23% for oil in SP1 (two higher power saws) compared to SP2 (one higher power
saw and one lower power saw). If the wood volume from state beech forests in Serbia
were cut down by two saws (about 1 million m3) of higher and lower power compared
to two saws of higher power, then the annual savings in absolute value would be about
EUR 122,000 year−1 and about 2.5 million MJ year−1, i.e., about 54,000 L of fuel and about
19,000 L of oil.

Despite the fact that these savings cannot be compared to those stated by [11], which
refers to savings in fuel consumption in mechanized logging in the Nordic and Baltic
regions alone (potential savings may amount to almost 50 million L diesel year−1), they
are still not negligible. This is primarily due to the fact that the global production of
roundwood amounts to approximately 3.7 billion m3 year−1 [1], of which over 1 billion
originates from industrialized regions such as Europe, North America and Russia [30].
Thus, almost three-quarters of the total wood cut in the world comes from forests from less
developed environments, which in a large number of cases are not able to afford cutting
machines, so logging is performed with chainsaws and sometimes with hand saws. This
fact should further motivate researchers to pay more attention to chainsaws, i.e., their
consumption of energy products in other countries.

Although there is a tendency in Serbia to procure new machinery such as harvesters,
it is certain that in the coming period logging with chainsaws will still take precedence
over harvesters. As already stated, the investment in the supply of chainsaws is several
hundred times lower than the investment in the supply of harvesters, and this is the main
reason for the relatively small share of the use of harvesters. The consumption of energy
products observed per unit of product (m3 of processed wood) is sometimes even more
than five times higher for harvesters than for chainsaws.

28



Sustainability 2023, 15, 2795

It is also a fact that there are currently no special regulations in Serbian forestry in
which at least recommendations/obligations are made regarding the use of fuels and oils
that are environmentally friendly, as well as regarding the type and quality of fuel and oils
to be used (except those given in the commercial leaflets and on the website of chainsaw
manufacturers). One way to reduce greenhouse gas emissions when using chainsaws is
to use biofuels and bio-oil. This is due to the fact that there are no significant changes in
the performance of the chainsaw when using mineral and bio-oil [31–33], while biofuels
and oils have an advantage of rapid degradation in soil and lower ecotoxicity [31]. In
addition, as an alternative to the use of petrol saws, electrically powered saws (battery
powered) are available. Electric chainsaws are a good alternative to petrol chainsaws for
use in small-scale forestry, since their use can be compared to petrol chainsaws in terms of
efficiency; they provide a lower level of energy product consumption, as well as lower noise
and vibration exposure in the hand–arm area [34,35]. Similarly to the situation in other
fields, the results confirmed a positive impact of electrification on man and the environment.
The development of electric tools for forestry is expected to intensify with the development
of more powerful batteries, which are still considered the biggest bottleneck [35]. However,
these saws are still under development and are almost unusable for commercial purposes,
especially for larger diameter trees.

5. Conclusions

In this study, it was confirmed that the some of the factors with the highest impact
on the consumption of energy products of a chainsaw are diameter at breast height and
chainsaw power.

In the selection stand of beech and fir, it was found that lower energy product con-
sumption is achieved with a combination of two chainsaws (one of higher and one of lower
power—Husqvarna 372 XP 3.9 kW and Husqvarna H 545 2.5 kW), by on average 26% for
fuel and 24% for oil.

If, theoretically, a wood volume of 1 million m3 from Serbian state forests, dominated
by beech, were cut down by two saws of higher and lower power compared to two
saws of higher power, then the annual savings in absolute value would be about EUR
120,000 year−1, i.e., about 2,500,000 MJ year−1 in terms of energy products.

Potential savings by using two saws (one of lower and one of higher power in-
stead of two higher power saws) in beech stands would be 54,000 L year−1 for fuel and
19,000 L year−1 for oil.

Although there are seemingly small differences in the consumption of energy products
(fuel consumption of 0.144 L m−3 versus 0.198 L m−3), they make a big difference. These
values are proportionally higher in countries where the use of chainsaws continues to
dominate, which is estimated to be about three-quarters of the total wood cut in the world
that comes from the forests of less developed environments. Apart from Northern Europe,
Russia, North America and part of Western Europe, the rest of the world is dominated by
logging with chainsaws, which speaks in favor of the importance of research studies such
as this one and changes that should consequently be put into practice.
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Abstract: The planning and implementation of surveillance of state territory in forested border areas,
especially mountainous areas, is considered to be highly complex. This is illustrated by the example of
the difficulties the European Union faced in controlling the 2015 European migration crisis. Thereby,
Croatia has the difficult task of protecting the borders of the Union because a particular problem on
the Western Balkan Route is the so-called bottleneck to Slovenia in the area of the Municipality of
Donji Lapac, which consists of the green border with Bosnia and Herzegovina. Consequently, by
using the example of planning multi-purpose forest roads, the aim of this paper is to propose the
inclusion of the road network of border management units of mountain areas in the control system of
the state’s green border, which, in this paper, includes its surveillance and protection by land for the
purpose of national security. The research was conducted on the example of the Visočica–Lisac border
management unit in the Municipality of Donji Lapac. The results of the research indicate a possible
solution to the control of the border management unit by establishing a two-level surveillance system.
The higher level consists of strategically defined surveillance points and corresponding multi-purpose
forest roads designed on a tactical level. At this level, the priority is protection or, more precisely,
defense of the state border. The lower level consists of tactically determined surveillance points with
corresponding multi-purpose forest roads designed on the operational level. In addition to protecting
the state border, this level would also have the task of protecting the forest, that is, monitoring the
area of the management unit.

Keywords: forest roads; Western Balkan Route; European migration crisis

1. Introduction

Migration, especially illegal migration, is one of the biggest problems of the modern
world [1] because the contemporary understanding of borders is bipolar. Namely, “[. . .]
the semantics of borders reveals a dialectical relationship between a completely ‘fixed
borderline’ [. . .] and a ‘vague border area’ [. . .]” [2] (p. 294). In other words, ref. [3] states
that fixed, impassable barriers were built for national security purposes. Therefore, there
is no doubt that they are considered a contemporary iron curtain [4] (p. 112). However,
an issue is that borders are conventional, mentally imagined lines. They consist of inten-
tionally placed border crossings and imagined bounded areas, the so-called buffer zones
around them, which together form the porous border area [5] (p. 5). In the context of the
2015 European migration crisis, an example of such a border is the concept of the green-grey
border [6], which exists between Bosnia and Herzegovina and Croatia.

Namely, the Balkans have been an area of migration between Europe, Asia, and Africa
for centuries [2] (p. 294), whereby the final destination for most migrants is the countries of
Western Europe [1] (p. 33). Therefore, disregarding the actual geographical and cultural
borders of the Balkan Peninsula, the countries encompassed by this name are considered to
be the border area of Western Europe [7], so it is not surprising that the Western Balkan
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Route is one of the eight main migration routes to the European Union [8,9]. Consequently,
the Union has been facing the phenomenon of so-called transit migration [10] in recent years.

The Western Balkan Route consists of a journey by sea to Turkey or Greece, by land to
Macedonia or Bulgaria, and further to the European Union, through Serbia and Hungary,
Serbia and Croatia, or Bosnia and Herzegovina and Croatia. The route was a secret at first.
It was used to smuggle people through mountain terrain and forested areas of Southeast
Europe to the desired country in the West [11]. The route is/was also preferred for drug and
arms trafficking [1]. In 2015, after a large migrant wave towards the Austrian-Hungarian
border, the route became a controlled transit corridor from Greece to Austria. After Hungary
and Bulgaria completed the construction of wire fences on the focal parts of their borders
in 2016, the corridor was closed. The migrant wave has developed a new strategy for
entering the territory of the Union. The route was modified across Croatia’s green border
with Bosnia and Herzegovina [8] (p. 193). Since it is one of the longest-established land
borders in Europe, Croatia, as a member of the Union, has been given the difficult task
of safeguarding European sovereignty and cultural identity. Therefore, in addition to
the national security system, this Union border is also under strong monitoring by the
European Border and Coast Guard Agency (Frontex). As this is a predominantly green
border between the two countries, this paper will provide an example of how the forestry
profession can contribute to the improvement of Croatia’s homeland security system. In
other words, the aim of the paper is to show how the planning of multi-purpose forest
roads in the road network of border management units in mountain areas can support the
established system of monitoring the state’s green border. Consequently, the paper starts
with (a) the idea of determining the key points from which it is possible to monitor the
management unit, (b) the idea of determining monitored cardinal points within the network
of forest roads in the management unit, and (c) the idea of designing multi-purpose forest
roads that, on the one hand, would serve for the needs of forest management and, on the
other hand, for the protection (that is, surveillance and defense) of the state border.

2. Overview of Previous Research

In general, the security risk in forested areas can be broken down into traditional and
extended understandings. According to the former, in addition to the risk of fire, it also
refers to poaching, theft of wood assortments from landing sites, and illegal tree felling [12]
(p. 158). A broader understanding of the security risk in forest areas is mainly related to the
issue of national security. In this context, it can be said that it refers to the defense of the
state border, illegal crossing of the green border, and various types of smuggling through
the forest. Safety risks also include destructive activities of off-road motorcycling and illegal
races with quad vehicles [13] (p. 1). Therefore, when it comes to the land control of forested
(especially border) areas, the primary objective is to monitor forest transport infrastructure.

During the wartime period in the first half of the 20th century, forest areas were
monitored by establishing a road maze and controlling road junctions and roads within
forest complexes [14–16]. The movement of vehicles of any kind outside the existing
transport communication could have been excluded with a high probability [14]. Likewise,
in his opinion, the existing road network was also preferred when walking, and pedestrians,
if they were away from the roads, at some point certainly strived to approach them.
However, [14] (p. 31) does not agree that the forest road network should look like a maze,
so he suggests organizing circular traffic. He believes that circular roads prevent congestion
on roads in the forest and reduce the possibility of unnoticed movement for those who
want to remain unnoticed.

Ref. [17], in their paper, emphasize that today’s forest roads should strive for multi-
functionality. Therefore, the order of importance of parameters, on the basis of which forest
road routes are planned, has changed over time. According to them, forest road planning
“[in] the past took into account only hydrology and slope factors. Today, socioeconomic
factors are also included [. . .]” [17] (p. 18). Amani (2000) is of a similar opinion, arguing that
multi-purpose forest roads condition multi-purpose forest management (as cited in [17]

33



Sustainability 2023, 15, 16935

(p. 13)). His intention is to state that, in addition to the prevailing practice of emphasizing
the economic component, the political component should also be taken into account when
managing forests in certain areas. Such an opinion is shared by Potočnik (1996) and
Bjorklund (2006), as they state that national policy is also taken into account in forest
management (as cited in [18] (p. 5389)). The significance rate of forest roads for security use
in Slovenia is 3.09%, of which 1.79% refers to the police and 1.30% to the army [19] (p. 68).

By examining previous research on this topic, it can be established that the planning
of the optimal network of primary forest transport infrastructure for the purpose of control
(which includes surveillance and protection) of border areas is increasingly based on multi-
criteria decision-making on the route of the future forest road. Most often used are the
Delphi method, the Analytic Hierarchical Procedure, or the Fuzzy Set Theory [20] (p. 1768),
which are based on weighting or scoring. In addition to multi-criteria assessments, it is
important to mention that computer and linear programming [21] (p. 63) are also used in
the planning of forest transport infrastructure because, in this manner, a complete overview
of the most favorable position of conceptual routes in space is obtained. The collective
name for such multi-criteria methods is spatial multi-criteria evaluation (SMCE) [20] (p. 1768).
When planning the detailed layout of the road network in extremely large areas, ref. [22]
(p. 1) explains that “[. . .] optimization of the layout of the forest road network can also be
based on iterative algorithms [. . .]. This belongs to complex methods because, in addition
to linear programming, it is also hierarchical and takes into account not only the issue of
road construction but also the issue of timber harvesting.

When it comes to forestry surveillance of forest transport infrastructure, aerial pho-
togrammetric or satellite images are less commonly used because they cannot always show
in detail what is occurring on the ground due to the structure of the stand, that is, the
degree to which the canopy covers the ground. Therefore, the so-called terrestrial methods
are mostly applied, and they most often refer to wireless sensor networks [23] (p. 2). For
example, in order to detect the location of illegal tree felling, sound sensors for the detection
of chainsaw operation and vibration sensors for the detection of tree fall can be installed in
forests [23] (p. 2). Furthermore, for the purpose of preventing theft of wood assortments,
a surveillance system based on an accelerometer, geophone, and magnetometer is used,
which provides information on the entry point of the vehicle into the forest area and the
speed and direction of its movement [13] (p. 1). Similarly, an acoustic system used for
the surveillance of the remote transport of wood and the movement of forestry officials’
vehicles in the management unit is also applied. This system consists of a database of
sounds of company and subcontractor vehicles in the process of timber harvesting [12]
(pp. 158–162).

When monitoring the green border in order to prevent illegal crossings, the con-
ventional surveillance system based on security checkpoints and patrols at specific time
intervals is still widely used [24]. Therefore, one of the most radical examples of preventing
illegal border crossings is still the application of the US Border Security Policy paradigm
called Prevention Through Deterrence (PTD). In this case, border control uses forest transport
infrastructure mapping technology. In other words, “[. . .] maps are made that distinguish
between ‘controlled’ or enclosed parts and ‘monitored’ or unenclosed parts” [25] (p. 163).
In more detail, in order to ensure the safety of urban zones in border areas, dedicated
forest transport infrastructure planning directs migrants towards more remote (rural) areas,
where environmental conditions act as a natural barrier to movement. On the one hand,
the spatial displacement effect [26] is achieved in this manner, while, on the other hand, the
implementation of the so-called Tactical Advantage Act [25] is enabled.

A step prior to mostly applying contemporary technology to green border surveillance
is to combine conventional methods with sensor technology. In this case, surveillance
consists of (a) border patrol, which controls a certain part of the border day and night;
(b) ambushes, that is, patrols whose task is to prevent illegal crossings at night; (c) keeping
watch, which refers to the daily surveillance of the border and terrain of the neighboring
country through a system of observation posts; (d) stationary or mobile thermal cameras,
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which enable the detection of targets, recognition, and observation in all weather conditions;
and (e) the application of a stationary or mobile Askarad radar system for monitoring,
finding and classifying moving targets, and precisely locating them [27] (pp. 1395–1396).

An example of linear architecture in contemporary transport infrastructure surveil-
lance technology for illegal green border crossings is the Unattended Ground Sensor Network
(UGS). Namely, according to estimates, in a five-year period, 1000 migrants create an
average of 722 m of forest trails, i.e., degrade 656 m2 of forest land [28] (p. 403). Therefore,
this network is suitable for preventing border crossings in areas remote from local border
crossings. “[The] UGS network was developed to remotely detect, localize, identify, and
classify targets for the purpose of [. . .] situational awareness, perimeter protection, border
control, and surveillance of borders and targets” [29] (p. 2). To put it simply, the network
consists of sensors hidden in the field that channel the data to the nearest central node
(base) over long distances, and the information thus collected from all nodes is further sent
to the center. The sensors can be magnetic, acoustic, infrared, radar, or capacitive. The
UGS network is further connected to the Intelligent Route Surveillance—IRS system, based
on a triple traffic classification: (a) non-motorized traffic (people and livestock), (b) small
motorized traffic (motorcycles, cars, and vans), and (c) large motorized traffic (trucks and
forest wheel and track machinery) [29] (p. 6).

However, for the purpose of monitoring forest transport infrastructure in mountainous
areas, [30] (pp. 0849–0851) believes that the most suitable method is MWSN (Multimedia
Wireless Sensor Nodes). According to this method, the area of the green border covered by
the sensor node is called the Field of View—FOV. Each sensor node consists of (a) a sensor
unit with a thermal camera for capturing images in space; (b) a communication unit that
enables communication of the sensor node with other nodes in the network and sending
information from the environment to the desired destination (e.g., the nearest police station);
(c) a power unit, i.e., a battery; and (d) an information processing and storage unit. The principle
of operation of the system is such that each node has the task of protecting the neighboring
(adjacent) sensor node. Namely, in case of damage to the node, the next one, which is on
the same route but in a different place, can replace the damaged node [30] (p. 0852).

Nevertheless, the advancement of sensor technology is aimed at creating a hierarchical
architecture. One example of such a method of controlling forest road infrastructure is the
platform for military surveillance of green borders, FemtoNode. The system consists of two
sensor levels. The nodes of the so-called low sensors are scattered along the borderline,
either on the ground or underground. At the moment when a vehicle crosses the borderline,
the low sensors sound an alarm to activate the so-called high sensors, i.e., Unmanned Aerial
Vehicles—UAVs equipped with, for example, vehicle recognition radars [30] (p. 0849).

An even more complex hierarchical architecture surveillance system is the application
of the hybrid architecture of wireless sensor networks. An example of this is the BorderSense
method with three layers of hierarchy, that is, three types of sensor nodes. The first are scalar
sensor nodes equipped with a seismic sensor and arranged on the ground or underground.
The second type consists of multimedia sensor nodes equipped with video cameras or night
vision binoculars located on observation posts along the green part of the border. The
last are mobile sensor nodes, i.e., mobile ground robots and unmanned aerial vehicles [24]
(p. 468). This method is characterized by a high level of reliability, i.e., a minimum number
of false alarms.

The technologies and methods used in the Croatian homeland security system are
mostly classified and not publicly available. Therefore, on the basis of very limited doc-
umentation, it is only possible to assume that Croatia is in the stage of combining the
application of conventional methods of green border control with the use of a linear ar-
chitecture of various sensors. Consequently, in order for the primary forest transport
infrastructure to be used for multiple purposes, it is desirable that its planning be based not
only on forestry multi-criteria assessments of its optimization but also on the possibility of
applying more complex methods of security systems for its surveillance.
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3. Methodology

The area of the Municipality of Donji Lapac is one of the high-frequency crossing
zones on the border between Bosnia and Herzegovina and Croatia. Namely, this part of the
Croatian territory is the shortest route to Slovenia, which, at the time of the 2015 European
migration crisis, was the Schengen border. In order to avoid border control, migrants
stopped moving along the gray border, so demanding forested areas often became alterna-
tive routes. Therefore, passing through this part of the Western Balkan Route was called
a “gamble” [31,32]. Nevertheless, within forest complexes, migrants will still resort to
moving through forest transport infrastructure ,̧ at least part of the way. Consequently,
the aim of this paper, based on the example of planning multi-purpose forest roads, is to
provide a proposal for the inclusion of the road network of border management units in
mountain areas in the surveillance system of the green border of the state.

The research starts with the following research questions:

1. Can the state border, as well as the territory of the management unit, be controlled
if the strategic surveillance point is positioned on the highest peaks of the manage-
ment unit?

2. Does the surveillance of forest roads within the management unit depend on defining
the position of the monitored cardinal points and terrain relief?

3. Does the multi-purpose forest road designed on a tactical level affect the accessibility
of the management unit, although this is not its primary purpose?

4. Does the length of the multi-purpose forest road designed on the operational level
affect the size of the accessible area in the management unit?

The analysis was conducted on the example of the Visočica–Lisac management unit
bordering Bosnia and Herzegovina. Within the framework of forest management, it is under
the jurisdiction of the company Hrvatske šume d.o.o., i.e., the Forest Administration of
Gospić and its component Forest Office of Donji Lapac. It is positioned between 44◦28′40′′

north latitude and 15◦57′45′′ and 16◦08′25′′ east longitude [33] (p. 11).
The total area of the Visočica–Lisac management unit is 4774.37 ha [33] (p. 11). The

management unit is divided into 91 compartments with associated sub-compartments. The
relief is characterized by mountain ridges, very steep slopes, karst fields, and deep ravines.
In terms of vegetation, this management unit is characterized by uneven-aged beech forests
and uneven-aged Austrian oak forests, i.e., the following forest communities: Austrian
oak and Southern European flowering ash forest (Fraxino orni-Quercetum cerridis Stefanović
1968), beech forest with autumn moor grass (Seslerio autumnalis-Fagetum sylvaticae (Horvat)
M. Wraber ex Borhidi 1963), mountain beech forest with large red dead nettle (Lamio
orvalae-Fagetum (Horvat 1938) Borhidi 1963).

The road network has a total length of 58.91 km, of which 47.1 km are forest roads
and 11.8 km are public roads. Given that 38.59 km is entered into the calculation of the
accessibility of this management unit, its total accessibility is 8.07 km/1000 ha [33] (p. 84).
Taking into account the minimum required classical accessibility of mountain areas of
15 m/ha from 1990 or 20 m/ha from 2012, as stated by [34], the aforementioned indicator
of total accessibility leads to the conclusion that this management unit is poorly accessible.

The research is based on the M 1:25,000 topographic map and a digital relief model
with a resolution of 15 × 15 m of the Visočica–Lisac management unit. First defined on
the topographic map are strategic and tactical surveillance points. Strategic surveillance
points are those positions from which it is possible to control the state border. They are
based on the idea of a location to which the “Lisac” forest road leads, which was built
in 2020 as a result of cooperation between the company Hrvatske šume d.o.o. and the
Ministry of the Interior for the purpose of state border control. Considering that the
peak to which the aforementioned road leads is the highest point of the southern part
of the management unit, it is to be assumed that it has strategic significance because a
stationary video surveillance system has been installed there. Furthermore, taking into
account that, on Gologuz Peak (one of the highest in the northern part of the management
unit), there is a transmitting facility, in this paper, it is defined as the second strategic
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surveillance point (Figure 1). Tactical surveillance points were defined based on the
research of [35]. He uses the photographic detection system, hidden at road intersections,
to provide the US Forest Service with information on the number and type of vehicles
passing through forest complexes. In accordance with the above, the paper starts with
the thesis that the tactical (planned and installed by foresters) points in the Visočica–
Lisac management unit are defined with regard to the cardinal points in its forest road
network. The proposal is that, from these positions, it is possible to control (a) the
entry/exit points of the management unit and (b) the key intersections of the main and
side forest roads in the transport network. The intersections were selected based on the
position of the roads leading to/from the management unit. Consequently, the peaks of
Pod Barićev at 869.75 m above sea level, in the area of Visočica (Tactical Point 1) and of
Špija at 804.33 m above sea level, in the area of Lisac (Tactical Point 2) were selected as
tactical surveillance points. The assumption is that, from them, it is possible to view the
largest number of monitored cardinal points (Figure 1).
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The surveillance of the management unit, from the strategic and tactical points defined
in this manner, was simulated on the basis of data on the stationary video surveillance
system manufactured by FLIR Systems (the stationary video surveillance system was acquired
by Croatia in a public procurement procedure for the defense and security of the state. Therefore,
the technical specifications are classified in accordance with the Croatian Data Confidentiality Act
(Official Gazette NN 79/07, 86/12). For the purposes of this research, we were allowed to use
them, but not to make them publicly available), which Croatia uses to control its border in the
Municipality of Donji Lapac.
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When it comes to the analysis of forest transport infrastructure, thereby taking into
account that the strategic planning of forest roads, according to [34], implies the level of the
forest management area, and the tactical planning, the level of planning in the management
unit, forest roads leading to strategic surveillance points are, in this paper, understood as
tactically designed routes. On the other hand, conceptual roads that would lead to tactical
points of visibility are, in this paper, understood as operationally designed routes. These are
individual forest roads that, in addition to surveillance, primarily serve to make accessible
a smaller area within the forest complex. Consequently, routes designed on the tactical
level of planning are, in this paper, referred to as tactical (multi-purpose) forest roads,
while those designed on the operational level are referred to as operational (multi-purpose)
forest roads.

Segments of the horizontal and longitudinal development of tactically designed forest
roads were analyzed on the basis of Glavni projekt šumske ceste Lisac (main/implementing
project design of Lisac Forest Road). The planning of conceptual routes for operational
forest roads was carried out by designing a zero-line on the Croatian Basic Map (HOK)
at a scale of 1:5000 with an equidistance of 5 m between contour lines using the ArcMap
10.1 program (Esri, Redlands, CA, USA). Careful consideration of laying a zero-line polygon
of future routes is a major factor in the planning of the forest road network [36] (p. 2456).
The starting point of the conceptual route was positioned on the route of the existing
primary forest transport infrastructure, while the endpoint was the tactical control point
(the elevation at which it was defined). Based on their distance from each other and the
altitude difference between them, the average slope of the zero-line polygon was calculated.
Then, the so-called divider segment was determined, that is, “[. . .] the value that represents
the constant distance between the contour lines for a certain slope” [37] (p. 63). In doing so,
zero-line polygons of conceptual routes are conditioned by a maximum longitudinal slope
of 12% to (exceptionally, also for shorter distances) 14%, which has been defined for such
terrain by [38].

4. Research Results

The analysis of visibility from strategic surveillance points showed that the Lisac
strategic point in the Visočica–Lisac border management unit is defined on the basis of
situational awareness. Despite the fact that the sizes of the set parameters on the actual
camera are not known, for the purposes of this research, the simulation of sophisticated
video surveillance from this point assumed the setting of the parameters of the thermal
imaging camera for detection, recognition, and identification of vehicles at maximum
values for selected heights of 4 m (which is the height of a forest truck, trailer, or truck
unit) and 8 m (twice the height of a truck, trailer, or truck unit). Consequently, it was
concluded that, from this point, it is possible to control the state border and half of the
management unit. Whether the video surveillance parameters are defined at a height of 4 m
or 8 m, detection and recognition of vehicles from this point are possible in equal quality.
As expected, the visibility field for vehicle identification is lower in both examples, as the
maximum values of the parameters are also lower (Figure 2). This leads to the conclusion
that, in this part of the management unit, Croatia has applied prevention by deterring
illegal entry into the country.

However, when it comes to the Gologuz strategic point, the analysis shows negative
results for the possibility of state border surveillance. By setting the visibility parameters to
maximum height values of 4 m and 8 m, it was observed that it is not possible to control
either the state border or the management unit from Gologuz Peak (Figure 3). Furthermore,
it is important to point out that, from this point, the surveillance of the area of Visočica itself
is limited. This is due to the greater circuity of the relief in this part of the management unit
on the one hand and the partial overgrowth of the peak on the other. However, the analysis
found that, from this point, the place of Donji Lapac, its access roads, and the hamlets on
the west side can be monitored. This leads to the conclusion that Gologuz Peak is suitable
for surveillance deep into the territory of Croatia.
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Figure 2. Visibility from the Lisac strategic point by simulating the installation of a thermal imaging
camera at a height of 4 m and 8 m. Source: Prepared by the authors.

Based on the above, it can be concluded that height does not have as much influence
on the size of the monitored area as does the circuity of the terrain. Namely, the area of
Lisac is less hilly compared to Visočica. Therefore, the Lisac Peak dominates the area, so the
visibility from that point is better. On Visočica, the terrain is more circuitous, so Gologuz
Peak is surrounded by a number of other elevations, which, consequently, interfere with
the width of the view from that point. In addition to the above, the overgrowth of the peak
should also be taken into account. While clear-cutting was carried out on Lisac, Gologuz is
partially overgrown.

An analysis of tactical forest roads (Figure 4) showed that the structure of primary
forest roads is actually side forest roads. In [39], it is stated that it starts as a road branch
from the previously existing Borićevac–Lisac forest road. From 730 m above sea level to the
very peak (997 m above sea level), the road overcomes an altitude difference of 267 m with
an average longitudinal slope of 8%. The route ends at chainage 33 + 77.25 hm. This road
passes through compartments/sub-compartments 57a, 57b, 57d, 59a, 60a, and 61b. The
road to Gologuz Peak is 17 + 20.00 hm long. Its beginning is at 850 m above sea level, and
the road continuously climbs to 1022.4 m above sea level, overcoming an altitude difference
of 172.40 m. Based on the above data, it is possible to calculate the average slope of the
horizontal route, which is 10.02%. However, ocular assessment determined (because the
main/implementing project design of Lisac forest roads no longer exists) that certain parts
of the route were also built with a higher slope.
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Figure 3. Visibility from the Gologuz strategic point by simulating the installation of a thermal
imaging camera at a height of 4 m and 8 m. Source: Prepared by the authors.

When it comes to tactical surveillance points, taking into account their previously
mentioned priority of forest protection, the research starts with the assumption that the
position of such points depends on the position of cardinal points that are intended to
be monitored in the road network. In this research, cardinal points are considered to be
road intersections and the points of entry of each category of road into the area of the
management unit. It should also be noted that they were all considered equally valuable.

Since tactical points are not significant for national security, it is considered that defin-
ing them is exclusively under the competence of foresters. Accordingly, the assumption
is that a simpler, not sophisticated, video surveillance system will be installed at these
locations. Therefore, a visibility analysis was conducted for the selected locations in such
a manner that the stationary video surveillance system was set to half the maximum
values from its technical specifications for the height of 8 m. The assumption is that a
low-performance thermal imaging camera should be placed at a higher height in order to
be able to additionally monitor a certain area.

The research results show that, from the proposed position for Tactical Point 1 (Pod
Barićev Peak), it is possible to view (i.e., detect, recognize, and identify the vehicle) with
four of the 14 marked cardinal points. Even if three cardinal points in the section dividing
the management unit are excluded, it is concluded that the position of the tactical point is
not satisfactory with regard to the surveillance of forest roads in the Visočica area. However,
it is important to note that, from this position, it is possible to control most of the entry
points to this part of the management unit (Figure 5).
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Figure 4. (a) Tactical forest road Gologuz and (b) Tactical forest road Lisac. Source: Prepared by
the authors.

In the Lisac area, from the location of Tactical Point 2 (Špija Peak), of the marked eight
cardinal points, it is possible to monitor four of them. It is important to mention that, from
this location, it is possible to control most of the entry points to the Lisac area. Furthermore,
from this point, it is possible to control the main forest road that divides the management
unit in the north–south direction. In addition, visible is most of the section of the main
forest road (in that area), which divides the management unit in the east–west direction
(Figure 6).

This leads to the general conclusion that defining the position of the tactical point
requires precise determination of the cardinal points to be monitored. In this case, it can be
said that, from both tactical points, it is possible to monitor most of the entry/exit points to
the management unit but not the key intersections within the road network. As the number
of tactical points increases, the surveillance area increases proportionally, as [14] (p. 8) also
wrote about.

When planning the conceptual routes of operational forest roads, three zero-line
polygons were analyzed in the research. Given the position of Tactical Point 1, it has been
established that it is convenient to approach this location from two directions (Figure 7a).
Consequently, the length of the first conceptual route of the forest road (approaching the
point from the south) is 722 m. From 790 m above sea level, it continuously climbs to
Pod Barićev Peak (869.75 m above sea level), whereby it overcomes a height difference of
79.75 m. The average slope of the horizontal laying of the route is 10.09%, with a maximum
of 12%. The calculated divider segment is 46.13 m. This route would mostly pass through
the compartment/sub-compartment 5a and would slightly include the compartment/sub-
compartment 4a. The second conceptual route, which approaches this tactical point from
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the north, is 1095 m long. It overcomes an altitude difference of 74.75 m, i.e., it extends
from 795 m above sea level to 869.75 m above sea level. The average slope of the horizontal
laying of the route is 6.83%, with a maximum of 12%. The divider segment is 61.29 m.
There are two points on this route where there is a change in slope. The first is located at an
altitude of 825 m, and the second at 865 m. The forest road route thus planned would pass
through four compartments/sub-compartments (3a, 4a, 4b, and 5a).
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Figure 5. Visibility from Tactical Point 1 by simulating the installation of a thermal imaging camera at
a height of 8 m. Source: Prepared by the authors.

Tactical Point 2 would be best approached from the north, along a 505-m-long route
(Figure 7b). Its beginning would be at 770 m above sea level, and the end would be
at Špija Peak at an altitude of 804.33 m. Consequently, this road would overcome an
altitude difference of 34.33 m with an average slope of 6.80%, also not exceeding 12%. The
calculated divider segment for this route is 26.51 m. The road would pass through three
compartments/sub-compartments (37a, 37c, and 38a).

The results of the research on the planning of conceptual routes for operational multi-
purpose forest roads have shown that they can be of a dual character. On the example of
zero-line polygons for tactical surveillance points, it can be noted that such roads can be
shorter or longer, depending on the position of the tactical point with regard to the existing
road network and/or the quality of the accessibility of the part of the management unit
where such a point is located. Therefore, it can be concluded that shorter routes should be
planned in those parts of the management unit that are well accessible. Longer routes to
the tactical surveillance point should be planned in inaccessible or poorly accessible parts
of the forest complex.
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Figure 6. Visibility from Tactical Point 2 by simulating the installation of a thermal imaging camera at
a height of 8 m. Source: Prepared by the authors.

In addition, during the analysis of the zero-line polygon in the Visočica area, it was
observed that the total length of the route can consist of two parts. Therefore, for the
purpose of monitoring the management unit, a shorter part of the route, which leads faster
to the location of the tactical point, should be built first. Depending on its position, the
assumption is that this part of the route will mostly pass through a smaller number of
compartments/sub-compartments. For the purpose of forest management, a longer part of
the total route of the operational road may be built first, assuming that it makes a larger
number of compartments/sub-compartments more accessible. Until the construction of the
full profile of the route, this part can be treated as a commercial forest road with a turning
point at the end. However, further up to the elevation defined as the surveillance point,
it is only possible to build a skid trail due to the possibility of using a larger longitudinal
slope. In this manner, the surveillance point would be ready for activation at any time.

Based on all of the above, it is confirmed by the thesis of [40] (p. 24) that the optimal
density of roads within a management unit cannot be discussed in general but that it is
adapted to the micro-relief conditions of each management unit separately. However, it
has been concluded that it is possible to plan two types of multi-purpose forest roads in
the border management unit of a mountain area. The first type consists of short, tactical,
or operational forest roads. The analysis determined that, in this management unit, such
sections are between 500 and 800 m long, so it can be concluded that the forest roads in this
example should be up to 1000 m long, depending on the appearance of the relief and the
skill of the designer. In general, short multi-purpose forest roads have the characteristics
of classic forest roads, as they separate from the main road towards the surveillance point
and, by doing so, make a smaller part of the forest complex accessible (Figure 8a).
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The second type of multi-purpose forest roads are so-called circular roads (Figure 8b).
The research found that operational forest roads belong more often to this group, but
where possible, this is also feasible with tactical surveillance roads. For example, the
assumption is that the Lisac (tactical) forest road is part of a route of such nature. The ar-
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gument in favor of this is the fact that it currently passes through six compartments/sub-
compartments. Assuming that a part of the circular route is built from the east, this road
would make two additional compartments/sub-compartments accessible. The shorter
route was probably not built first because the strategic point is positioned on a poorly
accessible part of the management unit, so the benefits for forest management were also
taken into account.

5. Discussion and Conclusions

Taking into account the integrity of the territory within the former Yugoslavia, some
forest roads from Croatia continue to those in Bosnia and Herzegovina today. Therefore,
the proposal for the establishment of a surveillance system in the mountainous border
areas of Croatia is to control the road network in the management units closer to the state
border. Based on the analysis of the existing, but also the possibilities for improving the
future primary forest transport infrastructure in the Visočica–Lisac border management
unit, the following has been concluded about the previously set research questions:

(1) By simulating the surveillance of a management unit with two peaks at opposite
ends, the state border and the territory of the management unit can be controlled if the
strategic surveillance point is positioned at the highest peaks of the management unit. The
analysis of the possibility of surveillance from Lisac Peak (the highest elevation
in the south of the management unit) showed that, from this strategic point, it is
possible to view the state border and half of the area of the management unit. From
Gologuz Peak (which is not the highest elevation in the north), a satisfactory level of
state border surveillance and of that part of the management unit is not achievable.
However, from this point, it is possible to control deep into the Municipality of
Donji Lapac.

(2) The analysis has confirmed that surveillance of forest roads within the management unit
depends on defining the position of the monitored cardinal points and terrain relief. The
research found that a simpler video surveillance system would also be suitable for
forest protection. By controlling the road network, not only criminal activities in the
field of forestry would be prevented, but it would also contribute to strengthening na-
tional security in those border management units for which setting up a sophisticated
video surveillance system is currently not envisaged. The only prerequisite for this
is to draw attention to the position of the monitored cardinal points when defining
the position of the tactical point in space. Namely, such a point is best placed on the
highest elevation around which the largest number of cardinal points to be monitored
are grouped.

(3) It is confirmed that the multi-purpose forest road designed on a tactical level affects the
accessibility of the management unit, although this is not its primary purpose. Analyzing
the layout of the route of the Lisac (tactical) forest road, it can be noted that forest
management was taken into account, although the road was built at the request of the
Ministry of the Interior for state border surveillance. Namely, six compartments/sub-
compartments, which had not been managed previously, were made accessible by its
construction. Thus, the mean distance of skidding wood was reduced, as were the
costs of forest exploitation. It is also worth mentioning that making accessible the
compartments/sub-compartments with protective forests enabled better implementa-
tion of fire protection.

(4) The analysis has confirmed that the length of the multi-purpose forest road designed on
the operational level affects the size of the area made accessible in a management unit. The
primary purpose of operating multi-purpose forest roads is to serve forest manage-
ment; therefore, when planning them, one should always take into account the phy-
tocoenological map of the management unit and inaccessible compartments/sub-
compartments through which it would be favorable for the route to pass. The analy-
sis found that, in the Visočica area, it would be desirable for the multi-purpose forest
road to be longer because, in this manner, more compartments/sub-compartments
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of the commercial beech forest would be made accessible, i.e., in phytocoenological
terms, beech forest with autumn moor grass (Seslerio autumnalis-Fagetum sylvat-
icae (Horvat) M. Wraber ex Borhidi 1963) and mountain beech forest with large
red dead nettle (Lamio orvalae-Fagetum (Horvat 1938) Borhidi 1963). However,
for surveillance purposes, the route should be as short as possible, as the goal is
to reach the tactical point in the fastest possible time. Consequently, in order to
meet both requirements, circular roads should be planned, consisting of two routes:
shorter (for surveillance) and longer (for forest management). On the other hand,
the results of the analysis determined that the operational forest road in the Lisac
area should be shorter, as it is defined in the well-accessible area of that part of the
management unit. Consequently, its entire route can be used for both surveillance
and forest management purposes.

The conducted research shows that the issue of green border control requires an
interdisciplinary approach to the problem, which means that the forestry profession, in
the process of establishing surveillance over forested areas along the state border, must
not be ignored. Furthermore, in order to maintain a continuum in controlling the green
state border, it has been concluded that the application of a two-level surveillance system
is required in border management units. The higher level refers to the issue of national
security. For this purpose, it is necessary to determine the position of one or more strategic
surveillance points and to plan the construction of tactical multi-purpose forest roads that
would lead to them. The lower level is intended to protect forests from activities primarily
related to illegal tree felling, theft of wood assortments, poaching, and arson. For this
purpose, it is proposed to determine the tactical surveillance points and plan the route of
operational multi-purpose forest roads leading to them.

In further research on this topic, it is also worth considering the possibility of devel-
oping the categorization of primary forest roads for the border mountain area, given the
priority of their surveillance for the purpose of forest protection but also for the control of
the state’s green border. By combining such a categorization of primary forest roads with
the proposed two-level surveillance of forested areas, Croatia would have an elaborate
system of not only controlling its green border in the mountainous area but could also
control forest operations in border management units.
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Abstract: Silvicultural treatment and the forest harvesting operations using different methods can
lead to an increase in the production of runoff and sediment by changing the canopy and soil surface
where they are conducted. In order to investigate this issue, sampling plots were established in
the Namkhaneh district of the Kheyrud forest with three replications for every treatment: control
stand and tree harvesting systems using single-selection cuttings and group-selection cuttings. The
amount of runoff and sediment was collected and estimated from precipitation over a period of one
year. Also, some soil physical properties such as bulk density, penetration resistance, sand, silt, and
clay content, soil moisture, and soil organic matter were measured. The results showed that tree
harvesting systems has a significant effect on runoff, the runoff coefficient, and sediment but the
season (growing season and fall) and the combined effect of tree harvesting systems and the season
have no significant effect on the runoff coefficient and sediment. The mean runoffs of each rainfall
event for the control, single-tree, and group-selection treatments were 5.67, 8.42, and 10.28 mm,
respectively, and the sediment amounts were 3.42, 6.70, and 11.82 gr/m2, respectively. Furthermore,
the total annual erosion amounts of the control, selection, and grouping treatments were 0.427, 0.838,
and 2.178 t/ha, respectively. The bulk density, penetration resistance, and percentage of sand and
silt were positively related and the percentages of clay and organic matter were negatively related
with the amount of runoff and sediment. In the method of individual selection cuttings, the damage
to the forest in terms of the amount of runoff and soil erosion was less than for the group-selection
cuttings. Forest harvesting by the selection method (single-selection and group-selection) has caused
different changes in the vegetation canopy. The final summary of our results could be the advice to
predominantly use the single-selection method in high-slope stands.

Keywords: forest harvesting; single- and group-selection method; canopy cover; annual erosion;
runoff and sediment

1. Introduction

Forest ecosystems play an effective role in regulating and maintaining the water
balance in watersheds, and the ecosystem’s function of water supply and regulation by
trees includes regulating seasonal water flows, providing water for various uses, and water
purifying and storing. In forests, due to humus and organic matter in the soil, the amount
of water absorption and infiltration is high [1]. The area of Hyrcanian forests in northern
Iran is about 1.9 million ha, of which an area equal to 1.07 million ha has been exploited in
the past decades. Disturbance in a forest’s hydrological function leads to an increase in the
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soil erosion intensity, the loss of topsoil, and a decrease in its water holding capacity [2–10].
Undisturbed forest areas usually have the least runoff and sediment production among all
ecosystems due to the presence of tree and herbaceous cover, a litter layer, and tree remains.
In this regard, the soil erosion rate in undisturbed forests has been reported in a range from
0.02 to 1.2 t/ha [11]. Forest harvesting operations which cut trees and remove vegetation
from forest floor lead to an increase in the volume of surface runoff [12].

One of the key goals of sustainable forestry and agricultural management is to mini-
mize soil erosion. Accordingly, the soil properties and vegetation are two important factors
which influence soil erosion processes [6,7]. The study of the role of vegetation and soil
physical properties on runoff and sediment yields in different land cover types (forest,
monoculture plantation, and agroforestry) in China by Zhu et al. [13] showed that the
runoffs in land with monoculture plantations are 33.2 and 2.6 times greater than those of
forest and the agroforestry fields, respectively. Furthermore, the sedimentation rates in
forest, monoculture plantation, and agroforestry systems are 0.041, 11.54, and 2.73 t/ha,
respectively. This shows that the conversion of forests to other types of land cover leads to
negative hydrological consequences (excessive runoff and sedimentation). The amounts of
runoff and sedimentation are two important parameters related to soil erosion, which is
considered as an important environmental problem related to natural hazards and forest
management operations [14,15]. Vegetation evaporates part of the rain that it receives on
the one hand and slowly transfers another portion to the earth’s surface. At the same
time, creating a barrier to the movement of water on the ground surface, it increases the
penetration of water into the soil [5]. Therefore, land cover change has a profound effect
on the water cycle. The reduction of vegetation cover due to forest harvesting generally
increases the average surface runoff volume and overall water performance [16]. The
removal of a certain number of trees in the stand as a consequence of exploitation induces
a change in the crown layer of forest cover, reducing the amount of interception and in-
creasing evaporation. It also increases the amount of throughfall on the ground [17,18]. In
deciduous forest stands, trees experience two distinct periods, leafy and leafless periods,
which have significant effects on hydrological characteristics such as interception, followed
by runoff and sediment [19]. The average runoffs in plots with low, medium, and high
traffic intensity in the leafless period were 95.5, 54.2, and 21.7% higher than the runoff
values in the leafy period, respectively. The average yields of sediment in low-, medium-,
and high-traffic treatments in the leafless period were 7.1, 5.1, and 3.3 times higher than the
amount of sediment in the leafy period [19].

