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Abstract

In this paper, we present a systematic bibliometric analysis of peer-reviewed literature across forestry, environmental
sciences, and information technologies in the Scopus database to find the main Augmented Reality applications and
challenges, in European Forestry and related Environmental Research. The analysis includes co-authorship network
analysis, keyword co-occurrence mapping, and thematic clustering using VOSviewer to identify collaboration patterns,
dominant research themes, and the conceptual structure of AR-related studies. The peak in scientific output occurs in
2025, reflecting the consolidation and maturation of Augmented Reality in European forestry and related
environmental research.

The observed growth in scientific output could be closely linked to technological advancements and developments in
sensor technologies, the increased availability of high-resolution spatial data, such as LiDAR, developments in
smartphone capabilities and portable devices, which have facilitated the integration of AR into forest management,
monitoring, inventory, and related environmental research.
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INTRODUCTION

In the last decades, Augmented Reality (AR) technology and systems, and Virtual Reality (VR) have been the subject of
great interest from several researchers and companies, due to the advances in computer and mobile technologies, and
computing (Cipresso et al., 2018), as well as AR-enabled tablets and smartphones such as Microsoft HoloLens 2, iPad,
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and iPhone (de Miguel-Diez, Purfiirst, 2025). In contrast to VR, which offers users a 3D virtual experience in complete
digital environments, AR systems provide a combined view of the real world and virtual imagery. In AR, the virtual 3D
objects are added to the real objects (Azuma et al., 2001; Cipresso et al., 2018; Dargan et al., 2023; De Miguel-Diez and
Purfiirst, 2025).

Specific to the hardware used in AR systems is that it can be handheld (displays and projectors), head-worn (retinal
displays, miniature displays, and projectors), or spatial (displays or projectors in the environment) (Carmigniani et al.,
2011). The main AR devices (displays, input devices, tracking, and computers) and interfaces (tangible AR interfaces,
collaborative AR interfaces, hybrid AR interfaces, and the emerging multimodal), which allow the interaction between
the user and the virtual content of AR applications (Carmigniani et al., 2011) offer possibilities for application in
different fields including in the forestry sector and related environmentall research. They were defined as follows:
capacity building on forestry, planning and inventory management, forest operations, logistic operations, machinery
maintenance and manufacturing, monitoring and conservation measures, forest infrastructure development, and natural
disaster management (De Miguel-Diez and Purfiirst, 2025).

In this context, the bibliometric analysis of scientific literature allows the outline of the trends in the development of
scientific literature, discussing the relationship between the AR technology and systems and forestry, to highlight the
leading research topics in the application of AR in the forest sector, as well as to identify the leading authors and
publications on the themes. Bibliometric analysis enables the identification and exploration of large numbers of
published articles, citations, authorship, and citation patterns, and their systematic analysis. In this context, bibliometric
analysis is a useful method for examining literature in a specific field (Van Eck and Waltman, 2010).

The paper aims to provide an overview of the scientific literature on AR in forestry and related environmental research.
In this study, applications refer to the practical implementation of AR technologies in forestry-related activities such as
forest monitoring, forest inventory, field-based decision support, and visualisation. Challenges include technological,
economic, and operational constraints in implementing AR systems, including device limitations, data integration
issues, and usability barriers. Opportunities refer to emerging research directions enabled by advances in spatial data
acquisition, sensor technologies, immersive visualisation, and mobile computing. It focuses on identifying i) the core
research themes in AR applications for European forestry and related environmental research, ii) the co-authorship
network by country, and iii) examining the temporal evolution of research themes by highlighting shifts in focus over
time.

METHODOLOGY

The methodological workflow in this study is shown in Figure 1.