Soil erosion is affected by many factors, including the rainfall intensity, soil type,
vegetation, soil moisture, and slope [20]. The dry bulk density, moisture content, and total
porosity were affected considerably on skid trails by the slope and traffic frequency [8,10].
In harvested areas, the presence of foliage and litter on the forest floor is very important
to prevent splash erosion, and somewhat to reduce runoff and particle movement to
downslope [21]. In areas with steep slopes, the strength of the soil is weak, and heavy rains
and high temperatures make the erosive soils more sensitive to the effects of machinery
and the disturbance of vegetation [22–24]. The research of Akbarimehr and Naghdi [25]
shows that the main variable affecting runoff and soil erosion is the slope. Bahadur [26] also
stated that the highest amounts of runoff and soil loss come from plots with a steep slope.
Runoff generally increases in forest watersheds in a short time after forest clear cutting, but
it decreases in the long term due to the evapotranspiration increase with tree regrowth in
the stand [27]. Etehadi Abari et al. [28] studied the runoff and sediment changes following
changes in some soil properties due to forest harvesting operations and they concluded that
changes in the crown and plant cover have a significant effect on the amount of runoff and
sediment. Furthermore, the percentage of clay and the soil bulk density have a significant
positive correlation with the amount of runoff [1,5]. The percentage of sand, the pH, and
organic matter have a significant negative correlation with the amount of runoff. It was
also found that the variables of soil moisture percentage, sand percentage, and soil organic
matter have a negative relationship, and the clay percentage and soil bulk density have
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a significant positive correlation with the amount of sediment [28]. Soil compaction by
changes in the soil properties is an important factor in soil losses. The amounts of soil
sediment under the influence of harvesting operations in areas with a steep slope and for
the control are estimated at 2.56 and 0.13 tons per ha per year, respectively [29].

Nowadays, sustainable forest management aims to reduce environmental degradation
at all levels. In the Hyrcanian forests, due to the implementation of single-selection and
group-selection harvesting systems as well as the creation of small and large patches caused
by tree harvesting, it is necessary to evaluate changes in vegetation, soil properties, runoff,
and sediment. The purpose of this is to reduce the effects of disturbance factors and
improve the conditions of the forests. The objective of this study was to determine the effect
of forest cover on sediment yield and runoff rates. In particular, the effects of the single-tree-
and group-selection methods were compared. Furthermore, since the studied forest is a
deciduous forest, the effect of seasonal coverage due to the presence or absence of leaves
was taken into consideration. The aim was, therefore, to have a better understanding of the
factors that have a significant effect on sediment and runoff according to the hypothesis
that forestry methods (single- and group-selection) and relative logging activities have
an influence.

2. Materials and Methods
2.1. Site Description

This study was conducted in compartment 207 of the Namkhaneh district in the
Kheyrud forest (Forest Research Station of University of Tehran). The studied area in the
Hyrcanian forests is a remnant of the third ice age and belongs to the Upper Jurassic period.
These forests have a high biodiversity and, on the other hand, are exposed to the use of local
people and commercial harvesting. The annual rainfall in this area is 1380 mm. The rainiest
months of the year are October and November, with averages of 273.6 mm, and July is the
least rainy month of the year with 47.5 mm of rainfall. The average annual temperature is
16.1 ◦C. Parcel area is 49.7 ha with north-west aspect and the altitude is between 710 and
900 m above sea level. The soil type is brown forest, and the forest type is beech-hornbeam.
In the Namkhaneh district, the average stem density and average growing stock of stands
were 251 tree ha−1 and 510.6 m3 ha−1, respectively. The type of harvesting was done in the
form of the selective method (single-tree selection method and group-selection method).
Marked trees were felled and processed using a chainsaw, and the timber was extracted
from stump to landing by a TAF E655 wheeled skidder. The operations of cutting and
logging trees for both treatments were carried out in 2018.

The natural rainfall of the region (not using the rain simulator) was used to determine
the amount of runoff and sediment due to the application of the forestry method of selection
cutting by groups or by single trees. The studied treatments included undisturbed forest
(control), forest with single-tree harvest (single-selection), and forest with more than one
tree harvest (group-selection). Also, considering the coverage of tree leaves during the
research, the season was considered as another variable. The season factor was divided
into two parts: growing season (with leaves, maximum herbaceous cover and litter) and
non-growing season (no leaves, limited herbaceous cover and litter). The durations of the
growing and non-growing seasons in Hyrcanian forests are 7 and 5 months, respectively.
The characteristics of the undisturbed area and the two harvested areas with single-selection
and group-selection methods are shown in Table 1.
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Table 1. General characteristics of the Namkhaneh district under the investigated treatments.

Location Features Average Patch
Area (m2)

Average of Cover by Season

Soil TextureTree Cover (%) Grass Cover (%)

Fall Growing Fall Growing

Undisturbed
(Control)

No disturbance, unharvested,
existence of livestock in the field 0 30 85 4 26 Loamy clay

Single-selection
cuttings

Low disturbance, effects of water
conversion and transportation,

existence of livestock in the field
100 10 50 12 65 Loamy clay

Group-selection
cuttings

High disturbance, effects of water
conversion and transportation,

existence of livestock in the field
400 50 15 23 88 Loamy silt

2.2. Experimental Design

In order to determine the sampling location, areas with the same conditions (ge-
ographic direction, altitude, forest type) were selected and the plots of each treatment
were randomly installed in areas with a 30% slope. Plots with dimensions of 2 m2 with
longer length in the slope direction and with 3 repetitions of the three treatments were
designed [1,12,30]. The plots were enclosed using 25 cm-wide wooden planks so that the
runoff would not leak out from the plots, allowing them to represent the actual amount of
runoff. At the ends of these plots, a pipe is installed to direct the runoff flowing through
the plots to the collection reservoir (Figure 1). Data collection was performed for one year,
after each rainfall event from 26 September 2018 to 28 September 2019.
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2.2.1. Data Collection and Laboratory Analysis

During the research period, after each occurrence of rainfall, the amount of runoff
per plot was measured by recording the volume of water in the reservoirs. After the
rain stopped, several liters of water were collected from each plot and transported to
the laboratory to measure the sediment concentration (g/L) using the water discharge
method [31]. In this method, one liter of water and sediment sample is poured into the
container, it is kept in a stationary state for 48 h, and then the water is slowly separated
from the sediments. The sediments remaining in the container were washed, poured into
pre-prepared and weighed foils, and dried in the oven at a temperature of 105 ◦C for
24 h [2]. By weighing the samples of containers (plates) with sediment and subtracting the
weight of the original containers (plates), the sediment sample weight is calculated in g/L.
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Then, by performing the necessary calculations, the total concentration of sediments in
each rainfall was estimated at the scale of plots (m2) and stand (ha).

To measure the amount of rainfall, six rain gauges were installed in the undisturbed
area and in the harvesting areas for single-selection and grouping-selection methods. To
determine the amount of runoff, the amount of water leaving the plots that was stored
in the container during each precipitation event was measured. The runoff height was
calculated by dividing the runoff volume by the plot area. By dividing the runoff height by
the rainfall height, the runoff coefficient was calculated.

2.2.2. Soil Properties

Soil samples were taken from the 0–10 cm layer using metal cylinders with a length of
10 cm and a diameter of 5 cm in all plots. In order to reduce the error, three soil samples
were randomly taken in each plot, the samples were mixed together and, at the end, a soil
sample was collected from each plot. Soil samples were dried at 105 ◦C for 24 h to calculate
the soil moisture content and dry bulk density. The bulk density was calculated using
Equation (1):

BD =
WD
VC

(1)

where BD is the dry bulk density (g cm−3), WD is the weight of the dry soil (g), and VC is
the volume of the cylinder (cm3).

Penetration resistance in the field was measured using a manual penetrometer (Ei-
jkelkamp, 06.01.SA penetrometer, Giesbeek, The Netherlands) and soil texture was mea-
sured by hydrometric method in the laboratory. Soil penetration resistance in each plot was
measured at the location of soil samples (3 sample locations) by applying vertical force to
the penetrometer.

2.3. Statistical Analyses

The Kolmogorov–Smirnov test was used to test the normal distribution of the data.
For homogeneity of variance test, Levene’s test was used. The comparison of runoff rate,
runoff coefficient, and sediment yield among treatments was done by two-way analysis of
variance (ANOVA). If two-way analysis of variance between treatments was significant,
Duncan’s multiple range test was used to compare means. Pearson correlation test was
also used to investigate the relationship between soil physical properties with runoff and
sedimentation. Polynomial regression model was used to predict the relationship between
runoff and sediment with rainfall. All statistical tests were performed using the SPSS 20
software package.

3. Results
3.1. Precipitation Events

Over the course of one year, 28 precipitation events were recorded, the highest amount
of precipitation was recorded for event number 2 (250 mm) and the lowest amount was
7 mm on 13 December 2018 (Figure 2). In order to avoid errors in our data analysis,
precipitation event number 2 was deleted due to excessive precipitation and an insufficient
capacity of the collection container. Additionally, events number 22 and 23, in July 2019,
were removed due to cracking of the ground due to lack of moisture, extreme water
penetration into the ground, and the number of sunny days before the rain (very low runoff
production). The total amounts of precipitation during the 25 recorded events in the field
without harvesting (undisturbed control), with single-selection, and with group-selection
were 871, 970, and 1057 mm per year, respectively (Figure 2).
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3.2. Effects of Stand Management and Season

The results of Table 2 showed that the lowest and highest average values of the
bulk density, penetration resistance, percentage of sand, and silt were obtained in the
undisturbed area and the area with group-selection harvesting. On the other hand, the
percentages of clay, soil moisture, and soil organic matter were the highest and lowest in
the undisturbed area and the area with group-selection harvesting, respectively. Also, the
values of soil physical properties were significantly different between the undisturbed area
and the areas with single-selection and group-selection harvesting (Table 2).

Table 2. Average (±standard error) soil physical properties in each of the study areas (treatments).

Soil Properties Control Single-Selection Group-Selection

Bulk density (g/cm−3) 1.2 ± 0.08 b 1.24 ± 0.10 ab 1.3 ± 0.09 a

Penetration resistance (MPa) 1.37 ± 0.07 c 1.43 ± 0.11 b 1.5 ± 0.12 a

Sand (%) 19 ± 3 c 22 ± 4.27 b 25 ± 2.47 a

Silt (%) 44 ± 5.96 b 48 ± 5.45 ab 51 ± 6.49 a

Clay (%) 27 ± 4.87 ab 30 ± 3.50 a 24 ± 6.06 b

Water Content (%) 27 ± 11.03 b 31 ± 7.85 a 28 ± 4.45 b

Organic Matter (%) 7.64 ± 0.82 a 5.24 ± 0.25 b 3.2 ± 0.44 c

Note: Different letters in a row indicate significant differences among soil physical property values (p < 0.05).

According to the results of Table 3, the bulk density, penetration resistance, and
percentage of sand have a positive significant relationship, and the percentages of clay
and organic matter have a significant negative relationship with the amount of runoff
and sediment. The percentage of silt is not correlated with the runoff rate, while it has a
significant positive correlation with the amount of sediment. The water content (moisture
percentage) was not correlated with the amount of runoff and sediment (Table 3).

The results of the variance analysis of the studied treatments on the amount of runoff,
runoff coefficient, and sediment showed that the tree harvesting system, the seasonal
changes, and their interaction effects have a significant effect on the runoff and sediment,
while only the effect of seasonal changes was significant on the runoff coefficient (Table 4).

Regression analysis showed that the runoff and sediment changes increased lin-
early in relation to the rainfall changes for the areas with different harvesting systems
(Figures 3 and 4a). The increase in the runoff and sediment in relation to rainfall in the area
with the group-selection harvesting is more intense compared to the other areas. Comparing
the average runoff from rainfall events using Duncan’s test showed that the lowest amounts
of runoff and sediment were obtained in the control area (undisturbed) and the highest
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amounts were obtained in the area with the group-selection harvesting (Figures 3 and 4a).
Also, the amounts of runoff and sediment in all three areas have significant differences.

Table 3. Pearson correlation results between soil physical properties with runoff and sediment.

Soil Properties
Runoff Sediment

R p Value R p Value

Bulk density 0.68 * 0.043 0.72 * 0.028
Penetration resistance 0.82 ** 0.006 0.82 ** 0.006

Sand 0.71 * 0.031 0.68 * 0.045
Silt 0.61 ns 0.082 0.67 * 0.048

Clay −0.78 ** 0.012 −0.82 ** 0.007
Water Content −0.59 ns 0.092 −0.56 ns 0.116
Organic Matter −0.84 ** 0.005 −0.78 * 0.012

Note: *: p < 0.05; **: p < 0.01; ns: not significant.

Table 4. Variance analysis of the effect of the studied treatments on the amount of runoff, runoff
coefficient, and sediment.

Variable Source of Change df MS F Value p Value

Runoff
Tree harvesting system 2 103.520 12.441 0.000

Change of season 1 138.390 17.036 0.000
their interaction 2 4.854 0.598 0.012

Runoff coefficient
Tree harvesting system 2 0.069 3.835 0.113

Change of season 1 0.069 3.835 0.026
their interaction 2 0.003 0.141 0.869

Sediment
Tree harvesting system 2 425.854 10.214 0.005

Change of season 1 49.640 5.826 0.000
their interaction 2 11.639 0.762 0.024

p-values (<0.01 and <0.05) are given in bold.
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As the height of the runoff increases, the amount of sediment increases. The increase in
the sediment rate due to the increase in runoff in the area with group-selection harvesting is
the highest and, in the control area (undisturbed area), it is the lowest. For low runoff values,
the amount of sediment has less differences between the studied treatments, and with
increasing runoff, the differences in sediment values increase significantly (Figure 5). The
total annual runoff values in the current study for the control treatments, single-selection
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and group-selection harvesting were 148, 219, and 267 mm per year, respectively. Also, the
amount of runoff in the growing season for all treatments was less than that for the fall
season (Figure 6a). Also, the amount of erosion in the growing season for all treatments is
less than that for the fall season (Figure 6b).
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4. Discussion
4.1. Precipitation Events

Change in forest hydrological characteristics are largely due to the effects of manage-
ment and executive operations and, finally, the change in the type of land cover, because
they can affect many components of the hydrological cycle [32,33]. Different factors such
as the soil characteristics, vegetation type, and intensity and duration of rainfall affect
the amount of infiltrating water in the soil or surface runoff [34,35]. With the increase in
the amount of rainfall in each event, the amount of runoff and sediment increases, and
the amount of runoff in each studied treatment was different due to the difference in the
amount of rain that reached the soil and forest floor cover. According to the results, in
the control area and the area with single-selection harvesting, the amounts of rainfall that
reached the soil were 26% and 8% less, respectively, than in the area with group-selection
harvesting. In areas with group-selection harvesting, due to lower densities of the canopy
and litter, the amount of precipitation reaching the soil is higher, which increases the runoff
and sediment rate. With the operation of tree harvesting and the resulting reduced forest
cover, raindrops directly hit the soil; thus, the runoff volume also increases [27,36]. The
curve of rainfall and runoff for the different treatments in Figure 3 is linear, and should be
parabolic naturally [36]. This issue could be due to the fact that the rainfall intensity, which
is an important factor in the amount of runoff, was not measured. The lack of measurement
of the rainfall intensity and the lack of simultaneity of its measurement due to the distance
of the plots in each of the three study areas represent the limitations of this study. Also, the
rainfall of the recorded events varied from 1 h to 5 days.

4.2. Effects of Stand Management and Season

The soil physical properties (bulk density, penetration resistance, percentage of sand,
silt, and clay, moisture content, and soil organic matter) are effective in determining the
amount of soil erosion. Also, many studies showed that the amount of water infiltration is
influenced by the soil physical properties [37]. The bulk density is known as an important
factor determining the amount of soil loss due to its direct relationship with the penetration
resistance [29].

Soil compaction is a factor in reducing properties such as the soil porosity, water
infiltration, ventilation, and gas exchange [38,39]. In this study, the highest amount of
runoff was observed in the group-selection harvesting treatment, in which the bulk density
is the highest. This study is consistent with the research of Cleophas et al. [29], who stated
that, with an increase in bulk density, which has a direct and positive relationship with
penetration resistance [40,41], less water infiltrates into the soil. Also, with the increase in
bulk density, the sediment rate increased, which is consistent with the research of Lotfalian
et al. [42]. In the area with group-selection harvesting, due to the greater traffic of logging
machines, and the litter layer with a low thickness and low moisture (open canopy and
more light reaching the forest floor), the bulk density and penetration resistance increased,
while the infiltration decreased [4,43,44], which ultimately led to an increase in runoff and
sediment. In the control area (unharvested), the soil had a lower bulk density due to the
presence of organic matter and more porosity, and as a result, the water penetration rate
was higher [45,46].

Harvesting operations reduce the ability of water to penetrate into forest soils [47,48].
By increasing the percentage of sand in the soil, the amount of water infiltration increases,
while increasing the percentage of clay and silt causes a decrease in water infiltration [23].
However, the results of this research are inconsistent with this assumption. In fact, the
discrepancy may have been caused by the influence of other factors such as organic matter,
the slope, and soil resistance to water infiltration. The increase in soil organic matter causes
more water infiltration, and as a result, the rate of infiltration is higher and the amount
of runoff and sediment is lower, which is consistent with the findings of the research by
Etehadi Abari et al. [28].
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Creating patches of different sizes in the forest affects the percentage of crown and
herbaceous cover. Changing the vegetation cover (crown and herbaceous) causes a change
in the number of raindrops reaching the soil, and ultimately the amount of runoff and
sediment [35]. The results of this study showed that changes in the vegetation cover have a
significant effect on the amount of runoff and sediment, which is consistent with the results
of previous studies [28,29,48]. The relationship between the rainfall and sediment in the
plots and the comparison of the mean sediment for the different treatments clearly show
that, in the forest with group-selection harvesting of trees, due to the lower amount of
canopy cover and vegetation, the average runoff was higher and the amount of sediment
was greater. In the area with the group-selection harvesting, the amount of canopy cover
was the lowest compared to the single-selection and control treatments; consequently, the
amount of rainfall reaching the forest soil was greater [48] and, finally, the amount of runoff
and sediment increased [49,50].

In the control area (unharvested), the vegetation cover causes part of the raindrops
to be absorbed and evaporated by the canopy and not hit the soil surface [29], so the
erosive power caused by the raindrops is reduced [48]. Furthermore, the presence of a
greater litter layer on the forest floor leads to an increase in infiltration and a decrease in
runoff [51,52]. Various studies have pointed out the role of organic materials in improving
the physico-chemical and biological characteristics of forests and reducing the amount of
runoff and erosion. For example, Salehi et al.’s research [53] showed that there is a positive
relationship between the amount of soil organic matter and the weighted average diameter
of soil grains, and that organic matter can improve the stability of soil grains and reduce
the amount of sediment and soil erosion. Siegrist et al. [54] stated that organic matter in
the soil increases the porosity and water-holding capacity of the soil and causes water to
penetrate into the soil and decrease the volume of runoff. The leafiness and leaflessness of
trees are also related to the amount of rain that reaches the soil [50]. Canopy interception
affects the water level in forest ecosystems, and some of the rain is evaporated, returning to
the atmosphere due to interception [6,55]. Leaf loss during the autumn period reduces the
amount of interception, the canopy maintenance capacity, and the ratio of evaporation to
the rain intensity during the rainy period [19,27]. Our study shows that the annual amount
of runoff and erosion in the growing season, which is accompanied by the presence of
leaves and herbaceous cover, was lower than in the fall season.

In the treatment with group-selection harvesting, with the increase in the amount
of rainfall reaching the soil, the amount of sediment increased in direct relation with the
runoff. In this treatment (group-selection harvesting), due to the open canopy, the erosive
power caused by raindrops is greater, and also, due to the small quantity of litter on the
floor, the amount of infiltration is lower; as a result, the amount of runoff and sediment
is greater than for other treatments. The amount of sediment in this research is higher
than that in the research of Etehadi Abari et al. [28]. One of the main reasons could be the
difference in slope between our study and that of Etehadi Abari et al. [28]. The average
slope in the present study was 30%, while in the study of Etehadi Abari et al. [28], the slope
was 15%. The tendency for soil erosion is greater on slopes with higher grades [56,57].
Our findings showed that, with the increase in the harvesting rate and the consequent
greater canopy opening, on average, the runoff and sediment increased, as reported also in
Jourgholami et al. [19]. The rates of soil erosion in the control area, single-selection, and
group-selection treatments were 0.864, 1.743, and 3.076 tons per ha per year, respectively,
while, in the study by Cleophas et al. [29], in the unharvested and harvested area, were
estimated at 0.13 and 2.56 tons per ha per year, respectively. These differences are due to
the different slope and amount of annual rainfall.

5. Conclusions

Forest harvesting by selection cutting methods (single-selection and group-selection)
has caused different changes in vegetation canopies. According to the results of this study,
in the control area and the area with single-selection harvesting, the amount of rainfall
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that reached the soil was less than in the area with group-selection harvesting. In the
area where group-selection harvesting was carried out, due to lower amounts of canopy
and litter, the amount of rainfall reaching the soil was higher, which increases the runoff
and sediment rate. The soil physical properties are effective in the amount assessment of
soil erosion. In the area with group-selection harvesting, due to more traffic of logging
machines and increases in soil compaction, the amount of litter layer with a low thickness
and low moisture (open canopy and more light reaching the forest floor), the bulk density,
and the penetration resistance increased, while the infiltration decreased. Finally, this
led to an increase in runoff and sediment. The leafiness and leaflessness of trees also
affect the amount of rain reaching the soil surface and soil erosion. The annual amount
of runoff and erosion in the growing season, which is accompanied by the presence of
leaves and herbaceous cover, was less than in the fall season. Therefore, it is suggested
to use the single-selection method on high slopes for forest harvesting. In this research,
the studied areas were almost the same in terms of topography and other effective factors,
but due to the influence of the slope and its direct and positive relationship with the
amount of runoff and sediment, and in order to obtain more accurate results, it is deemed
necessary to investigate further by conducting studies in different topographical conditions.
Considering the existence of livestock in forest areas and the long-term natural regeneration
of degraded areas caused by the group-selection method, it is necessary to accelerate the
improvement of these areas by planting seedlings.
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Abstract: The ultra-short-cycle successive planting of Eucalyptus plantations has caused environmen-
tal and social problems, and changing the rotation cycle is a very good option to solve this issue.
However, the effects of successive planting on Eucalyptus growth and soil quality after changing the
cultivation period are unclear. This study evaluated the effects of successive Eucalyptus planting on
growth, soil nutrients, and bacterial and fungal community structure with an eight-year cultivation
period. Eucalyptus plantations with different succession generations (first, second and third gener-
ation) were selected, and tree height and diameter at breast height were measured. Ten indicators
of soil nutrients in different soil layers (0–20 cm and 20–40 cm) were measured, and soil bacteria
and fungi were sequenced in high throughput. Results show that there is an upward trend in tree
growth after three successive generations, reaching the highest timber yield in the third-generation
plantation. Soil nutrients also showed changes, in the 0–20 cm soil layer, with decreased TN, NH4

+-N,
NO3

−-N and AK and increased AP, particularly for OM and TP content. In the 20–40 cm soil layer, the
content of NH4

+-N and NO3
−-N increased slightly and the soil’s OM, TP, and TK content increased

significantly. The diversity of bacterial and fungal communities in different soil layers increased
significantly, and the community structure composition changed. Bacterial and fungal community
structures were mainly driven by pH, NH4

+-N, TP and AP factors and by OM, NH4
+-N, TP and TK

factors, respectively. Thus, successive plantings of Eucalyptus plantations with a cultivation period
of eight years is conducive to the growth of trees. Some nutrients of the soil were returned, and the
soil microbial diversity increased. Successive planting has brought efficiency and economic benefits
while maintaining the soil’s fertility.

Keywords: successive planting; cultivation period; Eucalyptus plantation; sustainable development;
tree growth; soil nutrients; soil fungal and bacterial communities

1. Introduction

Eucalyptus has been widely planted in southern China due to its fast growth, adapt-
ability, high yield, and excellent pulping properties. By 2018, the planting area had ex-
ceeded 5.4 million hm2 [1]. To address market demands and timber shortages, short-cycle
multi-generation successive planting has been widely applied in Eucalyptus plantation
management. This management model allows trees to sprout and regrow on their own
stumps after felling, without replanting. In China, the cultivation period is usually between
5 to 7 years, or even 4 to 5 years, generally shorter than in other countries where these
periods typically range from 6 to 14 years [1,2], due to limited forest land resources and
timber scarcity [3].

Eucalyptus plantation cultivation has significantly contributed to the timber supply
security in China [4]. Planting fast-growing species helps in restoring degraded forestland
quickly and generates employment opportunities in afforestation, forest management,
the wood pulp industry, and fiberboard production. Short cycle rotation offers more
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employment opportunities than traditional, long cycle rotation and increases the income of
forestry farmers, which in turn stabilizes the prosperity of the rural population. However,
this commercial management model has created ecological and environmental issues [5,6].
This form of land use conversion often exhausts soil nutrients and decreases soil quality [7],
which consequently influences the sustainability of plantations.

Multi-generational succession in Eucalyptus plantation management has attracted con-
siderable attention regarding its impact on tree growth, soil nutrients, and microorganisms.
Soil nutrients play a crucial role in sustaining Eucalyptus plantation growth. The nature
of the soil, its fertility and the conditions of cultivation and management determine the
growth state of the stand. Moreover, the decay of trees through the litter material constantly
drives new nutrient replenishment back into the forest soil, and soil nutrients are constantly
updated [8,9]. Research has shown that successive plantations of Eucalyptus with a culti-
vation period of 5 years had a significant negative impact on soil nutrients, leading to a
decrease in total nitrogen (TN) and available phosphorus (AP) [10]. Furthermore, as soil
acidification pH increased with the increase in successive planting generations, soil organic
matter (OM) exhibited a significant decreasing trend [11].

Soil microbes are essential for maintaining soil function and ecosystem sustainability
through the regulation of nutrient cycling via the decomposition of litter and organic
matter [12,13]. The growth, activities, and structures of forest soil microbial communi-
ties are influenced by various factors, including the quality and quantity of litter and
organic matter inputs, soil nutrient effectiveness, and anthropogenic disturbances [14,15].
Multi-generational succession of plantations has caused significant impacts to soil bac-
terial and fungal community diversity, richness and metabolic activities in Eucalyptus
plantations [11,16]. Studies have found that soil fungal and bacterial community diversity
significantly decreased in Eucalyptus plantations with a 5-year cultivation period, leading
to a negative impact on soil multi-functionality and microbial communities [11,17].

The operation mode of short-cycle, multi-generational successive plantations of
Eucalyptus plantations is highly controversial [5]. Addressing soil quality issues asso-
ciated with short-cycle successive plantations is necessary for the sustainable development
of Eucalyptus plantations. Extending the age of Eucalyptus plantations and maintaining
a near-natural state of operation can improve soil quality, but this may not meet market
demand and may result in job losses. For some foresters and Eucalyptus investors, fund
recovery is especially important. Balancing ecological problems and practical production
needs is crucial when extending the cultivation period. Therefore, the cultivation period
can only be reasonably extended from the existing ultra-short cultivation period. However,
current studies have focused mainly on the 4–5-year ultra-short cultivation period, and it is
still uncertain whether successive plantation is beneficial to tree growth and soil quality
beyond the 5–7-year cultivation period.

Based on the above background, in this study, the first, second, and third generations
of 8-year-old Eucalyptus plantations in the Guangxi state-owned Dongmen Forest Farm
was used as the research object, in consideration of the fact that 8 years is not very short
compared with the prevailing rotation cycle, but it is also not a particularly long period for
some foresters who are under pressure to attain a cash flow. Tree growth and soil nutrient
indicators in two soil layers were assessed and soil bacteria and fungi were identified with
high-throughput sequencing to determine the effects of successive planting on tree growth,
soil nutrients, and bacterial–fungal community structure and diversity. Our hypotheses
were that (1) successive Eucalyptus plantations with an 8-year cultivation period had effects
on stand growth, soil physical and chemical properties, and soil bacterial and fungal
structure; (2) with successive generations, tree growth did not decline, some soil nutrients
were replenished, and soil bacterial and fungal diversity and richness increased; and
(3) changes in soil bacterial and fungal community structure were linked to changes in
one or more of the soil’s physical and chemical properties. The study aimed to determine
the effects of successive planting on tree growth, soil nutrients, and bacterial–fungal
community structure and diversity of Eucalyptus plantations with an 8-year cultivation
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period, and to establish the relationship between soil nutrients and microbial community
diversity and structure. It also aimed to promote the sustainable development of Eucalyptus
plantation forests.

2. Materials and Methods
2.1. Study Area

The experimental site was located in the Guangxi state-owned Dongmen Forest Farm
in Dongmen Town, Fusui County, Guangxi, and the test area was about 5 ha. The dis-
tance between the three stands of first generation plantation, second generation planta-
tion and third generation plantation did not exceed 1 km, and the plantation conditions,
planting density and forestry measures were the same. The initial planting density was
1665 trees/ha. All three stands were fertilized with 622.5 kg/ha of compound fertilizer
(composition: total nutrients ≥ 30%, N-P2O5-K2O: 15-6-9, organic matter ≥ 15%) per year
until 2020. After 2020, annual application of 1245 kg/ha organic fertilizer (composition:
effective live bacteria ≥ 200 million/g, organic matter ≥ 40%, nitrogen, phosphorus and
potassium ≥ 8%, plus amino acids, humic acid and trace elements) was added. The soil of
the three stands is a typical brick red loam red soil in the Dongmen area, with a pH value
between 4.5 and 5.6. The topography is low hills, with an elevation of around 100–130 m
and a slope of 8–12◦. The average annual temperature is 21.2–22.3 degrees Celsius, with ex-
treme maximum temperature of 38–41 degrees Celsius and extreme minimum temperature
of −4–1.9 degrees Celsius. The annual frost-free period is 346 days, the annual rainfall is
1000–1300 mm, and the relative humidity is 74–83%.

2.2. Site Setup and Stand Growth Survey

The experiment was selected from three different stands of the first, second, and third
generation plantations of the fast-growing Eucalyptus DH32-26 asexual line at the age of
8 years. The first-generation stands were planted in 2014, the second and third generation
stands were obtained from felled stump sprouts after felling of the previous generation
stand. Three standard sample squares with an area of 20 m × 20 m were selected from
each of the three generations, for a total of nine sample squares. The height of the trees in
each sample square was measured with a height meter and recorded as H. The diameter at
breast height of the trees in each sample square was measured with a diameter at breast
height ruler at 1.3 m and recorded as D. The wood volume was estimated according to the
Guangxi Eucalyptus binary material accumulation table. Visual inspection and recording of
Eucalyptus leaves in each sample plot revealed no obvious disease or pest infestation.

2.3. Soil Sampling

Three standard sample squares (9 in total) with an area of 20 m × 20 m were selected
from each of the three generations, and a near-center point was selected within each sample
square. Six sampling points were established at a distance of 5 m from the near-center
point along the 0◦, 60◦, 120◦, 180◦, 240◦, and 300◦ direction lines. After removing fresh
and semi-decomposed litter residues from the soil surface, the original soil was collected
in the 0–20 cm and 20–40 cm soil layers. Careful measures were taken to avoid soil clods
and disturbance from external soil during the digging process. Soil from the six sampling
points in each sample plot were mixed, and 10–25 g was collected and stored on dry ice
in sterile centrifuge tubes for soil bacterial and fungal DNA extraction and sequencing.
The remaining soil samples were packed in square aluminum boxes and transported back
to the laboratory for sieving and storage at 4 ◦C to facilitate testing of soil physical and
chemical properties.

2.4. Soil Nutrient Analysis

Soil pH was determined by mixing the 10 g air-dried soil sample and deionized
water (1:2.5 soil:water ratio) and, after the soil solution had clarified, the supernatant
was tested [18]. Organic matter (OM) was quantified using the potassium dichromate-
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sulfate colorimetric method [19]. The total nitrogen (TN) and the soil’s ammonium nitrogen
(NH4

+-N) and nitrate nitrogen (NO3
−-N) were determined by the continuous flow analyzer

method. Total phosphorus (TP) was determined by the HCLO4–H2SO4 method. Available
phosphorus (AP) was determined by the double acid leaching–molybdenum antimony
anti-colorimetric method [20,21]. Total potassium (TK) and available potassium (AK) were
determined by flame spectrophotometric method [22].

2.5. Soil Bacterial and Fungal DNA Extraction and Sequencing

The DNA was extracted from the soil subsamples stored at −80 degrees Celsius with
the TGuide S96 Magnetic Soil /Stool DNA Kit (Tiangen Biotech (Beijing, China) Co., Ltd.,
Beijing, China) according to manufacturer’s instructions. The DNA concentration of the
samples was measured with the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer
(Invitrogen, Thermo Fisher Scientific, Portland, OR, USA). The bacterial 16S rRNA V3–V4
region was amplified using the primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The fungal rDNA ITS2 region was ampli-
fied using PCR with the primers ITS2F (5′-GCATCGATGAAGAACGCAGC-3′) and ITS2R
(5′-TCCTCCGCTTATTGATATGC-3′). After amplification, PCR products were detected
by electrophoresis using agarose of 1.8% (manufacturer: Boomerang Fuxin Technology
(Beijing, China) Co., Ltd., Beijing, China). The total of PCR amplicons were purified with
Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN, USA) and quantified
using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer. After the individual
quantification steps, amplicons were pooled in equal amounts to construct sequencing
libraries, and the libraries that passed quality control were sequenced using an Illumina
novaseq 6000 (Illumina, Santiago, CA, USA). The raw data were quality filtered using
Trimmomatic (version 0.33). Primers were identified and removed using Cutadapt (ver-
sion 1.9.1), followed by the splicing of double-end reads and the removal of the chimera
(UCHIME, version 8.1) using USEARCH (version 10) to provide high quality sequences.
The amplicon sequence variants (ASVs) were obtained by denoising the sequences using
the dada2 method included in QIIME2 software, and finally the feature sequences were
annotated taxonomically using a plain Bayesian classifier based on the ASVs sequence
information with Silva.138 as the reference database.

2.6. Data Processing and Statistical Analysis

The differences between tree growth data and soil physical and chemical properties
were analyzed using one-way ANOVA (LSD) in Excel and SPSS 26.0 (SPSS Inc., Chicago,
IL, USA) software (p < 0.05 or p < 0.01). The results were then presented using histograms
and box line plots created in Origin2022. Soil fungal and bacterial AVS Venn diagrams were
produced using a highly customizable Venn and Euler diagram package in the R language,
the visualization parameters were as follows: alpha = 0.50, fontfamily = ‘serif’, margin = 0.2.
The inter-group variability of soil fungal and bacterial communities was compared using
PCA analysis, and PCA plots were drawn using Origin 2022 based on the Bray–Curtis
algorithm. Pearson correlation analysis was performed using SPSS 26.0 (SPSS Inc., Chicago,
IL, USA) to examine the correlation between soil fungal and bacterial diversity and soil
physicochemical properties. The relationship between soil physicochemical properties
and fungal and bacterial community structure was determined using RDA analysis, RDA
was conducted using CANOCO software for Windows (version 5.0). The bacterial and
fungal community diversity index (Chao1) and richness index (Shannon) were analyzed by
software QIIME2 (https://qiime2.org/, Date accessed: 1 October 2022).

3. Results
3.1. Tree Growth Status

The growth indexes of the trees were significantly different among different gener-
ations and showed an increasing trend with the addition of generations, as depicted in
Figure 1. The average tree height of the first, second and third generation plantations were
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24.63 m, 24.49 m and 28.53 m, respectively. The average tree height of the third generation
plantation was significantly higher than that of first and second generation plantations
(p < 0.05), with an increase of 15.87% and 16.53%, respectively. The mean diameter at breast
height of the third generation plantation was significantly larger than that of the first gener-
ation plantation (p < 0.05), with an increase of 10.94%. The average individual-tree volume
of the third generation plantation was 1.43 times that of the first generation plantation and
1.30 times that of the second generation plantation (p < 0.05).

1 

 

  
(a) (b) 

 

 

(c)  

 
Figure 1. Average tree height (a), diameter at breast height (b), and individual-tree volume (c) in
Eucalyptus plantations of different succession generations. Different lowercase letters indicate signifi-
cant differences between successive planting generations (p < 0.05).

3.2. Changes in Soil Nutrients

Differences in soil properties were observed among generations (p < 0.05, Table 1).
In the 0–20 cm soil layer, pH did not change significantly (p < 0.05) and OM content
(27.91–39.30 g·kg−1) showed a significant upward trend (p < 0.05). TN content decreased,
with the third generation plantation TN content (0.72 g·kg−1) significantly lower than that
of the first generation plantation (1.06 g·kg−1). NH4

+-N content was significantly lower
than that of the first generation plantation (17.62 mg·kg−1) in both the second and third
generation plantations (p < 0.05). NO3

−-N content was the lowest at 13.82 mg·kg−1 in the
third generation plantation, significantly lower than that in the first and second generation
plantations (15.21 mg·kg−1, 15.94 mg·kg−1) (p < 0.05). The TP content increased, and the
first generation plantation of 0.35 g·kg−1 was significantly lower than that of the second and
third generation forests (p <0.05). AP content showed a slight decrease and then an increase.
The highest TK content was 2.62 g·kg−1 in the second generation plantation. The soil AK
content (22.78–33.28 g·kg−1) decreases significantly in each generation. In the 20–40 cm soil
layer, the contents of pH, TN and AK decreased slightly, but the content of NH4

+-N, NO3
−-
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N and TK increased. The soil OM, TP and AP content increased significantly (p < 0.05) and
reached the maximum value in the third generation plantation.

Table 1. Effect of different successive planting generations on soil physicochemical properties of
Eucalyptus plantations.

Indicator Soil Layer/cm First Generation Second Generation Third Generation

pH 0–20 4.76 ± 0.50 a 4.52 ± 0.10 a 4.51 ± 0.11 a
20–40 4.62 ± 0.06 a 4.57 ± 0.06 a 4.50 ± 0.11 a

OM (g·kg−1)
0–20 27.91 ± 1.92 b 28.85 ± 1.08 b 39.30 ± 0.79 a

20–40 26.60 ± 2.10 b 27.70 ± 1.26 b 36.96 ± 0.97 a

TN (g·kg−1)
0–20 1.06 ± 0.16 a 0.85 ± 0.01 ab 0.72 ± 0.04 b

20–40 0.89 ± 0.09 a 0.85 ± 0.06 a 0.79 ± 0.20 a

NH4
+-N (mg·kg−1)

0–20 17.62 ± 0.81 a 14.20 ± 0.42 b 14.44 ± 0.49 b
20–40 14.64 ± 0.66 a 14.77 ± 0.84 a 16.31 ± 1.04 a

NO3
−-N (mg·kg−1)

0–20 15.21 ± 0.0.48 a 15.94 ± 0.42 a 13.82 ± 0.20 b
20–40 14.54 ± 0.26 a 15.31 ± 0.59 a 14.85 ± 0.59 a

TP (g·kg−1)
0–20 0.35 ± 0.01 b 0.70 ± 0.49 a 0.73 ± 0.30 a
20–40 0.38 ± 0.05 b 0.61 ± 0.01 a 0.66 ± 0.04 a

AP (mg·kg−1)
0–20 1.07 ± 0.05 a 0.98 ± 0.05 a 1.29 ± 0.15 a
20–40 1.03 ± 0.01 b 1.06 ± 0.01 ab 1.10 ± 0.03 a

TK (g·kg−1)
0–20 2.47 ± 0.09 a 2.62 ± 0.49 a 2.19 ± 0.20 a
20–40 2.70 ± 0.18 a 2.32 ± 0.53 a 3.18 ± 0.57 a

AK (mg·kg−1)
0–20 33.28 ± 1.03 a 27.29 ± 1.34 b 22.78 ± 1.14 c
20–40 24.12 ± 1.96 a 22.44 ± 1.21 a 19.56 ± 1.96 a

All results in the table are the mean ± standard error. OM: organic matter, TN: total nitrogen, NH4
+-N: ammoni-

acal nitrogen, NO3
−-N: nitrate nitrogen, TP: total phosphorus, AP: available phosphorus, TK: total potassium,

AK: available potassium. Different lowercase letters indicate significant differences (p < 0.05).

3.3. Diversity and Structure of Soil Bacterial and Fungal Communities

The number of amplicon sequence variants (ASVs) measured for bacteria in the
0–20 cm soil layer of the plantation was 910, 992, and 993, for the first, second and third
generation plantations, respectively, and the number of ASVs measured in the 20–40 cm soil
layer was 923, 978, and 960, respectively, which increased with the addition of successive
planting generations (Figure 2). The number of specific ASVs of bacteria was greater than
the common number among the three generations, indicating that there were large differ-
ences in bacterial communities among them. The number of ASVs of fungi in the 0–20 cm
soil layer was 323, 489, and 471, for the first, second and third generation plantations,
respectively, and the number of ASVs in the 20–40 cm soil layer was 352, 545, and 381,
respectively, all of which were the smallest in the first generation plantation. The number
of fungal-specific ASVs was greater than the common number among the three generations,
indicating that there were large differences in the fungal communities among them.

PCA analysis of soil bacterial and fungal community structure in different successive
plantation generations is presented in Figure 3. The sample points for soil fungal and
bacterial groups in the first, second, and third generation plantations were located in
the same quadrant, suggesting that the composition of these three generations was quite
similar within their respective groups. Conversely, sample points between the groups were
scattered and distributed in different quadrants, indicating significant differences between
the groups in terms of the structure of the bacterial and fungal communities across the
three generations.

Table 2 demonstrates that the structural richness and diversity of soil bacterial and
fungal communities increased significantly with successive planting generations. The
Chao1 indices of soil bacteria and fungi increased with successive planting generations
in the 0–20 cm soil layer and were significantly lower in the first generation plantation
compared with the second and third generation plantations (p < 0.05). In the 20–40 cm
soil layer, the soil bacterial Chao1 index was significantly higher in the second and third
generation plantations compared with the first generation plantation (p < 0.05), while the
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soil fungal Chao1 index was highest in the second generation plantation and significantly
lower in the first and third generation plantation compared with the second generation
plantation (p < 0.05). The Shannon index of soil bacteria in both the 0–20 cm and 20–40 cm
soil layers increased with successive planting generations, with the largest index observed
in the second generation plantation, and a significantly lower index in the first generation
plantation compared with the second and third generation plantations (p < 0.05). The
Shannon index of soil fungi in both the 0–20 cm and 20–40 cm soil layers initially increased
and then decreased with successive planting generations. In the 0–20 cm soil layer, the first
generation plantation had a significantly lower index compared with the second and third
generation plantations (p < 0.05), while in the 20–40 cm soil layer, the second generation
plantation had a significantly larger index than the first and third generation plantations
(p < 0.05).
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Bacterial and fungal communities showed significant variations at the phylum level
across different generations of successive plantation. Figure 4 reveals that the relative
abundance of Proteobacteria, the dominant bacterial phylum, differed significantly between
soil layers in successive planting generations (p < 0.05). Moreover, the relative abundance
of Acidobacteriota, another dominant bacterial phylum, showed a highly significant differ-
ence (p < 0.01). Similarly, Chloroflexi, Gemmatimonadota, Verrucomicrobiota, Myxococcota, and
other bacterial phyla displayed significant differences (p < 0.05). As for fungi, the relative
abundance of Ascomycota increased significantly in the 20–40 cm soil layer with succes-
sive planting generations (p < 0.05). Furthermore, the dominant phylum Basidiomycota
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showed a significant difference between the two soil layers (p < 0.05), while Chytridiomycota,
Rozellomycota, and Glomeromycota also exhibited significant differences among generations
(p < 0.05).
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Table 2. Analysis of bacterial and fungal community structure diversity in different generations of
Eucalyptus plantation.

Diversity Index Soil Layer/cm First Generation Second Generation Third Generation

Bacterial
Chao1

0–20 417.67 ± 8.69 c 534.62 ± 11.59 a 487.73 ± 7.83 b
20–40 436.58 ± 11.51 b 535.61 ± 15.32 a 507.33 ± 17.34 a

Shannon
0–20 7.17 ± 0.21 B 8.27 ± 0.04 A 8.05 ± 0.07 A

20–40 6.96 ± 0.02 B 8.21 ± 0.03 A 8.00 ± 0.09 A

Fungal
Chao1

0–20 142.78 ± 7.01 b 205.33 ± 8.86 a 205.50 ± 7.18 a
20–40 163.25 ± 12.25 b 222.44 ± 11.33 a 172.61 ± 4.40 b

Shannon
0–20 3.50 ± 0.30 b 5.40 ± 0.24 a 4.85 ± 0.19 a

20–40 3.56 ± 0.31 b 6.19 ± 0.68 a 4.19 ± 0.36 b

All results in the table are the mean ± standard error. Different lowercase letters indicate significant differences
(p < 0.05) and different capital letters indicate highly significant differences (p <0.01).
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3.4. Relationship between Soil Nutrients and the Diversity and Structure of Bacterial and
Fungal Communities

Soil nutrients were significantly correlated with bacterial and fungal community di-
versity. As shown in Table 3, in the 0–20 cm soil layer, NH4

+-N had a significant negative
correlation (−0.726 < r < −0.948) with Chao1 and Shannon indices for both bacterial
and fungal community diversity (p < 0.01). TP had a significant positive correlation
(0.766 < r < 0.896) with Chao1 and Shannon indices for both bacterial and fungal commu-
nity diversity (p < 0.01). AP showed significant positive correlation (p < 0.05) with bacterial
Chao1 index in the 20–40 cm soil layer.

The RDA results show that, in the 0–20 cm soil layer (Figure 5a), the bacterial com-
munity structure was mainly driven by pH, TN, TP and NH4

+-N factors. The first axis
(RDA1) explains 56.59% of the total variation of bacterial phyla, the second axis (RDA2)
explains 19.11% of the total variation of bacterial phyla, and both axes explain 75.70% of the
total bacterial variation. The bacterial dominant phylum Acidobacteriota showed a strong
positive correlation with TP and a strong negative correlation with TN, NO3

−-N, and pH.
The bacterial dominant phylum Proteobacteria showed positive correlations with OM and
AP. The bacterial dominant phylum Chloroflexi showed a positive correlation with NO3

−-N.
Gemmatimonadota, Methylomirabilota, Planctomycetota, Nitrospirota, and Bacteroidota showed
strong correlations with pH, TN, NO3

−-N, and AK.
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Table 3. The Pearson correlation analysis of soil physicochemical properties and bacterial and fungal
community diversity, n = 9.

Indicator Soil Layer/cm
Bacterial Fungal

Chao1 Shannon Chao1 Shannon

pH 0–20 −0.643 −0.614 −0.524 −0.629
20–40 −0.591 −0.201 −0.258 −0.223

OM (g·kg−1)
0–20 0.076 0.229 0.439 0.321
20–40 0.182 0.275 −0.067 −0.317

TN (g·kg−1)
0–20 −0.423 −0.380 −0.637 −0.492
20–40 −0.046 −0.286 −0.001 −0.215

NH4
+-N (mg·kg−1)

0–20 −0.847 ** −0.948 ** −0.726 * −0.883 **
20–40 0.026 0.232 −0.013 −0.372

NO3
−-N (mg·kg−1)

0–20 0.180 −0.126 −0.129 −0.044
20–40 0.038 0.400 0.356 0.033

TP (g·kg−1)
0–20 0.881 ** 0.896 ** 0.766 * 0.838 **

20–40 0.356 0.570 0.268 0.383

AP (mg·kg−1)
0–20 −0.074 0.115 0.120 −0.222

20–40 0.680 * 0.508 −0.033 0.238

TK (g·kg−1)
0–20 −0.076 0.061 0.074 0.035

20–40 −0.208 −0.066 0.212 −0.202

AK (mg·kg−1)
0–20 −0.450 −0.416 −0.224 −0.570

20–40 −0.248 −0.153 0.084 −0.435

** Significant correlation at 0.01 (bilateral), * correlation at 0.05 (bilateral).

In the 20–40 cm soil layer (Figure 5b), bacterial community structure was mainly
driven by pH, OM, AP and AK factors. The first axis (RDA1) explains 69.27% of the
variation and has the strongest positive correlation with pH. The second axis (RDA2)
explains 14.64% of the variation and has the strongest positive correlation with AP. Both
axes explain 83.91% of the variation in environmental factors and bacterial community
structure. The bacterial dominant phylum Acidobacteriota was positively correlated with TP
and negatively correlated with pH, AK, and TN. The bacterial dominant phylum Chloroflexi
was strongly positively correlated with NO3

−-N.
The results of the RDA between the fungal community structure and soil physico-

chemical properties in the 0–20 cm soil layer are shown in Figure 5c. The first axis (RDA1)
explains 59.42% of the variation, the second axis (RDA2) explains 17.54% of the variation,
with the strongest positive correlations with TP. Both axes explain 76.96% of the variation
in environmental factors and bacterial community structure. TN, NH4

+-N, TP and TK are
the main drivers of fungal community structure, mainly manifested in the strong positive
correlation between NH4

+-N and Basidiomycota and Calcarisporiellomycota, and a strong
negative correlation with Mortierellomycota, Mucoromycota, and TP phosphorus. TK was
positively correlated with Olpidiomycota and Chytridiomycota.

In the 20–40 cm soil layer (Figure 5d), the fungal community structure was mainly
driven by OM, TP, TK, and AK factors. The first axis (RDA1) explains 73.17% of the
variation, with positive contributions from most physical and chemical property factors,
the second axis (RDA2) explains 14.66% of the variation, with a positive correlation with TP.
Both axes together explain 87.83% of the variation in environmental factors and bacterial
community structure. Mortierellomycota, Chytridiomycota, and Olpidiomycota were positively
correlated with AK, NO3

−-N, and pH, while they were negatively correlated with TP, AP,
and TK. Ascomycota, Mucoromycota, Calcarisporiellomycota, and Rozellomycota were negatively
correlated with OM, NH4

+-N, and TN.
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4. Discussion
4.1. Variation in Growth of Successive Plantations of Eucalyptus

Eucalyptus plantations with an eight-year cultivation period showed a significant
increase in growth index with an increase of successive planting generations (p < 0.05). The
third generation of plantation had the highest average tree height, diameter at breast height,
and wood volume per tree. Compared with the first generation of plantation, there was an
increase of 15.87%, 10.94%, and 42.58% in these parameters, respectively. This indicates
that, with a cultivation period of eight years, the successive plantation increased growth of
Eucalyptus plantations.

The significant increase in stand growth at the study site can be attributed to several
factors. Firstly, the Guangxi state-owned Dongmen Forest Farm has excellent maintenance
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and management practices for Eucalyptus plantations and uses high-quality strains for
planting. Secondly, the second and third generation plantations have well-developed root
systems due to budding from the previous generation, which reduces their demand for
soil nutrients. Eucalyptus is also known for its fast growth rate, and the growth indexes of
the third generation plantation are exceptional under adequate nutrient supply. Thirdly, as
successive planting generations are added, the content of OM, TP, and AP increases. OM
is a significant source of plant nutrients that retains water and absorbs cations [23], and it
can also serve as food for soil microorganisms, which enhances soil activity and physical
properties. This further promotes forest tree growth [24]. TP and AP are essential macronu-
trients required for plant growth and metabolism, and they are also critical components of
the photosynthesis process [25,26]. Most activities, such as plant growth, respiration and
reproduction, depend on the phosphorus level in the soil [27], so the rise of TP and AP
content also promotes the growth of trees.

4.2. Changes in Soil Nutrients in Successive Plantations of Eucalyptus

The study found that, after an eight-year period of cultivating Eucalyptus, the negative
impact of successive planting on soil nutrients decreased and some nutrients were returned.
In the 0–20 cm soil layer, N content decreased significantly (p < 0.05), indicating that N
supplementation is necessary during successive planting. However, OM and TP content
significant increased with the increase of successive planting generations (p < 0.05). In
contrast, in the 20–40 cm soil layer, most indicators showed insignificant changes, with only
the soil OM, TP, and AP content increased significantly. This could be because the surface
soil layer (0–20 cm) is more affected by external environmental conditions compared
with the deeper layer (20–40 cm), which has a more stable soil environment [28]. The
increase in some nutrient content in both soil layers can be attributed to the eight-year
cultivation period allowing for some repair of the damage caused by full reclamation
methods. Additionally, as the age of the plantation trees increased, the biodiversity of
the understory also increased [29,30]. As a result, the forest’s soil nutrient content was
replenished [29,31].

4.3. Diversity and Structure Change of Bacterial and Fungal Communities in Continuous
Eucalyptus Plantation

The diversity of soil bacteria and fungi in Eucalyptus plantations differed significantly
among successive planting generations (p < 0.05). The Chao1 index for bacteria was highest
in both soil layers of the second generation plantation, increasing by 28.00% and 22.91%
compared with the first generation plantation. The bacterial Shannon index was also highest
in the second generation plantation. Additionally, fungal community richness and diversity
were best in the second generation plantation and lowest in the first generation plantation.
PH, NH4

+-N, TP and AP factors were found to mainly drive bacterial community structure,
while NH4

+-N, TP, TK, and OM factors drove fungal community structure, as determined
by RDA results. Correlation analysis showed that changes in soil bacterial and fungal
community diversity were significantly related to NH4

+-N, TP, and AP content (p < 0.05),
with NH4

+-N showing mainly negative correlation, indicating a lesser diversity index in
higher NH4

+-N soils. The diversity and richness of soil bacterial and fungal communities
in different successive planting generations of Eucalyptus plantations may be affected by
microclimate changes, litter production, secretions, and root symbionts, as well as root-
associated microorganisms [32,33]. The reasonable cultivation period may also indirectly
contribute to an increase in understory vegetation diversity and soil faunal diversity [34].

The study found significant changes in the structure of soil bacterial and fungal
communities in Eucalyptus plantations across different succession generations (p < 0.05).
Acidobacteriota, Proteobacteria, and Chloroflexi showed a significant increase in relative abun-
dance with successive planting generations. Moreover, Acidobacteriota was positively
correlated with TP, Proteobacteria with OM and AP, and Chloroflexi with NO3

−-N, which
are the primary drivers of changes in bacterial community structure. Basidiomycota and

73



Sustainability 2023, 15, 6746

Ascomycota are the two main fungal groups in forest soils [35–37], with Basidiomycota being
capable of completely decomposing lignin in soil litter into water and carbon dioxide [38].
The relative abundance of Ascomycota increased slightly and then decreased significantly
with increasing generations in the 20–40 cm soil layer. The relative abundance of Ascomycota
was significantly lower in the third generation plantation than in the second generation
plantation. The relative abundance of the dominant phylum Basidiomycota decreased signif-
icantly with the addition of successive planting generations, driven mainly by NH4

+-N,
TN, and pH.

5. Conclusions

In conclusion, there were significant differences in tree growth, soil physical and
chemical properties, and soil fungal bacterial structure between successive plantation
generations of Eucalyptus plantations with an eight-year cultivation period. The results of
the study show that the growth of the stands became better with the addition of successive
generations. The diversity and richness of soil bacterial and fungal communities were
significantly enhanced. The content of some nutrients, such as OM, TP, and AP, also
increased with the addition of successive planting generations. Consequently, successive
plantings of Eucalyptus plantations during the eight years of cultivation period is reasonable,
and it improves the productivity of Eucalyptus plantations. It brings efficient economic
benefits and alleviates soil quality problems caused by short-cycle successive planting of
Eucalyptus and further solves social and environmental problems. This demonstrates that
the use of more scientific and quantitative plantation management measures can maintain
the trend of increasing productivity and soil fertility of eucalyptus plantations even after
multiple generations of successive plantings. This study provides an empirical basis for
the multi-generational succession management of Eucalyptus in Guangxi and promotes the
sustainable development of the Guangxi Eucalyptus plantation forest industry.
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Abstract: In Europe, forest fires are a serious and constant threat. They destroy forests and forest
land, causing damage, financial loss, and long-lasting impacts on forest ecosystem services. There
are several ways to decrease the number of forest fires, including continuous investment in fire
prevention measures and the intensive implementation of adaptive sustainable forest management
measures, which need additional financial resources. In many cases, forest management activities in
karst forests are not implemented in a timely manner and in coordination with other stakeholders. A
comprehensive study about the impact of forest fires on different economic activities (tourism and
protected areas) is not currently available. In this study, the legislative framework in Croatia was
analysed in relation to the fire protection activities and jurisdictions of different institutions. From data
collected in the period 2013–2020, the first-age class afforestation costs and growing stock assortment
value were calculated, and the non-wood forest functions were estimated. The aforementioned data
were further compared to the Fire Weather Index (FWI) and Seasonal Severity Rating (SSR) of fire
seasons. The total estimated damage is EUR 326,810,724.72. The research emphasises the need for the
implementation of cross-sectoral forest policy measures. The state forest company should allocate
more financial resources for biological forest restoration in the future. Forest management practices
should implement climate-adaptable silviculture measures to preserve forest and forest land.

Keywords: forest policy; management costs; forest ecosystem services; forest protection; Fire
Weather Index

1. Introduction

Current forest-fire management policies are mainly focused on fire suppression and
less adapted to climate change. Forest management should incorporate species selection
considering flammability, fire resistance, and resilience, and the adoption of silvicultural
practices that decrease the fire hazard [1].

Recognising the complexity of the negative impacts of climate change on different
sectors, including forestry, the European Union (EU) has emphasised the importance of
and the need to develop adaptive sustainable forest management regimes, appropriate
institutional frameworks, and supportive measures to combat climate change [2]. The
European Green Deal [3] aims to bring into effect a set of policy initiatives proposed by the
European Commission to adapt to climate change due to the estimation that 60% of global
ecosystem services have deteriorated, contributing to a significant rise in the number of
floods and major wildfires on all continents [4]. The Green Deal is an integral part of the
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Commission’s strategy to implement the United Nations 2030 Agenda and Sustainable
Development Goals. The UN Sustainable Development Goals (SDGs) encompass a broad
range of issues [5], among which managing climate change was set as a priority (Goal
13—Climate action: Take urgent action to combat climate change and its impacts, and
Goal 15—Life on land with sustainable use of terrestrial ecosystems, and sustainably
manage forests). The new EU forest strategy for 2030 presents a vision and proposes
actions to improve the quantity and quality of EU forests and strengthen their protection,
restoration, and resilience. Its aim is to adapt Europe’s forests to the new conditions,
weather extremes, and high uncertainty brought about by climate change [6]. The aim of
the EU biodiversity strategy for 2030 is to put Europe’s biodiversity on the path to recovery
by 2030 for the benefit of the people, the climate, and the planet [7]. Therefore, a variety of
policies and measures for climate change mitigation were developed at international, EU,
and national levels (for example, the EU Joint Research Centre communication for 2021;
The Paris Protocol, and COP26—a blueprint for tackling global climate change beyond
2020; a Roadmap for moving to a competitive low-carbon economy in 2050; and the 2030
Framework for Climate and Energy Policies, the United Nations Framework Convention
on Climate Change). In recent decades, natural disturbances, such as wildfires, windstorms,
and insect outbreaks, have severely disrupted large areas of the world’s forests at an
unprecedented rate [8]. In addition to anthropogenic climate change, southern Europe
has experienced strong land cover and land use changes in recent decades, including the
progressive abandonment of agricultural land and activities [9]. In Europe, wildfires are
one of the most important disturbance agents. The average annual area covered by forest
fires was 213,000 ha between 1950 and 2000 [10].

Forest fires are one of the dominant disturbances in the forests of Croatia. Numerous
natural disasters (fires, floods, ice storms, and windstorms) during the period 2014–2020
caused significant damage in the forestry sector, requiring substantial investment to pre-
serve and repair these threatened ecosystems [11,12]. Croatia, as a Mediterranean country,
is increasingly feeling the effects of climate change. Longer and more intense dry periods
create ideal conditions for the development of forest fires, posing an increasing challenge in
the organisation and cost of firefighting measures. Fire frequency and burn severity have
had a negative impact on the recruitment of pine seedlings in the pine ecosystem forests
in the Iberian Peninsula [13]. In Spain (Cordoba), suppression costs increased by between
65.67% and 86.73% in the last decade [14]. The fire environment can be represented as
a triangle where the sides represent fuel, topography, and weather [15]. There is a need
to analyse flammability and the spread of fire within ecosystems, especially in coastal
areas [16]. The European Commission Emergency Response Coordination Centre (ERCC)
monitors forest-fire risks and emergencies across Europe [17]. It is supported by national
and European monitoring services, such as the European Forest-Fire Information System
(EFFIS) [18]. The EFFIS has estimated that on average, about 65,000 fires occur in Europe ev-
ery year, burning approximately half a million hectares of wildland and forest areas. Most
of the burnt area (over 85%) is in the European Mediterranean region. In 2020, fires of over
30 ha affected 20 EU Member States, burning 339,489 ha in total, which is a slight increase
from the year before [19]. Therefore, in 2019, the European Commission adopted [20] a
goal to strengthen European civil protection, by enhancing prevention and preparedness
actions to alleviate the effect of wildfires in the extended European region. Moreover,
Europe is developing a pan-European approach to wildfire risk assessment with different
variables regarding danger and vulnerability [21]. In 2021, the European Commission
adopted a new EU Strategy on Adaptation to Climate Change [22]; due to climate change,
droughts cause cascading effects and increase the volume of dry fuel available for forest
fires. Forest fires create additional silviculture work and damage to forests, which affects the
long-term management and business plans of companies managing these forests, making
integral forest management even more challenging. In the Republic of Croatia, more than
250,000 ha of forest has been burnt over the past decade (2010–2020) [23]. Annual burnt
areas have increased over the past 60 years, particularly during extremely dry years such as
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2017 [24,25]. According to the Seventh National Report of Croatia and the Third Two-Year
Report of the Republic of Croatia According to the United Nations Framework Convention
on Climate Change [26], it is necessary to consider the long-term resilience and natural
capacity for ecosystem adaptation caused by the unprecedented combination of climatic
variables, extreme weather, and natural occurrences (fires and breakages by ice, snow, and
wind). The Mediterranean region is a major climate change hotspot [27], due to warming
of approximately 1.3 ◦C, which is above the global average [28]. Croatia, as a Central
European and Mediterranean country, is increasingly experiencing the consequences of
climate change. Longer and more intense dry periods (Figure 1) create ideal conditions
for the ignition and spread of forest fires, which results in increasing challenges in the
organisation and costs of firefighting measures.
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EFFIS—Statistics Portal (https://effis.jrc.ec.europa.eu/apps/effis.statistics/, accessed on 16 March
2023) [29]).

The Republic of Croatia has been participating in the EU Civil Protection Mechanism
since 2009, emphasising the cooperation of Mediterranean countries in the field of fire-
fighting, where the state administration body is responsible for firefighting activities and
coordinating assistance to other countries in case of open fires on their territory when
they seek international assistance through the EU Monitoring and Information Centre in
Brussels. For the purposes of the MEDforex project, the total monetary value of Croatia’s
forests was calculated, and the results showed that approximately 15% of these forests
are Mediterranean forests that are most vulnerable to fire [30]. The importance of the
socio-economic impact of forest ecosystems in Croatia was further outlined by Krznar [31],
Vuletić et al. [32], and Posavec [33]. Forest ecosystem degradation after fire significantly
impacts the loss of a range of products and services previously provided by those ecosys-
tems. Degraded habitats demand increased management costs and long-term investments
in the revitalisation and protection of forests after a fire. Unfortunately, future climate
change [34] will also increase the fire risk, particularly in Mediterranean forests. Decision
makers and policy makers in forestry should closely follow international initiatives and
ensure implementation in a range of sectors on the ground.

The aim of this study was to use content analysis to review existing legislative frame-
works related to the financing of forest-fire protection activities and the jurisdictions of
decision makers in Croatia. Based on the data regarding the number of forest fires and
total burnt areas in the period 2013–2020, damage to the first-age class, growing stock, and
non-wood forest functions for the state forest company were calculated.

The purpose of this research was therefore as follows: (a) to identify policy regulat-
ing areas regarding forest-fire protection stakeholders, with a review of the Forest Law
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and other related laws which define fire protection measures and activities; (b) to explore
the characteristics and obligations of different stakeholders which are prescribed in the
implementation of special fire protection measures; (c) to calculate the damages and eco-
nomic impact of forest fires on state forest company management; and (d) to compare
extreme weather conditions and the potential meteorological risk of forest fires using the
Fire Weather Index (FWI) and Seasonal Severity Rating (SSR) of fire seasons in the period
2013–2020.

2. Materials and Methods
2.1. Research Area

The research area encompasses all state forests in the Republic of Croatia, man-
aged by the state-owned company Croatian Forests Ltd. (Hrvatske šume d.o.o., Zagreb,
Croatia). The total forest area covers 2,759,039.05 ha. State-owned forests cover an area
of 2,097,318.16 ha (76% of the total forest area), while private forests cover an area of
661,720 ha (24% of the total forest area). The total growing stock of the state forest company
amounts to 315.8 million m3 [35]. Croatian Forests Ltd. is responsible for the management
of most (97%) of the state-owned forests and forest areas. The remaining 3% falls under the
control of other public institutions, such as municipalities, the military, etc. The main tree
species are beech (38%), common oak (14%), sessile oak (8%), fir (9%), hornbeam (8%), ash
(4%), and spruce (2%) [36]. Forest fires are primarily an issue in the Mediterranean region.
These areas are primarily covered by pubescent and holm oak forests which are indige-
nous vegetation, with significant areas of allochthonous forests and plantations of Aleppo
pine. The forests and forestlands of the Croatian Mediterranean region cover an area of
662,000 ha, in which sub-mediterranean forests cover 457,000 ha, while EU-Mediterranean
forests cover an area of 120,000 ha. In addition, there are 85,000 bare forestlands [37].
These forests are of low commercial value but are highly valuable for the preserving and
provisioning of ecosystem services. Due to previous fires and mismanagement, most of
the Mediterranean forests are in degraded forest forms (maquis, garrigues) that are highly
vulnerable to fire, which in turn causes further degradation.

2.2. Methodology

In methodological terms, the paper is divided into three parts. The first part analyses
the legislative framework, while the second part assesses the damage from forest fires in
the state forest company. In the third part, the potential meteorological risk of forest fires
is analysed for Croatia in the period 2013–2022, particularly for two extremely different
weather years, 2014 and 2017.

2.2.1. Forestry Legislation and Fire Protection Regulation

The reviewed documents consist of forestry legislation and fire protection regulations:
the Forest Law [38], the Fire Protection Law [39], the Fire Fighting Law [40], and the Law
on Agricultural Land [41]. Content analysis [42] was used to identify legal acts and articles
which regulate fire protection. The legislation documents were collected and reviewed to
define regulation areas, legislation, and measures which include fire protection.

2.2.2. Assessment of Forest-Fire Damages

In the second part of the article, the number of forest fires, burned area (ha), and
calculations of the amount of damage on wood volume, amount of damage in first-age
class, damage on non-wood forest functions are presented. Data regarding the number
of forest fires and burned areas were taken from the business report of the state forest
company (Croatian Forests Ltd., Zagreb, Croatia) for the period 2013–2022 [36]. To calculate
growing stock values, it is necessary to consider the average quantity of growing stock in
rotation, price on the forest road from the company price list of the main forest products,
and the exploitation costs from Croatian Forests Ltd.’s price list of calculated, internal, and
external sales prices; labour costs; and costs of machinery and vehicles. It is also necessary
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to determine the number of years in the rotation. The stumpage value is the result of the
function of price of the forest products and the cost of their exploitation. A higher market
price for wood products has a favourable effect on increasing the value of forests, and
vice versa; a lower market price for products will reduce forest value. The compensation
calculation (Equation (1)) from the Ordinance on the determination of compensation for
transferred and restricted rights to forests and forest lands [43] is used to calculate the value
of the growing stock damage caused by forest fires:

Vm = c
(

1.0 +
p

100

)n
(1)

where Vm is the stand value, c denotes the cost of raising the stand, p is the percentage of
the increment, and n is the stand rotation.

The damage to the growing stock is calculated on the basis of the actual value of
the mature stand for felling Vm, which is determined in the manner prescribed by the
Ordinance. Therefore, for the calculation of Vm, the total amount of wood is determined,
which is defined by the forest management plan, and exceptionally with the incremental-
income tables. The percentage of assortments is estimated, their quantity and value
are calculated, and the costs of transport are deducted. The costs of the first-age class
include the costs of stand establishment (seeding or planting), costs of thinning, costs of
management, and protection of stands. The production services of Croatian Forests Ltd.
have established the standard technology for raising stands of specific management classes.
The raising costs per hectare are determined by multiplying the labour price from the works
pricelist for the calculation year, with a multiplication coefficient for that work, and the
calculated values are then added (Equation (2)).

Hkm = (B + V + c) × 1.0pm − (B + V) − (Da × 1.0−pm−a +. . .) (2)

Hkm = stand value;
B = land value;
V = value of administration costs;
c = afforestation costs;
p = interest rate;
Da = income from thinning.
The raising costs per hectare in Mediterranean forest for the Aleppo pine management

class include different silviculture costs like raising and establishing forests (afforestation),
forest care (clearing and thinning), and forest rejuvenation. The value of non-wood forest
function is calculated based on the methodology developed by Prpić and Meštrović [44] by
assessing ten factors using a judgement scale and points system. The obtained score is then
multiplied by the monetary value of the economic function of the forest. The non-wood
forest functions, according to the Ordinance on the determination of compensation for the
transferred and restricted rights to forests and forest lands [43] fall within two categories:
social (tourism, recreation, health, and aesthetic) or protection and ecological (hydrological,
anti-erosion, climate protection, and assimilation). In accordance with the overall score
of non-wood forest function in each category, the stand is awarded a point. The value of
a point is determined by the Croatian Forests executive board, and the value is currently
set at 1 point = 0.13 EUR. The official classification of non-wood forest functions, with
the price range for their validation, is provided in the Ordinance [43]. The compensation
for reductions of the non-wood forest functions is calculated based on a review of the
investor’s project documentation, as the difference between the value of the non-wood
forest functions before and after works were performed in the forests. The value of the
non-wood forest function of newly raised forests or plantations, from Article 5 of this
Ordinance, is equal to the cost of raising a new forest or plantation to an age of five years,
as calculated using the company standards. The non-wood forest functions, protective
forests, and special value forests are evaluated using this range of scores [43]:
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a. Protection of soil, roads, and other structures from erosion, torrents, and flooding
(1–5);

b. Influence on the water regime and hydropower system (1–4);
c. Influence on soil fertility and agricultural production (1–4);
d. Influence on climate (1–4);
e. Protection and improvement of the human environment (0–3);
f. Oxygen generation and atmospheric filtration (1–3);
g. Recreation, tourism, and health functions (1–4);
h. Influence on fauna and hunting (0–4);
i. Protective forests and special purpose forests (8–10).

2.2.3. Fire Weather Index and Assessment of Seasonal Weather Conditions

Since 1982, the Croatian Meteorological and Hydrological Service (DHMZ) has been
performing risk assessments of the ignition and spread of forest fires for the Adriatic area,
and for the whole of the Croatian area during the last ten fire seasons. The fire weather
risk is based on determination of the Fire Weather Index (FWI) for the 41 meteorological
stations using the Canadian Forest Fire Weather Index System (CFFWIS) [45]. The daily
results of the risk assessment are delivered to the operational fire centre. The FWI considers
the dry and wet effects of past and current weather conditions (air temperature, relative
humidity, and wind speed at 12 UTC, as well as the daily amount of precipitation from the
previous day at 12 UTC to the current day at 12 UTC) for three types of forest fuel indices:
Fine Fuel Moisture Code (FFMC), Duff Moisture Code (DMC), and Drought Code (DC).
The Initial Spread Index (ISI) and the suitability index of the burning material, called the
Buildup Index (BUI), are calculated from the previous indices. ISI provides a fire spread
rating after ignition of a standard type fuel of Canadian pine. If the ISI is greater than 18,
then there are favourable meteorological conditions for the development of the worst form
of fire, which is called a crown fire. Finally, the numerical value of the FWI is determined
from the ISI and BUI. The FWI associated with the BUI is generally the best way to describe
fire weather risk classes (Table 1).

Table 1. Fire weather risk classes according to the Fire Weather Index (FWI) associated with the
Buildup Index (BUI) and Seasonal Severity Rating (SSR) separately [46].

Fire Risk FWI BUI SSR

Very low ≤4 ≤48 –
Low 5–8 49–85 <1

Moderate 9–16 86–118 1–3
High 17–32 119–158 3–7

Very high ≥33 ≥159 >7

The most appropriate indicator of seasonal potential fire risk is the Seasonal Severity
Rating (SSR). The assessment of severity is obtained by applying the Canadian model of
the FWI according to the following relation:

DSR = 0.0272 (FWI)1.77 (3)

The DSR is the Daily Severity Rating from which the mean Monthly Severity Rating
(MSR) or mean Seasonal Severity Rating (SSR) is calculated. As the assessment of severity
contains meteorological conditions and the moisture condition of dead forest fuel material,
MSR and SSR are used for the climatological-fire presentation of the average condition in an
area by month or the fire season from June to September. For the assessment of the monthly,
seasonal, or annual weather conditions at the meteorological stations for the current year,
the anomalies of the mean daily air temperature (◦C) and the amount of precipitation (%)
in relation to the mean value of the reference climate period 1961–1990 are analysed in
the DHMZ. According to the values of the 2nd, 9th, 25th, 75th, 91st, and 98th percentiles
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obtained from the theoretical distributions, which approximate the basic characteristics
of the data for the reference period, the limits for the climate assessment are determined.
The normal distribution is applied for the assessment of temperature conditions, and the
square root normal distribution is used for the assessment of the precipitation amount [47].

3. Results

This section presents an analysis of the latest Forestry Law with bylaws and related
fire protection regulations, grouped according to the main regulation areas: sustainable
development, environmental protection, nature protection, biodiversity conservation, pro-
tected areas, fire protection, waste management, forestry, agriculture, and other related
laws. The economic impact of forest fires on state forest management is presented through
the calculation of first-age class afforestation costs, growing stock assortment value, and
estimation of non-wood forest functions. Using the mean Seasonal Severity Rating (SSR),
the extreme weather conditions and potential meteorological risk of forest fires in the
selected period are analysed.

3.1. Legislative and Policy Framework

In Croatia, fire protection at the state level is regulated by the National Fire Protection
Strategy for the period from 2013 to 2022 [48], the National Fire Protection Action Plan [49],
the report on the state of fire protection in the Republic of Croatia [50], and the program of
activities in the implementation of special fire protection measures of interest to the Republic
of Croatia [51]. The Government enacts the Fire Protection Law [39], the Ordinance on the
Fire Protection Plan [52], the Ordinance on Forest Fire Protection [53], and other ordinances
and regulations in the field of fire protection.

The Law on Forests [38] is the most important legal document regulating various
aspects of forest management. The protection of forests from natural disasters is legally
regulated in Articles 41 to 45 of the Law on Forests, which stipulate that persons who
manage forests are obliged to use a set of measures to protect forests from fire, other natural
disasters, harmful organisms, and harmful anthropogenic impacts. The same act prescribes
the obligation of constituting and managing a unique information system and registry on
forest fires (Article 43), in order to improve the control of forest fires their causes, effects,
and prevention. On burned areas of forests and forest land, the purpose cannot be changed
for 10 years after the fire (Article 46). According to Article 19, forest owners are responsible
for restoring burned areas in a period of two years, if this is not defined in the forest
management plan. According to Article 20, counties, cities, and municipalities should
plan and provide prescribed preventive silviculture works with the aim of decreasing fire
danger and the fast spread of forest fires, and enabling early detection, forest-fire alarms,
rapid warnings, and fire suppression.

In the Republic of Croatia, the Ordinance on Forest-Fire Protection [53] prescribes
technical, preventive silviculture and other fire protection measures to be implemented by
owners and users of forests and forest land, holders of other rights in forests and forest
lands, legal entities that manage forests and forest lands on the basis of special regulations
(counties, cities, and municipalities) in territories which are forests and forest lands owned
by forest owners, in order to reduce the risk of forest fires and enable early detection and
reports of forest fires, and timely action in extinguishing forest fires. Table 2 presents
the main laws that regulate fire protection management and define financial measures
for fire suppression. Measures prescribed in the legislation are marked with a plus sign.
Legislation without defined measures and activities is marked with a negative sign.
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Table 2. Main and other sector-related laws that define fire protection measures and activities.

Regulation Area Legislation Measures and Activities

Sustainable development Sustainable development strategy for Republic of
Croatia [54] −

Environmental protection

National strategy for environmental protection [55] +

Climate change adaptation strategy [56] +

Law on Environmental Protection [57] −
Law on Mitigation and Elimination of

Consequences of Natural Disasters [58] +

Nature protection

National strategy and action plan for nature
protection 2017–2025 [59] +

Law on Nature Protection [60] −

Biodiversity conservation

Biodiversity and landscape conservation strategy
and action plan [61] +

Convention on Biological Diversity [62] −

Protected areas
Rulebook on Protected Areas [63] −

National strategy for fire protection 2013–2022 [64] +

Fire protection

Program of activities in the implementation of
special fire protection measures of interest to the

Republic of Croatia [51]
National Fire Protection Action Plan [49]

Law on Fire Protection [39]
Law on Fire Fighters [40]

Rulebook on fire protection plan [64]
Law on Civil Protection System [65]

+

Waste management Law on Sustainable Waste Management [66] −

Forestry
National forest policy and strategy 2003 [67]

Forest Law [38]
Ordinance on Forest-Fire Protection [53]

+

Agriculture Law on Agriculture Land [68] +

Related laws

Law on Flammable Liquids and Gases [69]
Law on Roads [70]

Law on Explosive Materials and Production and
Trade of Weapons [71]

Law on Dangerous Materials Transport [72]
Law on Sustainable Waste Management [66]

Law on Air Protection [73]
Law on Safety and Interoperability of Railroad

System [74]

+

Measures prescribed in the legislation are marked with a plus sign. Legislation without defined measures and
activities are marked with negative sign.

The Law on Fire Protection [39] prescribes measures and activities addressing the
causes of fire, elimination and fire extinguishing, and coping with fire disasters and fire
protection financing. The Ministry, as an entity responsible for nature protection, partici-
pates in the creation of sustainable development documents and nature protection at the
state level. Responsible policy departments at a regional level participate in the provision
of nature protection regulations with fire protection sections. The government ensures
financial means in the state budget. Also, natural and legal persons, local government
units, and regional autonomy ensure financing in their budgets (Article 59). Many forest
fires have started on agricultural land. The Law on Agriculture Land [68], in Article 87,
defines how to provide fire protection measures and order the implementation of particular
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measures if agricultural land users or owners are not following directions for fire protection.
Landowners have to care about the agricultural land according to the Ordinance on the
methodology for monitoring the condition of agricultural land [75]. The Law on Fire
Fighters [40] regulates firefighters’ organisation in the Republic of Croatia at the national,
regional, and local levels, as well as their constitution, obligations, method of management,
and financing. Article 13 defines that means collected from the green tax fund defined in
the Forest Law should be allocated for the needs of the firefighters in a minimum amount of
20%. Units of local and regional administration regulate the fire protection in their area in
accordance with the provisions of the Fire Protection Act and other regulations governing
the area of fire protection and according to their own plans, needs, and judgments. Financ-
ing of planning and operational costs related to forest -fire protection is realised within the
approved funds in the State Budget of the Republic of Croatia, with the largest share for the
Ministry of Defence, which includes firefighting aircrafts, six Canadairs CL-415 (Canadair
Bombardier Aerospace De Havilland Canada, Calgary, Alberta), seven observation air-
crafts, and two transport helicopters. The fee for non-wood forest functions (green tax)
is paid in the amount of 0.024% of a total income of more than EUR 1 million for defined
taxpayers [38]. Funds collected from the fee are spent on demining areas where there
are still mined or suspected mined forest areas and for the restoration and fire protection
of forests on islands, coasts, and mountainous areas. In the continental part of Croatia,
these funds are mostly spent on the remediation and restoration of decaying forests, forest
protection, development of forest management plans, afforestation and restoration of forest
stands, reconstruction and conversion of forests, forest protection, and construction of
forest infrastructure. All these investments are controlled and approved by experts from
the Ministry of Agriculture. Since 2014, the funds of the green tax fee have been paid
into a special account of the State Budget, and the Ministry of Agriculture has controlled
and distributed them to various users in accordance with the Law on Forests. Annually,
about EUR 22 million is collected, which is distributed according to the regulations to the
firefighters, demining initiatives, private forest owners, and the state forest company.

The laws listed in Table 2 define the measures, activities, and resources required for
fire protection. Competencies and partners in the implementation of measures in practice
are specifically listed for law enforcement. The obligations of individual stakeholders
are prescribed in detail in the Program of activities in the implementation of special fire
protection measures of interest to the Republic of Croatia, which is adopted before the
fire season. Of course, most of the responsibilities are assumed by the Croatian Fire
Brigade, which is responsible for the execution, coordination, monitoring, harmonisation,
and direction of all activities related to the implementation of this Program. Planned,
preventive, operational, and supervisory activities are carried out through a program of
activities for executors and participants in the preparation of the fire season in order to
reduce the risk of fire occurrence and spread. In addition to forest owners and public
institutions of national parks, nature parks, and institutions for the management of other
protected areas, as the most important stakeholders in the implementation of fire protection,
other companies and institutions are also involved in the activities. Because of the risk
during the tourist season, tourist companies, the Croatian National Tourist Board, and
the Croatian Hotel Employers’ Association are implementing plans for the evacuation
and care of tourists in case of forest-fire threats. The Ministry of the Sea, Transport, and
Infrastructure in the Air Transport Department and the Croatian Air Navigation Services is
obliged to draw up plans for firefighting activities (number of aircraft, equipment, and use
of drones). The same Ministry in the Department of Maritime Transport will determine the
conditions and manner of use of vessels, equipment, and techniques and the transportation
plan. Croatian Railways companies, private carriers, and the Ministry of the Sea, Transport,
and Infrastructure in the field of railway transport are obliged to plan and implement
fire protection measures, with special attention during the fire season. Road management
companies, as well as companies involved in the production, transmission, and distribution
of electricity, and the relevant ministry should develop a plan for clearing flammable
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substances from roads and distribution zones. Most of the work consists of clearing side
vegetation and illegal waste disposals from roads and clearing shrubs and vegetation
below electricity transmission lines to reduce the potential fire risk. The Ministry of the
Interior—Police Directorate and the Directorate of Civil Protection, during the tourist
season, conducts intensified supervision of critical places that are a potential danger to
the occurrence and spread of fire (landfills, whether legal or illegal, high-risk forests,
neglected agricultural land, and other risky open areas for the occurrence and spread of
fire). The Ministry of the Interior—Directorate of Civil Protection—Croatian Mine Action
Centre is obliged to include in the Mine Action Plan priority areas for demining for the
purpose of easier access, i.e., firefighting, in agreement with mine-affected counties. The
Ministry of Health covers the costs of on-call staff and additional activities. Regarding the
other responsible stakeholders and participants and their activities, the main responsible
authority is the company Croatian Forests Ltd. Based on the Forest Management Plan
2016–2025 [35], the company will continuously work on the construction and maintenance
of observation points, forest roads, fire protection corridors, and video surveillance for
fire detection. Together with other stakeholders (county prefects, major, municipal heads,
Ministry of Agriculture, Ministry of Defence, firefighters’ associations, county commander,
regional civil protection offices, Ministry of Interior, Croatian Firefighters Association),
the company is committed to providing up-to-date data about forest-fire vulnerability,
forest roads, observation points, and protection corridors in digital form, and data about
forest values. It must provide a list of the teams with equipment and an engagement
plan delivered to the territorial responsible firefighters’ association (county) and local civil
protection office.

Responsible authorities in protected areas are public institutions of national parks,
public institutions of nature parks, public institutions for management with protected areas,
and the Ministry of the Interior and State Inspectorate. They have to carry out preventive
measures for fire protection defined with threat assessment and a fire protection plan,
and after the fire season provide joint analyses with the aim of improving fire protection
measures. The responsible inspection service is responsible for the planning, organisation,
and timely monitoring of the implementation of fire protection measures in national and
nature park institutions.

One of the important authorities is the Croatian Meteorological and Hydrological
Service (DHMZ). Together with the Croatian Firefighters Association, Ministry of Interior—
Directorate for Civil Protection—Operations Centre, and Ministry of Defence, they have
to identify on a daily basis the real fire index threat for the creation and spread of fire in
open space for 40 stations in coastal and regional country areas. At the end of the year,
the DHMZ will make an annual report with the space distribution of monthly (MSR) and
seasonal (SSR) intensity at the national level.

3.2. Economic Impact of Forest Fires on State Forest Management

Due to climate change, the company Croatian Forests Ltd. has been investing more
funds each year into the restoration of forest stands, as a consequence of various natu-
ral disasters (fires, floods, icebreaks, windbreaks, wind throw, and snow damage). The
company, with the aim of fire prevention, has invested significant funds in fire protection,
as presented in Table 2 [36]. Many works were carried out in the analysed period (i.e.,
designing forest-fire roads, establishing observation and information services, production
and maintenance of observational areas, production and maintenance of forest-fire roads,
setup of warning signs, firefighting work, fire conservation, and promotional activities). In
2017, the company spent EUR 9.2 million. During the year 2017, 3168 fires were recorded,
which burned 48,543 ha of forests and other land, owned together by the state and private
forest owners, and agricultural land. In terms of the number of forest fires, this was a year
with an above-average number of fires (328 fires compared to the average of 273 per year
in the past 26 years). The burned area of 48,543 ha far exceeded the annual average of
14,300 ha. The most catastrophic wildfire in Croatia occurred in 2017, producing downslope
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fire runs into the most populated area along the Adriatic coast in Croatia near the city of
Split [25]. Overall, fires mostly affected karst areas (99%) and state forests, which were
burned to 85% of the area, compared to 7% of burned private forests and 8% of agricultural
land. Based on the damage cost calculations by the Croatian state forest company for
the period 2013–2022 (EUR), presented in Table 3, carried out in the analysed period, the
highest amounts were in the first-age class and growing stock in 2017, while the highest
calculated amount of damage from the non-wood forest functions of forests was in 2020.
These data correlate with the extreme weather conditions in those years, and the highest
Fire Weather Index (FWI).

Table 3. Calculated damage by the Croatian state forest company for the period 2013–2022 (EUR).

Year First-Age Class
(EUR)

Growing Stock
Damage (EUR)

Non-Wood Forest
Functions

(EUR)

Number of
Fires

Burned Area
(ha)

Fire Protection
(Mil. EUR)

2013 n.a. 1,832,227.24 6,912,529.86 n.a. n.a. n.a.
2014 n.a. 131,271.57 526,811.78 n.a. n.a. n.a.
2015 374,037.70 1,535,041.15 8,597,690.47 164 6594 8.9
2016 752,588.27 888,903.64 3,801,831.69 134 6707 3.8
2017 4,598,221.40 10,518,980.62 94,189,673.50 316 41,171 9.2
2018 518,582.43 141,226.44 2,056,809.13 49 1095 13.3
2019 1,936,421.56 757,499.34 4,056,145.47 118 1639 9.6
2020 544,730.55 5,174,807.54 176,964,693.39 141 20,874 8.0
2021 2,419,138.63 1,318,733.82 75,255,425.04 111 4328 8.3
2022 1,595,859.04 4,059,725.26 167,963.24 238 17,760 10.3
Total 8,724,581.90 20,979,957.53 297,106,185.29 1271 100,168 71.4

In the period 2013 to 2022, there were a total of 1271 fires on forest land owned by the
Republic of Croatia. A total of 100,168 ha was burned. The average burned area per fire
was 78.8 ha/fire. The state company has spent more than EUR 71 million on fire prevention.
Most of the fires occurred in the karst area. After analysing the number of fires and burned
areas per year and correlating these data with climatic conditions, the results confirm that
the dry and hot years were 2017 and 2020.