)

Selection of software for the | “ |
bibliometric analysis - — Database selection Keywords selection
| VOSviewer | ‘ l

, Aligning the dataset with the ‘ ’
European focus (Geographical = Intermediate result == Search string defining
refinement) | I

Analysis of the scientific production and results (by annual scientific production, authors, affiliations,
titles, abstracts, keywords, and co-authorchip)

[ Bibliometric mapping with VOSviewer ]

Figure 1. Methodological workflow of this research

VosViewer (Visualizing scientific landscapes) was selected as a software for bibliometric analysis and scientific
bibliometric mapping. It is a freely available computer program that allows the graphical representation of networks of
publications on a selected research topic and co-authors. VosViewer provides both distance-based and graph-based
visualisations. In graph-based maps, the strength of connections is represented by lines, but a significant limitation is



that it can be challenging to identify clusters of elements. In distance-based maps, the proximity of individual elements
in the network reflects the strength of their connections; shorter distances indicate stronger relationships among the
elements depicted (Van Eck and Waltman, 2010).

In the next step, the scientific abstract and citation database Scopus was selected for its comprehensive coverage of
peer-reviewed literature across the environmental sciences, forestry, and information technologies. A structured search
query was applied to capture research on immersive technologies in forestry and related environmental contexts.

The following keywords were then selected: augmented reality, extended reality, mixed reality, virtual reality, forestry,
forest management, forest monitoring, forest inventory, forest planning, precision forestry, forest operations, smart
forest, forest ecosystem, forest resources, and silviculture. Mixed reality (MR) was chosen for its blending of AR and
VR, while extended reality (XR) was selected for its inclusion of diverse immersive technologies, e.g., AR, VR, and
digital twins.

The search string was defined as follows:

TITLE-ABS-KEY (("augmented reality” OR "extended reality” OR "mixed reality” OR "virtual reality") AND (forestry
OR "forest management" OR "forest monitoring” OR "forest inventory” OR "forest planning” OR "precision forestry"
OR "forest operations" OR "smart forest" OR "forest ecosystem” OR "forest resources" OR "silviculture")).

To align the dataset with the study's European focus, the initial results were refined using the Scopus
“Country/territory” filter. The analysis of the scientific production and results search query includes annual scientific
production, authors, affiliations, titles, abstracts, keywords, and co-authorship.

In the final step, the bioblimetric mapping was conducted.
RESULTS

The defined search string was applied to titles, abstracts, and keywords, yielding an initial dataset of 656 publications.

Publications affiliated with European countries were selected, resulting in a final dataset of 231 documents. This
refinement ensured that the analysis reflects research conducted within the European forestry and environmental
research landscape.

Annual scientific production on Augmented Reality in European Forestry

Figure 2 illustrates the annual scientific production related to AR in European forestry and related environmental
research over the period 1996-2026. The temporal distribution of publications was obtained using the Scopus “Analyse
search results” function after refining the dataset to European countries.

The results reveal an initial exploratory phase characterised by sporadic research output between 1996 and 2005. This
period is followed by a phase of gradual growth from 2006 to approximately 2014, indicating increasing academic
interest in immersive technologies within forestry and environmental contexts.

A pronounced and sustained increase in publication activity is observed from 2015 onwards, with a particularly
significant growth after 2018. The peak in scientific output occurs in 2025, with 30 publications, reflecting the
consolidation and evolution of AR and VR research in the European forest sector and related environmental research.
Data for 2026 represents a partial year and should therefore be interpreted with caution.

The observed growth in scientific output can be closely linked to technological advancements that have significantly
enhanced the feasibility and applicability of AR and VR in forestry and environmental research. Developments in
mobile computing, sensor technologies, and geospatial data acquisition have facilitated the integration of augmented
reality into forest management, monitoring, and inventory practices. These developments are also closely connected to
advances in cartography and GIS, particularly in spatial visualization, map-based AR interfaces, and the integration of
real-time geospatial data into immersive environments for field-based decision support, e.g. Singh et al. (2022) and
Cammerino et al. (2023).