3.3. Extreme Weather Conditions and Potential Meteorological Risk of Forest Fires

Various definitions classify forest fires as a natural disaster, but their occurrence is
associated with another natural disaster, i.e., drought. Thus, one natural disaster causes
another, but the circle is not closed. Namely, a forest fire causes great changes to the
vegetation, which is destroyed by fire, but drastic changes in the plant cover are also caused
by erosion. The effect of fire also leads to chemical–physical changes in the content of the
soil. All these sudden changes in a burned area cause changes in the plants during and
after the fire. This shows the interaction of the processes taking place in the atmosphere and
the soil. The Croatian mid-Adriatic region known as Dalmatia is the area most threatened
by forest fires according to the period 1991–2020 [76]. The reason for this is the specific and
easily flammable Mediterranean vegetation and long-term dry and hot periods [77]. The
potential risk of forest fires is certainly increased by human factors due to the increased
number of tourists in the summer. The mean SSR values of a 30-year period in the mid-
Adriatic are mostly in the range of 8 to 12. The desiccation of dead fuel material and
vegetation increases during long hot and dry periods, thereby increasing the potential risk
of forest fires. Heat stress for plants is considered a period of at least ten consecutive days
with a maximum daily air temperature (tmax) greater than or equal to 30 ◦C [78]. For
precipitation (P) to have some effect on dead fuel material, each fuel type has a different
critical precipitation threshold. Therefore, dry periods for FFMC (P ≤ 0.5 mm), DMC
(P < 1.5 mm), and DC (P < 2.8 mm) were considered separately. Previous research has
shown that dry periods lasting longer than a month cause an extremely high potential
risk of the ignition and spread of forest fires [79]. The longest hot and very hot periods
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were analysed for two temperature thresholds (tmax ≥ 30 ◦C and tmax ≥ 32 ◦C) as well
as the longest dry periods with regard to the type of fuel material in the period 2013–2020
(Table 4). In the summer of 2015 in the mid-Adriatic, the longest hot period of 47 days
(from 1 July to 16 August at the Hvar station) and the longest very hot period of 35 days
(from 12 July to 15 August at the Split-Marjan and Ploče stations) were recorded. In
the considered 8-year period, 2017 had the longest dry period with regard to FFMC, i.e.,
73 consecutive days (from 17 June to 2 September), and the daily amount of precipitation at
the Lastovo station was less than or equal to 0.5 mm. During the summers of 2014 and 2017,
the maximal numbers of dry consecutive days with respect to DMC were approximately
the same (81 and 78 days, respectively) as for DC (102 and 100 days, respectively).

Table 4. Maximal numbers of consecutive days with maximum daily air temperatures tmax ≥ 30 ◦C and
tmax ≥ 32 ◦C as well as with daily amounts of precipitation P ≤ 0.5 mm, P < 1.5 mm, and P < 2.8 mm
according to the 41 meteorological stations in Croatia in the period 2013–2020.

Years 2013 2014 2015 2016 2017 2018 2019 2020

Maximal Number of Consecutive Days

tmax ≥ 30 ◦C 45 18 47 24 39 41 32 25
tmax ≥ 32 ◦C 10 0 35 17 15 20 15 10
P ≤ 0.5 mm 57 34 51 34 73 37 49 37
P < 1.5 mm 81 54 56 41 78 39 51 39
P < 2.8 mm 102 55 84 42 100 50 78 50

The spatial distributions of the mean SSR were analysed in order to determine extreme
years in the considered period 2013–2022. The highest SSR values were estimated in the
fire season of 2017, which reached up to 24–28 in Dalmatia (Figure 2). In contrast, the fire
season of 2014 was rated with the lowest SSR values and these were mostly between 0
and 4 throughout Croatia. Therefore, those two extreme fire seasons will be analysed in
more detail.
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period 2013–2020. (Source: DHMZ).

The summer of 2017 (June–August) was categorised as extremely warm throughout
Croatia according to the temperature conditions of the percentile distribution (Figure 3).
Above-average values of air temperature in all three summer months contributed to this [80].
Anomalies in the mean summer air temperature ranged from 2.5 ◦C to 4 ◦C. Precipitation
amounts in the summer of 2017 were below average throughout the country, with a range
from 2% in Dubrovnik to 74% in Zagreb, considering the multi-year summer average.
This was partly due to the amount of precipitation being less than or approximately equal
to the multi-year average in all three summer months. Therefore, an extremely warm
summer and at the same time very and extremely dry conditions in the greater part of
Croatia created favourable meteorological conditions for the occurrence and spread of
forest fires in the summer months. In contrast, the summer of 2014 in most of Croatia
was categorised as warm and very warm according to the temperature conditions of the
percentile distribution. Above-average air temperature values in June contributed the most
to this, as air temperature values were mostly at the level of the multi-year average in
July and August [81]. Anomalies in the mean summer air temperature reached 1.1 ◦C.
Precipitation amounts in the summer of 2014 were above average throughout the country,
except in eastern Croatia, where they were within normal limits, with a range from 100% in
Osijek to 302% in Zadar, with regard to the multi-year summer average. A very rainy July
in almost the entire country and very wet June in Dalmatia contributed the most to this.
Thus, the described weather conditions in the summer of 2014 were not favourable for the
occurrence of large forest fires, especially not in the Adriatic coast and islands.

In July 2017, in the area of Dalmatia, the greater part of the peninsula of Istria in the
northern Adriatic, and part of the interior in the northwest and east of the country, very high
values of monthly intensity were assessed (Figure 4). The greatest risk from fire appeared
in the Dalmatian hinterland, where MSR values were higher than 35 (Knin 37.0 and Zadar
airport 35.6) and at Split airport and Ploče stations, which were twice their average. In the
Šibenik, Dubrovnik, and Lastovo areas, the MSR was greater than 20, and in the rest of the
Croatia Lastovo areas, the MSR values were mostly up to 12, except at Pula airport (13.3).
In northwestern Croatia, MSR values were also 2.5–3.5 times higher than the multi-year
average in the period 1981–2010. The very high potential risk of forest fires in almost the
entire country, except for a small part in the interior, continued in August 2017. Compared
to the multi-year average, extremely warm weather prevailed with simultaneous drought
throughout the country. It is to be expected that the MSR values will be above average,
which can be clearly seen in Figure 4. In the continental area of Croatia, the potential risk
of forest fire was up to three times higher than the average.
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Figure 3. Anomalies in seasonal air temperature (left) and seasonal precipitation amount (right) for
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Thus, the weather conditions were extremely favourable in July and August 2017 for
the ignition and rapid spread of fires, which did occur in the Split, Šibenik, and Zadar areas
when catastrophic forest fires raged. The largest wildfire was the Split fire, which firefighters
refer to as “the mother of all fires in Croatia”. The detailed surface meteorological situation,
as well as the vertical structure of the atmosphere during the Split fire in July 2017, were
analysed in the paper of Čavlina Tomašević et al. [25].

After the collection of data regarding the total damages in Croatian state forest com-
pany for the period 2013–2022 (EUR), we made a correlation with the maximal number of
consecutive days with maximum daily air temperature tmax more than 30 ◦C and tmax
more than 32 ◦C, as well as with the daily amount of precipitation (P ≤ 0.5 mm, P < 1.5 mm,
and P < 2.8 mm) according to the 41 meteorological stations in Croatia in the same period,
as presented in Table 5.
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0.380 0.387 

Growing stock 

damage (EUR) 
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−0.01

4 
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3 

−0.29
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9 
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1 

−0.14

9 

Non-wood forest 

functions (EUR) 
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−0.56
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−0.17
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5 
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−0.29
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−0.56

5 

−0.19

4 
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4 
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0 
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−0.15
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Burnt area 

indicator (ha/fire) 
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−0.01

0 
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−0.32
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−0.41

7 

−0.37

0 

−0.16

8 

−0.23

0 

Share of fires (%) 79 11 −0.042 −0.014 0.229 0.218 −0.167 
−0.03

5 
−0.010 1.000 0.069 0.610 0.414 

−0.11

5 
0.114 

−0.05

2 

Figure 4. Mean Monthly Severity Rating (MSR) in Croatia in July and August 2017 (left) and
comparison with the multi-year average in the period 1981–2010 (right, source: DHMZ).

Regarding the analysed data, there is a negative correlation between the amount
spent on fire protection and total damage amount (R = −0.153). The correlation between a
temperature higher than 32 degrees Celsius and total damage is also negative (R = −0.565).
The burnt area indicator was created to confirm the highest positive correlation with burned
area in the selected period.
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4. Discussion

Forest fires have a significant influence on sustainable forest management. After
analysing forest-fire protection policy measures and laws, in addition to the state forest
company, there are many other stakeholders which participate in forest-fire prevention.
Unfortunately, their total costs could not be calculated because of the different (unpublished)
database sources (ministries, municipalities, and state companies) used in firefighting
operations. There are several important factors for reducing the number of fires and burned
(fire-affected) areas, such as the continuation of investment in preventive measures (e.g.,
maintenance of forest roads), and intensive implementation of silvicultural work. The
majority of forests in the Mediterranean karst area in Croatia do not have an important
wood production role, so the above-mentioned work often cannot be carried out. These
problems do not only concern Croatia, but also other Mediterranean countries like Spain
and Greece. According to Pausas and Millian [28], larger numbers of fires and larger
affected areas are correlated with land-use changes (rural depopulation increases, land
abandonment, and consequently, fuel accumulation) and climate change (extreme droughts
and extreme heat). Fire-smart management is essential for forest sustainability in the
Mediterranean [82].

In 2017 (the most intensive fire season in the past five years), the accumulated annual
burnt area of Portugal, Spain, and Italy alone exceeded 0.8 million ha [83]. Fires caused
the loss of 127 lives and estimated costs of EUR 10 billion [84]. The Mediterranean region
experienced a heatwave from July to August 2021, with record-breaking temperatures
in Italy and Spain in some areas. The widespread dry conditions were conducive to
numerous wildfires, in particular in Italy, Greece, and Turkey, while fires of about 7500 ha
and 65,000 ha occurred in Portugal and France. The total burnt area in the Mediterranean
region in July and August exceeded 800,000 ha. The summer of 2021 was the warmest on
record for Europe, with slightly higher temperatures than the previous warmest summers
of 2010 and 2018 [85]. The year 2022 was the second worst year in terms of areas burnt
since records began in 2006. The cost of damage inflicted by wildfires in 2022 is estimated
to be “at least EUR 2 billion” [86]. According to the data from the European Forest-Fire
Information System (EFFIS), the area burned in Greece so far in 2023 has surpassed that of
the destructive 2021 fire season.

In Croatia, neglected agricultural areas (formerly vineyards and olive groves) and
private forests, often allow the rapid and uncontrolled spread of fires. Mediterranean forests
should be managed according to the rules of the forestry profession. State forest company
implemented projects with the support of EU rural development funds for the conversion
of degraded forest stands and forest crops to mixed forests with autochthonous species.
However, there is a lot of unused potential (such as non-wood forest functions) in these
forests. In this sense, it is necessary to plan the long-term and strategic development of
karst forestry, which has not been the case so far. Active and sustainable forest management
in the Mediterranean requires the development of competitive new added-value chains on
wood, non-wood products, and services. The new EU bio-economy strategy could create
opportunities for new markets and innovations [7]. There is a need for strategic, long-term
forest development planning, and the valorisation of all forest products and services to
obtain more economic value from endangered forests.

Using content analysis, we quantified and analysed the presence, meanings, and
relationships of fire protection laws and different stakeholders’ obligations and activities.
The regulatory, economic, and informational forest policy instruments or their combinations
are often used to address challenges in the forestry field [87]. The Croatian government
provides a good legal framework aligned with EU directives, which enables different
stakeholder tools for fire protection measures. Each of the prescribed measures should
have a budget for implementation. Informational forest policy instruments could create
awareness among the citizens and private forest owners to consider abandoned forest and
agricultural land as the main risk for the spread of forest fires in the state and protected
forest areas, which are significant for tourism. The most effective instruments would be
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economic, such as subsidies for private forest owners or the allocation of more financial
sources for fire protection to the state company. This could be realised through different
EU financial mechanisms, e.g., ForestEye cross-border project “Protection of nature and
environment from forest fires” between Croatia and Bosnia and Herzegovina.

An important factor that cannot be influenced is weather and climate, especially
during extremely dry and extremely warm years. Spatial analysis of mean SSR in the
period 1991–2020 [88] showed the expansion of areas with high potential risk of forest
fires from the Dalmatian islands and the coast towards the hinterland compared to the
previous reference climate period (1961–1990). However, the area of moderate to high risk
has extended to almost the entire interior of Dalmatia and the northern Adriatic, as well as
eastern Croatia and part of northwestern Croatia. Certainly, the most threatened area is still
the mid-Adriatic, considering the occurrence of forest fires in the summer months when
there are long-lasting dry and hot periods. It follows that areas with an increased potential
risk of forest fires are expanding rapidly. In addition to the spatial change, a temporal
change is also expected in the prolongation of the fire season from May to October due to
climate change [89]. These results fit into the wider picture of the expansion of areas at high
risk of forest fires in the Mediterranean and Eastern Europe in the summer months [35].
The meteorological elements that most influence the ignition and spread of fires are solar
radiation, air temperature, relative humidity, amount of precipitation, and wind speed and
direction, but the vertical structure of the atmosphere is also important [90]. Therefore,
in addition to long-lasting hot and dry periods, meteorological analyses during the large
forest fires on the Adriatic coast showed that weather changes associated with a cold front
passage often trigger fire events due to a sudden increase in wind speed [91]. Contrary to
the negative attributes, it is important to stress the exceptional ecological and economic
role of pine trees in the Mediterranean [92,93].

The current forest management practice hardly accepts new trends and adaptations
to changed conditions. Forest-fire management should be improved by implementing
various protection measures, like planning forest-fire access roads, implementing specific
silvicultural measures, improving the efficiency of responding to forest fires by invest-
ing in fire protection forces, interdisciplinary fire research, and education of the general
public, private forest owners, and others about fire risks. There should be continuous
improvement in the assessment of the meteorological risk of forest fires during the fire
season. Investment in firefighting equipment and protection, such as the network of in-
frared (thermographic) cameras or surveillance towers, would reduce response times and
make the fire-extinguishing strategy by ground or air forces easier to plan. The decrease in
the number of fires was certainly, to some extent, influenced by the preventive actions of
more frequent monitoring by ground fire patrols, drone surveys, and regular monitoring
by firefighting aircraft, and by an increased number of surveillance cameras that can now
be technically coordinated and monitored from the newly equipped Situational Operations
Centre and the newly established and staffed Operational Firefighter Command of the
Republic of Croatia.

Future tasks will be the development of decision support systems and tools, forest-
fire risk assessment models, risk reduction, and adaptation. There is a need to provide
continuous research regarding the influence of the forest fuel structure and moisture content
on the probability of fire occurrence and development [94,95]. Post-fire management and
measures are important for preserving forest soil quality from erosion and cost calculation.

5. Conclusions

In this paper, we analysed the current forest policy framework in order to determine,
provide, valorise, and protect forests and their services. In line with the research aims, we
determined the following:

(a) According to the definition of fire protection measures and activities, 29 fire-related
laws and their bylaws were identified and reviewed. The roles and obligations of dif-
ferent stakeholders were analysed, with an emphasis on Croatian Forests Ltd. and the
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Croatian Meteorological and Hydrological Service (DHMZ). The laws were grouped
according to the main regulation areas: sustainable development, environmental pro-
tection, nature protection, biodiversity conservation, protected areas, fire protection,
waste management, forestry, agriculture, and other related laws.

(b) The analysis shows the characteristics of different stakeholders and their obligations
for the implementation of special fire protection measures, such as the Croatian
Fire Association, the Ministry of Defence, the County Fire Associations, regional
civil protection offices, public institutions of national parks, public institutions of
nature parks, public institutions for the management of protected areas, regional civil
protection offices, the Croatian Tourist Board, and the Ministry of Tourism.

(c) The economic impact of forest fires on state forest company management was cal-
culated. In the period 2013 to 2022, there were a total of 1271 fires on forest and
other land owned by the Republic of Croatia. A total of 100,168 ha was burned. The
calculated damage for the first-age class was EUR 8,724,581.9, for growing stock it
was EUR 20,979,957.53, and for non-wood forest functions, it was EUR 297,106,185.29
for the state forest company. The company is investing significant resources in the
fight against adverse weather conditions, which requires additional operating costs.
In the year 2020, the forest-fire damage exceeded EUR 176 million.

(d) Weather conditions were analysed in more detail for fire seasons with the highest and
lowest Seasonal Severity Rating (SSR) values in the considered period. In almost all
of Croatia, the SSR values for 2017 were above 1.5–2 times the multi-year average for
the period 1981–2010. This is because the air temperatures were above average by
3–4 ◦C, and the precipitation amount was below average (2–31% of the average in the
mid-Adriatic) in the summer months. Conversely, the SSR values in 2014 were not
higher than 5 and were below average throughout the country due to a very rainy
summer. The analyses of correlation among the forest fire damages spent sources for
fire protection show that there is no significant benefit if only the state forest company
invests in fire protection.

Unfortunately, there has not been any recent study about the negative impact of forest
fires on tourism and other sectors. Because of the different databases among different insti-
tutions, the research limitations are the unavailability of relevant, timely, comprehensive,
and unified forest fire damage costs. Our research recommendations are to include all of the
stakeholders at regional and local levels from the very beginning for the implementation of
fire protection measures. The state forest company should implement fire risk assessment
through forest management activities, reduce the fuel mass in forest stands, and in relation
to that, decrease the forest fire potential. The government should adopt climate-smart
forestry through the relevant ministries, which will embrace and put in place a set of new
EU strategies and action plans in order to ensure sustainable forest ecosystems.
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S.P., D.B., I.Č.T. and V.V.; writing—original draft preparation, S.P., D.B., Š.P.M., D.V., I.Č.T. and V.V.;
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77. Tomašević, I.Č.; Cheung, K.K.W.; Vučetić, V.; Fox-Hughes, P. Comparison of Wildfire Meteorology and Climate at the Adriatic

Coast and Southeast Australia. Atmosphere 2022, 13, 755. [CrossRef]
78. Feist, O. Analiza Toplinskog Stresa za Potrebe Poljodjelstva u Hrvatskoj u Prošlim, Sadašnjim i Budućim Klimatskim Uvjetima, Diplomski
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kornatskog požara 30. kolovoza 2007. Hrvat. Meteorološki Časopis 2007, 42, 41–66.
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500123 Brasov, Romania; alex.gavilanes@unitbv.ro (A.V.G.M.)

2 Faculty of Natural Resources, Escuela Superior Politécnica de Chimborazo, Panamericana Sur, km 1 1/2,
Riobamba EC-060155, Ecuador

* Correspondence: danny.castillo@unitbv.ro; Tel.: +593-987712497

Abstract: The forestry sector has used technology to improve productivity and increase service quality,
reducing labor in many processes. In this sense, Information and Communication Technologies (ICTs)
are having broad impacts on the forestry sector, from forestry to the marketing of forest products
and the recreational use of forests. There is a wide range of technologies that can be implemented in
forestry depending on the needs of each user. The objective of this study was to conduct a literature
review in order to analyze the opportunities for improving ICT and communication flows in the
forestry sector and to evaluate their applicability. This literature review was analyzed using the
Scopus, Web of Science, and ScienceDirect databases. An overview of the importance of ICT and
communication flows in the forestry sector, ICT tools, and their applications is provided. One-way
and two-way communication flows coexist in forestry, integrating different communication channels,
time, target audience, and message. It is clear that technologies have produced significant changes
in all sectors of the forestry industry. We conclude that ICTs and communication flows contribute
to forest conservation and management in the establishment of standards or policies that ensure
conservation through monitoring and analysis of landscapes at different temporal and spatial scales.

Keywords: ICT tools; technology; forest management; forestry sector; forest operations

1. Introduction

ICTs have become a fundamental part of daily life [1]. These are used to obtain, trans-
mit, manipulate, and store data efficiently and safely [2]. For instance, these technologies
include hardware and software tools, telecommunications networks, the Internet, and
information management systems [3], which have enabled process automation, real-time
data analysis, and more informed and accurate decision-making [4]. In this context, the
rapid development of ICTs has been driven by the growing need for information in dif-
ferent areas [5]. Particularly, in the forestry sector, ICTs have allowed the improvement of
forest management [6] and the optimization of production and marketing processes [7], as
well as the monitoring and follow-up of forests and their biodiversity [8]. With this, ICTs
have allowed the creation of an information society in which communication flows are
fundamental [9,10].

Communication flows refer to the transfer of information between the different com-
ponents of the system, including hardware, software, networks, and users [11]. These
flows allow the transfer of information to occur efficiently and effectively [12], which is
essential for the operation of information and communication technology systems and
applications [13]. ICT information exchanges can be classified into different types, de-
pending on the direction, purpose, and content of the information transferred [14]. For
instance, the main common forms of communication are data, voice, video, text, and file
communications [15].
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These technologies drive major transformations and have significant potential in
forest management around the world [16,17]; likewise, they can also transform the forestry
industry and reduce the labor intensity of many processes [18]. Whereas the timber supply
chain is highly dependent on the environment and the sustainable management of natural
resources is key to its long-term viability [19], the integration of ICTs in the wood supply
chain can improve efficiency, reduce costs, and improve the environmental sustainability
of this industry [20,21]. In this sense, countries using ICTs in forestry are increasing the
competitiveness of forest products and increasing the efficiency of forestry conservation
and management functions [22]. Therefore, ICTs can have a significant impact on the
development of the forestry industry as an engine of the economy [23,24].

Digital technologies have significant potential in forestry [25] and compose a major
asset and transform the forest industry by providing unprecedented solutions that make
forests smarter [26]. The need to implement ICTs must become a tool that serves forest users,
wood buyers, operators of logging machines, or forest planners [27,28]. In addition, the
implementation of ICTs and their innovations have facilitated the tasks of data collection,
as well as its processing (greater accuracy and efficiency) [29]. ICTs allow large amounts
of information to be processed quickly and efficiently, which can be very useful in forest
management and informed decision-making [30]. In addition, they allow the monitoring
of forestry operations in real time [31], the design of forest management strategies [25,32],
and forest data analysis [33].

In general, data can be classified as input, output, or circumstantial data, and its
analysis involves phases such as generation, collection, processing, modeling, and output
information [29]. For this purpose, the forestry industry is constantly improving systems
that make the most of data and make better decisions [34]. This is accomplished by allow-
ing the information to be analyzed comprehensively in order to obtain illustrative results
(geovisualization) [35]. For instance, electronic systems, and in particular Geographic Infor-
mation Systems (GIS), could be used to improve forest harvesting with the prior planning
of the skid trail network in order to minimize utilization impacts and risks for operators
while ensuring a high level of productivity at work [34]. Some operators in the forestry
sector use ICT to improve forest management results [36,37]; for instance, ICTs can be used
in the planning and monitoring of forest management [38], wood production optimiza-
tion [39], forest health monitoring [40], and improving traceability and transparency of the
timber supply chain [41]. Considering these ICTs, efficiency and sustainability in forest
management can be improved [42].

Forests provide a wide variety of services and benefits to society [43,44]. Some of the
main ecosystem services that forests provide are timber and non-timber forest products,
biodiversity, protection against natural disasters, climate regulation, soil and water pro-
tection, recreation, pollination, and pest and disease control [45,46]. If there is knowledge
about the benefits that forests can offer for public health, actions can be implemented to
manage these natural resources properly [47]. This will ensure that forests can continue
providing significant long-term benefits [48]. In this manner, to guarantee the flow of forest
services, it is necessary to articulate strategies that link human values with sustainability
objectives [49], an aspect that is favored for the development of new technologies. ICT
has enhanced productivity and reduced production costs in the forest industry and in
forestry itself [50]. Data on forest growth and productivity are essential for the planning
and implementation of sustainable forest management practices, which can be used within
environmental applications [51]. Therefore, it is essential to have accurate and up-to-date
data on the growth and productivity of forests in order to make informed decisions about
their management and conservation [52].
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Currently, there are various tools and technologies that allow the collection and
exchange of information to occur more efficiently [53]. The use of the internet, monitoring
applications, and sensors and receivers installed in equipment or machines, as well as
communication between machines and between humans and machines, are some examples
of these tools [54]. Remote sensing can cover a greater geographic context and time scale
than other observing techniques [55,56], which can provide a more complete and detailed
view of changes that occur on the Earth’s surface over time [57]. For instance, are various
applications for the use of ICTs to improve communication flows in the forestry sector,
including the use of the following applications: (i) GIS to collect and analyze data on forests
and their use [58]; (ii) mobile applications and tracking software to monitor the flow of
forest products from the forest to the final consumer [59]; (iii) online platforms to share
information on sustainable forest management [60]; (iv) remote monitoring systems, such
as satellites and drones, to collect information on the state of forests and their evolution
over time [61]; and (v) online communication tools, such as videoconferencing and social
networks, to facilitate collaboration and coordination among forest sector actors in different
regions and countries [62].

At this moment, there is constant growth and improvement in the implementation
of ICTs and communication flows in the forestry sector [34]. There is a growing number
of digital tools being developed to improve the management of forest resources and
promote communication among the various actors involved [63], such as forest owners,
forestry companies, government agencies, and researchers [64]. Therefore, the use of
these technologies provides important improvements in forest management such as (i)
the improved control of operations, (ii) automation of operations throughout the chain,
(iii) improved decision-making based on data and information, (iv) combination of data on
tree growth, (v) identification of timber potential, and (vi) identification of environmental
conditions to plan future growth models [36,65].

The diffusion of ICTs contributes to different purposes, such as the management
and conservation of forests and forest resources [66]. In addition, it can be used for the
prevention of illegal logging and forest fires, raising awareness about the importance of
sustainable forestry practices, and improving forest governance [67]. In general, ICTs
have proven to be a valuable tool for sustainable forest management [68], and their use is
expected to continue to grow in the future as new technologies are developed and access to
them expands globally [69]. The use of ICTs in forest management is a topic of increasing
interest [70], especially in the timber industry [9]. These technologies can enhance the
efficiency and sustainability of forest production [71] while simultaneously reducing the
environmental impact of this activity [72]. Therefore, it is convenient for an industry to
access new technologies for exploration and transformation. Likewise, forestry as a sector
should take advantage of communication technologies to be more effective in disseminating
information on the benefits of forests and generating awareness.

The scope of this paper was to review information about ICTs and communication
flows in the forest sector. The objectives of this study were (i) to synthesize the findings
on ICTs in forestry and their applicability and (ii) to develop a systematic review of the
state-of-art approaches concerning communication flows.

The document consists of five sections. Section 1 includes a review of existing literature
on the topic, the importance of the research, and the relevance of the research. Section 2
details the proposed methodology. The findings are presented in Section 3. In Section 4, the
discussion presents and compares the data obtained by other researchers. Finally, our work
concludes in Section 5.
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2. Materials and Methods

In this research, a systematic review of the literature was carried out in which infor-
mation in relevant studies was identified, selected, and critically evaluated in reference
to the analysis of opportunities for ICT improvement and communication flows in the
forestry sector and their applicability. This review was carried out through the application
of the PRISMA protocol (Preferred Reporting Items for Systematic Reviews and Meta-
analyses) (Figure 1) [73]. This is a methodology applied to carry out literature reviews [74].
Information searches were carried out using key terms such as ICT and forestry, techno-
logical innovation and forestry sector, technology and forest, communication flow and
forestry ICT, forestry sector and ICT and communication, information flow and forestry
and communication, and ICTs in the forestry industry. Initially, a primary search for
information was carried out through Google Scholar https://scholar.google.com/ (ac-
cessed on 2 January 2023). This search tool is comprehensive and accessible to identify
academic studies and reports [75]. The search for scientific articles was carried out in
databases such as Scopus https://www.scopus.com (accessed on 5 January 2023), Web of
Science https://www.webofscience.com/ (accessed on 7 January 2023), and ScienceDirect
https://www.sciencedirect.com/ (accessed on 10 January 2023). These databases offer
advanced search tools that allow for easier and faster discovery of relevant and specific
articles, based on the search criteria and keywords used [76]. Parameters such as author
(expert in the field), affiliation (institution to which they belong), keywords (facilitating
search and classification of information), year of publication (indicating the article’s time-
liness and relevance), and citation index were taken into account in the article selection
process (reflecting the number of times the article has been cited by other authors).
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Figure 1. Methodological process.

Nevertheless, while it is recognized that studies published in other languages may
contain relevant information, this study considered only scientific papers published in
English and Spanish. Given the wide scope of the literature and the large number of results
obtained in the search of the database, the inclusion and exclusion criteria were established
based on the research topic, type of study, date of publication, language, refereed articles,
and citation index. The inclusion and exclusion criteria must be clear and coherent to
increase the precision and reliability of the obtained results [77]. After a preliminary review,
a total of 173 papers were selected and analyzed for this research.
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3. Results

It is important for us to point out some advantages and disadvantages of ICTs in the
forestry sector. Several authors, including Adams and Frost [78]; Wallace et al. [79]; Fardusi
et al. [80]; Gómez et al. [81]; and Tan et al. [82], indicate that among the advantages of
using ICT in the forestry sector are improvements in (i) harvest planning and a reduction
in costs of production; (ii) efficiency and precision in forest management; (iii) identification
of forest areas at risk of fires and monitoring of forest health through the use of drones and
remote sensors; (iv) the efficiency of data collection and analysis, which allows for more
informed and faster decision-making; (v) innovation and technology in processes, products,
and services. However, there are also disadvantages in the use of these technologies; a
study carried out by Kovácsová and Antalová [83] points out, for example, the cost of its
implementation and maintenance, the need for trained personnel, and the dependence on
electric power and internet connectivity. In this sense, we believe that the implementation
of these technologies may require a significant investment in equipment and training for
the personnel in charge of their use, but at present, we consider that they are important
tools to improve forest management efficiency and productivity.

3.1. ICT and Communication Flows: Definition and Importance in Forest Sector

ICTs cover a wide range of technologies that allow for obtaining, processing, analyzing,
and storing information [29]. ICTs function as knowledge networks and also intervene as
dissemination mechanisms because they provide effective communication channels [84].
N’dri et al. [85] suggested that the impact of ICTs is more substantial in developing countries
than in developed countries; therefore, it is recommended that governments invest in
infrastructure and implement ICTs progressively. Consequently, ICTs are an important tool
nowadays, as they allow for the efficient acquisition, processing, analysis, and storage of
information. By utilizing remote sensing technologies, such as satellite imagery and drones,
ICTs enable real-time monitoring of forest cover, biodiversity, and human activities, aiding
in the early detection of deforestation and illegal logging. Furthermore, ICTs empower
stakeholders to make informed decisions and adopt sustainable practices for the long-term
preservation of forests [86–90]. Additionally, they play a significant role in the dissemination
of knowledge and communication. This makes them a key tool for economic and social
development. Therefore, it is necessary to continue promoting their use and application in
various productive sectors.

ICTs can play a key role in the forestry sector and in the sustainable management of
forest resources. Figure 2 lists some of the ways in which ICTs can be important in the
forestry sector.

Communication involves the transmission of information or ideas from a sender
(person or group) to a receiver [62]. To have effective communication in the forestry area it
is necessary to (a) understand the human–environment relationship, and link this concept
with socioeconomic, cultural, and social aspects [91] and (b) integrate all stakeholders
and maintain continuous communication between them [91,92]. Communication has
become a key tool for forest management. Therefore, effective communication achieves the
sustainable management of forest resources.
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Stakeholders are defined as groups of people who have an impact on an organization
and/or are influenced by it [91]. They can be classified into the following categories: pri-
mary stakeholders (active participants who are influenced directly by the results, such as
suppliers, government, and customers) and secondary (do not have direct participation and
receive a marginal effect from the situation, such as organizations and civil society in gen-
eral) [93]. Therefore, primary and secondary stakeholders are important for organizations
as their collaboration contributes to sustainability.

If the communication flow is linear, the elements of this process are sender, message,
medium, receiver or audience, and effect [94]. Communication can be one-way when the
message is delivered directly from the sender to the receiver and is considered two-way
when there is interaction between the parties [91]. In the forestry area, both communication
flows coexist (Figure 3); each of them integrates different mechanisms (communication
channels and form of persuasion), time (short- or long-term), target audience (forest owners,
general public, etc.), and message [95]. It is important to mention that if there is effective
communication, it is possible to articulate and propose strategies for forest management
and establish public policies focused on environmental protection and sustainable manage-
ment and integrate all stakeholders’ points of view into decision-making [62]. Therefore,
communication flows contribute to the sustainable management of forest resources with
the participation of stakeholders in forest management.
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3.2. ICT Tools and Their Applications

The adaptability of ICTs to all aspects of human life has presented the opportunity to
develop diverse tools and applications focused on the forest and environment. Currently,
mobile devices have furthered the common use of the internet and Services, making the
monitoring of forest resources easier and more comfortable [96]. However, there remains a
gap between technology and the timber industry that needs to be bridged by experiments
aimed at connecting decision-makers with technology [97]. In this context, we believe that
technology has great potential to improve the management and conservation of forests and
the environment. However, it is necessary to bridge the gap between technology and the
timber industry. Therefore, we consider it necessary to continue developing technologi-
cal tools and applications for forest management, as well as integrating technology into
decision-making in the forest sector.

Thus, the most common ICT tools and their respective applications in the forestry field
are detailed below, such as (i) remote sensing; (ii) X-ray scanners; (iii) mobile device sensors;
(iv) geographical information systems; (v) big data; (vi) radio frequency identification;
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(vii) photo-trapping; (viii) techniques related to forest genetics; (ix) DNA metabarcoding;
and (x) citizen science.

3.2.1. Remote Sensing

Remote sensing allows for the determination of many parameters related to the forest
(productivity and state/biophysical conditions); it is a unique tool that allows a researcher
to obtain repeatable observations at different temporal and spatial resolutions [98]. Remote
sensing involves the acquisition, processing, and interpretation of data related to the
composition of landscapes through the use of radiometric sensors, which can be active or
passive [99]. Remote sensing has specific applications in forest management. For example,
it enables the acquisition and processing of information about forests and other ecosystems
on a large scale. Consequently, we believe that the application of this tool is important in
addressing environmental and social challenges related to forest ecosystems.

This tool shows the explicit interrelation between species and habitat, allowing a
researcher to characterize a specific environment, indicating changes across time and
helping to predict their variations in the future. The remoting sensing application in
forest management is useful in almost all cases; however, it is not precise in tele-detection
in vertically and horizontally complex forest systems [100]. Therefore, the application
of remote sensing could be tailored to the specific characteristics of the forest and used
in conjunction with other sampling and monitoring techniques to obtain more accurate
and comprehensive information for informed decision-making regarding the sustainable
management of forest resources.

The functioning of active sensors is based on the emission of radiation and the subse-
quent measurement of energy amount and its return time; by comparison, passive sensors
measure the amount of energy reflected or emitted from the matter [99]. Passive systems,
unlike active systems, are affected by weather conditions [101] and cannot get details below
the forest canopy [102]. Table 1 presents a list of sensors and their applications in the
forestry area.

Table 1. Sensors used in forestry areas (applications).

Type of
Sensor Sensing Method Data Type Sensor Measured Variables Spatial Scale

PASSIVE

Aerial photography 2D Photo cameras Landscape characterization Local

Satellite imagery

Multispectral

Landsat TM
ETM +
SPOT

ASTER
MODIS

Landscape characterization,
meteorological observations,

plant productivity
and chemistry.

Regional to local

Hyperspectral CHRIS
HYPERION

Landscape characterization,
meteorological observations,

plant productivity and
chemistry, species composition

Regional to local

High spatial
resolution

RAPID EYE (5 m)
IKONOS (<1 m)

WORLDVIEW (<1 m)

Identifying individuals of
a landscape Local

High temporal
resolution

SPOT (4–5 DAYS)
MODIS (DAILY) Changes in landscape over time Global to local

ACTIVE

Airborne LiDAR
and radar

Multilevel, high
spatial resolution

SLICER
LVIS

Vertical-looking radar
Side-looking radar

Landscape characterization
(identifying individuals),

crop production
Regional to local

Harmonic radar - - Tracking individuals,
vegetation structure—3D -

Terrestrial lasers High spatial,
temporal resolution Mobile Static

Characteristics of vegetation
(Physical and biophysical),

identifying individuals
-

Remote sensing comprises Airborne Laser Scanning (ALS), while proximal sensing is
related to Terrestrial Laser scanning (TLS); both methods differ in terms of spatial resolution
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and coverage. ALS has a higher spatial coverage and lower resolution; in contrast, TLS has a
lower spatial coverage and a higher resolution [56]. Within this framework, remote sensing
includes two main methods: ALS and TLS, which differ in terms of spatial resolution and
coverage. Based on this, both methods are useful according to the specific needs of the
analysis and the conditions of the land surface being evaluated.

According to Coops [98], Light Detection and Ranging (LiDAR) and RADAR have a
greater potential for mapping forests in terms of volume and biomass. LiDAR allows the
detection of 3D forest canopy [98], so the aspects that can be determined by this tool are
canopy cover, height, volume, biomass [98,102], basal area and stem density [102], forest
stratification and distribution, and mean diameter [103], as well as ecological applications
such as wildlife monitoring [104]. The study carried out by Borz and Proto [105] indicates
that in the last decade, LiDAR-based methods have been successfully tested in several
forestry-related applications, in particular in forest inventory applications, focusing mainly
on data accuracy. Their usefulness for the quantitative assessment of harvested timber has
been less investigated. In particular, studies on resource accounting, including the time
required for different log scanning options, are still lacking.

Radar systems use electromagnetic energy (to transmit and receive pulses); therefore,
to use radar data it is necessary to consider the canopy, the wavelength of the signal, and
the angle [106]. Moreover, some remote sensors have a cost, but it is possible to find radar
data available for free, as is the case of the Sentinel-1 Satellite (high temporal resolution: 3
to 6 days and spatial resolution: 5 × 20 m/independent of cloud cover) [107]. In essence,
radar systems are a valuable tool for remote sensing because they can provide detailed
information about the land surface under conditions where other remote sensing techniques
may be limited. Therefore, this tool can be useful for forest management, biodiversity
conservation, and the sustainable management of natural resources. The cost of some ICTs
is becoming more affordable, making them more accessible to a wider audience (Table 2).

Table 2. Cost of some ICTs [98].

Type of Sensor Cost

MODIS (Terra modis, aqua modis)

Free
SPOT

Landsat TM
Sentinel-1 (Radar—Europe)

LiDAR 3–5 USD/ha
RADAR <1 USD/ha

Rapid Eye, digital globe 1–3 USD/ha
CASI, AVRIS, HYPERION 3–5 USD/ha

3.2.2. X-ray Scanners

X-ray scanning is a tool used to determine the quality of wood or estimate the amount
of wood inside a stem or trunk. Its operation consists of the emission of X-rays which
are transmitted towards an object, and as a result of the penetration, X-ray beams are
attenuated, generating a digital image of this object [108]. Therefore, X-ray scanning is a
useful tool that allows for the detection of internal defects in wood, which is important for
identifying areas prone to structural failure or disease propagation.

The most popular devices that are based on X-ray technology are SilviScan, Itrax, and
QTRS. These devices are characterized by having a good level of accuracy (approximately
50 µm/pixel); however, the preparation of the samples involves an arduous task [109].
Nowadays, numerous industrial prototypes of X-ray scanning equipment are inappropriate
for the wood industry, especially for high moisture content logs [110,111]. However,
although there are popular devices using X-ray technology, the development of industrial
prototypes of X-ray scanner equipment is important to meet the needs of the timber industry.
This will enable the development of more accurate and efficient devices.
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X-ray scanners base their functionality on the theories of Radon, theoretically demon-
strated in 1970, which indicated projections of the object depending on the number of
directions considered [109]. Whatever the number of directions, X-ray beams are sent and
detectors measure the X-ray radiation that is transmitted through the object [111]. These
studies point to the important role of X-ray scanners for wood quality assessment, tree
species identification, determination of wood density, and moisture.

3.2.3. Mobile Devices Sensors

Recently, the use of mobile devices has increased, together with mobile cloud com-
puting, allowing for data collection from various sensors in a short period of time [112].
In mobile devices such as smartphones and watches, there are various sensors that allow
for the development of models related to activities that require engines such as logging;
other sensors are used to track individual trees and analyze forest productivity [56]. This
highlights the important role of mobile devices in enhancing efficiency and precision
in decision-making across various fields, including the management and monitoring of
forestry activities.

This ICT allows for the realization of in-situ observations, regardless of terrain con-
ditions (easy transport); at the same time, it gathers measurements with an acceptable
speed. However, these technologies are still in research and development, so their accuracy
is not comparable to other static systems [113]. Even so, they have been a useful tool in
forest degradation monitoring, especially in developing countries [114]. In conclusion, the
ongoing development and refinement of sensors in mobile devices for forest monitoring
could lead to significant advancements in the field of forest management. This is due to
their accessibility, efficiency, and ability to collect data in hard-to-reach areas.

3.2.4. Geographical Information Systems (GIS)

GIS, in conjunction with data obtained by remote sensing (satellite images and drones),
allow for the mapping of vegetation at different scales. It is also possible to assess risks
such as forest fires through a multiple-criteria decision analysis (MCDA) that integrates
user approaches (variety of information requirement) [115]. In the same way, GIS have
played important roles in forest resource management, wood harvest planning, and forest
fire management, among others [116]. Therefore, GIS are tools for the collection, processing,
and analysis of spatial data. This facilitates informed and effective decision-making for the
management of forest resources and the prevention of forest risks.

ArcGIS 10.5® software differ by their ability to collect data geometries (such as points,
lines, polylines, or polygons) and other attributes, as well as their compatibility with data
formats such as ESRI shapefile, CSV, and KML. Currently, many mapping apps were
developed for mobile devices, including ArcGIS, Mapit Spatial, Qfield, SW Maps, Global
Mapper Mobile, Locus GIS, and others [117]. GIS allow the integration of different data
sources to obtain a complete and detailed vision of forest ecosystems. Therefore, GIS
influence the planning of sustainable forest management.

3.2.5. Big Data

Big data refers to large data sets whose size exceeds the capacity of typical database
software [118,119]. For a better understanding, these characteristics are represented in
Figure 4.
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Figure 4. Big data characteristics. Volume: huge amount of storage (a). Velocity: the speed of data
generation and processing according to demands and challenges of the analysis (b). Variety: different
sources of data (c). Veracity: reliability of data (d). Valorization: ability to disseminate information (e).

In forestry, big data includes information or registers about metrics of trees, species,
and volume of wood produced [119]. Additionally, it has demonstrated huge potential
in forest management and ecosystem protection [120]. In agriculture, big data is largely
employed in developed countries to promote the production and management of numerous
products. Therefore, the use of big data in the forestry sector can have a significant impact
on the economy, the environment, and society.

3.2.6. Radio Frequency Identification (RFID)

RFID identifies objects by means of radio frequency signals that correspond to the
following groups: low frequency (between 30 and 300 kHz), high frequency (between 3 and
30 MHz), ultra-high frequency (between 300 and 3000 MHz), and microwaves (between
2 and 30 GHz) [121,122]. Overall, RFID technology is a versatile tool that can be used in
the forestry sector to identify and track wood and other forest products along the supply
chain. The choice of the appropriate frequency range will depend on the specific needs of
the application.

This system includes electronic compounds, such as a microprocessor, a transponder,
a reader, and a management system. The main objective of this technology is to get
information about objects, animals, or plants; in this context, each microchip could be
attached to a tree’s base to register its localization and size, and in case of logging, it can hold
the data about who cut it, so that illegal logging can be controlled [122]. Nevertheless, the
application of this ICT may have some effects on ecosystems, principally on wildlife [123].
However, the use of radio frequency identification technology must be carefully considered
and managed to minimize its impact on ecosystems and maximize its economic and
social benefits.
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3.2.7. Photo-Trapping

Photo-trapping is a technique used to monitor wildlife in their natural habitat, particu-
larly in forested areas. [124]. This technique involves the installation of cameras in strategic
locations within the forest, which are automatically triggered when they detect movement
or heat [125]. Furthermore, it is a non-invasive and efficient technique [126]. This allows a
researcher to obtain information about forest biodiversity, species distribution, species abun-
dance, their habits and behaviors, and their interaction with the natural environment [125].
Consequently, it provides detailed information for assessing the status of wildlife present
in a specific area. Therefore, its use can significantly contribute to the development of
strategies for the sustainable management of biodiversity in forest ecosystems.

To carry out photo-trapping, special digital cameras are used that can be configured
to automatically take images at different times of the day or night [127]. The cameras can
be equipped with motion sensors, heat sensors, or both, to detect the presence of animals
in the area [128]. These cameras are typically resistant to field conditions such as rain,
sun, and cold temperatures [129]. The images captured by the cameras can be analyzed
manually or through the use of specialized software to identify the animal species that
appear in the images [130]. In this context, we believe it is important to place the cameras
in locations where wildlife activity exists, such as trails, feeding areas, or areas with access
to water. Therefore, photo-trapping does not disturb the natural behavior of animals and
adheres to ethical protocols for wildlife research and monitoring.

3.2.8. Techniques Related to Forest Genetics

Forest genetics is a branch of forest biology that focuses on the study of genetics and
molecular biology of trees and other forest species [131]. Some techniques related to forest
genetics include DNA analysis, genetic improvement, cloning, molecular markers, and
next-generation sequencing techniques [132]. Forest genetics techniques are important tools
in forest management, enabling scientists to study the genetic diversity of forest species,
improve wood quality, enhance disease resistance and other important traits, and conserve
rare or endangered species [133]. Forest genetics employs various techniques to study the
genetic variability of forest populations. Therefore, this tool contributes to sustainable
forest management.

In this context, techniques related to forest genetics also have a connection with ICTs,
as many of them require specialized equipment and software for their application and data
analysis [134]. Some of the ways in which information and communication technology is
used in forest genetics include databases, data analysis, simulation models, communication,
and dissemination of results [135]. ICTs have allowed forest genetics scientists to gather and
analyze large amounts of genetic information, as well as communicate the results in a clearer
and more accessible manner to society [132,136–138]. In conclusion, forest genetics and
ICTs are closely related, allowing for the collection and analysis of large amounts of genetic
information, as well as the communication of results in a clearer and more accessible
manner to society, which contributes to more efficient management and conservation
of forests.

3.2.9. DNA Metabarcoding

DNA metabarcoding is a molecular technique used to identify species and commu-
nities of organisms from environmental samples such as soil, water, or air [139]. This
technique is based on the sequencing of a specific region of the DNA from the organisms
present in the sample, known as barcoding [140]. The obtained DNA sequence is compared
to reference sequence databases to identify the corresponding species or taxon [141]. This
molecular technique has applications in biodiversity research and monitoring, as well as in
the management of forest ecosystems.

DNA metabarcoding has been successfully used in biodiversity studies, ecology, and
conservation in various communities of organisms, ranging from plants and animals to mi-
croorganisms [142]. Some of the advantages of this technique include the ability to rapidly
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and accurately identify a wide range of species and taxa, as well as the capability to analyze
complex environmental samples containing multiple species [143]. DNA metabarcoding
is a technique that offers advantages for species identification and biodiversity analysis,
benefiting ecosystem regeneration and species conservation efforts.

DNA metabarcoding is a complex technique that involves several stages: (i) Sample
collection; (ii) DNA extraction, which can be done using commercial kits or standardized
laboratory protocols; (iii) Amplification of DNA from organisms present in the sample;
(iv) Purification of amplified DNA; (v) DNA sequencing; (vi) Data processing using special-
ized software, which may include filtering, assembly, and taxonomic assignment tools; and
(vii) Data analysis to obtain information about the diversity and structure of the organism
communities present in the sample, including species richness, relative abundance of each
species, and taxonomic composition of the community [144–146]. In conclusion, this tech-
nique involves multiple stages, from sample collection to data analysis. Furthermore, it has
been used in biodiversity, ecology, and conservation studies in various populations. There-
fore, it becomes a promising technique to provide valuable information on biodiversity and
communities of organisms present in environmental samples.

3.2.10. Citizen Science

Citizen science can be considered an ICT to the extent that it utilizes digital tools to
engage people in scientific projects [147]. Technology has allowed citizen science projects to
reach higher levels of participation and collaboration and has transformed the way data is
collected, analyzed, and shared [148]. The collected data can be stored in online databases
and analyzed by participants and scientists using specialized software and data extraction
techniques [149]. ICTs have allowed citizen science projects to reach a broader and more
diverse audience through online platforms that enable remote participation and online
collaboration [150]. Furthermore, ICTs have enabled the communication and dissemination
of results from citizen science projects [151]. For instance, social networks and mobile
applications have been used to engage people in citizen science projects, enabling real-time
communication and the creation of online communities to share information and data [152].
With the continuous advancement of ICTs, it is expected that citizen science will continue
to grow and play an important role in scientific research and biodiversity management.
In conclusion, ICTs have significantly enhanced the capacity of citizen science projects to
store, analyze, and communicate collected data. This has resulted in increased efficiency in
scientific research and improved accessibility and understanding of the results by society,
which is of great importance in sustainable forest management.

Finally, it is important to mention that regarding the parameters for article selection in
this study, the publication period ranged from 2004 to 2023. Similarly, when searching in the
title, abstract, or keywords of published scientific articles, the most relevant countries were
identified in terms of the origin of authors of works related to ICTs in the forestry sector:
the United States, China, Canada, Spain, Finland, and Brazil. The most frequently used
keywords in related scientific articles were “ICT and forestry”, “technological innovation
and the forestry sector”, “technology and forests”, “communication flow and forestry ICT”,
and “ICT in the forestry industry”. It is also important to highlight that among the works
with the highest number of citations are research papers related to the keywords “ICT and
forestry” and “technology and forest”, with over 3500 citations.

4. Discussion

This study focused on conducting an analysis of the opportunities for improving
ICTs and communication flows in the forestry sector and their applicability based on the
results reported by various studies and data repositories. Given the above information,
Andreopoulou et al. [153] and Sharma et al. [154] mention that the forestry sector is one of
the most important in terms of natural resources and sustainability and can significantly
result from the implementation of ICTs. In this sense, for instance, CEPAL [155] indicates
as one of its priorities support for the implementation of the 2030 Agenda for Sustainable
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Development in Latin America and the Caribbean, which includes the use of ICTs. There-
fore, we believe that ICTs can facilitate the achievement of sustainable development goals
related to the management and conservation of forest resources. This fact is supported
by a study carried out by Fardusi et al. [80], which mentions that the forestry sector is an
area in which various ICT tools and applications have begun to be used to improve forest
management and monitoring. A second study by Molinaro and Orzes [71] indicates that
these technologies have been used successfully in the management of forestry companies
to improve the decision-making, planning, and monitoring of forestry operations. In sum-
mary, we believe that the applications and technological tools used in the forestry sector
improve the management and sustainability of forest resources by automating business
management processes in the forestry sector, reducing costs and typing errors.

In this context, a study carried out by Zhang et al. [156] mentions that ICTs play a key
role in the management and monitoring of forest resources, as well as in the optimization of
production and marketing processes. A second study by Chen et al. [157] indicates that the
use of ICTs in the forestry sector allows for more efficient management of natural resources,
improving decision-making and increasing the profitability of forestry companies. For
these reasons, we believe that they can be used to improve energy efficiency and digital
infrastructure in the forestry sector. This fact is corroborated by a study carried out by
Anastasiadou et al. [158] which points out that ICTs can help address the challenges of
governance and population participation. In addition, Badiane et al. [159] state that ICTs
can also provide opportunities to strengthen the capacities and skills of the forestry sector
both in the public and private spheres, which can be especially important in the context of
trade opening. In this sense, we believe that ICTs are essential for the forestry sector due to
their ability to improve efficiency and productivity in the management of natural resources
and are essential for the success and sustainability of the forestry sector in the digital age.

In view of the foregoing, we additionally believe that to further improve the use of
ICTs in the forestry sector, new technologies can be implemented. In this sense, for instance,
a study carried out by Palander [7] indicates that LIDAR allows for the production of
digital terrain models and obtaining detailed information on topography and vegetation.
A second study carried out by Galaz et al. [160] indicates that mobile applications can be
developed for plantation management and decision-making in the field. A third study by
Dainelli et al. [161] mentions that another option is the use of drones for the inspection of
forests and early detection of pests or diseases. However, it is also important to consider the
communication flows in the forestry sector. For example, a study carried out by Näyhä [162]
and Castillo et al. [163] indicates that it is necessary to develop deep and wide-ranging
communication strategies in relation to the needs of different stakeholders at different
hierarchical levels of sustainability. Therefore, we consider that in the forestry sector,
the use of different communication models is not enough to improve the acceptability of
operations and competitiveness in the markets. However, they are tools that are necessary
for its application.

Indeed, there are multiple ICTs used in the forestry sector to improve the collection,
management, and analysis of forest data, as well as to improve supply chain monitoring,
forest management, biodiversity conservation, and communication among the various
stakeholders involved in the sector. In this context, Rao et al. [164] point out that ICTs
can improve the efficiency of forest management and contribute to the protection and
conservation of forest resources and biodiversity. Similarly, Sraku [165]; Belden et al. [166];
and Dastres and Soori [40] mention that access to ICTs in the forestry sector depends on
telecommunications infrastructure, the level of economic development, public policies
and regulations, the level of education and training, and the availability of financing. It
is important to address these factors to improve access to ICTs in the forestry sector and
harness their full potential for forest management and biodiversity conservation.

In this context, Liu et al. [167] mention that new technologies are being developed in
the field of artificial intelligence. These technologies could have a significant influence on
forest management [168]. For instance, a study carried out by Grabska et al. [169] mentions
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that machine learning algorithms can analyze large volumes of forest data and provide
valuable information for decision-making. A second study by Singh et al. [170] indicates
that artificial intelligence technologies are being created to improve the early detection of
forest diseases and pests. However, in communication flows, artificial intelligence can also
enhance communication among the various actors involved in forest management [53].
For instance, Kożuch et al. [171] reveal in their study that chatbots and virtual assistant
systems can answer common questions about forest management, enabling more effective
communication and efficient resource management. In summary, artificial intelligence
technologies have a high potential to enhance forest management.

Regarding access to ICTs in the forestry sector, the digital divide is a reality that affects
many regions of the world. A study conducted by Lowery et al. [172] states that the appli-
cation of ICTs in the forestry sector faces specific challenges depending on the region and
context in which they are used. These challenges include limitations in satellite coverage,
varying levels of information access, diverse climatic conditions, different languages and
cultures, varied approaches and priorities in forest management, lack of training and skills,
costs, technical challenges, and maintenance issues. A second study by Hossain [173]
indicates that in some countries, particularly the poorest and least developed ones, access
to ICTs is limited or absent, which can have a negative impact on forest management and
biodiversity conservation. Therefore, we believe that the challenges related to ICT access
should be addressed, and their use should be integrated into a broader forest management
strategy. With this, we believe that it is important to work in collaboration with the actors
involved in forest management to ensure that ICTs are accessible, effective, and sustainable.

Although the PRISMA model is a rigorous and systematic methodology for conducting
literature reviews, it also has certain limitations that must be considered. Some of the
potential limitations of the PRISMA model in this study could be the following: (i) the
limited availability of relevant studies in the literature, which could restrict the number of
studies included in the review; (ii) the variable quality of the included studies, which could
affect the reliability and validity of the review results; (iii) the possibility that some relevant
studies have been omitted due to the selection of specific databases or the exclusion of
languages other than English or Spanish; and (iv) the possibility that the inclusion and
exclusion criteria are not entirely appropriate for the specific topic of the review.

The potential future impact of ICTs and communication flows in the forestry sector is
promising, with significant implications for the management of forest resources. Initially,
the advancement of ICTs is expected to enable broader automation of forest management
processes, resulting in improved efficiency and cost reduction. Additionally, the integra-
tion of various technologies utilized in forest management is anticipated to be optimized
through the application of ICTs, enhancing the accuracy and efficiency of information anal-
ysis. In terms of communication flows, ICTs are poised to facilitate increased collaboration
and coordination among diverse stakeholders engaged in forest management, including
forest owners, forestry companies, government agencies, and civil society members. Con-
sequently, the utilization of ICTs has the potential to enhance the overall management of
forest resources.

5. Conclusions

ICTs and communication flows generate a positive impact in the forest sector because
they allow for the monitoring and analyzing of landscapes on different temporal and
spatial scales, thus contributing to forest management and the establishment of norms or
policies that guarantee preservation. In addition, it allows the stakeholders to be linked
and establishes effective communication flows between them. Overall, there is a wide
range of technologies that can be implemented in the forestry area according to the needs
of each user, such as productivity improvements, monitoring, and markets, among others.
Furthermore, sustainability is an important aspect of forest management, and ICTs can
play a role in promoting sustainability in several ways. For instance, ICTs can be used to
monitor forest health and identify areas that are at risk of degradation. This information
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can then be used to develop and implement management plans that will help to protect
forests and their resources. Additionally, ICTs can be used to educate the public about the
importance of forests and the need for sustainable forest management. This can help to
raise awareness of the issue and encourage people to make choices that support sustainable
forest practices.

Finally, the forestry sector can significantly benefit from the implementation of ICTs
and communication flows. These technologies can improve the management and sustain-
ability of forest resources by automating business processes, reducing costs, and minimizing
errors. They can also facilitate the achievement of sustainable development goals related
to the management and conservation of forest resources. However, the implementation
of these technologies may require a significant investment in equipment and training for
personnel. Furthermore, the use of new technologies such as LIDAR, mobile applications,
and drones can further improve the efficiency and productivity of the forestry sector. It is
also essential to consider communication flows and develop comprehensive communica-
tion strategies to ensure the acceptability of operations and competitiveness in the markets.
Despite some disadvantages such as the cost of implementation and maintenance, the use
of ICTs and communication flows are essential tools for the success and sustainability of
the forestry sector in the digital age.
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Citation: Kolić, J.; Pernar, R.;
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Determining the Optimal Sample Size

for Assessing Crown Damage on

Color Infrared (CIR) Aerial

Photographs. Sustainability 2023, 15,

15918. https://doi.org/10.3390/

su152215918

Academic Editor: Lihu Dong

Received: 8 September 2023

Revised: 27 October 2023

Accepted: 12 November 2023

Published: 14 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Determining the Optimal Sample Size for Assessing Crown
Damage on Color Infrared (CIR) Aerial Photographs
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Abstract: One of the priorities in sustainable forest management is monitoring the health status
of trees and stands. From the aspect of remote sensing (RS), the best way of doing this is by
interpreting color infrared (CIR) aerial photographs; however, this raises the issue of sample size.
For this reason, to apply this method in practice, it is indispensable to determine an appropriate
sample size to ensure sufficient reliability of the health status assessment of trees in CIR aerial
photographs. This research was conducted in lowland forests of pedunculate oak in Croatia. To
determine damage in the photographs of the main tree species, a systematic sample with varying
dot grid densities—100 × 100 m, 200 × 200 m, 300 × 300 m, 500 × 500 m, 1000 × 1000 m—was used
with combinations of different numbers of interpreted trees per sample. Damage indicators were also
calculated based on tree distributions obtained by interpreting four trees, two trees and one tree in
different sample sizes. The results of the testing showed that there were no statistically significant
differences between different sample densities and numbers of interpreted trees in relation to mean
damage assessment. Regardless of the fact that there were no statistically significant differences
during damage assessment, it was found that by lowering sample densities, starting with 200 × 200 m,
the number of trees and the number of sample points per particular sub-compartment significantly
decreased, and so did the desired accuracy. Consequently, the participation (distribution) of particular
species and damage degrees in the sample were lost, which significantly affected the overall tree
health assessment. In contrast, grid densities of 100 × 100 m with one interpreted tree at the raster
point proved to be the optimal sample size. This confirms the fact found in earlier research, that is,
that the selected sample should have several spatially well-distributed points with a smaller number
of trees in the point, and samples with larger numbers of trees in a smaller number of points should
be avoided.

Keywords: visual interpretation of CIR aerial photographs; damage assessment; optimal sample size;
digital photogrammetric workstation

1. Introduction

Sustainable management of forests under conditions of climate change and natural dis-
asters is necessary because forests, with their economic and social functions, are of immense
importance in maintaining a healthy environment and mitigating climatic extremes. Forests
in Croatia, as well as in Europe, are faced with many challenges such as the increasingly
frequent dieback of trees, habitat degradation, the appearance of invasive species and
climate change. Tree dieback is a complex process that involves a large number of sites,
stands and biotic factors at different stages and different intensities [1–6]. We contribute to
the stability and preservation of forest ecosystems through systematic monitoring of the
state of ecological factors. Mapping, assessing and quantifying these effects is therefore
of the most importance in order to understand disease progression and develop effective
forest management plans [7].
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The poor health condition of forests, caused by biotic and abiotic factors, usually leads
to defoliation and/or leaf discoloration [8,9]. For this reason, defoliation of the crown is
considered a key indicator of the health condition [10]. The negative consequences of tree
dieback are being mitigated by monitoring the status of trees, primarily by assessing tree
and crown damage [11–14]. The primary task is to assess the degree of forest damage and
spatial distribution of damaged trees, which can be performed by terrestrial-monitoring
or by applying RS methods [15,16], most commonly by interpreting color infrared (CIR)
aerial images [15,17,18]. CIR films register the visible and near-infrared (IR) radiation of
the Sun reflected from the surface of vegetation, and the amount of this radiation depends
on the type of tree and its physiological condition, i.e., health status [19–21]. Damage to
the crown of trees (loss of leaves, death of branches and parts of the crown, change in the
color of leaves) causes significant changes in reflectance, especially in the infrared part of
the spectrum (wavelengths 700–1100 nm), and because of this, damaged trees can be easily
recognized on CIR aerial photographs [22–28].

To identify damage on aerial photographs, it is necessary to create a photo interpreta-
tion key for each type of tree, whereby the characteristics of the appearance of an individual
tree species and the degrees of damage on aerial photographs are given descriptively and
with a drawing or photograph [18].

Multispectral images have also been successfully used for mapping individual for-
est stands [29,30], for crown reconstruction and individual tree phenotyping [31,32], for
identification of tree species [33,34] and for determining the health status [15,18,35–42].

Remote sensing makes it possible to collect data on forest conditions quickly and
reliably [43–45]. This procedure lessens the scope of fieldwork and saves time and money [44].
So far, there have been six forest damage assessments in the Republic of Croatia based
on the photointerpretation of CIR aerial photographs. All the research was conducted by
photo interpreting analogous aerial photographs using analytical stereo instruments. Trees
to be interpreted were selected according to a randomly placed systematic sample, pro-
portional to the stratum (sub-compartments) size, and with a systematic sample using the
100 × 100 raster method. The development of digital cameras has opened new possibilities
for using digital CIR aerial photographs to assess damage to both single trees and stands
on a digital photogrammetric station (DPS). However, this raises the problem of sample
size; namely, in all previous research, a sample in the form of dot grids proved to be best
because it is regularly distributed in space but interprets a much larger number of trees
while achieving the same reliability in comparison to field assessments [46]. Thus, in order
to apply the method in practice, it is necessary to determine the size of a sample that will
ensure sufficient reliability in assessing the health status or tree damage in digital CIR
aerial images.

Sample size has been much more extensively studied in the course of forest manage-
ment assessment, during forest measurement rather than during damage assessment. The
samples are taken from the entire population [47] with the aim of obtaining a cost-effective
estimate of the entire population [48]. Sampling should be made for every measurement
procedure since measuring the whole population would be impractical and unfeasible
because of time constraints and liability for errors. For this reason, a well-conceived and ex-
ecuted sampling procedure efficiently substitutes total measurement as regards the quality
of the acquired data and costs [49].

In their inventory of forest damage in the Spačva Basin, Kalafadžić et al. [50] tested
different sampling methods and intensities in 10 randomly chosen compartments. They
employed the point method and the raster method. The point method, with spacing ranging
from 400 m, 200 m and 400 × 200 m, was used to interpret the same number of trees, while
the raster method, depending on the size of the raster overlaid on the compartment, was
used to interpret a different number of trees closest to the raster point. After testing, they
concluded that samples with a larger number of trees in a smaller number of points should
be avoided.
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In all the research conducted to date, a dot grid sample proved best because it is well
distributed in space. Since it interprets a much larger number of trees, it is as reliable as
field assessment.

To apply the method in practice, it is necessary to determine the form and size of
a sample in order to ensure sufficient reliability of tree health assessment in digital CIR
aerial photographs.

The results obtained by interpreting CIR aerial imagery are most commonly presented
in thematic maps using a geographic information system (GIS).

The primary goal of this study is to investigate the most appropriate sample size and
the number of interpreted trees per sample in digital color infrared (CIR) aerial photographs
to assess crown damage and tree health status for practical purposes. Therefore, it was
necessary to carry out an inventory of damage on systematic samples with different density
points (100 × 100 m, 200 × 200 m, 300 × 300 m, 500 × 500 m, 1000 × 1000 m) and a number
of trees (1, 2 and 4 trees), analyze and process the data, interpret the results obtained, and
based on this, determine the shape and size of the sample that would ensure sufficient
reliability of crown damage assessment on CIR aerial photographs.

2. Materials and Methods

Research comprised the lowland forest area of pedunculate oak in Croatia, of the
management unit (MU) “Josip Kozarac” (45◦23′30′′ N, 16◦46′50′′ E), Lipovljani Forest
Office, and the Lipovljani Forest Training and Research Centre, the management unit of
“Opeke” (45◦22′00′′ N, 16◦49′45′′ E) (Figure 1). The MU “Josip Kozarac” area is 5759.13 ha,
while the MU “Opeke” area is 547.27 ha. In the management units, the lowest point is
94 m above sea level and the highest altitude is 96 m above sea level (MU “Opeke”),
i.e., 105 m above sea level (MU “Josip Kozarac”). Four phytocoenoses are represented
in the researched area in which, in addition to other species, the main types of trees are
Pedunculate oak (Quercus robur L.) and Narrow-leaved ash (Fraxinus angustifolia Vahl).
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Figure 1. Research areas: MU Josip Kozarac (blue) and MU Opeke (red).

The recording was carried out in surveyed strips using a multi-spectral digital camera-
UCX-Vexcel, focal length f = 100.5 mm. Digital aerial photographs (122) were taken with a
spatial resolution of 0.1 m, a longitudinal overlap of 60% and a transverse overlap of 36%.

Crown damage, and thus the health status of the trees, was assessed on digital CIR
aerial photographs for the main tree species—Pedunculate oak and Narrow-leaved ash.

Digital aerial photographs were interpreted on a digital photogrammetric workstation
(DPS) using the PHOTOMOD Lite 4.4. software package.
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Before the interpretation of the DPS, it was necessary to determine the method for
mapping crown damage so that they could classify trees into individual degrees of damage
to create projects and code tables.

Photointerpretation of the degree of crown damage was carried out using a carefully
created photointerpretation key of the research area, and the health statuses of trees (crowns)
were classified into damage degrees based on the following scale [18,35]:

Damage degree Damage percentage
0 0–10%
1 11–25%

2.1 (2A) 26–40%
2.2 (2B) 41–60%
3.1 (3A) 61–80%
3.2 (3B) 81–100%

4 Snags

After that, the projects or sequences (strips) of two or more adjacent digital aerial
photographs were created in the module PHOTOMOD Montage Desktop in four steps:

• Block forming: digital aerial photographs were uploaded into the project; the direction
of the block was determined and so was the position of aerial photographs in the block.

• Aerial triangulation: camera parameters were defined, and the internal orientation of
aerial photographs was conducted.

• Block adjustment: external orientation of aerial photographs.
• Block processing: the last step in the project design in which a module was selected

for further use in photointerpretation.

Aerial triangulation was performed automatically on the photogrammetric work-
station (in the second step) using the ray bundle method and the GPS/IMU (inertial
measurement system) measurements that were recorded during aerial surveys.

A total of five projects were created in four steps—block forming, aerial triangulation,
block adjustment and block processing—for photointerpretation.

After the projects were created, a code table was generated for each stereopair within
the project. The table was generated in order to collect data in the PHOTOMOD Stereo
Draw module. In the code table, the interpreted objects (trees) were described by a code
name, number of stereopairs in which they were collected, shape (point), color, symbol and
additional attributes (number of trees, position, species, damage). A total of 32 code tables
were created for the needs of the research.

After the projects and code tables were created, a photointerpretation key was used
to interpret digital CIR aerial photographs. In a systematic 100 × 100 m sample, the
four closest crowns were interpreted in every raster point laid over the aerial photographs
(Figure 2).

Data collected by interpreting digital aerial images on DPS were exported in .DXF
format for further statistical processing, and in .SHP format for geospatial analyses and
construction of thematic maps.

Past research shows that a randomly placed systematic sample, in which a uni-
form distribution of interpreted crowns is achieved with the raster method, is best for
damage assessment.

In previous studies, trees to be interpreted were selected according to the randomly
placed systematic sample, which was proportional to the stratum size, while the health
condition was assessed using the crown closest to the raster point. In more recent research,
damage was assessed using the dot grid raster method (100 × 100). In each point (sample),
four crowns closest to the raster point in the top left and right corners and in the bottom
left and right corners were interpreted.
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code table.

Compared with earlier research, this method resulted in a much higher number of
trees in the same area; therefore, a question arises as to the optimal sample size and the
optimal number of interpretable trees per sample that will ensure statistically sufficient
reliability of tree health assessment.

For this reason, to define the most appropriate sample sizes that will ensure statistically
sufficient reliability of tree health assessment, systematic samples with different dot grid
densities—200 × 200 m, 300 × 300 m, 500 × 500 m and 1000 × 1000 m—were set up
(Figure 3) with combinations of different numbers of interpreted trees per sample: 1 (A),
2 (AD) and 4 (ABCD) trees (Figure 4).
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Based on the results of digital aerial imagery photointerpretation, damage indicators
(damage, D; mean damage, MD; damage index, DI; mean damage of significantly damaged
trees, MD1) were calculated using Formulas (1)–(4) [15,35,50,51] for single tree species and
all the interpreted species together, both for individual survey strips and overall for the
entire surveyed area (compartments and sub-compartments covered by surveying).

1. Damage (D) is an indicator that is calculated according to the formula:

D (%) =
∑ f (1−4)

∑ f (0−4)
·100 (1)

For the calculation, only the total number of damaged trees is taken into account, not
include the number of damaged trees in a particular damage degree.

2. Mean Damage (MD) is calculated according to the formula:

MD (%) =
∑ f i · xi

∑ f i
(2)

where fi is the number of trees in i- damage stage
xi–i- stage interval center in the damage stage scale for single trees
0 = 5%, 1 = 17.5%, 2.1 = 32.5%, 2.2 = 50%, 3.1 = 70%, 3.2 = 90%, 4 = 100%
To calculate the mean damage in the observed area (sample), a complex arithmetic

mean is used with the number of trees in a particular damage class.

3. Damage index (DI) provides the percentage share of trees in the sample, which is
classified as damage degree 2.1 (2A) or higher, i.e., severely damaged trees.

DI (%) =
∑ f x(2−4)

∑ f (0−4)
(3)

4. Mean Damage1 (MD1) is the value of the mean degree of damage of trees classified
into damage level 2.1 (2A) or more.

MD1 =
∑ f (2−4)

∑ f (0−4)
·100 (4)

The calculated damage indicators and the number of interpreted trees provided input
variables for statistical data processing. According to Pranjić and Lukić [52], the sample
size was determined based on the variability (sx) of the estimated mean damage and the
desired accuracy
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An χ2 test was used to test different sample point densities and numbers of interpreted
trees per sample with regard to tree health assessment, with 95% reliability [53].

In addition, binomial distribution was used to obtain the desired accuracies (B) for
different dot grid densities and numbers of interpreted trees per sample (N).

In line with the results obtained from interpreting tree health conditions on the raster of
varying dot grid densities using a combination of interpreted trees per raster point, thematic
layers containing a spatial distribution of mean damage (MD) were constructed for all the
species along particular survey strips and the research area (compartments/sub-compartments).
Based on the acquired results, thematic maps of mean damage can also be constructed for
the main tree species as well as for other damage indicators.

3. Results

The results of crown damage interpretations for 4 trees (ABCD), 2 trees (AD) and
1 tree (A) (Figure 4) for different sample sizes (100 × 100 m, 200 × 200 m, 300 × 300 m,
500 × 500 m and 1000 × 1000 m) (Figure 3) provided tree distributions per damage degree
(Table 1).

Table 1. Tree distribution per specific damage degree for different sample densities and different
numbers of interpreted trees.

Sample
Density

Degree of
Damage

Number of Trees Sample
Density

Degree of
Damage

Number of Trees
ABCD

(4)
AD
(2)

A
(1)

ABCD
(4)

AD
(2)

A
(1)

100 × 100

0 90 46 30

500 × 500

0 6 3 1
1 1782 931 473 1 75 48 24

2A 1536 752 363 2A 67 27 17
2B 973 475 225 2B 30 12 3
3A 454 217 122 3A 11 5 3
3B 401 199 112 3B 22 11 5
4 22 12 5 4 2 1 0
∑ 5258 2632 1330 ∑ 213 107 53

200 × 200

0 25 12 7

1000 × 1000

0 2 1 0
1 435 235 118 1 23 14 8

2A 368 171 79 2A 13 3 1
2B 261 130 65 2B 12 5 2
3A 122 54 34 3A 3 2 1
3B 108 57 31 3B 7 5 3
4 5 4 2 4 0 0 0
∑ 1324 663 336 ∑ 60 30 15

300 × 300

0 11 6 2
1 194 92 47

2A 185 99 45
2B 119 60 26
3A 43 21 15
3B 35 16 11
4 3 2 2
∑ 590 296 148

By interpreting a particular sample size and number of interpreted trees per sample,
different tree distributions were obtained per damage degree. It was therefore necessary to
determine whether there was a significant difference among the assessed damage degrees
with regard to the inclusion of different numbers of trees in the sample. Testing was
performed using the χ2 test and the results are given in Table 2.
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Table 2. Values of χ2 test frequency distributions for particular sample sizes and combinations of
interpreted trees in relation to the 100 × 100 m sample size and 4 interpreted trees (ABCD), with 95%
reliability at a limit of 12.59.

Sample Sizes/Combinations of Numbers of Trees Values for χ2 Test (Total)

100 × 100 AD 2.96
100 × 100 A 8.49

200 × 200 ABCD 3.67
200 × 200 AD 5.15
200 × 200 A 6.52

300 × 300 ABCD 5.64
300 × 300 AD 6.37
300 × 300 A 3.93

500 × 500 ABCD 10.63
500 × 500 AD 11.81
500 × 500 A 7.90

1000 × 1000 ABCD 4.97
1000 × 1000 AD 9.23
1000 × 1000 A 7.90

Based on the results of the χ2 test, there are no statistically significant differences
between different sample densities and numbers of interpreted trees in relation to mean
damage assessment.

In the entire research area, the interpretation of 4 trees in a 100 × 100 grid resulted in
the interpretation of a total of 5258 trees per strip (Table 3). Since no statistically significant
differences were found even though a large number of trees were interpreted, the next step
was to determine the required sample size, i.e., the optimal number of trees required for
interpretation to achieve identical assessment accuracy (Table 4).

Table 3. Determining the necessary sample size.

Survey Strip Number of Trees sx s2 sx × s2

8527 2144 0.40 267.98 107.05
8528 1524 0.27 225.67 61.23
8531 1590 0.33 464.09 152.80
Total 5258 1 321.07

sx, sx = tα/2
2/
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of mean damage; s2, the variance of the sample.

Table 4. Number of trees needed for interpretation to achieve identical assessment accuracy.

z 1.96 1.96 1.96 1.96

p 0.3104 0.3104 0.3104 0.3104
1 − p 0.6896 0.6896 0.6896 0.6896
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z, table value for 95% reliability; p, assessment accuracy of mean damage; B, desired accuracy; N, number of trees.

According to Table 4, a total of 8223 trees should be interpreted in order to achieve the
desired accuracy of 1% in the study area. The table also shows that an accuracy of 1.3% was
achieved with 5258 interpreted trees. Therefore, along with the defined desired accuracy of
1.5%, the necessary number of trees for crown damage assessment was also determined in
the study area.

In order to obtain mean damage of 31.04% in the surveyed area (sample of 100 × 100 m
and 4 trees) at 1.5% accuracy and 95% reliability, 3577 trees should be interpreted. The
desired accuracy of 5% was also tested, and the results obtained show that 329 trees should
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be interpreted. This number of trees was achieved in the 200 × 200 m sample by interpreting
one tree per point (Table 1). Based on tree distribution per damage degree for different
sample densities and different numbers of interpreted trees, an optimal sample size and
number of interpreted trees per point was determined.

Figure 4 shows that at different sample densities and four interpreted trees per point,
the same distribution trend was retained per particular damage degrees, while the total
number of trees to be interpreted was significantly reduced.

During interpretation, the analysis of sample densities and numbers of interpreted
trees per sample provided distribution per particular damage degree for the necessary
number of trees (3577) (Figure 5).
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In contrast, Figure 6 shows that the above trend changes as sample density reduces,
starting from 200 × 200 m, if 2 or 1 tree per point is interpreted. This is why a limit threshold
of 5% was taken to determine the optimal number of trees for interpretation to achieve the
desired accuracy.
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Damage indicators were also calculated based on tree distribution obtained by in-
terpreting four trees (ABCD), two trees (AD) and one (A) tree for different sample sizes
(Table 5).

Table 5. Calculated damage indicators (damage, D; mean damage, MD; damage index, DI; mean
damage of significantly damaged trees, MD1).

Sample Damage
Indicator (%)

Total

ABCD AD A

100 × 100 m

D 98.29 98.25 97.74
DI 64.40 62.58 61.59

MD 38.09 37.62 38.04
MD1 49.81 49.84 50.99

200 × 200 m

D 98.11 98.19 97.92
DI 64.63 61.56 60.51

MD 38.90 38.52 39.55
MD1 50.66 51.36 53.02

300 × 300 m

D 98.14 97.97 98.65
DI 63.86 64.10 61.59

MD 37.07 37.05 39.43
MD1 47.85 47.11 50.53

500 × 500 m

D 97.18 97.20 98.11
DI 58.52 47.15 43.48

MD 37.42 35.26 33.73
MD1 50.21 52.10 48.66

1000 × 1000 m

D 96.67 96.67 100.00
DI 48.68 36.96 29.03

MD 37.92 39.58 40.83
MD1 53.21 55.00 67.50

Table 5 shows that the mean crown (stand) density (MD) has the same degree -2a
(26–40%), regardless of the sample size and the number of interpreted trees per sample.

As a mean damage (MD) of 31.04% (sample of 100 × 100 m and 4 trees) at 1.3%
accuracy and 95% reliability was achieved in the surveyed area, the desired accuracy
(B) for other grid densities and numbers of interpreted trees per point (N) were also tested
(Table 6).

Table 6. Numbers of interpreted trees (4 (ABCD), 2 (AD) and 1 (A) trees) and accuracies achieved for
different samples.

Sample 100 × 100 m 200 × 200 m 300 × 300 m 500 × 500 m 1000 × 1000 m
N B N B N B N B N B

ABCD 5258 1.25 1324 2.49 590 3.73 213 6.21 60 11.7
AD 2632 1.76 663 3.52 296 5.27 107 8.77 30 16.56
A 1330 2.49 336 4.95 148 7.45 53 12.46 15 23.41

The results obtained show that the scope for the desired accuracies ranges within limits
of up to 5%. This limit value is achieved at 200 × 200 m grid density and one interpreted
tree per point, as confirmed using GIS analysis (Figures 7 and 8).
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Figure 8. A systematic 200 × 200 m sample (left) and 300 × 300 m sample (right) on the surveyed
strip laid over the management unit plan.

Regardless of the fact that there is no statistically significant difference in damage
assessment, it is noted that the number of sample points per particular sub-compartment
decreases, whereas it is within the 5% limit for the entire surveyed area and density raster
of 300 × 300 m.

This way, the participation of particular species and damage degrees in the sample
is lost, or in other words, particular sub-compartments are assessed based on one or
two sample points, which significantly affects the health status assessment.

The results obtained confirm that it is best to use a 100 × 100 m grid with one inter-
preted tree per raster point since raster points are optimally spatially distributed over the
sub-compartments.

4. Discussion

To define the optimal sample size that should provide statistically sufficient accuracy
for crown damage assessment, different dot grid densities (100 × 100 m, 200 × 200 m,
300 × 300 m, 500 × 500 m and 1000 × 1000 m) were tested in combination with different
numbers of interpreted trees per sample (1 (A), 2 (AD) and 4 (ABCD) trees).

The testing results showed that there were no statistically significant differences be-
tween different sample densities and numbers of interpreted trees in relation to mean
damage assessment. Regardless of the fact that there is no statistically significant dif-
ference in damage assessment, it was found that by lowering sample densities, starting
with 200 × 200 m, the number of trees and the number of sample points per particular
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sub-compartment significantly decreases, and so does the desired accuracy. Consequently,
the participation (distribution) of particular species and damage degrees in the sample are
lost, which significantly affects the overall tree health assessment. In contrast, 100 × 100 m
grid densities with one interpreted tree at the raster point proved to be the optimal sample
size. This confirms the fact found in earlier research, that is, that the selected sample
should have several spatially well-distributed points and a smaller number of trees in the
point, and samples with larger numbers of trees in a smaller number of points should be
avoided [50].

It was determined that the differences in damage indicators between terrestrial data
and photointerpretation data are not significant. At the same time, field damage assess-
ments were obtained with 10.84% precision, and according to the results obtained from
the recordings, this corresponds only to the 1000 × 1000 m sample. For other sample
densities, the precision is much higher in favor of photointerpretation, i.e., with the same
precision and number of interpreted trees per systematic sample, significantly more time
and estimators need to be invested in the field.

Identifying and monitoring the spatial distribution of damaged trees and snags is
one of the priorities of sustainable management. Therefore, timely location of stands with
poorer health is necessary so that appropriate measures can be applied to maintain their
vitality and productivity at an optimal level. CIR aerial photographs allow an insight into
the field condition over a short period [36].

5. Conclusions

Crown damage assessment and determination of the optimal sample size and number
of trees per sample were conducted using digital CIR aerial photographs of the MU Josip
Kozarac and MU Opeke areas.

Based on the research conducted and the results obtained, the following conclusions
can be drawn:

• Interpretation of different sample point densities and numbers of interpreted trees
per sample showed that the optimal systematic sample size is 100 × 100 m with
one interpreted tree per point, and samples with larger numbers of trees in smaller
numbers of points should be avoided.

• The research contributes to the development and application of the most favorable
interpretation method to be used in practice. This ensures statistically sufficient
reliability of tree health status assessment on CIR aerial photographs, combined with
optimal sample size and number of interpreted trees.

• The existing methods for health status assessment are thus improved and new possi-
bilities for applying digital CIR aerial photographs to enable sustainable management
of forests under conditions of climate change.
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15. Kalafadžić, Z.; Kušan, V. Definiranje stupnja oštećenosti šumskog drveća i sastojina. Šumarski List 1990, 114, 517–526.
16. Pádua, L.; Hruška, J.; Bessa, J.; Adao, T.; Martins, L.M.; Goncalves, J.A.; Peres, E.; Sousa, A.M.R.; Castro, J.P.; Sousa, J.J.

Multi-temporal analysis of forestry and coastal environments using UASs. Remote Sens. 2017, 10, 24. [CrossRef]
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20. Donassy, V.; Oluić, M.; Tomašegović, Z. Daljinska Istraživanja u Geoznanostma; JAZU: Zagreb, Croatia, 1983; pp. 281–329.
21. Huss, J.; Akca, A.; Hildebrandt, G.; Kenneweg, H.; Peerenboom, H.G.; Rhody, B. Luftbildmessung und Fernerkundung in der

Forstwirtschaft; Herbert Weichmann Verlag GmbH: Karlsruhe, Germany, 1984; p. 396.
22. Harris, J.G. A new approach to surface reconstruction: The coupled depth/slope model. In Proceedings of the First International

Conference on Computer Vision, London, UK, 8–11 June 1987; pp. 277–283.
23. Hildebrandt, G.; Gross, K.P. Inventarizacija i opažanje sadašnjih oštećenosti šuma u SR Njemačkoj. Šumarski List 1989,
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Abstract: Valuable trees are frequently taken from their original habitat and introduced to a different
location in the pursuit of better economic development. Global climate change imposes a higher
probability of warm spells during chilly seasons; these may increase the threat posed by frost to
newly introduced, valuable species. In this study, Dalbergia odorifera was cultured as a valuable
tree species that was introduced from an original provenance in Sanya (1◦ N) to the northern
mountains in Pingxiang (22◦ N), Guangzhou (23◦ N), Zhangpu (24◦ N), Xianyou (25◦ N), and up to
the northernmost limit in Wenzhou (28◦ N). Seedlings of these six provenances were tested in a field
study conducted in Wenzhou (control) to examine their resistance to local frost stress and to detect
the driving forces related to meteorological factors in the winter–spring period of 2015–2016. The
leaves sampled over seven days exhibited the typical characteristics of frost impairment. The daily
maximum temperature delivered warm spells, increasing by ~7 ◦C. The daily minimum temperature
(−4.3 to −2.0 ◦C) did not reach freezing point until the early spring of 2016. The controlled seedlings
showed lower malondialdehyde content than those from the southern locations, and no mortality
occurred. Invisible frost stress was caused by low nitrogen utilization during the earlier stages during
warm spells, as well as damage to membrane integrity during the later stage when the minimum
temperature suddenly declined. A warm spell was found to impose a negative driving force five
days before a sudden chill, which led to frost having an impact on superoxide accumulation and
electrical leakage. We conclude that the D. odorifera seedlings that dwell effectively in Wenzhou
obtained stronger resistance to local frost stress than those from the southern locations. Low cell
membrane integrity and high electrical leakage in leaf cells accounted for the frost damage.

Keywords: chilly stress; foliar variable; silviculture; subtropical forest; warm spell

1. Introduction

The results have been contradictory concerning the characterization of the effect of
frost risk on forest phenology and sustainability. Certain findings have illustrated that
trends with reduced frequency and intensity in frost events can offset some of the negative
effects of a sudden chill on forest plants [1,2]. This argument has mainly been supported via
modeling with past data and via predictions according to the monitored changes. However,
it has also been argued that climate warming has increased frost risks for forest plants due to
the advanced phenology and aggravated impairment of organs during dehardening [3–5].
This risk has been predicted to exist with continuous warming at an expected probability as
high as 20% in a thoroughly projected period that runs up to 2090 [6]. The frost risk mainly
threatens the buds of dormant plants by advancing bud burst, and this occurs during warm
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spells in the early spring or late winter [7–9]. These pieces of evidence have mostly been
obtained from studies on temperate forests, but particularly rare instances can be referred
to in investigations of forests subjected to subtropical and tropical climates.