The increasing availability of high-resolution spatial data, such as LIDAR and point clouds, alongside improvements in
smartphone capabilities and wearable devices, has further supported the transition from conceptual and experimental
studies toward operational and application-oriented research. This technological progress has enabled augmented reality
to evolve into a practical decision-support and visualization tool within precision forestry and environmental
management (Tatsumi et al., 2023; Bortz et al., 2024; Kushwaha et al., 2025; Siafali et al., 2025).



Overall, the temporal analysis confirms that augmented reality research in the European forest sector has shifted from
early exploration to a rapidly expanding, application-driven field, highlighting its growing relevance for addressing
contemporary challenges in sustainable forest and environmental management.
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Figure 2. Annual Scientific Production on AR in European Forestry and related environmental research

Following the temporal analysis, the refined European dataset was exported from Scopus in CSV format, including full
bibliographic information such as authors, affiliations, titles, abstracts, keywords, and citation data. The exported
dataset served as the basis for a detailed bibliometric analysis.

Bibliometric mapping and network visualisations were performed using VOSviewer, a widely used software tool for
constructing and visualising bibliometric networks. VOSviewer facilitates the analysis of relationships among
bibliographic elements, enabling the identification of research structures, thematic patterns, and collaboration dynamics
within a scientific field. This approach allows a systematic examination of research trends and interconnections in
augmented reality applications for European forestry and related environmental research.

Co-authorship network by country

The conducted co-authorship analysis by country examines international collaboration patterns in augmented reality
research in European forestry and environmental studies. Full counting was applied, and a minimum publication
threshold of five documents per country was set to ensure the robustness of the collaboration co-authorship. Out of the
48 countries identified in the dataset, 19 met the minimum publication threshold. Figure 3 presents the country-level co-
authorship network based on the European dataset. The network is structured into five distinct collaboration clusters,
revealing different patterns of international research cooperation in augmented reality applications for forestry and
related environmental research. The size of each node reflects the number of publications, while the links indicate co-
authorship relationships between countries, with link thickness representing the strength of collaboration.

Among the countries meeting the minimum publication threshold, Germany emerges as the most productive with 42
documents, followed by the United Kingdom (32), Italy (30), and France (26). These countries occupy central positions
within the network, highlighting their important role in facilitating cross-border research collaboration. Overall, the
presence of multiple collaboration clusters indicates a distributed yet interconnected research landscape across Europe,
suggesting that augmented reality research in forestry and environmental contexts is supported by diverse and well-
established international research partnerships.

Keyword co-occurrence analysis

The keyword co-occurrence analysis identifies the core research themes in augmented reality applications for European
forestry and environmental research. The analysis was based on all keywords (author keywords and index keywords),
applying the full counting method. To ensure the inclusion of the most relevant and representative terms, while reducing
noise and emphasising frequently occurring keywords that reflect the dominant research topics within the field, a
minimum occurrence threshold of seven was set. Out of a total of 2,817 keywords identified in the dataset, 44 met the
threshold and were included in the final co-occurrence network.
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Figure 4 presents the keyword co-occurrence network derived from the analysed dataset. The network is structured into
six distinct thematic clusters, each representing a group of keywords that frequently co-occur in literature and
collectively define coherent research themes.
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Among the most prominent keywords, “forestry” emerges as the most frequently occurring term with 181 occurrences,
followed closely by “virtual reality” with 180 occurrences. The keyword “augmented reality” appears 32 times,

381



indicating its central yet more specialised role within the broader context of immersive technologies applied to forestry
and related environmental research.

Notably, both “augmented reality” and “forestry” are located within the same thematic cluster (Cluster 4, yellow),
highlighting their strong conceptual association and frequent joint usage in the literature. This clustering indicates that
augmented reality is predominantly investigated in direct relation to forestry applications rather than as a standalone
technological concept. The distribution of keywords across multiple clusters suggests a diverse yet interconnected
research field, in which forestry-related concepts form the application-oriented core, while immersive technologies such
as virtual and augmented reality provide complementary technological frameworks.