Forest trees acclimating to a warm climate are not fully dormant in chilly seasons,
at least not to the same degree as in the induced dormancy when hardening, as is found
in trees subjected to a temperate climate [10]. In neotropical forests, it has been revealed
that the incursions of Arctic cold waves may cause mild frost at subtropical latitudes [11].
Frost stresses affecting tropical forests are increasing following the processes induced by
the collapsing Arctic cryosphere [12]. However, in lowland tropical forests, cold waves
trigger extensive tree mortality because of heavier cold air masses moving downhill in
advective frosts [11,13]. Although a general study revealed that woody plants do not
always show apparent frost-damaged symptoms in tropical climates [14], in savannas,
both trees and shrubs exhibit large-scale diebacks following severe cold waves [15,16].
Therefore, the threat of forest stress may be a provenance-dependent phenomenon for
tropical forests, which can be supported by a mosaic forest–grassland pattern (which are
dominated by plants of different provenances that follow frost along low tree lines [17]).
Theoretically, trees originating from low-latitude locations can dwell in a new habitat with
chillier temperatures, but they could still encounter a scenario where there is the possibility
of suffering from frost attack due to exposure to a cold-wave invasion. Information is still
limited regarding the provenance-specific effects of frost stress on subtropical and tropical
forest trees.

Differences that are large enough to activate essential botanical variations in plants
of contrasting provenances are mostly shown in two locations over a distance across
latitudes [18,19]. The transfer of a planting location changes the corresponding plant’s
acclimation and adaption to local frost stress [11,13]. Climate warming increases the risk of
exposure to frost due to an advanced phenology in a warm spell and less of a hardening
dormancy immediately following a sudden chill. A microclimate near a city can further
strengthen the frost risk posed to non-endemic dwellers from other locations due to the
heat island effect (HIE) [20,21]. The socioeconomic dimensions of a host city account for
the magnitude of the HIE [22], which may also be a promotor of frost risk for local forest
plants. Therefore, cities with varied socioeconomic states should be a source of variation
in the frost risks for forests that have economically valuable plants introduced from other
locations. Furthermore, montane regions near cities that are located in a vast range across
latitudes can be an ideal set of regions for testing the provenance-specific responses of
introduced plants.

Frost damage in montane plants is mainly quantified through the phenological data
collected from field observations [8,23–25], near-surface remote sensing [1,7,8,26], digital
photograph monitoring [27], radial growth measurements [28–32], and field sampling
and chemical analysis [3,33]. These studies provide references across a vast geographical
range of the forest stratosphere, but the results are still limited by a failure to explain
physiological changes in the process of impairment that is caused by frost damage. More
needs to be uncovered about the provenance-dependent responses of specific physiological
variables [3,33] that are used to assess plant growth and development in response to the
threat of a cold spell [34]. To the best of our knowledge, the well-demonstrated parameters
of forest trees subjected to late spring frosts have mainly been reported to be the non-
structural carbohydrate metabolism and cell electrolyte leakage [3,33]. More physiological
parameters need to be investigated to reveal their responses to cold resistance against a
frost threat.

Dalbergia odorifera T. Chen is a leguminous species from the family Fabaceae that is en-
demic to the tropical montane areas of China. The wood of this species is of high economic
value for uses in furniture and folk medicine [35]. In 2012, the average international price
of Dalbergia timber ranged from USD 16,575 to USD 49,656 per m3, which was evaluated to
be higher in comparison with the temporally local prices of this timber’s use in Indonesia
(which ranged from USD 1412 to USD 2500 per m3 [36]). The annual demand for raw
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D. odorifera heartwood is over 300 tons, and the annual production value exceeds USD
700 million [37]. The high demand for wood resources has rendered its natural reserves vul-
nerable under criteria A1d [38]. Therefore, this species is frequently introduced northward
from its original location to achieve high economic profits through timber trades. Cultural
practices have been studied to improve the adaptation of D. odorifera stocks introduced
from southern locations to the local freezing that occurs in northern mountains [39–41].
However, there are still uncertainties surrounding the mechanism of the physiological
responses of trees with southern provenances to the local frost shock that occurs in north-
ern regions. A winter chilly wave may cause severe damage to non-endemic D. odorifera,
but the differences in physiological responses across different provenances has rarely
been documented.

In this study, D. odorifera stocks from six locations were targeted as the study ob-
jects. One provenance was the stock’s original habitat in Hainan, and the other five were
introduced to the northern mountains up to the northern location at Wenzhou (which
is the most developed region and can enlarge the value of its development to a higher
level than that of any of the southern locations). However, Wenzhou is also a place that
has experienced several freezing events in recent years, and its local D. odorifera has been
reported to show symptoms of frostbite, although its mortality rates were not obvious. An
over-year winter–spring episode was investigated in relation to foliar physiology in order
to examine responses to combined temperature across provenances. The locations of the
provenances tested in this study were adapted from montane fields near cities with highly
varied socioeconomic states and HIEs. Our objective was to reveal the invisible mechanism
of frost stress on D. odorifera specimens, which were introduced from southern provinces
using foliar parameters in Wenzhou. Our study exhibits significant novelty in that it is the
first to reveal the meteorological mechanism that accounts for the frost stress on D. odorifera
when using foliar parameters. We hypothesized that northern provenances would show
better adaptation to subtropical frost shock than southern provenances.

2. Materials and Methods
2.1. Subsection

Seedlings from six D. odorifera provenances were chosen as the study materials in this
study. The plantation established in Jianfengling National Forest Park (18◦41′ N, 108◦46′ E),
Sanya city, Hainan province, China, was characterized as having an original provenance.
The second plantation was established in Pingxiang city (22◦07′ N, 106◦53′ E), Guangxi
province, China, through introducing seedlings transferred from the first plantation. The
third plantation was established by introducing seedlings to Guangzhou city (23◦12′ N,
113◦23′ E), Guangdong province, China. The fourth and fifth plantations were established
by introducing seedlings to Zhangpu city (24◦07′ N, 117◦37′ E) and Xianyou city (25◦22′ N,
118◦41′ E), Fujian province, China, respectively. The sixth plantation was our objective
control, and it was established by introducing stocks from all the abovementioned prove-
nances to a northern mountain near Wenzhou city (28◦00′ N, 120◦37′ E), Zhejiang province,
China. Seedlings introduced to Wenzhou have established themselves to the local condi-
tions and dwell in a local edaphic environment, but certain individuals still suffer from
frost stresses and show degraded symptoms following chilly seasons. The geographical
distributions of the six plantations are shown in Figure 1. All plantations were located in
montane areas belonging to the municipal lands of host cities, of which the socioeconomic
conditions are shown in Table 1. Overall, the provenances in Hainan and Guangxi have
tropical monsoon climates, and those in Guangdong, Fujian, and Zhejiang are located in
a subtropical maritime monsoon climate. All regional climates were largely controlled
by the monsoon, which resulted in a general common temperature fluctuation during a
winter–spring cross-year episode.
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Table 1. Socioeconomic conditions of the host prefecture regions where sampling plots of Dalbergia
odorifera were placed in regions of South China.

Plot Order Province Municipal GDP 1 (USD
Billion)

Industrial Proportion (%) Resident Population
(Million)1st 2nd 3rd

1 Hainan Sanya 43.58 13.73 20.54 65.73 0.75
2 Guangxi Pingxiang 5.69 8.77 28.84 62.39 0.12
3 Guangdong Guangzhou 1810.04 1.25 31.64 67.11 13.50
4 Fujian Zhangpu 276.74 13.40 48.50 38.10 5.00
5 Fujian Xianyou 30.97 9.87 51.34 38.79 1.15
6 Zhejiang Wenzhou 461.81 2.80 43.80 53.40 8.11

1 GDP, gross domestic product.

In March of 2015, a total of 1200 D. odorifera seedlings—where every 200 seedlings
collected had a different provenance, meaning that all six provenances were represented
(Figure 1)—were transplanted to a forest nursery in Wenzhou. Then, 100 seedlings were
chosen from one provenance to frame their initial growing states to an even extent, and
a total of 600 seedlings were selected from six provenances. The criteria for screening
the chosen seedlings were the growing morphologies of height in a 50–80 cm range and
their root-collar diameter (RCD) in a 0.5–0.8 cm range (Figure 2). These screening criteria
were established according to the general growth state for most seedlings. Seedlings of all
six provenances were mixed together and planted in three plots at a spacing of
1.0 m × 1.5 m. For every provenance, a total of 100 seedlings were randomly distributed to
three groups, and each group contained about 33 of them. Three groups of seedlings were
planted to three different plots, which were taken as three replicated blocks for the seedlings
from a specific provenance. Every individual seedling was labeled using a hanging tag
to mark its provenance and to show whether it was used for sampling. Six individual

141



Sustainability 2023, 15, 14097

seedlings were randomly selected for one provenance per site and assigned as six sampling
objectives, and it was these results that were averaged for the plot.
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one site, where stocks from all the six provenances were mixed together.

2.2. Sampling Dates

The experimental duration lasted from 1 September 2015 to 31 January 2016. Sam-
pling dates were determined by synthesizing the data of real-time forecasting meteoro-
logical factor changes and summarizing the recent temperature fluctuations. Every date
for sampling was chosen as a day on which frost is likely occur in one of immediately
following days.

According to previous studies on forest trees that were subjected to a late spring
frost in Europe [7,8,23,32], frost damage becomes more harmful when there is an earlier
advanced warming spell that is followed by a sudden decline in the daily temperature. We
employed the theoretical model put forth by Gu et al. [42] and Augspurger [43] to describe
these factors. In their model, they determined that the initial (as early as the occurrence
of no budburst during a deep hardening phase) temperature was elevated in advance by
a warming spell for about 3–5 days; thereafter, the temperature suddenly declined to a
freezing level and persisted for 1–2 days. All fluctuations repeated 2–3 times until frost
damage became visible on the newly growing organs and tissues. It is unreasonable to
expect temperature decline to be lower than freezing in subtropical and tropical climates
as frequently as in a temperate climate. Therefore, we referred to the pattern of dynamic
temperature fluctuations that accounted for frost events recorded to most likely happen in
temperate forests [7,8,27,43]. Therefore, the leaves were sampled on days that fit with the
following rules:

(1) At least 5 days remained before leaf sampling was to take place, with an expectation
of a dual occurrence of advanced warming and a sudden temperature decline.

(2) The last 1–2 days prior to sampling had to be accompanied by sharp declines in
both the lowest and highest daily temperatures, and this had to happen before the
occurrence of a frost.

(3) A sampling day had to immediately follow a decline in the highest daily temperature,
which was also the day with the lowest daily temperature in the most recent 5 days.
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(4) Any day that did not have characteristics of temperature fluctuation following any of
rules (1)–(3) could not be chosen for foliar sampling.

As a result, seven days were chosen for sampling because they obeyed all of the above-
mentioned rules (Figure 3). These days were 15 September, 1 November, 11 November,
27 November, and 18 December in 2015, and 9 January and 25 January in 2016. The
same-day meteorological conditions are also shown for the sampling days.
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Figure 3. Dynamic changes in the meteorological factors (temperature, (A); rainfall, (B); wind velocity,
(C); and relative humidity, (D)) in Wenzhou, where the D. odorifera stocks were transplanted from five
other locations during the period from 1 September 2015 to 31 January 2016. Specific sampling days
are marked in cell A: 15 September (15 d after experimental commencement); 1 November (62 d);
11 November (72 d); 27 November (88 d); and 18 December (109 d) in 2015. In addition, we include
9 January (131 d) and 25 January in 2016 (147 d).

2.3. Sampling and Chemical Analysis

In one plot, six labeled seedlings were used for leaf sampling as a bulk per provenance,
and three bulked averages were taken as three replicated values from three repeated
blocks. At the same time, in the first sampling, all of the seedlings had experienced a
growing season of about six months, and this was recognized as a sufficient time for new
leaves to grow. Fresh new leaves were sampled since they were especially vulnerable to
frost shocks [4,27]. At each sampling, ten fresh leaves were collected from the twigs and
branches that were fully exposed to sunlight. This eliminated the possibility that wilted
leaves were fully accounted for by a frost shock, but not by a response to low-light stress.
The sampled leaves all looked healthy, without any of the symptoms that appear when
leaves are attacked by insects. The leaves were excised and transported to the laboratory
on ice (0–2 ◦C).
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Photosynthetic pigments were assessed by determining the chlorophyll-a and -b and
carotenoid contents using a method adapted from Hiscox and Israelstam [44] with minor
modifications. The leaves were approximately 0.05 g in weight, and they were cut to pieces
and immersed in a tube with 2.5 mL of dimethyl sulfoxide. The tubes were heated at 65 ◦C
for 1 h in a water bath under dark conditions for 1 h. Chlorophyll-a and -b contents were
measured using a spectrophotometer (UV-Visible 8453, gilent Tech. Inc., Santa Clara, CA,
USA) at 663 nm and 645 nm, respectively. The carotenoid content was estimated using the
equations of Lichenthaler and Wellburn [45].

Soluble sugar content, soluble protein content, peroxidase (POD) activity, and malondi-
aldehyde (MDA) content were measured using methods adapted from Liu et al. [46]. A leaf
sample of around 0.1 g in weight was heated in a hot water bath for 30 min, and this was
centrifuged at 5000 rpm and measured for soluble sugar content via a spectrophotometer
at 490 nm. For the assays of soluble protein content and POD activity, another 0.1 g sample
was ground in a mortar with liquid nitrogen as the freezing reagent. This was then moved
to a tube, which was placed in an ice bath, and 1 mL of a mixture of ice-cold sodium
phosphate buffer solution (50 mmol L−1, pH = 7.0) and 2% polyvinylpyrrolidone was
added. The homogenate was kept in ice for 1 min and centrifuged at 5000 rpm (4 ◦C) for
10 min, after which all of the supernatant was collected. The soluble protein was measured
using the Coomassie Brilliant Blue staining method [47]. The POD activity was assayed
using a classical method adapted from Ryu and Dordick [48]. To assay the MDA content,
a 0.5 g leaf sample was mixed with 5 mL of 10% trichloroacetic acid and centrifuged at
5000 rpm for 10 min. The supernatant was mixed with 2 mL of 0.67% thiobartituric acid,
heated in a boiling water bath for 30 min, cooled down to room temperature, centrifuged at
5000 rpm, and detected for absorbances at 450 (A450), 532 (A532), and 600 (A600). Therefore,
the MDA content (CMDA) could be calculated using the following equation:

CMDA = 6.452 × (A532 − A600)− 0.559 × A450 (1)

Freezing-impaired cell leakage was assayed using electrical conductance (EC), which
was performed according to a method used by Wang et al. [3]. Fresh leaves were cut into
segments approximately 5 mm in length, which were then placed in a capped tube (10 mL
volume) with 5 mL of distilled water. This treatment was assigned as C1. Another 10 mL
tube was filled with 5 mL of distilled water and assigned as the control of B1. All C1 and B1
tubes were placed in the dark for 24 h to enable a full electrolyte leakage at a natural rate
for water; they were then measured for their levels of EC. Thereafter, C1- and B1-labeled
tubes were heated in an oven at 90 ◦C for 2 h, cooled down to room temperature, and
then kept in the dark for 24 h; following this, they were measured for EC and labeled as
post-stress treatments C2 and B2, respectively. Finally, the EC gauge for freezing injury can
be calculated as follows [49,50]:

EC =
LCC1 − LCB1

LCC2 − LCB2
× 100% (2)

where LCC1, LCB1, LCC2, and LCB2 are the leakage conductance values for the labeled
samples C1, B1, C2, and B2, respectively.

2.4. Statistical Analysis

All data passed tests of normality and variance homogeneity; hence, no transformation
was needed. SAS software (ver. 9.4, SAS Inst. Inc., Cary, NY, USA) was used for the data
analysis. Analysis of variance (ANOVA) was used with a mixed model to detect the
differences for every leaf parameter among the provenances on seven repeated measuring
days [51]. When a significant difference was detected (p < 0.05) in a specific sampling
day, the results were arranged and compared between the provenances with a Tukey test.
Meteorological variables were extracted for every sampling day as the daily maximum
temperature five days prior to the sampling day and the daily minimum temperature
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three days prior to the sampling day, as well as according to the rainfall, wind velocity,
and RH on the sampling day. These meteorological factors were pooled as independent
variables and used to test the contributions to every leaf parameter via multivariable linear
regression models.

3. Results
3.1. Photosynthetic Pigments

Repeated variations in the different provenances had significant effects on the contents
of chlorophyll-a, chlorophyll-b, and carotenoids (Table 2). The chlorophyll-a content
in the Wenzhou sample was no different from that in Sanya for most sampling days
except for 72 (Figure 4(A3)) and 109 days after the experiment began (Figure 4(A5)). On
both days, the seedlings from Wenzhou had higher chlorophyll-a content than those
from the Sanya sample. The chlorophyll-a content in the seedlings from Wenzhou was
not different from that in the two samples of Zhangpu and Xianyou in Fujian for most
sampling days. The chlorophyll-a content in the Guangzhou sample was lower than that
for the northern provenances for the initial two sampling days (Figure 4(A1,A2)), but this
increased to be higher than that in the Sanya and Pingxiang samples on the last sampling
day (Figure 4(A7)).

Table 2. Parameters (F and p values) from the analysis of variance (ANOVA) of the repeated effects
of provenance variation on the foliar parameters in D. odorifera individuals that were subjected to
different sampling days across 2015 and 2016.

Source of Variation ANOVA 1
2015 2016

15 Sep. 01 Nov. 11 Nov. 27 Nov. 18 Dec. 09 Jan. 25 Jan.

Chla 2 F 3 11.89 4 21.49 17.28 6.91 33.45 9.99 5.98
P 0.0003 <0.0001 <0.0001 0.0030 <0.0001 0.0006 0.0053

Chlb 5 F 11.33 19.41 13.20 6.82 31.15 9.00 5.73
P 0.0003 <0.0001 0.0002 0.0031 <0.0001 0.0009 0.0063

Carotenoid
F 10.24 23.30 23.40 7.15 37.23 12.53 4.01
P 0.0005 <0.0001 <0.0001 0.0026 <0.0001 0.0002 0.0227

MDA 6 F 18.81 3.46 4.64 1.66 3.48 1.01 6.89
P <0.0001 0.0362 0.0138 0.2190 0.0355 0.4509 0.0030

POD 7 F 3.96 2.76 6.82 1.93 7.33 8.29 4.82
P 0.0235 0.0694 0.0031 0.1620 0.0023 0.0014 0.0119

Sugar F 3.75 18.48 2.68 0.15 27.91 10.85 12.72
P 0.0283 <0.0001 0.0749 0.9762 <0.0001 0.0004 0.0002

Protein
F 4.34 12.54 5.34 1.26 37.23 4.62 6.89
P 0.0173 0.0002 0.0082 0.3423 <0.0001 0.0140 0.0030

EC 8 F 1.52 24.46 50.12 8.34 27.95 3.56 3.93
P 0.2548 <0.0001 <0.0001 0.0013 <0.0001 0.0331 0.0289

1 ANOVA, analysis of variance; 2 Chla, chlorophyll-a content; 3 F and P values represent ANOVA significance;
4 bold values indicate significant results; 5 Chlb, chlorophyll-b content; 6 MDA, level of malondialdehyde; 7 POD,
peroxidase activity; 8 EC, electrical conductance.

The chlorophyll-b content was no different between the Wenzhou and Sanya prove-
nances for all sampling days (Figure 4(B1–B7)). Compared to the chlorophyll-b content in
the Wenzhou sample, the content in the Guangzhou sample was lower 15 d (Figure 4(B1))
and 62 d post-experiment commencement (Figure 4(B3)), and those in the Pingxiang
sample were lower 62 d (Figure 4(B3)), 109 d (Figure 4(B5)), and 131 d (Figure 4(B6))
post-experiment commencement.

Carotenoid content in the Sanya sample was lower than that in the Wenzhou sample
72 d (Figure 4(C3)) and 109 d (Figure 4(C5)) after the experiment began. Carotenoid content
in the Guangzhou samples was lower than that in the Wenzhou samples for the early
sampling days at 15 d (Figure 4(C1)) and 62 d (Figure 4(C3)) after the experiment began.
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Figure 4. Foliar contents of the chlorophyll-a (A1–A7), chlorophyll-b (B1–B7), and carotenoid
(C1–C7) contents in the D. odorifera provenances that were subjected to different sampling days across
2015 and 2016. Provenance names: SY, Sanya; PX, Pingxiang; GZ, Guangzhou; ZP, Zhangpu; XY,
Xianyou; and WZ, Wenzhou. Different lower-case letters indicate a significant difference between the
provenances according to Tukey’s test at the 0.05 level.
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3.2. Antioxidant Activity

The foliar MDA content was different among the provenances for most sampling days
except for the two days of 27 November 2015 and 9 January 2016 (Table 2). The foliar MDA
content was lower in the Sanya sample than in Wenzhou on the sampling day 72 d after
the experiment began (Figure 5(A3)), but contrary results occurred 147 d (Figure 5(A7))
after experiment commencement. The foliar MDA content was higher for the Wenzhou
provenance than that in the two provenances (Zhangpu and Xianyou) in Fujian on the
early sampling days of 15 d (Figure 5(A1)), 62d (Figure 5(A2)) and 72 d (Figure 5(A3)) after
experiment commencement. The foliar MDA content in Guangzhou was higher than that
in Wenzhou on 109 d (Figure 5(A5)) and 147 d (Figure 5(A7)) after the experiment began.

The foliar POD activity did not differ between the provenances on 1 November and
27 November 2015, with all of the rest being significant on the rest of the sampling days
(Table 2). The foliar POD activity did not show significant a difference between the Sanya
and Wenzhou provenances (Figure 5(B1–B7)). On the 72nd day after the experiment began,
the POD activity in Xianyou was higher than that in Wenzhou (Figure 5(B3)); however,
131 days after commencement, the results were reversed (Figure 5(B6)).

3.3. Soluble Sugar, Protein, and EC

The foliar soluble sugar content was different among the provenances for most sam-
pling days except for 11 and 27 November 2015 (Table 2). On 15 September 2015, the
soluble sugar content was higher for the Guangzhou and Zhangpu provenances than
for the Wenzhou, Sanya, and Xianyou provenances (Figure 6(A1)). Soluble sugar was
higher in all southern provenances, expect for Xianyou, than in Wenzhou on 1 November
2015 (Figure 6(A2)). The degree of soluble sugar did not show any differences among the
provenances on 11 (Figure 6(A3)) and 27 November 2015 (Figure 6(A4)). On 18 December
2015, the soluble sugar was higher in the samples from Pingxiang, Zhangpu, and Xianyou
than Wenzhou (Figure 6(A5)). On 19 January 2016, the soluble sugar was higher for the
Sanya and Pingxiang provenances than for the Wenzhou provenance (Figure 6(A6)). On
25 January 2016, the soluble sugar was lower for Pingxiang and Guangzhou than Wenzhou.

The soluble protein content was significantly different among the provenances for
most sampling days except for 27 November 2015 (Table 2). On 15 September 2015,
the soluble protein in the Wenzhou provenance samples did not differ from that in the
other provenances (Figure 6(B1)). Compared to the samples with a Wenzhou provenance,
the Sanya provenance samples had a lower soluble protein content on the 62nd day of
the experiment (Figure 6(B2)). Again, the soluble protein did not differ between Wen-
zhou and the other provenances, but that in the Xianyou samples was higher than in the
Sanya and Guangzhou samples (Figure 6(B3)). On 27 November 2015, no difference in
the degree of soluble protein was detected among the provenances (Figure 6(B4)). On
18 December 2015, the soluble protein in the Wenzhou samples was lower than that in the
Xianyou samples, but it was higher than in the Sanya, Pingxiang, and Zhangpu samples
(Figure 6(B5)). The soluble protein in the Wenzhou provenance samples was lower than that
in the Guangzhou and Xianyou samples on 9 January 2016 (Figure 6(B6)). On 25 January
2016, the soluble protein in the Wenzhou samples was only higher that in the Guangzhou
samples (Figure 6(B7)).

The EC was only different among the provenances on 15 September 2015 (Figure 6C1).
The EC was lower in the Wenzhou samples than in most of the other provenances except
for Sanya (Figure 6(C2)). On 11 November 2015, the EC in the Wenzhou provenance
samples was lower than that in the Sanya, Guangzhou, and Zhangpu provenance samples
(Figure 6(C3)). The Guangzhou provenance was unique in exhibiting higher EC than the
Wenzhou provenance (Figure 6(C4)). The EC in the Wenzhou samples was lower than that
in the Guangzhou, Zhangpu, and Xianyou samples (Figure 6(C5)). The samples with a
provenance in Sanya were unique in having a higher EC than the Wenzhou provenance
samples on 9 January 2016 (Figure 6(C6)). The EC in the Wenzhou provenance samples was
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no different from that for the other provenances, except for the samples with provenances
in Pingxiang and Guangzhou (Figure 6(C7)).
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Figure 5. Foliar malondialdehyde (MDA) content (A1 to A7) and peroxidase (POD) activity (B1 to
B7) in the D. odorifera provenances that were subjected to different sampling days across 2015 and
2016. Provenance name: SY, Sanya; PX, Pingxiang; GZ, Guangzhou; ZP, Zhangpu; XY, Xianyou; and
WZ, Wenzhou. Different lower-case letters indicate significant differences among the provenances
according to Tukey’s test at the 0.05 level.
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WZ, Wenzhou. Different lower-case letters indicate significant differences among the provenances
according to Tukey’s test at the 0.05 level.
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3.4. Regression of Foliar Parameters against Meteorological Factors

The maximum and minimum daily temperatures on the sampling days (MaxT0 and
MinT0, respectively) showed contrasting contributions to the chlorophyll-a and -b contents
(Figure 7(A1,A2)). MaxT0 generated positive contributions to two chlorophyll contents,
while MinT0 generated a negative. MinT0 also showed a negative contribution to the
carotenoid content with a positive contribution from the maximum daily temperature
five days prior to sampling (MaxT5) (Figure 7(A3)).
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Figure 7. Multivariate linear regressions of the foliar chlorophyll-a content (A1), chlorophyll-b
content (A2), carotenoid content (A3), soluble sugar content (B1), soluble protein content (B2),
EC (B3), malondialdehyde (MDA) content (C1), and peroxidase activity (POD) (C2) activity in D.
odorifera from the six provenances that were assessed on different sampling days across 2015 and 2016.
Investigation days: MaxT0, maximum daily temperature on the sampling day; MaxT1, maximum
daily temperature one day prior to sampling; MaxT2, maximum daily temperature two days prior
to sampling; MaxT3, maximum daily temperature three days prior to sampling; MaxT4, maximum
daily temperature four days prior to sampling; MaxT5, maximum daily temperature five days prior
to sampling; MinT0, minimum daily temperature on the sampling day; MinT1, minimum daily
temperature one day prior to sampling; MinT2, minimum daily temperature two days prior to
sampling; Rain, average daily rainfall on the sampling day; Wind, average daily wind velocity on the
sampling day; and RH, relative humidity on the sampling day. Colored dots indicate a parameter
that was estimated by the regression model for specific dependent leaf parameters. Error bars mark
the standard errors for the dependent variables.

Again, MaxT0 generated a positive contribution to soluble sugar content, while the
minimum daily temperature one day prior to sampling (MinT1) generated a negative
contribution (Figure 7(B1)). MinT1 also made a negative contribution to soluble protein
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content with a positive contribution from RH (Figure 7(B2)). The minimum daily tempera-
ture two days prior to sampling (MintT2) made a negative contribution to the EC, while
the maximum daily temperature three days prior to sampling (MaxT3) made a positive
contribution (Figure 7(B3)).

MaxT2 and MaxT5 made negative and positive contributions to MDA, respectively
(Figure 7(C1)). In contrast, MaxT2 made a positive contribution to POD with another posi-
tive contribution from MinT0, and there were also two negative contributions from the max-
imum daily temperature four days prior to sampling (MaxT4) and MinT1 (Figure 7(C2)).

3.5. Analyses of the Meteorological Driving Forces Generating Frost

In a synthesis of all the abovementioned results, the highest and lowest daily tem-
peratures were the most significant meteorological factors that affected frost resistance
five days prior to sampling (Figure 8). The highest daily temperature resulted in up-
regulations of MDA content and electronical conductance five and three days prior to
sampling, respectively, both of which were characterized to be symptoms of the negative
effects of temperature fluctuation on frost resistance. However, four days prior to sampling,
the highest daily temperature induced a decline in POD activity, and this was characterized
as having a positive effect on frost resistance. In contrast, two days prior to sampling, POD
activity increased by the daily highest temperature in synchronization with a decline in the
MDA content, and these were together characterized as a positive effect on frost resistance.
On the same day, the daily lowest temperature also induced a positive effect due to the
decline of EC. One day before sampling, the daily highest temperature lost its effect on frost
resistance, but the daily lowest temperature resulted in a strong negative effect because of
a collection of decreases in soluble sugar content, protein content, and POD activity. On
the sampling day, the contents of chlorophyll-a, chlorophyll-b, and soluble sugars were all
increased in response to the highest daily temperature, which together suggested a positive
effect on frost resistance. In contrast, the daily lowest temperature on the sampling days
resulted in a negative effect due to triple decreases in chlorophyll-a, chlorophyll-b, and
carotenoid contents, as well as an increase in POD activity (Figure 8).
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Figure 8. A summary of the driving forces from the meteorological factors and their changes in the 
five days prior to sampling on the responses of leaf parameters in D. odorifera from the six prove-
nances that were assessed on different investigation days across 2015 and 2016. Each cell arranged 
in a vertical column indicates a day 1‒5 days prior to the sampling day. Cells along the supernatant 
line are colored in claybank and contain the mean effects caused by the following highest daily 
temperatures; those along the line at the bottom are colored in dark blue and contain the mean 
effects caused by the following lowest daily temperatures. Upward arrows in thick lines indicate 
the positive responses that were characterized by changes in leaf parameters. The downward arrows 
in thick lines indicate the negative responses. Arrows in thin lines indicate the responses of changes 
in the leaf parameters that were assessed by parameter estimates in the regressed models (Figure 7). 
An upward thin arrow indicates a positive response in frost-resistant performance; a downward 

Figure 8. A summary of the driving forces from the meteorological factors and their changes in the
five days prior to sampling on the responses of leaf parameters in D. odorifera from the six provenances
that were assessed on different investigation days across 2015 and 2016. Each cell arranged in a
vertical column indicates a day 1–5 days prior to the sampling day. Cells along the supernatant
line are colored in claybank and contain the mean effects caused by the following highest daily
temperatures; those along the line at the bottom are colored in dark blue and contain the mean effects
caused by the following lowest daily temperatures. Upward arrows in thick lines indicate the positive
responses that were characterized by changes in leaf parameters. The downward arrows in thick
lines indicate the negative responses. Arrows in thin lines indicate the responses of changes in the
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leaf parameters that were assessed by parameter estimates in the regressed models (Figure 7). An
upward thin arrow indicates a positive response in frost-resistant performance; a downward thin
arrow indicates a negative response to frost stress. The number of thin arrows indicates the absolute
value in magnitude of the regressed parameter estimate: one arrow, the absolute value of the
parameter estimate ranging 0–1; two arrows, from 1–10; and three arrows, over 10.

4. Discussion
4.1. Characterization of Frost Impairment

The plant physiological symptoms of newly growing organs that were employed in
the trees of temperate forests were determined [26,42] and screened for the frost-responsive
period in order to determine the seven days for sampling (as they were expected to cause
frost impairments). The late spring frost used to be reported as a failure of spring due
to it generating large-scale greening hiatuses [26,52]. This was expected to be linked
with an episode of frequent frost events in the latter stages of the days in our study in
spring 2016. This period included days with a minimum temperature that was lower
than the freezing point, which can cause frost impairment, i.e., this was the last sam-
pling day on 25 January 2016, which is when the MDA was the only parameter that
responded to the provenance variation. Seedlings of southern provenances in Sanya and
Guangzhou showed higher MDA levels than those in the local location in Wenzhou. When
facing freezing stress, the MDA can be up-regulated as a response to the interruption of
cell membrane integrity [53,54]. However, the responsive change in MDA did not syn-
chronize with any of the symptoms of visible frost injuries that were reported in birch
(Betula pendula) [55] and Norwegian spruce (Picea abies) trees [56]. Therefore, it can be
surmised that, when exposed to a freezing event in a sub-tropical latitude, seedlings of
southern tropical provenances may suffer frost stress that damages their cell membranes.
The null responses of the EC suggested that no frost-induced cell damage was so severe as
to cause leakage. The null responses for the POD activity also suggested no scavenging
mechanism was activated. Overall, we can attribute the abovementioned changes of a
natural decline of cell membrane integrity in the leaves of the southern seedlings to a local
freezing event in Wenzhou, specifically, one that was not destructive enough to cause any
physiological damage following frost stress.

4.2. Invisible Effect of Frost on the Leaves of the Southern Seedlings

Again, we do not challenge the idea that the effect of frost on trees at subtropical and
tropical latitudes can be invisible. This realization partially resulted from the awareness
of the side-effect of elevation on the magnitude of frost-induced mortality in neotropical
forests [11,13]. We also referred to an observation made regarding landscape tree species
in a temperate urban forest where frost occurred, but the damage was invisible [3]. In
the period before 147 post-transplant days had passed, none of the records of the daily
minimum temperature reached freezing point, but some of the leaf parameters still showed
significant responses to provenance variation. The EC is a widely measured physiological
parameter that changes in conjunction with the magnitudes of visible injuries of frost
on tree plants [49]. Although reactive oxygen species (ROS) are also a widely used pa-
rameter for assessing stressed plants that have been subjected to frost, it has also been
reported to generate rare effects on D. odorifera [57]. However, it was found that the chilled
D. odorifera seedlings showed significant responses in terms of MDA content [58,59] and
POD activity [59].

Compared to the EC in Wenzhou, the EC in the Pingxiang, Guangzhou, Zhangpu, and
Xianyou samples were all higher on the 62nd post-transplant day. The soluble sugar content
was mostly higher, but the soluble protein was mostly lower in these four provenances on
the same day. This means that the starch was hydrolyzed by the frost stress to the sugars,
which can fuel enzyme activity to counter chilly stress [60]. However, the amount of N
used as the protein was insufficient. On that day, the higher contents of chlorophyll-a,
chlorophyll-b, and carotenoids in the Zhangpu and Xianyou samples suggested that N
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made a greater contribution to the syntheses of the photosynthetic pigments. Accordingly,
the POD activity did not differ between the provenances, and the MDA was lower or
unchanged in the four southern provenances. Together, these findings support the idea
that the N used for enzymes was not affected at this time because the membrane integrity
was not also affected. On the 72nd post-transplant day, the EC was higher in the samples
from Sanya, Guangzhou, and Zhangpu than in those from Wenzhou. The seedlings from
these three southern provenances were also found to fall in a state with lower MDA,
chlorophyll-a, and carotenoid contents, which together suggest a negative effect of frost
on photosynthetic pigment synthesis, but better cell membrane integrity. The EC in the
Guangzhou provenance samples was higher than in Wenzhou on both day 88 and day 109
after the transplant, which was in accordance with the membrane damage on the 109th day
after transplant. Overall, we consider the samples from Guangzhou to have resulted in the
most fragile invisible response to frost stress, and this resulted from low N utilization in the
earlier stages, which was replaced by damage to membrane integrity in the latter stages.

4.3. Invisible Frost Effect on Leaves of Southern Seedlings

Although we monitored the changes not only in temperature, but also in other meteo-
rological factors, the regression models indicated that it was only extreme daily temperature
fluctuations that accounted for the major frost effect. The invisible frost effect was deter-
mined to be significant from the fifth day before sampling. Although the daily highest
temperature can promote the synthesis and accumulation of carotenoids five days before
sampling, it can also cause cell membrane damage throughout wintertime, which is fol-
lowed by electrical leakage two days thereafter. Five of the days were also reported to
be a critical time for late spring frost, before which the first instance of the highest daily
temperature broke the record in the temperate forests [42,43]. Thus, trees experiencing
acclimation to chilly temperatures are deeply dormant, and they need a warm spell to
trigger the physiological responses that are needed for the process of dehardening. How-
ever, high temperatures on the second day before sampling can have a positive effect,
which originates from the scavenging of superoxides. This effect continues to the next
day, and the acclimation to chills increases. In contrast, the decline in the daily minimum
temperature on the sampling day exhausts the continuous accumulation of positive effects,
thus generating the frost effect. Overall, the effect of frost on subtropical and tropical trees
also depends on warming in advance, which is followed by a sudden decline in the daily
temperature. Local trees can acclimate to an earlier warming five to two days before the
occurrence of frost injury, but this acclimation will be interrupted by the accumulation of
superoxides on cell membranes if a sudden chill arrives.

4.4. Limits of This Study

Our study has three limits that have not been overcome. First, the meteorological
models of the threat caused by late spring frosts in temperate forests were used in this
study to investigate the possible effects of wintertime frosts on tropical and subtropical
trees. Frost events were established by comparing the temperature fluctuations between the
current monitoring year and those in the past 30–80 years [8,23,31,43]. These models were
regressed depending on long historical meteorological records. However, in this study, we
did not document and use the chronicles of the meteorological records for the past few
years. A long-term series of data should be used in future works for tree species dwellings
in southern habitats. Second, we focused on an introduced species, D. odorifera, which have
obtained the ability to acclimate to wintertime frost. Certain other species that are sensitive
to local temperature fluctuations, and which experience rare records of introduction, would
be a better choice, at least as the reference. Finally, the provenance of Wenzhou is not a
place with harsh winter temperatures for subtropical plants. Some of the more northern
regions should be tested in future works to examine a chillier environment in relation to
the frost effect.
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5. Conclusions

Based on the findings of this study, we conclude that the Dalbergia odorifera introduced
from southern provenances can acclimate to frost stress in northern areas such as Wen-
zhou. However, the seedlings from the Wenzhou area exhibit higher resistance to frost
than those with tropical provenances. A period of frost imposed freezing stress a total of
five times, and these frosts started with an abnormal increase in the highest daily temper-
ature. These frost events damaged cell membrane integrity and imposed frost damage
on the plants’ cytoplasm and photosynthetic capacity through a sudden decline in the
lowest daily temperature. We recommend that further work makes use of our design and
the layout of the experiment, but with deeper explanations that use data from the gene
expressions of key enzymes.
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1 Faculty of Forestry and Wood Technology, University of Zagreb, 10000 Zagreb, Croatia
2 Department of Biology, Josip Juraj Strossmayer University of Osijek, 31000 Osijek, Croatia
3 Department of Microbiology and Infectious Diseases, with Clinic, Faculty of Veterinary Medicine,

University of Zagreb, 10000 Zagreb, Croatia
4 Oikon Ltd.—Institute of Applied Ecology, 10020 Zagreb, Croatia
* Correspondence: marko.vucelja@sumfak.unizg.hr (M.V.); stjepan@biologija.unios.hr (S.K.);

Tel.: +385-01-2352-450 (M.V.); +385-31-399-922 (S.K.)

Abstract: Altitudinal distributions, population structures and seasonal dynamics of tick fauna at
three localities in Continental Croatia (Medvednica and Papuk) and an alpine biogeographic region
(Gorski Kotar) were studied. Sampling of questing ticks was performed twice a year (spring and
autumn, from 2019 to 2021) at different altitudes (200, 400, 600, 800 and 1000 m above sea level) using
the flagging method. In total, 2942 ticks (53.9% larvae, 40.1% nymphs, 6.0% adults) were sampled
and 2937 (99.83%) were determined as Ixodes ricinus, 4 (0.14%) as Haemaphysalis concinna and 1 (0.03%)
as Ixodes frontalis. Ixodes ricinus was the only species found at all altitudes and sampling sites. The
highest tick abundance was recorded at higher altitudes (800–1000 m asl.) on Medvednica and in
Gorski Kotar within mixed forests of European beech and European silver fir, while on Papuk most of
the ticks were sampled at lower altitudes (200 m asl.) in Sessile oak forest. From 27 pools containing
305 ticks, 1 (3.7%) was positive for Borrelia burgdorferi sensu lato infection. Borrelia burgdorferi s.l. was
detected in 20% (1/5) of the pools containing nymphs and adults collected in Gorski Kotar (600 and
800 m asl.). Sequencing of the ospA gene and phylogenetic analysis revealed the presence of the
Borrelia burgdorferi sensu stricto genotype.

Keywords: ticks; Ixodes ricinus; Ixodes frontalis; Haemaphysalis concinna; Borrelia burgdorferi s.l.; Borrelia
burgdorferi sensu stricto; Croatia; forests

1. Introduction

Hard ticks (Acari: Ixodidae) are obligatory hematophagous ectoparasites and one of
the main arthropod-borne disease vectors worldwide. More than a century ago, they were
the first arthropods proved as vectors of infectious disease [1,2]. Tick-borne diseases (e.g.,
Lyme borreliosis, tick-borne encephalitis, tularemia, Mediterranean spotted fever and hu-
man granulocytic anaplasmosis) are extremely diverse, while infectious agents transmitted
by ticks include numerous bacteria, viruses and protozoa [3]. As ticks and tick-borne dis-
eases (TBDs) infest a wide variety of wild vertebrate species, as well as livestock, companion
animals and humans, they are also a cause of significant economic losses worldwide [4].
In recent decades, ticks have gained more public attention due to the expansion of their
(altitudinal and latitudinal) ranges and the increasing incidence of tick-borne diseases [5–7].
Such increase is a result of different environmental and social factors, e.g., climate changes
(prolonged growing seasons, warmer and shorter winters, etc.) [8–10], loss of predators [11],
reforestation of agricultural lands, woodland expansion [12,13], urbanization, human mo-
bility and population growth [14–16]. The higher risk of TBDs is typically associated with
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woodland habitats that provide ticks with the most favorable microclimatic conditions and
high availability of hosts [17–19]. Even so, a rising number of medically important tick
species populations are also being recorded in urban and suburban areas across Europe [10].
One tick species well-known for its high abundance and wide distribution in Europe and
Croatia is Ixodes ricinus (Castor bean tick, Sheep tick, Deer tick, Forest tick) [20]. It is a
major vector for a great number of pathogens (e.g., Borrelia burgdorferi sensu lato, Borrelia
miyamotoi, tick-borne encephalitis virus, Rickettsia spp., Anaplasma phagocytophilum, Babesia
divergens, Babesia microti and Francisella tularensis) [21,22]. Ixodes ricinus is the main vector
of Borrelia burgdorferi s.l. in inland Croatia [23,24], especially in the northern and north-
western parts, where high prevalences (40–86%) of Borrelia burgdorferi have been recorded
within tick populations [25–27]. Lyme borreliosis or Lyme disease, recognized in 1975 in the
town of Old Lyme, Connecticut, in North America [28,29], is currently the most common
tick-borne and vector-borne disease in Europe and in the USA [30,31]. Borrelia burgdorferi
sensu lato (B. burgdorferi s.l.) is a bacterial complex transmitted by hard ticks that contains
multiple genospecies. Of 21 genospecies identified, 8 are present in Europe: B. burgdorferi
sensu stricto (s.s.)., B. afzelii, B. garinii, B. bissettiae, B. bavariensis, B. spielmanii, B. lusitaniae
and B. valaisiana [32], and the first 6 cause disease in humans. The incidence of Lyme
borreliosis has more than doubled over the last decades in Europe [33]. In Croatia, it has
shifted from 255 to more than 400 reported human cases per year in the last 20 years [34]. It
is recognized now that Borrelia burgdorferi exists at quite variable rates wherever the vector
exists and that maximum prevalence is recorded in large regions of Central Europe, where
the infection rates of Ixodes ricinus ticks range from 3% to 45% [10,35,36]. While there is
an environmental niche that accounts for the prevalence of the causative agents, such as
Borrelia burgdorferi s.l. [36], there is a necessity for a deeper understanding of tick fauna
and their zoonotic potential in our rapidly changing environment. In their recent review,
Kahl and Gray (2023) pointed out that over the last 20 years there were 2.4 times more
publications on ticks and tick-borne diseases than in the previous 20 years [37]. The latter is
not so surprising given that vector-borne diseases have been recognized as some of the most
important public health problems of this century [10]. The most comprehensive ecological
studies on the diversity of tick fauna in Croatia have focused mainly on the Mediterranean
region (the Adriatic Coast, along with the islands known for their karst topography) and
they were conducted during the second half of the twentieth century [20,38–42]. Croatian
northwestern and western regions were only partly included [26,43,44]. Novel studies,
carried out during the last two decades, have mainly been made at lower altitudes in central
and eastern parts of inland Croatia [45–47]. A total of 23 hard tick species, belonging to five
genera (Ixodes, Haemaphysalis, Rhipicephalus, Dermacentor and Hyalomma) have been recorded
in Croatia so far [20,48]. There have been no studies on the altitudinal distributions of
ticks in mountainous regions of Croatia for various reasons (i.e., terrains being unreachable
by vehicles, small human populations, etc.). This research dealt with the question of the
diversity of tick fauna, their spatio-temporal distribution and the zoonotic threat in the
continental and alpine regions of Croatia. The aim of this study was to determine tick
species, their altitudinal distributions, population structures, seasonal dynamics and the
prevalence of Lyme disease causative agents (Borrelia burgdorferi s.l.) within tick fauna
at three mountain sites in inland Croatia. We hypothesized that the most prevalent tick
species would be from the genera Ixodes and Dermacentor, that they would appear in higher
abundances during springtime sampling, that their numbers would decrease with higher
altitudes and also that the highest prevalences of Borrelia burgdorferi s.l. would be found
within tick populations on the Medvednica mountain in the northwestern part of the
country, as it was previously known as a Lyme disease focus in Croatia.

2. Study Area

In this study, research on tick fauna was carried out from 2019 to 2021 at three locations
within two biogeographic regions in inland Croatia [49]. Tick species diversity and their
altitudinal distributions, population structures and seasonal dynamics were monitored at
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two mountain sites (Medvednica and Papuk) in the continental biogeographic region and
one site in the alpine region (Gorski Kotar) (Figure 1).
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Figure 1. Study areas and locations of tick sampling sites. (Gorski kotar mountain site: 1—Donje
Tihovo, 2—Marija Trošt, 3—Lučice, 4—Stari Laz; Medvednica mountain site: 5 —Dotršćina,
6–9 Medvednica a,b,c,d; Papuk mountain site: 10—Markovac, 11, 12—Slatinski Drenovac a,b,
13—Radovanci).

According to the geographical distribution of climatic types by Köppen, all three
mountain study sites belong to Cfb—a temperate climate without a dry season and with
a warm summer [50,51]. The temperature of the coldest month of the year (January) is
above −3 ◦C, while the summers are fresh, with the average monthly temperature of the
hottest month being below 22 ◦C [52]. Nomenclature of forest communities and soil types
correspond to data specified in “Forest phytocenology and forest communities in Croatia”
by Vukelić and Rauš (1998) and “Croatian forest vegetation” by Vukelić (2012) [53,54]
and “Management of forest soils in Croatia” by Martinović, respectively [55]. Overall, the
study included 13 sampling sites and nine different forest communities. The list of tick
sampling sites, their GPS positions, altitudes and forest communities are shown in Table 1.
Photography of every sampling site is given in Appendix A (Figures A1–A13).
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Table 1. List of tick sampling sites with their GPS positions, altitudes and forest soil and forest
community types.

Mountain Site Tick Sampling
Site

Altitude, Latitude
(Degree/min/s)

Altitude
(m asl.)

Forest
Soil

Forest
Community

GOK

1 Donje Tihovo N45 25.927 E14 50.814; 400 Pseudogley on sloping terrain EBDF
2 Marija Trošt N45 24.798 E14 49.351; 600 Dystric cambisol EFDF

3 Lučice N45 22.359 E14 48.402; 800 Dystric cambisol DBF
4 Stari Laz N45 20.740 E14 51.486; 1000 Dystric cambisol MPF

MED

5 Dotrščina N45 51.174 E16 01.172; 200 Dystric cambisol POEH
6 Medvednica a N45 52.748 E15 58.568: 400 Dystric cambisol EBW
7 Medvednica b N45 53.201 E15 58.330; 600 Dystric cambisol EBW
8 Medvednica c N45 53.394 E15 57.634; 800 Dystric cambisol EBW
9 Medvednica d N45 53.916 E15 56.753; 1000 Dolomitic cambisol PBF

PAP

10 Markovac N45 25.583 E17 32.227; 200 Luvisol SOFD
11 Slatinski Drenovac a N45 31.553 E17 41.306; 400 Dystric cambisol EBW
12 Slatinski Drenovac b N45 30.850 E17 39.990 600 Dystric cambisol EBW

13 Radovanci N45 30.673 E17 39.430; 800 Dystric cambisol MEBBLA

Legend: GOK: Gorski Kotar; MED: Medvednica; PAP: Papuk; EBDF: European beech forest with Deer fern
(Blechno- fagetum sylvaticae Ht. 1950); EFDF: European fir forest with Deer fern (Blechno—Abietetum Ht. 1950);
DBF: Dinaric beech–fir forest (Omphalodo—Fagetum Marinčak et al. 1992); MPF: Mixed private forest stand
with European beech (Fagus sylvatica L.), European silver fir (Abies alba Mill.), Sycamore (Acer pseudoplatanus
L.), European ash (Fraxinus excelsior L.) and Common hazel (Coryilus avellana L.); POEH: Pedunculate oak forest
with European hornbeam (Carpino betuli—Quercetum roboris typicum Rauš 1969); EBW: European beech forest
with Woodruff (Galio odorati-Fagetum Sougnez et Thill 1959); PBF: Pannonian beech–fir forest (Festuco drymeiae—
Abietetum Vukelić et Baričević 2007); SOFD: Sessile oak forest with Festuca drymeia (Festuco drymeiae—Quercetum
petraeae/Jank. 1968/Hruška 1974); MEBBLA: Mountain European beech forest with balm-leaved archangel
(Lamio orvalae—Fagetum sylvaticae Ht. 1938).

Tick sampling was performed from 2019 to 2021, twice a year (spring and autumn),
at all three mountain sites at different altitudes. Mean air temperatures and air humidity
data for the spring (March–June) and autumn (September–December) sampling seasons
are shown in Table 2. The data from the meteorological stations nearest to the sampling
locations were provided by the Croatian Meteorological and Hydrological Service.

Table 2. Mean air temperatures and air humidity data for spring and autumn tick sampling seasons
at three mountain sites.

GOK/Air Temperature (◦C) (min–max) GOK/Air Humidity (%) (min–max)

Year
Season 2019 2020 2021 2019 2020 2021

S 10.7 (0.2–14.9) 10.2 (−4.5–22.2) 9.9 (−3.9–25.3) 82 (57–97) 78.5 (45–97) 85.8 (71–98)

A 8.5 (−4.1–18.6) 7.4 (−4.8–18.0) 6.7 (−3.7–18.8) 89.3 (78–98) 89.8 (75–98) 90 (76–98)

MED/air temperature (◦C) (min–max) MED/air humidity (%) (min–max)

S 9.73 (−1.0–24.4) 9.01 (−5.9–21.2) 8.25 (−5.6–23.6) 74.5 (36–100) 67.5 (29–99) 72.5 (31–100)

A 7.53 (−6.6–21.3) 6.63 (−6.4–18.4) 5.9 (−5.4–19.0) 82.5 (45–100) 67.1 (48–100) 84.5 (32–100)

PAP/air temperature (◦C) (min–max) PAP/air humidity (%) (min–max)

S 12.3 (0.2–24.6) 11.3 (−3.0–22.7) 10.8 (−2.0–26.4) 76.3 (67–98) 82.5 (59–96.6) 81.4 (63–97.3)

A 8.95 (−4–21.1) 8.1 (−2.6–19.4) 7.2 (−2.7–19.6) 88.3 (77–98) 88.8 (70.2–96.2) 88.5 (73.6–97.1)

Legend: GOK: Gorski Kotar; MED: Medvednica; PAP: Papuk; S: spring; A: autumn.

The area of Gorski Kotar covers 1275 square kilometers, and it is located in the zone of
Central European climate characterized by long and snowy winters, low average annual
temperature, high air humidity and abundant precipitation with quite strong winds from
the northeast and southwest. The flora and fauna of Gorski Kotar are known for their
richness, while 63% of the total area of Gorski Kotar is covered by forests (“Green lungs of
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Croatia or Croatian Switzerland”), with a predominance of fir–beech forest communities.
The highest peak is Bjelolasica (1534 m).

Medvednica (pronounced [mědυednitsa], lit. “Bear Mountain”) is a mountain area just
north of Croatia’s capital, the city of Zagreb. It extends from the southwest to the northeast
and is 42 km in length. In 1981, it was declared a nature park with a protected area of
228 km2. The plant cover of Medvednica is mostly represented by natural and preserved
forests (63% of the area). Due to the uneven terrain, various geological substrates and soil
types, as many as 12 forest communities appear there, with distinct zonations depending
on altitude and exposure. The predominant species of trees are European beech, holm
oak, hornbeam, sweet chestnut, maple and ash. Medvednica is a home to various types
of mammals: roe deer, wild boar, wild cat, fox, marten and weasel. The highest point is
Sljeme (1033 m asl).

Papuk is a mountain in Eastern Croatia, on the northern and northwestern border of
the Požega basin. In 1999, the the Papuk Nature Park was founded, and it encompasses the
largest part of the Papuk mountain (33,600 ha), with a general NW-SE extension of about
45 km. Forest habitats, with 11 different forest communities, cover around 95% of the park.
The dominant tree species are European beech (47%), sessile oak, fir, hornbeam, sycamore,
Austrian oak, pubescent oak, wild cherry, etc. The dense forests of Papuk are the habitats
of deer, roe deer, wild boars, foxes and martens. Its highest peak, also named Papuk, is
953 m asl.

3. Materials and Methods
3.1. Tick Sampling and Identification

Ticks were sampled by the flag dragging method [56–58], using white flannel cloth
(1 m × 1 m) on two transects (2 × 100 m in length) at every sampling site. The flag was
pulled over the ground surface, over leaves and low vegetation, and it was inspected every
5–10 m, depending on the catch. Ticks were collected from the flag with tweezers and
stored (alive) in plastic tubes (eppendorf, 1.5 mL) with a safety cap.

During the field work, a mobile application and the online database “krpelji.info”
(https://www.krpelji.info/) (accessed on 5 December 2021) were used while sampling
ticks. The application was developed (and is still in “test mode”) by the Faculty of Forestry
and Wood Technology (FFWT), University of Zagreb. It allows the recording of GPS
positions (waypoints and routes/transects), altitudes, date and time of sampling, vegetation
type, sampling methods, number of collected specimens, tick species and their life stages.
Additional uses of the application included photographing the sampling site, collected
ticks, etc.

The sampled ticks were transported to FFWT, where a visual determination of the
ticks and their life stages (larva, nymph and adult) was performed. For the determination
of ticks, Leica Wild Stereo Microscope MZ8 (Leica Microsystems, Mannheim, Germany)
was used (magnification 50×) equipped with an object micrometer together with the Quick
Photo software package, ModellCamera 2 and a Dino-Lite digital microscope (magnifica-
tion 20×–220×; 500×) (AnMo Electronics Corporation, Taiwan, China) with DinoCapture
2.0 software, version 1.5.17. B. Identification of sampled ticks based on different mor-
phological characteristics was performed using current keys for tick identification [59,60].
After determining species and life stages, the ticks were stored in a freezer (−80 ◦C). The
fieldwork was carried out under permits issued by the Ministry of Economy and Sustain-
able Development of the Republic of Croatia (UP/I-612-07/19-48/154, 517-05-1-1-19-3,
26 June 2019).

3.2. Borrelia burgdorferi s.l. Detection

Ticks were organized in pools (2–20 individuals per pool; median pool size = 11) in
accordance with the locality, season (spring or autumn), altitude (200, 400, 600, 800 or
1000 m asl.) and tick life stage (nymph or adult; larvae were not included). When necessary,
due to the size of the samples, pools included tick samples from two altitudes and both
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developmental stages. The study site of Medvednica included 18 pools with 165 nymphs
and 69 adults; in Gorski Kotar, there were 54 nymphs and adults grouped together in
5 pools, while the study site of Papuk included 4 pools with 18 nymphs and adults com-
bined. For specimens collected on Medvednica and Papuk, grouping according to altitudes
was performed for ticks sampled at 200 and 400 m asl. and at 600 and 800 m asl. For ticks
from Gorski Kotar, the same type of grouping was performed for specimens collected at
600 and 800 m asl.

Ticks were homogenized in a Qiagen tissuelyser II (Qiagen, Retsch, Germany) for
10 min at 30 Hz (using 1–3 mm corundum beads (Macherey-Nagel), 3 mm steel beads
(Macherey-Nagel), 5 mm metal beads (IKA) and 500µL of PBS). After homogenization,
genomic DNA was extracted using a commercial kit (NucleoSpin® Tissue kit, Macherey-
Nagel, Düren, Germany) following the manufacturer’s instructions. B. burgdorferi s.l.
DNA was detected by the nested PCR method targeting a specific ospA gene, as already
described [61]. Nucleotide sequencing of the PCR products was performed by Macrogen Eu-
rope, Inc. (https://macrogenlab.com) (accessed on 9 January 2023). The resulting sequences
were analyzed using BioEdit software v7.0 (4 https://bioedit.software.informer.com) (ac-
cessed on 9 January 2023). Phylogenetic analyses were conducted using MEGA version 11
(https://www.megasoftware.net) (accessed on 9 January 2023).

3.3. Statystical Analysis

The differences observed between the numbers of ticks collected at different altitudes
were tested by Chi-square analysis. This was used to test the null hypothesis that the
collected numbers of ticks would be similar for all altitudes. Data were analyzed using Mi-
crosoft Excel 365 and Statistica ver. 14.0.1.25., TIBCO Software, Inc. (Palo Alto, CA, USA).

4. Results

During this study (2019–2021), 2942 questing ticks were collected by the flag drag-
ging method at three mountain sites in inland Croatia. The collected ticks belonged to
three species: two were from the genera Ixodes and one was from Haemaphysalis (Table 3).
Ixodes ricinus L., 1758, (Castor bean tick, Sheep tick, Deer tick, Forest tick) was by far the
most dominant species (N = 2937; 99.83%), while Haemaphysalis concinna Koch, 1844 and
Ixodes frontalis Panzer, 1798 represented less than 1% of the catch. Overall, 94.05% of all
sampled specimens, including every tick species, were subadults. The largest number of
collected Ixodes ricinus were in larval stage (53.90%), closely followed by nymphs (40.14%),
while adults represented a little under 6% of the catch. Regarding the Ixodes ricinus sex
ratio, males were slightly predominant (3.51%) over females (2.45%). Ixodes ricinus was
the only tick species that was sampled at all life stages (larval, nymphal and adult) at
every location, i.e., in the study area, while the other two species were collected only as
subadults (Table 3).

Table 3. Species identifications, sex ratios and developmental stages of hard ticks collected in the
study areas.

Species Females Males Nymphs Larvae Total

Ixodes ricinus 72 103 1179 1583 2937
Ixodes

frontalis 0 0 1 0 1

Haemaphysalis
concinna 0 0 3 1 4

Σ 72 103 1183 1584 2942

The highest number of ticks was collected at the study site of Gorski Kotar (N = 1430;
48.6%), followed by Medvednica (N = 1129; 38.4%) and Papuk (N = 383; 13.0%). The list of
tick species and their sex ratios and life stages according to study sites are shown in Table 4.
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Table 4. List of collected tick species and their life stages according to sampling location, altitude and
forest community type.

Mountain Site Altitude
(m asl.)

Forest
Community Ir ♀ Ir ♂ Ir n Ir l If n Hc n Hc l Σ

Mean Density per
100 m2 (min–max)

GOK

400 EBDF 0 2 116 250 0 0 0 368 30.7 (1–131.5)

600 EFDF 5 4 84 42 0 0 0 135 11.3 (0.5–32.5)

800 DBF 6 4 66 383 0 0 0 459 38.3 (0–207.5)

1000 MPF 2 5 51 410 0 0 0 468 39 (0–177.5)

Σ 13 15 317 1085 0 0 0 1430 29.8

MED

200 POEH 3 5 34 38 1 0 0 81 6.75 (0–21.5)

400 EBW 25 29 94 14 0 0 0 162 13.5 (0–22.5)

600 EBW 4 14 107 25 0 0 0 150 12.5 (0.5–20.5)

800 EBW 8 18 237 225 0 0 0 488 40.7 (13.5–109.5)

1000 PBF 15 16 208 9 0 0 0 248 20.7 (1.5–63)

Σ 55 82 680 311 1 0 0 1129 18.8

PAP

200 SOFD 3 3 89 78 0 3 0 176 14.7 (0–42.5)

400 EBW 1 2 29 10 0 0 0 42 3.5 (0–11.5)

600 EBW 0 0 23 69 0 0 1 93 7.8 (0–38)

800 MEBBLA 0 1 41 30 0 0 0 72 6 (0–23.5)

Σ 4 6 182 187 0 3 1 383 8.0

Σ Σ 72 103 1179 1583 1 3 1 2942 18.9

Legend: GOK: Gorski Kotar; MED: Medvednica; PAP: Papuk; Ir: Ixodes ricinus; If : Ixodes frontalis; Hc: Haemaphysalis
concinna; ♀(female), ♂(male), n (nymph), l (larva); EBDF: European beech forest with Deer fern (Blechno- fagetum
sylvaticae Ht. 1950); EFDF: European fir forest with Deer fern (Blechno—Abietetum Ht. 1950); DBF: Dinaric beech–fir
forest (Omphalodo—Fagetum Marinčak et al. 1992); MPF: Mixed private forest stand with European beech (Fagus
sylvatica L.), European silver fir (Abies alba Mill.), Sycamore (Acer pseudoplatanus L.), European ash (Fraxinus
excelsior L.) and Common hazel (Coryilus avellana L.); POEH: Pedunculate oak forest with European hornbeam
(Carpino betuli—Quercetum roboris typicum Rauš 1969); EBW: European beech forest with Woodruff (Galio odorati-
Fagetum Sougnez et Thill 1959); PBF: Pannonian beech–fir forest (Festuco drymeiae—Abietetum Vukelić et Baričević
2007); SOFD: Sessile oak forest with Festuca drymeia (Festuco drymeiae—Quercetum petraeae/Jank. 1968/Hruška
1974); MEBBLA: Mountain European beech forest with balm-leaved archangel (Lamio orvalae—Fagetum sylvaticae
Ht. 1938).

Ixodes ricinus was the one species found at all altitudes and sampling sites, while
Haemaphysalis concinna was recorded only on Papuk (at 200 m asl. and 600 m asl.) and
Ixodes frontalis only on Medvednica (200 m asl.) (Table 4).

The Chi-square analysis showed that altitude significantly influenced the number of
collected ticks in all three mountain areas—Gorski Kotar (χ2 = 201.73, p < 0.05), Medvednica
(χ2 = 442.95, p < 0.05) and Papuk (χ2 = 103.38, p < 0.05). However, sampling of the same
altitudes (600 m asl and 800 m asl) on the mountains of Gorski Kotar and Medvednica
resulted in similar numbers of collected ticks (Table 4). At these altitudes, there was no
significant difference in the numbers of collected specimens (χ2 = 0.78, p > 0.05; χ2 = 0.88,
p > 0.05).

Ticks were least numerous in their adult developmental stage in tick samples at all
three study sites (Gorski Kotar: 1.96%; Medvednica: 12.13%; Papuk: 2.61%). The highest
overall share of adults (33.33%) was recorded on Medvednica, at 400 m asl., in European
beech forest with Woodruff (Table 4). Larvae dominated overall catches in Gorski Kotar
(75.87%), while nymphs were the most dominant (60.23%) on Medvednica (Table 4). On
Papuk, both larvae and nymphs had approximately equal overall shares (48%) in tick
samples. The tick species, their sex ratios and life stages according to study sites and
sampling seasons are shown in Table 5.

During the springtime sampling, 89.1% of all the ticks were collected. Nymphs were
sampled both in spring and autumn at all mountain sites during the whole research period.
Larvae were also sampled in spring and autumn at all sampling sites (Table 5).
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Table 5. List of collected tick species and their life stages according to sampling location, altitude,
forest community type and sampling season.

Mountain
Site

Altitude
(m asl.)

Forest
Community Sp.

2019 2020 2021

S A S A S A

GOK

400 EBDF Ir 0 ♀, 0 ♂, 26 n,
22 l

0 ♀, 0 ♂, 2 n,
0 l

0 ♀, 0 ♂, 41 n,
222 l

0 ♀, 1 ♂, 26 n,
0 l

0 ♀, 1 ♂, 4 n,
0 l

0 ♀, 0 ♂, 17 n,
6 l

600 EFDF Ir 0 ♀, 2 ♂, 16 n,
10 l

0 ♀, 0 ♂, 1 n,
0 l

4 ♀, 2 ♂, 38 n,
21 l

1 ♀, 0 ♂, 12 n,
5 l

0 ♀, 0 ♂, 4 n,
0 l

0 ♀, 0 ♂, 13 n,
6 l

800 DBF Ir 1 ♀, 0 ♂, 24 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 2 ♂, 30 n,
383 l

0 ♀, 0 ♂, 0 n,
0 l

2 ♀, 1 ♂, 5 n,
0 l

2 ♀, 0 ♂, 1 n,
0 l

1000 MPF Ir 1 ♀, 3 ♂, 21 n,
330 l

0 ♀, 0 ♂, 0 n,
0 l

1♀, 1 ♂, 20 n,
62 l

0 ♀, 0 ♂, 6 n,
18 l

0 ♀, 1 ♂, 4 n,
0 l

2 ♀, 5 ♂, 51 n,
410 l

MED

200 POEH
Ir 2 ♀, 3 ♂, 15 n,

3 l
0 ♀, 1 ♂, 2 n,

7 l
1♀, 1 ♂, 13 n,

28 l
0 ♀, 0 ♂, 0 n,

0 l
0 ♀, 0 ♂, 4 n,

0 l
0 ♀, 0 ♂, 0 n,

0 l

If 0 ♀, 0 ♂, 1 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

400 EBW Ir 5 ♀, 9 ♂, 18 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

4 ♀, 2 ♂, 52 n,
14 l

1 ♀, 1 ♂, 6 n,
0 l

15 ♀, 15 ♂, 15
n, 0 l

0 ♀, 2 ♂, 3 n,
0 l

600 EBW Ir 3 ♀, 12 ♂, 26
n, 0 l

0 ♀, 0 ♂, 2 n,
0 l

0 ♀, 0 ♂, 48 n,
24 l

0 ♀, 0 ♂, 1 n,
0 l

0 ♀, 1 ♂, 26 n,
1 l

1 ♀, 1 ♂, 4 n,
0 l

800 EBW Ir 4 ♀, 6 ♂, 98 n,
0 l

0 ♀, 0 ♂, 9 n,
20 l

1 ♀, 1 ♂, 22 n,
195 l

1 ♀, 1 ♂, 47 n,
0 l

1 ♀, 7 ♂, 42 n,
6 l

1 ♀, 3 ♂, 19 n,
4 l

1000 PBF Ir 3 ♀, 2 ♂, 36 n,
1 l

0 ♀, 0 ♂, 0 n,
3 l

2 ♀, 2 ♂, 117
n, 5 l

0 ♀, 0 ♂, 5 n,
0 l

10 ♀, 12 ♂, 39
n, 0 l

0 ♀, 0 ♂, 11 n,
0 l

PAP

200 SOFD
Ir 0 ♀, 0 ♂, 18 n,

57 l
0 ♀, 1 ♂, 5 n,

0 l
1 ♀, 0 ♂, 62 n,

21 l
0 ♀, 0 ♂, 0 n,

0 l
2 ♀, 1 ♂, 1 n,

0 l
0 ♀, 1 ♂, 3 n,

0 l

Hc 0 ♀, 0 ♂, 2 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 1 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

400 EBW Ir 1 ♀, 1 ♂, 5 n,
10 l

0 ♀, 1 ♂, 1 n,
0 l

0 ♀, 0 ♂, 23 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

600 EBW
Ir 0 ♀, 0 ♂, 3 n,

0 l
0 ♀, 0 ♂, 3 n,

0 l
0 ♀, 0 ♂, 13 n,

63 l
0 ♀, 0 ♂, 3 n,

6 l
0 ♀, 0 ♂, 0 n,

0 l
0 ♀, 0 ♂, 1 n,

0 l

Hc 0 ♀, 0 ♂, 0 n,
1 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 0 n,
0 l

800 MEBBLA Ir 0 ♀, 0 ♂, 2 n,
6 l

0 ♀, 0 ♂, 0 n,
0 l

0 ♀, 0 ♂, 27 n,
20 l

0 ♀, 0 ♂, 4 n,
3 l

0 ♀, 0 ♂, 3 n,
0 l

0 ♀, 1 ♂, 5 n,
1 l

Legend: GOK: Gorski Kotar; MED: Medvednica; PAP: Papuk; Sp.: species; S: spring; A: autumn; Ir: Ixodes ricinus;
If : Ixodes frontalis; Hc: Haemaphysalis concinna; ♀(female), ♂(male), n (nymph), l (larva); EBDF: European beech
forest with Deer fern (Blechno- fagetum sylvaticae Ht. 1950); EFDF: European fir forest with Deer fern (Blechno—
Abietetum Ht. 1950); DBF: Dinaric beech–fir forest (Omphalodo—Fagetum Marinčak et al. 1992); MPF: Mixed
private forest stand with European beech (Fagus sylvatica L.), European silver fir (Abies alba Mill.), Sycamore
(Acer pseudoplatanus L.), European ash (Fraxinus excelsior L.) and Common hazel (Coryilus avellana L.); POEH:
Pedunculate oak forest with European hornbeam (Carpino betuli—Quercetum roboris typicum Rauš 1969); EBW:
European beech forest with Woodruff (Galio odorati-Fagetum Sougnez et Thill 1959); PBF: Pannonian beech–fir
forest (Festuco drymeiae—Abietetum Vukelić et Baričević 2007); SOFD: Sessile oak forest with Festuca drymeia
(Festuco drymeiae—Quercetum petraeae/Jank. 1968/Hruška 1974); MEBBLA: Mountain European beech forest with
balm-leaved archangel (Lamio orvalae—Fagetum sylvaticae Ht. 1938).

Seasonal dynamics of ticks at study sites according to altitudes and forest communities
are shown in Figures 2–4. During every tick sampling, at all mountain sites, springtime was
the season when ticks were collected in the highest numbers (Figures 2–4). The exception
from the usual springtime maximum was only recorded during 2021 at 400 m asl. and
600 m asl. sampling sites in Gorski Kotar (Figure 2), as well as at all altitudes (200, 400, 600
and 800 m asl.) on Papuk (Figure 4).

The highest density of ticks per 100 m2 recorded on Gorski Kotar (207 ticks per
100 m2) was at 800 m asl. within mixed Dinaric beech–fir forest (Omphalodo—Fagetum
Marinčak et al. 1992). At the same altitude, the highest tick density was also recorded
on Medvednica (109 ticks per 100 m2) but within European beech forest with Woodruff
(Galio odorati-Fagetum Sougnez et Thill 1959), while on Papuk, at 200 m asl., in Sessile oak
forest with Festuca drymeia (Festuco drymeiae—Quercetum petraeae/Jank. 1968/Hruška 1974),
42 ticks were collected per 100 m2 (Table 4).
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Figure 2. Seasonal dynamics of ticks (Ixodes ricinus) sampled at the Gorski Kotar study site (2019–2021)
for different altitudes and forest communities (S: spring, A: autumn); EFDF: European fir forest
with Deer fern (Blechno—Abietetum Ht. 1950); DBF: Dinaric beech–fir forest (Omphalodo—Fagetum
Marinčak et al. 1992); MPF: Mixed private forest stand with European beech (Fagus sylvatica L.),
European silver fir (Abies alba Mill.), Sycamore (Acer pseudoplatanus L.), European ash (Fraxinus
excelsior L.) and Common hazel (Coryilus avellana L.).
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Figure 3. Seasonal dynamics of ticks sampled at the Medvednica study site (2019–2021) for different
altitudes and forest communities (S: spring, A: autumn); POEH: Pedunculate oak forest with European
hornbeam (Carpino betuli—Quercetum roboris typicum Rauš 1969); EBW: European beech forest with
Woodruff (Galio odorati-Fagetum Sougnez et Thill 1959); PBF: Pannonian beech–fir forest (Festuco
drymeiae—Abietetum Vukelić et Baričević 2007).
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Figure 4. Seasonal dynamics of ticks sampled at the Papuk study site (2019–2021) for different
altitudes and forest communities (S: spring, A: autumn); SOFD: Sessile oak forest with Festuca drymeia
(Festuco drymeiae—Quercetum petraeae/Jank. 1968/Hruška 1974); MEBBLA: Mountain European beech
forest with balm-leaved archangel (Lamio orvalae—Fagetum sylvaticae Ht. 1938).

The overall B. burgdorferi s.l. prevalence was 3.7%. In terms of sampling location, the
presence of B. burgdorferi s.l. was detected in 20% (1/5) of pools containing nymphs and
adults collected in the area of Gorski Kotar. B. burgdorferi s.l. infection was not detected in
samples from the Medvednica and Papuk mountains. Sequencing of the ospA gene and
phylogenetic analysis revealed the presence of the B. burgdorferi sensu stricto genotype.
A phylogenetic tree, constructed using ospA sequences retrieved from GenBank and the
sequence identified in this study (14N CRO), is shown in Appendix B (Figure A14).

5. Discussion

As the European Centre for Disease Prevention and Control (ECDC) predicts that
the incidence of vector-borne diseases will continue to rise [8,62], it is no surprise that
approximately three times as many publications on Ixodes ricinus have appeared since 2002
compared with the period between 1980 and 2000 [37]. Despite a large number of faunistic
studies on the diversity of tick fauna conducted during the second half of the 20th century
along the Adriatic Coast and a few recent studies in northwestern, central and eastern
regions of inland Croatia, many areas—including mountains—have not yet been sufficiently
studied. In this research, 3 out of 23 previously reported hard tick species (Ixodes ricinus,
Ixodes frontalis and Haemaphysalis concinna) were collected in three mountain regions in
inland Croatia (Gorski Kotar, Medvednica and Papuk) [48] (Figure 1). At all three mountain
study sites, Ixodes ricinus was the most prevalent tick species (99.8% of all collected samples)
(Table 3). These findings are in line with many studies performed earlier in woodland
habitats at lower altitudes in northwestern and eastern parts of Croatia [20,44,46,63] as
well as in Europe (e.g., 96% in Southern England, 97.4% in the Serbian capital Belgrade,
90.7% in Germany, etc.) [64–68]. Our results also differ from previous studies performed
in pedunculate oak floodplain forests (Genisto elatae—Quercetum roboris Ht. 1938) in the
Posavina region in Central Croatia [45], where Ixodes ricinus was determined in only
3.5% of collected specimens. On the mountain sites of Papuk and Medvednica, besides
Ixodes ricinus, Ixodes frontalis and Haemaphysalis concinna were also recorded, but with
very small percentages—0.08% and 1.0%, respectively (Table 4). Formerly, Ixodes frontalis
was sporadically recorded in Croatia (Adriatic Coast and the city of Zagreb) [20], and
this record for the Medvednica mountain represents a new locality record, as does the
record of Haemaphysalis concinna on Papuk Mountain. There were also previous records

166



Sustainability 2023, 15, 4862

of Haemaphysalis concinna sampled near the Croatian northwestern border, on the island
of Krk in the Croatian Littoral [20] and in the eastern parts of the country, where it was
present in small numbers, representing only 2.6% of the collected specimens [47]. Even
though the genus Dermacentor is the second most abundant ixodid taxon in the Western
Palaearctic region [69,70], we have collected no representatives in our three-year research,
which corresponds to its lowland habitat preferences and its absence from higher mountain
regions [45,71]. However, we expected ticks from this genus at low-altitude hill sampling
sites or in climatically favorable valleys at higher altitudes [72].

In Central Europe, the altitudinal distribution limit for Ixodes ricinus was between
700 and 800 m asl. [73]. However, this limit has been exceeded, as shown by the results of
the study on Krkonoše Mountain in the Czech Republic, where Ixodes ricinus was recorded
even up to a timberline, approximately 1250 m asl. [74]. In Southern Norway, Ixodes ricinus
was recorded at altitudes of up to 1000 m asl., which represents a considerable increase in
altitude relative to earlier findings in this region [75]. In a similar study in Hungary, Ixodes
ricinus was also found at altitudes of up to 900–1000 m asl. [76]. In this study, Ixodes ricinus
was found at 1000 m asl. in Gorski Kotar and on the Medvednica mountain, these being
the highest finding points of this species in Croatia.

The mean density of hard ticks in the study area was 18.9 per 100 m2. A sig-
nificantly lower value was recorded for Ixodes ricinus in Northeastern Poland, namely,
9.7 ticks per 100 m2 [77]. Despite the different types of forest vegetation, the highest abun-
dances and mean densities of ticks collected per 100 m2 were recorded at high altitudes
(800–1000 m asl.) on Gorski Kotar and Medvednica and at lower altitudes (200 m asl.) on
Papuk (Table 4), which matches this species’ habitat preferences (deciduous coniferous and
mixed forests) [78–83]. The highest tick density (207 ticks per 100 m2) recorded in this study
was at 800 m asl. on Gorski Kotar in mixed Dinaric beech–fir forest (Omphalodo—Fagetum
Marinčak et al. 1992). Such a high tick abundance is partly a result of the overall high
prevalence of larvae (76%) collected on Gorski Kotar during this research (Table 4).

The seasonal dynamics of the sampled ticks showed a typical peak during springtime
sampling [37], which corresponds to 89.1% of all the tick specimens collected during March,
April and May in this study (Figures 2–4). Except for a few exceptions, ticks were mostly
sampled at all three developmental stages during every spring and autumn sampling
(Table 5). Nymphs were sampled both in spring and in autumn at all mountain sites during
the whole research period. Regarding seasonal dynamics, Ixodes ricinus larvae are known
for their early summer peak [84], which partially corresponds to their dominance recorded
during the springtime sampling in our study.

The only tick species found at all life stages (larval, nymphal and adult) at every
location in this study was Ixodes ricinus, while Ixodes frontalis and Haemaphysalis concinna
were sampled only as subadults (Table 3). Overall, larvae of Ixodes ricinus were mainly
predominant (53.9%) but closely followed by nymphs (40.1%), while only 6% of the sampled
specimens were adults. These results differ from the previous findings of Krčmar et al.
(2019), who collected 67% of ticks at an adult stage in eastern woodland parts of the
country [47]. At the same time, our data correspond to a high share of subadults (88%)
sampled in a forest habitat within Croatia’s capital, the city of Zagreb [43]. In floodplain
forests of the Posavina region in Central Croatia, only adult Ixodes ricinus were sampled
from 2011 to 2013 [45]. On the Medvednica mountain, Ixodes ricinus nymphs were prevalent
at all altitudinal limits (200, 400, 600, 800 and 1000 m asl.), while at the mountain site of
Papuk, they were prevalent at 400 m asl. and from 600 to 800 m asl. These data are also
partly in agreement with data from Krkonoše Mts., where all ticks collected above 850 m
asl. were nymphs [74]. These data are not surprising, since the nymphal stage is the one
most frequently recorded when ticks are sampled by the flagging method [74]. In contrast,
larval stages were prevalent in collected samples at altitudes above 600 m in Gorski Kotar.

One of the aims of our study was to determine the prevalence of the Lyme disease
causative agent among sampled ticks. Of 27 pools, containing 305 ticks, 1 pool (3.7%)
was positive for Borrelia burgdorferi sensu lato infection. The detected prevalence is in
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line with a recent study on pathogens of zoonotic importance that revealed 2.2% infection
with Borrelia burgdorferi s.l. within ticks collected in the Scottish Highlands [85], but it
also differs from previous research conducted in urban forests in Croatia’s capital which
showed high infection rates (55%) within tick populations [26]. If we consider our three
research sites, the presence of the pathogen was detected in 20% of the samples from Gorski
Kotar, while samples from Medvednica and Papuk showed no infection. Our data partly
correspond to prevalences of Borrelia spp. within tick populations in urban woodland
habitats recorded in Germany (24–34%), Italy (26–36%), Lithuania (25%), Poland (11–27%),
Slovakia (6–10%), Switzerland (18%) and Serbia (23.6%) [10,86]. Our findings are also in
line with meta-analysis data of Borrelia spp. prevalence in ticks in Europe (18.6% in adults
and 10.1% in nymphs) [87].

Eight different genospecies of Borrelia burgdorferi, specific to different hosts, can be
found throughout Europe [85]. Sequencing of the ospA gene and phylogenetic analysis
revealed the presence of the B. burgdorferi sensu stricto genotype in ticks from the mountain
area of Gorski Kotar. These findings cohere with previous reports of Borrelia afzelii, Borrelia
garinii and also B. burgdorferi sensu stricto detected in Ixodes ricinus ticks collected in a Lyme
borreliosis endemic region of Northern Croatia [27]. Further monitoring of tick fauna, their
hosts and the pathogens they carry, along with ecological studies of their habitats, would
surely provide vital information on rapidly changing natural and urban environments.
Worrying trends of increasing contact between human populations and ticks could make
tick surveillance, monitoring and control a high priority in the near future.

6. Conclusions

This is the first report on the altitudinal distributions of hard ticks (Acari: Ixodidae) in
mountain regions of Croatia. Three tick species (Ixodes ricinus, Haemaphysalis concinna and
Ixodes frontalis) were recorded in the study areas. In all three areas, Ixodes ricinus was the
most abundant species.

Ixodes frontalis and Haemaphysalis concinna were recorded for the first time both on the
Medvednica mountain and on the Papuk mountain.

The highest tick abundances were recorded at higher altitudes (800–1000 m asl.) in
Gorski Kotar and on the Medvednica mountain, while on the Papuk mountain the highest
abundance was recorded at a lower altitude (200 m asl).

Most ticks were collected during the spring season (March–June)—89.12%—while in
autumn (September–December) only 10.88% of ticks were sampled.

The mean tick density of the study area was 18.9 ticks per 100 m2—Gorski Kotar:
29.8 (range: 0–207.5); Medvednica: 18.8 (range: 0–109.5); Papuk: 8.0 (range: 0–42.5).

The presence of B. burgdorferi s.l. was detected in 20% (1/5) of the tick samples from
Gorski Kotar, while the samples from Medvednica and Papuk showed no infection.

Findings of Borrelia burgdorferi sensu stricto in nymphs and adults of Ixodes ricinus
from Gorski Kotar indicate the risk of occurrence of Lyme borreliosis at altitudes from
600–800 m asl., where the causative agent of this emerging disease had not been registered
before within tick populations in Croatia.
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Figure A1. Sampling site 1. Mountain site: Gorski Kotar/altitude: 400 m asl./forest soil: Pseudogley 
on sloping terrain/forest community: EBDF: European beech forest with Deer fern (Blechno- fagetum 
sylvaticae Ht. 1950). 

 
Figure A2. Sampling site 2. Mountain site: Gorski Kotar/altitude: 600 m asl./forest soil: Dystric cam-
bisol/forest community: EFDF: European fir forest with Deer fern (Blechno—Abietetum Ht. 1950). 
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Figure A3. Sampling site 3. Mountain site: Gorski Kotar/altitude: 800 m asl./forest soil: Dystric cam-
bisol/forest community: DBF: Dinaric beech–fir forest (Omphalodo—Fagetum Marinčak et al. 1992). 

 
Figure A4. Sampling site 4. Mountain site: Gorski Kotar/altitude: 1000 m asl./forest soil: Dystric 
cambisol/forest community: MPF: Mixed private forest stand with European beech (Fagus sylvatica 
L.), European silver fir (Abies alba Mill.), Sycamore (Acer pseudoplatanus L.), European ash (Fraxinus 
excelsior L.) and Common hazel (Coryilus avellana L.). 
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Figure A5. Sampling site 5. Mountain site: Medvednica/altitude: 200 m asl./forest soil: Dystric cam-
bisol/forest community: POEH: Pedunculate oak forest with European hornbeam (Carpino betuli—
Quercetum roboris typicum Rauš 1969). 

 
Figure A6. Sampling site 6. Mountain site: Medvednica/altitude: 400 m asl./forest soil: Dystric cam-
bisol/forest community: EBW: European beech forest with Woodruff (Galio odorati-Fagetum Sougnez 
et Thill 1959). 
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Figure A9. Sampling site 9. Mountain site: Medvednica/altitude: 800 m asl./forest soil: Dolomitic 
Cambisol/forest community: PBF: Pannonian beech–fir forest (Festuco drymeiae—Abietetum Vukelić 
et Baričević 2007). 

 
Figure A10. Sampling site 10. Mountain site: Papuk/altitude: 200 m asl./forest soil: Luvisol/forest 
community: SOFD: Sessile oak forest with Festuca drymeia (Festuco drymeiae—Quercetum pet-
raeae/Jank. 1968/Hruška 1974). 
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Figure A11. Sampling site 11. Mountain site: Papuk/altitude: 400 m asl./forest soil: Dystric cambi-
sol/forest community: EBW: European beech forest with Woodruff (Galio odorati-Fagetum Sougnez 
et Thill 1959). 
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Figure A13. Sampling site 13. Mountain site: Papuk/altitude: 800 m asl./forest soil: Dystric cambi-
sol/forest community: MEBBLA: Mountain European beech forest with (Lamio orvalae—Fagetum syl-
vaticae Ht. 1938). 

  

Figure A13. Sampling site 13. Mountain site: Papuk/altitude: 800 m asl./forest soil: Dystric
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Figure A14. A phylogenetic tree constructed using ospA sequences retrieved from GenBank (acces-
sion numbers are shown in the tree) and the sequence identified in this study (14N CRO). Evolu-
tionary distances were calculated using the Maximum Likelihood method and Tamura–Nei model 
in MEGA 11 with 1000 bootstrap replications. The scale bar indicates the nucleotide substitutions 
per site. 
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Abstract: Innovations can offer key advantages to companies, but in some EU regions, the design and
development of innovation measures are still relatively novel concepts. The aim of this study was to
analyze the collaborations of innovative Bulgarian furniture manufacturers with external stakeholders
and the used information channels as factors for the development and implementation of innovation
and participation in global value chains over their innovation activities. Out of 3890 Bulgarian
companies, the number of companies included in the target group was further reduced to 85 firms
due to missing information on some variables. The data for the present study were collected using
a large-scale questionnaire distributed on the spot during the months of March and April 2022.
Logistic regression was used to reveal the real contribution of the collaborations and the information
sources to the ability of companies to innovate. The research results indicated that in Bulgaria, the
furniture sector is not considered very innovative, and Bulgarian furniture manufacturing companies
do not rely on collaboration with the IT and mechatronics sectors. These companies do not want
to participate in GVCs, as they refer to them in relation to supply chains. Therefore, they are less
dependent on chain shocks. Companies prefer to hide their innovations for further protection, which
might be the reason for the lack of cooperation between the furniture manufacturing companies and
academia, NGOs, and other relevant institutions. The findings of the study contribute to new insights
into the literature on the participation in GVCs as a factor for collaboration with different stakeholders
and hence for product and process innovation development within the furniture industry companies.

Keywords: forest-based sector; innovation; global value chains; furniture manufacturers

1. Introduction

Under the pressure of globalization and dynamic technological processes, national
and regional economies are putting in increasing efforts in an attempt to improve their
competitive positions. The analysis of foreign investment flows and the concentration of
production processes at the international level show that the innovation capacity and tech-
nological competencies, once concentrated at the head offices of multinational enterprises,
are increasingly being outsourced towards their peripheries and are being performed by
companies located outside major economic centers. In this context, global value chains
(GVCs) are attracting the attention of both the academic community and political organiza-
tions as a factor for economic transformation and growth of local economies. According to
OECD studies [1], global value chains can generate significant economic benefits for the
participating companies, as well as for the national and regional economies where they are
located. Due to the COVID-19 pandemic, the concentration of suppliers or customers along
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the chain may make some firms more vulnerable to shocks from the crisis. Additionally, for
industries with high concentrations of exports or imports, fewer possibilities for suppliers
or buyers to be replaced exist in the event of a break in the chain [2].

In the literature, the measurement and evaluation of global value chains’ innovation
potential where global value chains are considered as original innovation systems remain
largely unstudied. The most common subject of analysis is the “supply-side” factor led
by the indicators of foreign investors (size, corporate governance, technological assets).
Other studies focus on the “demand-side” factor, which pays central attention to local
businesses and their absorptive capacity, i.e., their capacity to acquire, utilize, transform,
and apply technology-driven external knowledge. The analysis of the isolated impact of
one factor or another is not sufficient to reveal the complex nature of the impact of global
value chains. A comprehensive scientific study that builds conceptually on the symbiosis
between geographical location, sectoral affiliation, and innovation potential was not found
by the authors of the current research. When applied to global value chains, the analysis
of the innovation potential will combine the effects of those factors and will suggest new
opportunities to support national and regional competitiveness. Because of that, further
study of the interactions between foreign and domestic firms, NGOs, academia, and other
stakeholders at different stages of the value chains is needed.

The paper aims to analyze the collaborations of innovative Bulgarian furniture man-
ufacturers with external stakeholders and the use of information channels as factors for
(1) the development and implementation of innovation and (2) participation in global value
chains over their innovation activities. The subjects of the research are global value chains in
the furniture industry in Bulgaria. They will be examined within the context of their impact
on the innovation development of furniture enterprises. The adopted research methods
are logical, deductive, and comparative methods. Primary data from a survey conducted
among innovative furniture enterprises in Bulgaria are presented. To check the authors’
hypotheses, logistic regression was used. The logical construction of the study begins with
a literature review related to the innovation potential of GVCs, where specific variables
are outlined. The articles continue by presenting information on the used methodology,
collected data, results, and conclusions.

2. Literature Review and Hypothesis Development

The concept of the “global value chain” refers to the idea that an organization is
not considered per se but as part of a common “supply chain”, i.e., it is linked to other
organizations [3]. Thus, global value chains are seen as a series of stages in the production
of goods or services, where each stage adds value. At least two of the stages should be
implemented in different countries [4]. An efficient global value chain may have a positive
impact on businesses [5] and corporate growth [4]. Competitiveness is linked to the chains
in which the companies participate, and, in this respect, the competition is between chains
of organizations contributing to the satisfaction of customers [3].

Innovation potential, including in the GVCs, is generally studied at a national level,
where sets of indicators have been designed and widely used to capture the specifics of
national economies in terms of inputs and outputs of the innovation system performance [6].
With some modifications, these methods have been applied at the sector and regional
levels, taking into consideration the technological or local specifics of the countries [7].
However, the indicators used to measure the innovation potential are not appropriate
on a country/regional level, or an inappropriate methodology to collect the data is used.
Additionally, Bulgarian companies refrain from accounting for their innovation and apply
for patents, leading to the phenomenon of “hidden innovation”.

The forestry-based sector is considered “low-tech” and less innovative [8–11]. For
instance, Pirc and Vlosky [10] showed that applying innovation is becoming more and
more important in Croatian furniture companies. Barčić and Motik [2] revealed that, along
with small traditional companies, innovative companies in the Croatian furniture industry
exist, but due to excessive market opportunities and possibilities, managers, directors,
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and executive staff still do not recognize which way will take them to one step ahead of
the competition.

However, of all the forestry industries in Bulgaria, the most innovative are furniture
design, manufacturing, and sales companies. The Bulgarian furniture industry is extremely
export-oriented, and because of that, it is very vulnerable to disruptions in external markets.
The increase in the prices of basic and auxiliary materials during COVID-19 and the
outbreak of the war in Ukraine, as well as problems with the supply of materials, led to
a serious delay in orders and hence affected the supply chain. At the same time, during
those periods, an increase in house furniture orders occurred as a result of the increase
in home purchases in the country. Currently, due to the stagnation of Western markets,
turbulences are also expected in the Bulgarian furniture sector, which should significantly
affect the GVC. It is thought that to minimize the negative effects on the value chains and
their expansion, there is a need to restore “the predictability” of governmental policies.
Commercial conflicts and the absence of reforms along the chain also have negative effects
on its development and resilience. In addition, the uneven distribution of results along
the chain and the risks posed to it by the new technologies and digitalization are among
the issues yet to be addressed. For industries with high concentrations of exports or
imports, fewer possibilities exist for suppliers or buyers to be replaced in the event of a
break in the chain. Furthermore, in some cases, the restructuring of suppliers is not only
resource-intensive but also impossible in the context of the specifics of their business [1].
The rational way of choosing products among buyers in the context of COVID-19 reflects
on the production of lower-tech and non-innovative products [12]. However, those issues
have still not been addressed in the context of the Bulgarian furniture industry.

According to Fagerberg et al. [13], innovation potential is a factor for better participa-
tion in the global value chain leading to economic development. Vivek et al. [14] stated
that outsourcing some of the production activities benefits the development of innova-
tion, hence helping leading firms optimize their costs and invest more in research and
development (R&D). In this way, businesses gain access to new knowledge, ideas, and
technology transfer, creating innovation [15,16]. Under the pressure of globalization, na-
tional and regional economies focus on improving their competitive positions in the GVC
through investments in scientific research and innovation. However, the furniture industry
is considered labor-intensive, with fragmented supply chains and a predomination of
SMEs [17].

According to Chiu, Hastig, and Sodhi [18,19], the diversity of suppliers in the value
chain contributes to businesses when searching for new products. Thus, it will enable the
use of new knowledge and technologies. Based on the idea of Humphrey and Schmitz [20],
the following economic benefits for companies’ participation in GVCs can be outlined: (a)
the creation of process innovations, which reduce the cost of the manufactured product or
the delivered service by more efficiently converting the input materials and resources into
the final product (service); (b) the development of product innovations for higher-quality
products and services; (c) the creation of organizational innovations that increase the added
value of human labor; and (d) the expansion of the product portfolio by entering into
intensive and high-tech industries.

Pisano and Shih [21] considered the idea that the territorial separation of a firm’s
production and R&D in other countries can limit the creation of micro-level innovations.
Outsourcing R&D leads to the creation of dependence on third parties, limitations over
the control of the innovation development and management process [22], and worsening
communication between stakeholders in non-innovation and innovation activities along the
chain. When R&D and production are interdependent, or when production technologies are
“immature”, outsourcing production is associated with higher costs for the company and a
reduction in the added value of innovation. Participating in GVCs can help manufacturers,
including furniture ones, to learn from global supply chain leaders [23]. However, global
leaders can minimize the transferred knowledge and technology to product information
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and production techniques, thus limiting the transfer of competencies and R&D along
the chain.

Forest product companies can use partnerships and collaborative relationships with
other companies to increase their competitiveness. This can be done through developing
new value-added products and technologies [24], entering new markets [25], and increasing
productivity while decreasing production costs [26]. Hence, essential for the improvement
of the value chains is the establishment of new partnerships by identifying the existing
and intended partnering practices [27]. Partnerships in the forest product industry can
be divided into operational partnerships (partnerships with suppliers and logistics cus-
tomer service firms), technology partnerships (with technology providers), and financial
partnerships [24,27]. Without belittling the importance of all those partnerships for the
current study, only financial partnerships with state institutions and technology partner-
ships with representatives of the ICT (The Information and Communication Technology)
sector and mechatronics will be under analysis. The Information and Communication
Technology (ICT) sector is indeed one of the most innovative sectors globally. ICTs act
as an enabler of innovation, particularly for product and marketing innovation. Addi-
tionally, it reduces the barriers to participation in the global economy and hence supports
development within GVCs [11]. The selection is based on the stated assumptions that first,
the level of digitization of Bulgarian furniture manufacturers shows better performance
than that of the national average [28], and second, the sector’s innovations are primar-
ily incremental [29,30]. In this respect, the main investments are made for purchasing
machinery and equipment [31] and technologies that support marketing and furniture
sales. Because of that, clients’ demands and financial resources are the main “triggers” for
innovations in furniture manufacturers. Additionally, the restricted access of the furniture
companies to the market and the lack of cooperation with the main supplier are stated
as restrictions to the innovation development in the sector [32]. However, foreign and
local customers and suppliers are significant sources of ideas for new projects and tech-
nological innovations. Widespread digitalization leads to the establishment of so-called
Smart Factories. Hence, companies need to prepare for radical changes attributable to
several factors–namely shortened delivery time, flexibility in the volumes produced, the
unpredictability of customer demands, the further “branching” and “fragmentation” of
the supply chains, and the value added [33,34]. According to Drayse [35], furniture manu-
facturers use information technology to manage their production process, logistics, and
supply. This helps to accelerate the process of globalization and hence participation in
GVCs, as it is believed that globalization is being driven by digitization [36]. Jagjit and
Lorentz [37] argue that connectivity as a basic form of digitization can be measured by the
use of computers and Internet access.

Popova and Georgieva [28] state that a relatively low percentage of Bulgarian furniture
companies have web pages even though more than 90% of the companies use computers
and the Internet. Predominately Bulgarian furniture companies use the Internet for online
interaction with government institutions, suppliers, and customers. ICT and digitization are
not seen as factors for achieving competitiveness by furniture manufacturers [38]. However,
the stated research does not focus on furniture companies’ innovation potential (in terms
of different kinds of innovations) and states of digitization as factors for participation
in the global value chains, and inversely, processes of optimization, automation, and
robotization of production and searches for new raw materials, new energy sources, and
energy efficiency improvement have started. Hence, companies will pay more attention to
innovation and human capital.

Based on the previously cited literature, three hypotheses were developed as follows:

H1. The inclusion of furniture companies in Bulgaria in various information channels led to the
development of product and process innovations.

H2. Furniture companies introduced innovations because of agreement contracts with value chain
participants like companies and institutions.
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H3. The need forprocess and product innovations motivates furniture companies to collaborate with
local value chain participants like companies from the mechatronics and IT sectors for the mutual
development of processes and products.

3. Materials and Methods
3.1. Sampling and Data Collection

For the purposes of the study, 3980 Bulgarian companies with NCEA-2008 code
31—furniture manufacturing were identified. Available data from the Bulgarian registry
agency were used. Three hundred and thirty of all 3980 furniture manufacturers were
selected as a target group. The number of companies included in the target group was
further reduced to 85 firms due to missing information on some variables. The target
group consisted of representatives of the management of only furniture manufacturers
that had implemented innovation during the past 12 months before the survey. A pilot
questionnaire was conducted at the beginning of the survey. The data for the present study
were collected using a large-scale questionnaire distributed on the spot during the months
of March and April 2022.

Based on Boer and During [39], the suggested division of innovation was divided
further into product innovation–related to the introduction of new or enhancement of
existing products–and process innovation–related to the introduction of new or improving
existing activity in the manufacturing process.

Questions were grouped into six sections. Section 1 examined the types of innovations
that companies implemented in the last 12 months until April 2022. Sections 2 and 3
explored the collaborations that companies entered with firms from the IT sector. Section
4 explained the common venture with Bulgarian firms from the sector “mechatronics”.
Section 5 revealed the information sources that questioned companies used to endorse the
innovations. Section 6 included questions about the different types of collaborations the
companies got into to support the innovation processes. The total number of questions in
the questionnaire was 41.

3.2. Data Analysis

For the current study, logistic regression was used to reveal the real contribution of
collaborations and the information sources on the ability of companies to innovate. It
also analyzed the role of participation in GVC of the target group companies over their
innovation activities. Logistic regression is commonly used to analyze innovations in
business companies. This methodology was quite appropriate for the current research
regarding the categorical data available. Nor et al. [40] used logistic regression to assess the
profanities for innovation creation and implementation according to the type of business
and various barriers to resource availability. Gerstlberger et al. [41] through logistic regres-
sion assessed the role of innovations and efficiency in improving energy efficiency. Świadek
and Gorączkowska [42] examined with a logistic regression model the institutional support
given to innovation cooperation in the industry. Collaborations that were examined in
the current research also included the cooperation of different types, which corresponded
to the topical research of these two Polish authors. Collaborations are vital for product
innovations according to Odei and Stejskal [43], who again implemented logistic regression
to derive empirically based results.

The idea behind the logistic regression model is to calculate the natural logarithm of
the odd ratio [44]. The main value of interest could be the probability P of the event Y to
have value of Y = 1. The odd ratio, Odd = P/(1 − P), is chance for an event to happen, which
means chance for the value of the dependent binomial variable to be P{Y = 1} i.e., chance
for an innovation to be introduced or collaboration to be built; otherwise, it is the opposite
probability (1 − P){Y = 0}, and there is no innovation or certain type of collaboration. It
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measures the effect of explanatory or predictor variables on the outcome or dependent
variable [45]. The classical logistic regression model is as follows [44]:

ln{P/(1 − P)} = b0 + b1x (1)

where the ln{P/(1 − P} is the natural, b0 is the intercept, and b1 is the regression coefficient
of the variable x. If the model includes numerous variables, each one has its own coefficient
denoted by bi, where i is the number of the variable.

The probability of certain events happening is calculated as follows:

P = eb0+b1x/(1 + eb0+b1x) (2)

The odds for the appearance of innovation in a certain type and for the collaborative
development of processes and new products are calculated as follows:

Odd = ebi (3)

where the bi is the coefficient of the explanatory variable.
The increase of the odds as a result of the explanatory variable positive value of 1:

∆ = |1 − odd| (4)

Dependent variables include the companies, which have implemented innovations
under hypotheses H1 and H2 and are presented in Table 1. The models developed for
the purpose of the current research are the logistic regression–logit models (see [42]) with
binary outcomes and binary explanatory variables [14,16] in the context of the survey and
the questionnaire sections. The events of interest are variables presented in Tables 2 and 3.
If the variable appears as an event, it has a value of one (Y = 1), or otherwise zero (Y = 0).

Table 1. Dependent variables of the logistic regression for H1 and for H2 and independent for H3
(n = 85).

Variable Abbreviation Description Questionnaire Part

NPRD New product development
Introduced
Innovation

INSIDE New processes developed inside the company
INCOLLAB New processes developed in collaboration

Table 2. Explanatory variables for testing the hypotheses H1 and H2 (n = 85).

Variable Abbreviation Description Questionnaire Part

CGROUP Companies from the corporate group

Information Sources and
general agreements

CUST Customers
VEND Vendors of raw materials and services
COMP Competitors
CONS Consultants
PRESC Private research institutes

UNI Universities
ASECT Associations, trade, or sectoral
SINST Stated owned institutions

EUINST Institutions of the EU
TRDSHW Trade shows
PRNTD Printed materials

INT Internet
EMEDIA Electronic media

OTHER Other companies from the furniture sector

General agreementsGLOBE Global companies
PINST Private institutions

FINANC Financial companies
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Table 3. The dependent variables for testing the H3 hypothesis (n = 85).

Variable
Abbreviation Description Questionnaire Part

MAUTO Collaboration with companies from mechatronics
sector in production automation Collaboration with

companies from
mechatronics sectorMLOG Collaboration with companies from mechatronics

sector in logistics

MNEWPROD Collaboration with companies from mechatronics
sector in development of new products

ITSALES Collaborating with IT companies in the sales Collaboration with IT
companiesITRECRUIT Collaborating with IT companies in the

recruitment of personnel
ITACCOUNT Collaborating with IT companies in the accounting

The variables in Table 1 are dependent on investigating the relationships between
sources of information and the introduced innovations. When the collaborations for
mutual innovation development are examined, the variables in the table are explanatory.
Independent variables for H1 and H2 are included in Table 2.

For the testing purposes of hypothesis H3, the dependent variables are presented in
Table 3.

Table 3’s variables reveal the decisions of companies when creating innovations. They
interact and develop joint solutions with companies from the IT or mechatronics sectors. In
the case of general agreements, collaboration with these companies could be a result of the
intentional behavior of the furniture companies to create innovation together with others.

The model for the H1 hypothesis, which investigates the role of the information
sources in innovation development, is derived by including the dependent variables from
Table 1 and explanatory variables from “Information Sources and general agreements” part
of the questionnaire from Table 2. The model is as follows:

ln{P/(1−P)} = b0 + b1CGROUP + b2CUST + b3VEND + b4COMP + b5CONS + b6PRESC + b7UNI +
b8ASECT + b9SINST + b10EUINST + b11TRDSHW + b12PRNTD + b13INT + b14EMEDIA,

(5)

where 1/(1 − P) is the odds, P is the probability of appearance of the dependent variables
NPRD, INSIDE, or INCOLLAB, and bi are the regression coefficients.

Model (5) investigated the probability of the companies introducing innovations
(NPRD = 1, INSIDE = 1, or INCOLLAB = 1) as result of the influence of explanatory variables
related to the “Information Sources and general agreements” part of the questionnaire.

For the H2 hypothesis, which tested the role of general agreements in innovation
development, we developed a second model (6). The model included dependent variables
from Table 1 and explanatory variables from “General agreements” part of the questionnaire
from Table 2. The model is as follows:

ln{P/(1 − P)} = b0 + b1CGROUP + b2CUST + b3VEND + b4COMP + b5CONS + b6PRESCUNI +
b7SINST + b8PINST + b9OTHER + b10GLOBE + b11FINANC,

(6)

where 1/(1 − P) is the odds, P is the probability of appearance of NPRD, INSIDE, or
INCOLLAB, and bi are the regression coefficients.

Model (6) investigated the probability of the companies introducing innovations
(NPRD = 1, INSIDE = 1, or INCOLLAB = 1) as result of the influence of explanatory
variables related to the “General agreements” part of the questionnaire.

For hypothesis H3, model (1) was transformed with the dependent variables from
Table 3, and herein, different from the previous models, the explanatory variables are the
dependent ones from Table 1. The model is as follows:

ln{P/(1 − P)} = b0 + b1NPRD + b2INSIDE + b3INCOLLAB (7)
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where 1/(1 − P) is the odds, P is the probability of the appearance of MAUTO, MLOG,
MNEWPROD, ITSALES, ITRECRUIT, or ITACCOUNT, and bi are the regression coefficients.

Model (7) investigated the probability of the investigated enterprises collaborating
with mechatronics or IT companies in different fields of the enterprise’s activities. The prob-
ability P is for dependent variables (MAUTO = 1, MLOG = 1 MNEWROD = 1, ITSALES = 1,
ITRECRUIT = 1, or ITACCOUNT = 1). These variables are considered a result of the
influence of explanatory variables (NPRD, INSIDE, and INCOLLAB) related to the “Col-
laboration with companies from mechatronics sector” part of the questionnaire and the
“Collaboration with IT companies” part of the questionnaire.

For all calculations, the product IBM SPSS version 23 was used.

4. Results and Discussion

For this research, the respondents in the innovation survey were 85 furniture-producing
companies. Many of them have made at least one type of innovation. The number of com-
panies that have introduced product innovation is 80 (94.1%). As for process innovations, 53
(62.4%) of the companies have developed new and improved production methods and tech-
nologies. Out of those, 41 (77.4%) have implemented new process practices with their own
resources, and the rest, 12 (22.6%), created process innovations together with IT companies
or companies from the mechatronics sector. The percentage of product innovations in the
total number of positively answered companies is 94.1%; for process innovations developed
inside each company, the share is 62.4%, and the share of the innovations developed with
collaboration is 22.6%. The results for model (5), or the information influence model, are
presented in Table 4.

Table 4. Results for model (5)–regression coefficients (n = 85).

NPRD INSIDE INCOLLAB

GROUP −1.35 2.63 −0.61
CUST −0.02 1.24 −0.016
VEND −1.49 0.51 1.31
COMP 0.52 −1.17 −0.26
CONS 19.73 1.85 −1.85
PRESC −1.28 2.21 1.18

UNI 1.82 4.60 0.15
ASECT 18.04 −1.97 * −2.32
SINST 20.56 27.14 −23.64

EUINST 16.72 3.54 −0.48
TRDSHW 0.55 1.72 −0.18
PRNTD 19.17 0.73 0.45

INT −0.44 −1.82 0.73
EMEDIA 0.06 −2.66 0.97

* Significant at 0.05 level.

The hypothesis H1 was partly proved. Table 4 reveals that the only significant source
of information is sectoral association. The influence of such an association is negative on the
development process of innovations inside the companies. The coefficient of −1.97 means
that there was an 86% reduction of innovations created inside the furniture companies,
without any external help. None of the other information sources have contributed to the
creation and the introduction of innovations. The general agreements model (6)’s logistic
regression coefficients are presented in Table 5.
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Table 5. Regression coefficients of model (6) for general agreements (n = 85).

NPRD INSIDE INCOLLAB

CGROUP 16.92 1.23 2.59
CUST −2.28 1.67 −0.32
VEND 19.27 −0.25 2.06 *
COMP 17.82 −21.09 24.01
OTHER −0.51 −1.98 −1.64
CONS −2.76 * 0.37 2.97 *

GLOBE −14.23 40.61 −47.12
SINST −0.81 −61.62 67.48
PINST 2.76 −0.37 −2.97

FINANC −1.45 21.56 −20.46
* Significant at 0.05 level.

The hypothesis H2 can be considered proven according to certain significant variables.
The results for the coefficients show that for new products (NPRD), consultants (CONS)
have a significant influence but with a negative sign (b5 = −2.76). Transforming this number
into odds means that the usage of consultants leads to a 93% reduction of the possibility of
introducing product innovations. Comparing this result with the influence of consultants
on the creating process of innovation in collaboration (INCOLLAB), it appears that they
increase (b5 = 2.97) the odds, or in other words, the possibility of that by more than 18 times.
Vendors (VEND) are also very important. They increase the odds of the introduction of
process innovations by more than six times. Regression coefficients for model (3) that tested
the collaboration between furniture companies and IT firms for innovation development
are presented in Table 6.

Table 6. Regression coefficients of model (7) for the collaboration between furniture-producing
companies and IT firms (n = 85).

ITSALES ITRECRUIT ITACCOUNT

NPRD 17.96 17.42 1.03
INSIDE 0.21 −0.62 −0.05

INCOLLAB 0.80 0.09 −0.14

The results in the table reveal that none of the coefficients is significant. The hypothesis
H3 was not proven for IT companies i.e., the furniture enterprises do not collaborate
with them in innovation development and do not enter into any collaborations related to
product or process innovations. The results for the collaborations with mechatronics sector
companies are different and are shown in Table 7.

Table 7. Regression coefficients of model (7) for the collaboration between furniture-producing
companies and firms from mechatronics sector (n = 85).

MAUTO MLOG MNEWPROD

NPRD 21.00 −0.79 19.92
INSIDE −0.27 −0.50 1.232

INCOLLAB 2.49 * 0.29 2.99 *
* Significant at 0.05 level.

Regarding these results, the H3 was proven regarding mechatronics companies as col-
laborators. The results in Table 7 show only two statistically significant coefficients. These
are the new automated processes (dependent variable MAUTO) introduced in intentional
cooperation with companies (explanatory variable INCOLLAB) from the mechatronics
sector and the new commonly developed products (dependent variable MNEWPROD)
introduced as a result of process improvement in cooperation with mechatronics companies
(explanatory variable INCOLLAB). For the first variable, the results for model (7) presented

188



Sustainability 2023, 15, 13260

b3 = 2.49, which led to Odd = 12.13. That means ∆ = 11.13, so it is 11.13 times more likely
for furniture companies that want to introduce process innovation to collaborate with
mechatronic firms for automation than those that do not plan for process innovation to be
developed in collaboration. For the second coefficient from the model (7) b3 = 2.99, the Odd
ratio was 20. That means that furniture companies that want to introduce new products are
20 times more likely to collaborate with mechatronics companies regarding the common
development of a new product than those that do not plan for process innovation to be
developed in collaboration.

In terms of diversifying the supply chain and achieving strategic autonomy, the an-
alyzed companies from the furniture industry do not participate in complex chains that
would make them dependent on market shock and changes. The implemented innova-
tions are primarily market-driven and seek ways to optimize the products. None of the
companies have outsourced their R&D activities outside the country; hence, the data can-
not confirm or reject the idea of Vivek et al. [14] claiming that doing so can benefit the
development of innovation and reduce production costs. The research data are indicative
that the selected companies have a low level of cooperation with companies from other
essential sectors such as IT or mechatronics, or with NGOs and other research organizations.
Because of that, we cannot confirm the statements of other scholars [24,26] claiming that
partnerships and collaborative relationships with other companies can increase furniture
manufacturers’ competitiveness. The results in Table 7 revealed that furniture companies
rely on firms in the mechatronics sector for automation development. The problem of
ensuring that there are enough labor forces pushed the manufacturers to find alternatives.
It is interesting to see from the results that the surveyed companies view the innovations as
a product of collaboration with mechatronics and associate them with new, exact manufac-
tured products. Manufacturers perceive partnerships with companies from mechatronics as
an important source of process and product development. Furniture companies are looking
for easily implementable solutions, but in the future, IT companies will be the sources to
provide services that keep these solutions up to date. We can accept this process of devel-
oping a culture of innovation in the early stages of the Bulgarian furniture sector. The next
possible reason why the results in Table 6 are insignificant is the furniture manufacturers’
understanding of the role of IT companies. They perceive these companies as supporters
of everyday activities. This contributes to the results of Radziwon and Bogers [46], who
found that the understanding of innovation and knowledge-based collaboration can differ
widely. Still, the current findings show that there is a low share of innovations developed
with collaboration, which confirms the statement by Biolcheva [32], which claimed that
the lack of cooperation is a restriction to innovation development. Despite the limited
scope of the general agreements (Table 5), as sources of innovations, they appear to have
some positive relationships with the intensity of innovations in furniture manufacturing.
Manufacturers use the agreements to improve their processes. This is an interesting result
when compared to the results for agreements with mechatronics and IT companies. General
agreement with consulting companies is negatively related to product innovations. This
result is in line with the research of Benčiková et al. [47], which proved that t inclusion in a
global corporate environment will increase cultural intelligence as well as internal processes
like controlling [48,49] investigated enterprises. Manufacturers introduce new processes
because of knowledge transfers from consultants and vendors. The results (Table 5) show
that manufacturers are cornered on the supply channels. They take into account the con-
sultations along with vendors’ recommendations. In this way, the companies improve the
operations inside manufacturing on account of developing new products after collaborat-
ing with consultants. Comparing the results in Table 5 and those in Table 7, it is obvious
that manufacturers develop new products based on process automation. The Internet
and electronic media do not contribute to the creation of innovations, which confirms
Georgieva’s [38] idea that ICT and digitalization [42] are not seen as factors for achieving
competitiveness by furniture manufacturers. However, it is not in line with the findings of
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Pirc Barčić et al. [50], who stated that that furniture industry companies can benefit from
using the Internet in their production process innovation and human resource innovation.

Manufacturers in the Bulgarian furniture industry do not elaborate on innovation
solutions themselves. The results in Table 4 contribute to those in other tables. They prove
the desire for easiness in implementing innovations. The negative impact of the information
coming from sectoral associations can be explained by the role of these associations as
mediators between manufacturers and companies for consulting vendors and mechatronics.

However, this study has some limitations that need to be addressed. The main
limitation of the study is the fact that no reliable statistical data for the innovation potential
of furniture enterprises from the Bulgarian National Statistical Institute could be used for
validation or comparison purposes, as the collected and generated data from the institute
cover the whole agriculture, forestry, and fishing sectors. A further limitation is the low
response rate of the companies, as generally, the Bulgarian forestry sector, including the
furniture industry, is considered a closed one and not externally oriented. Still, the current
research is a keystone for future analyses of GVCs’ impact on the innovation potential of
Bulgarian regional competitiveness. Furthermore, the current study does not focus on the
vision of the companies regarding the benefits and possibilities of participation in a GVC.
This gives the idea that the majority of the surveyed companies refer to the global value
chains as supplier chains, not as a method of conducting technology transfer, diffusing
production activities, engaging in R&D collaboration, and sharing new knowledge and
ideas outside the country of the entity’s origin.

5. Conclusions

Innovation goes beyond technology and requires collaboration from many areas to
achieve success. Still, innovations can offer key advantages to companies, which can lead
to a reduction in prices along the chain. GVCs are a channel for the dissemination of
technological knowledge, entrepreneurial culture, and innovation capacity.

• The aim of this study was to analyze the collaborations of innovative Bulgarian furni-
ture manufacturers with external stakeholders and the use of information channels as
factors for the development and implementation of innovation and participation in
global value chains over their innovation activities.

• The results of the research showed that 94.1% of the researched companies have
introduced product innovation, and 62.4% of companies have introduced process
innovation, which means that they have developed new and improved production
methods and technologies. Out of the companies that have introduced process in-
novation, 77% have implemented new process practices with their own resources,
while 22.6% created process innovations together with IT companies or those from the
mechatronics sector.

• An important source of information was sectoral association, which was found to be
negative regarding the development the process innovations inside the companies.
Regarding the inclusion of furniture companies in Bulgaria, various information
channels led to the development of product and process innovations. In terms of
respondents introducing innovation because of agreement contracts with value chain
participants like companies and institutions, the results showed the influence of
consultants on creating process innovation in collaboration. On the other hand, this
was not found to be the case when introducing the new products into the company.

• The results showed that furniture manufacturing companies that want to introduce
process innovation collaborate with mechatronics firms for automation 11.13 times
more than those that do not plan process innovation to be developed in collaboration.
However, furniture manufacturing companies that want to introduce new products
are 20 times more likely to collaborate with mechatronics companies regarding the
common development of a new product than those that do not plan for process
innovation to be developed in collaboration. In terms of diversifying the supply
chain and achieving strategic autonomy, the analyzed companies from the furniture
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industry do not participate in complex chains that would make them dependent on
market shock and changes. On the other hand, the results indicated that the companies
from the furniture manufacturing sector do not enter into any collaborations with IT
companies that are related to product or process innovations.

• The findings of this study contribute to new insights into the literature on participation
in GVCs as a factor for collaboration with different stakeholders and hence for product
and process innovation development within the furniture industry. Even though the
topic cannot be considered new, the Bulgarian case shows that innovative furniture
companies do not participate in GVCs and have a low level of cooperation with NGOs,
academia, and other essential sectors such as IT and mechatronics. Therefore, they are
less dependent on chain shocks. Such data are essential primarily for policymakers,
academia, and the EU, as EU policies, regulations, and program frameworks rarely
consider national and regional specifics, leading to ineffective and non-sustainable
outcomes. According to these results, (the H3 hypothesis failed), national policies are
crucial to enforcing collaboration with IT companies for two reasons: the improve-
ment of the information role in innovations and the improvement of the optimality
of administrative activities. The policies of the Bulgarian Ministry of Economy and
Industry (MEI) are mainly focused on supporting manufacturing processes but not
much on the business model creation. In this way, furniture manufacturing enter-
prises have limited capabilities for cost optimality and competitiveness. The MEI
should focus its SMEs Guidance Policy on improving the awareness of the furniture
manufacturing enterprises about the benefits they can get from the IT companies in
process innovations.

• In Bulgaria, the furniture manufacturing sector is considered not so innovative. Still,
because of the phenomenon of hidden innovations, we cannot confirm this statement.
Companies prefer to hide their innovations for further protection, which might be
the reason for the lack of cooperation between furniture manufacturing companies
and academia, NGOs, and other relevant institutions. In this respect, further analysis
related to the motives of Bulgarian furniture companies to participate in global value
chains is needed, and the lack of cooperation must be further studied. The Bulgar-
ian Ministry of Economy and Industry does not consider the Sectoral associations
appropriately. The results from this analysis revealed that only these associations are
involved with information sources for innovations. The National Strategy for Small
and Medium-sized Enterprises (2014–2020) [51] failed to define the role of sectoral
associations in the innovativeness of the enterprises. This is the reason for the en-
terprises only using them regarding innovations. At the same time, the Bulgarian
Branch Chamber of Woodworking and Furniture Industry [52] alone is not capable of
orienting entrepreneurs in the external environment. The policies related to furniture
manufacturing need to be better implemented by improving the Bulgarian Ministry of
Innovation platforms [53].

• The findings of this study indicate several specific policy recommendations to enhance
innovation within Bulgaria’s furniture sector. Firstly, promoting collaboration among
innovative companies, academic institutions, and the IT and mechatronics sectors
through incentives and support programs can facilitate knowledge exchange and tech-
nological progress. Secondly, encouraging transparency in innovation by developing
frameworks that encourage companies to disclose innovations for intellectual property
protection can enhance collaboration with academia and stakeholders. Thirdly, creat-
ing incentives to participate in global value chains can provide companies access to
foreign markets, technological knowledge, and innovation opportunities. Additionally,
initiatives promoting knowledge exchange among companies, industry associations,
academia, and the IT and mechatronics sectors can drive interaction and cooperation.
Adapting existing industrial policies to the furniture sector’s needs and sharing expe-
riences through workshops and platforms can further boost collaboration, innovation,
and integration into global value chains. Moreover, refreshing research and develop-
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ment incentive programs can offer financial support for innovative projects within
the furniture sector. Collectively, these policy measures can strengthen collaboration,
innovation, and competitiveness in Bulgaria’s furniture industry, using research results
as guidance for future strategies.

We hope that furniture sectors in other EU member countries may also benefit from
aligning overall activities regarding global and local value chains as important segments
in supporting the furniture manufacturing companies in their innovation activities and
will encourage considerable government support for the furniture sector companies and
forest-based sector in Bulgaria and in other EU countries. Additionally, according to
the New European Innovation Agenda [54], a key European Union (EU) priority is to
generate regional innovation, innovation performance, and innovativeness. However, in
some EU regions, the design and development of innovation measures is still a relatively
novel concept. It is necessary to strengthen the work between universities and furniture
enterprises. Collaboration between science and business for the period of research was left
to the initiative of universities and industry associations, which has not led to good results,
as the analysis in the present study revealed. Now, the state for the first time supports
the enterprises through an integrated policy. The “Research, Innovation, and Digitization
for Smart Transformation” national program, which was recently approved by the EU
Commission, is a great opportunity for Bulgarian authorities to help furniture companies
develop and implement innovations. The program will be able to achieve a significant
effect on furniture enterprises if its measures are addressed regarding the issues revealed
by the analysis in the current research.
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University of Zagreb, Faculty of Forestry and Wood Technology Fund for scientific and professional
work for the financial support.

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
All the data was collected face to face and all respondents were informed about their GDPR rights.

Data Availability Statement: The data presented in this article are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. OECD. Global Value Chains: Efficiency and Risks in the Context of COVID-19. 2021. Available online: https://www.oecd.

org/coronavirus/policy-responses/global-value-chains-efficiency-and-risks-in-the-context-of-covid-19-67c75fdc/ (accessed on
17 February 2023).

2. Barcic, A.P.; Motik, D. Innovation and innovativeness in medium-low tech/low-tech industries—Wood industry. Drv. Ind. 2013,
64, 247–256. [CrossRef]

3. Rakovska, M. Teoretichni Aspekti na Upravlenieto na Verigata na Dostavkite; Nauchni Trudove na UNSS tom 2; Universitetsko
izdatelstvo Stopanstvo: Sofia, Bulgaria, 2009; pp. 247–290.

192



Sustainability 2023, 15, 13260

4. World Bank. World Development Report: Trading for Development in the Age of Global Value Chains; World Bank: Washington, DC,
USA, 2020.

5. Kim, K.; Park, J.H.; Prescott, J.E. The global integration of business functions: A study of multinational businesses in integrated
global industries. J. Int. Bus. Stud. 2003, 34, 327–344. [CrossRef]

6. European Innovation Scoreboard. 2023. Available online: https://research-and-innovation.ec.europa.eu/statistics/performance-
indicators/european-innovation-scoreboard_en (accessed on 11 August 2023).

7. Regional Innovation Scoreboard. 2023. Available online: https://european-union.europa.eu/index_en (accessed on
11 August 2023).

8. Hansen, E.; Kangas, J.; Hujala, T. Synthesis towards future-fittest for mature forest sector multinationals. Can. J. For. Res. 2021, 51,
871–878. [CrossRef]

9. Weiss, G.; Pettenella, D.; Ollonqvist, P.; Slee, B. Innovation in Forestry: Territorial and Value Chain Relationships; CAB International.
MPG Books Group: Bodmin, UK, 2011.

10. Pirc, A.; Vlosky, R. Comparison of Innovation in the Furniture Manufacturing Industries of Croatia and the United States. In
Proceedings of the International Conference WoodEMA–Present Conditions, Opportunities and New Challenges, Vyhne, Slovakia,
6–8 October 2010; pp. 149–156.

11. Hart, J. Globalization and Digitalization. Academia.edu. 2010. Available online: https://www.academia.edu/1359654/
Globalization_and_Digitalization (accessed on 12 August 2023).

12. Ambosa, B.; Brandl, K.; Perri, A.; Scalera, V.; Assche, A.V. The nature of innovation in global value chains. J. World Bus. 2021,
56, 101221. [CrossRef]

13. Fagerberg, J.; Lundvall, B.Å.; Srholec, M. Global value chains, national innovation systems and economic development. Eur. J.
Dev. Res. 2018, 30, 533–556. [CrossRef]

14. Vivek, S.D.; Richey, R.; Dalela, V. A longitudinal examination of partnership governance in offshoring: A moving target. J. World
Bus. 2009, 44, 16–30. [CrossRef]

15. Levin, D.; Barnard, H. Connections to distant knowledge: Interpersonal ties between more-and less-developed countries. J. Int.
Bus. Stud. 2013, 44, 676–698. [CrossRef]

16. Tzabbar, D.; Vestal, A. Bridging the social chasm in geographically distributed R&D teams: The moderating effects of relational
strength and status asymmetry on the novelty of team innovation. Organ. Sci. 2015, 26, 811–829. [CrossRef]

17. Centre for European Policy Studies (CEPS). The EU Furniture Market Situation and a Possible Furniture Products Initiative. Final
Report for European Commission, Brussels, Belgium, 1-306. 2014. Available online: https://www.ceps.eu/system/files/Final%
20report_en.pdf (accessed on 13 August 2023).

18. Chiu, Y.C. Balancing exploration and exploitation in supply chain portfolios. Engineering management. IEEE Trans. Eng. Manag.
2014, 61, 18–27. [CrossRef]

19. Hastig, G.M.; Sodhi, M.S. Blockchain for supply chain traceability: Business requirements and critical success factors. Prod. Oper.
Manag. 2020, 29, 935–954. [CrossRef]

20. Humphrey, J.; Schmitz, H. How does insertion in global value chains affect upgrading in industrial clusters? Reg. Stud. 2002, 36,
1017–1027. [CrossRef]

21. Pisano, G.; Shih, W. Does America really need manufacturing? Harv. Bus. Rev. 2012, 90, 94–102.
22. Narula, R. Exploring the paradox of competence-creating subsidiaries: Balancing bandwidth and dispersion in MNEs. Long

Range Planning. 2014, 47, 4–15. [CrossRef]
23. Gereffi, G.; Humphrey, J.; Kaplinsky, R.; Sturgeon, T.J. Introduction: Globalisation, value chains and development. IDS Bull.

Transform. Dev. Knowl. 2001, 32, 1–8. [CrossRef]
24. Chambost, V.; McNutt, J.; Stuart, P. 2009. Partnerships for successful enterprise transformation of forest industry companies

implementing the forest biorefinery. Pulp Pap. Can. 2009, 110, 19–24.
25. Edgington, D. British Columbia’s coastal forests, hemlock timber and the Japanese housing market. Can. J. Reg. Sci. 2004, 26,

415–446.
26. DeLong, D.; Kozak, R.; Cohen, D. Overview of the Canadian value-added wood products sector and the competitive factors that

contribute to its success. Can. J. For. Res. 2007, 37, 2211–2226. [CrossRef]
27. Piltan, M.; Sowlati, P. A review of partnership studies in the forest products value chain: With a focus on developed countries

(United States, Canada, and Western Europe). For. Prod. J. 2014, 64, 4–10. [CrossRef]
28. Popova, R.; Georgieva, V.D. Digitization in forest industry in Bulgaria—State and perspectives, Digitalisation and circular

economy: Forestry and forestry-based industry implications. In Digitalisation and Circular Economy: Forestry and Forestry Based
Industry Implications, Proceedings of Scientific Papers; USB & WoodEMA: Sofia, Bulgaria, 2019; pp. 181–186.

29. Pinkard, E.A.; O’Grady, A.P. Innovation in the forest industry: Ready or not! Aust. For. 2016, 79, 153–156. [CrossRef]
30. Stefanov, N. The impact of the cap on the sustainability of forestry sector in Bulgaria. J. Bio-Based Mark. 2020, 2, 29–41.
31. Furniture Global Market Report. COVID-19 Impact and Recovery to 2030. 2021. Available online: https://finance.yahoo.

com/news/furniture-global-market-report-2021-114900217.html?guccounter=1&guce_referrer=aHR0cHM6Ly93d3cuZ2
9vZ2xlLmNvbS8&guce_referrer_sig=AQAAANzVkI4C_ogNIoB8oeEU0hItEc4iMcfIMfHcaQ9dXgLg_njojhsJsGWG97_7VL3
VcbhXNXMJO99Yj7gHljcc5kzuESWmT03ETgubGC-a3KoTfEnpdSmfmrZHlmu9sfsY2U4NN2DEnptrgC5K0HzbmfiSP91tSKY_
AuwsQuwAJLNp (accessed on 15 June 2023).

193



Sustainability 2023, 15, 13260

32. Biolcheva, P. Barriers before innovations in furniture companies. Trakia J. Sci. 2017, 15, 125–131. [CrossRef]
33. Andreev, O.; Peneva, G. Problems concerning operations system of the enterprise in the context of Industry 4.0. In Proceedings of

the International Scientific Conference E-Governance & ECommunications, Sofia, Bulgaria, 13–14 June 2019; pp. 165–170.
34. Andreev, O.; Peneva, G. A methodological approach to survey the opportunities for implementing Industry 4.0 in Bulgarian

Industrial Enterprises. Manag. Eng. 2018, 18, 739–745.
35. Drayse, M. Globalization and regional change in the U.S. furniture industry. Growth Chang. 2008, 39, 252–282. [CrossRef]
36. Yadong, L. New OLI advantages in digital globalization. Int. Bus. Rev. 2021, 30, 101797. [CrossRef]
37. Jagjit, S.; Lorentz, H. Developing design principles for the digitalisation of purchasing and supply management. J. Purch. Supply

Manag. 2019, 25, 78–98. [CrossRef]
38. Georgieva, D.V. Digitization of Bulgarian furniture manufacturers during the COVID-19. New Knowl. J. Sci. 2022, 11, 22–30.
39. Boer, H.; During, W.E. Innovation, what innovation? A comparison between product, process and organization innovation. Int. J.

Technol. Manag. 2001, 22, 83–107. [CrossRef]
40. Nor, N.G.M.; Bhuiyan, A.B.; Said, J.; Alam, S.S. Innovation barriers and risks for food processing SMEs in Malaysia: A logistic

regression analysis. Geografia 2016, 12, 167–178.
41. Gerstlberger, W.; Knudsen, M.; Stampe, I. Sustainable development strategies for product innovation and energy efficiency. Bus.

Strategy Environ. 2014, 23, 131–144. [CrossRef]
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