Figure 5 presents an overlay visualisation of the keyword co-occurrence network, in which keywords are colored
according to their average publication year. The colour gradient ranges from darker tones, representing earlier research
topics, to lighter tones, indicating more recent and emerging themes. This type of visualisation enables the examination
of the temporal evolution of research themes by highlighting shifts in focus over time. In the overlay map, darker
colours (blue and purple) represent keywords associated with earlier research activity, predominantly from the period
around 2010, while lighter colours (green to yellow) indicate more recent themes emerging between 2020 and 2025.
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Figure 5. Overlay visualisation of keyword co-occurrence by average publication year

Keywords associated with earlier research activity (approximately between 2010 and 2015), shown in darker colours,
are primarily related to foundational technologies and methodological approaches, including “geographic information
systems (GIS)”, “simulation”, “robotics”, and “algorithms”. This phase reflects an initial focus on technological
feasibility, computational methods, and system development in the scientific production.

Keywords displayed in intermediate colour tones (scientific production between 2015 and 2020) indicate a transitional
research phase characterised by the integration of 3D immersive technologies (VR and AR) with forestry and related
environmental research. Representative terms include “forestry”, “virtual reality”, “forests”, “ecosystems”, “trees”,
“three-dimensional computer graphics”, and “immersive virtual reality”, highlighting a shift toward domain-specific
applications and enhanced visualisation techniques.

The most recent research trends highlighted by lighter colours emphasised application-oriented and data-intensive
approaches during the period 2020-2025. Prominent keywords in this phase include “augmented reality”, “LiDAR”,
“virtual environments”, and “point clouds”, reflecting the growing adoption of advanced sensing technologies and real-
time spatial data in forestry and environmental research.



Overall, the overlay visualisation reveals clear progression from technology-driven and exploratory studies toward
operational, data-rich, and application-focused research, underscoring the increasing evolution of immersive
technologies in European forestry and related environmental research.

CONCLUSIONS

The results of this study highlighted the potential of 3D immersive technologies, including AR, in the forest sector and
related environmental studies. Using bibliometric analysis and keyword-centered mapping, as well as a review of the
selected literature, the study gathered insights into the applications, challenges, and opportunities of AR in European
forestry and related environmental research.

The annual scientific production on AR/VR in forestry and environmental studies reveals an initial exploratory phase,
which is characterised by sporadic research output between 1996 and 2005. This period is followed by a phase of
gradual growth from 2006 to approximately 2014, indicating increasing academic interest in AR within forestry and
relatd environmental research. A considerable increase in publication activity is observed from 2015 onwards. The peak
in scientific output occurs in 2025, with 30 publications, reflecting the consolidation and maturation of AR in European
forestry and related environmental research. Data for 2026 represent a partial year and should therefore be interpreted
with caution. The observed growth in scientific output could be closely linked to technological advancements in sensor
technologies, the increased availability of high-resolution spatial data, such as LiDAR and point clouds, and
developments in portable devices and smartphones.

The conducted co-authorship analysis of the scientific production based on the minimum publication threshold used by
country demonstrates that Germany is the most productive with 42 scientific documents, followed by the United
Kingdom (32), Italy (30), and France (26).

The bibliometric analysis shows that in the field of 3D immersive technologies in European forestry and related
environmental research, the scientific production focuses only on a few of these technologies - VR and AR, or on their
application in a specific forest sector or subsectors. As the keyword analysis shows, virtual reality is the most common
term in publications related to the application of 3D immersive technologies in the European forest sector. In contrast
to VR (180 scientific documents related to applications in the European forest sector and environmental studies), the
keyword “augmented reality” occurs in 32 studies, indicating the central yet more specialised role of AR technology
and systems within the broader context of immersive technologies applied to forestry and environmental research and
its potential application capabilities.

The content analysis of the selected publications shows that many thematic areas can be identified in them. These are
the application of AR/VR and other technologies such as LiDAR in the European forest sector, e.g. forest management
and planning (forest inventory and assessment, monitoring and conservation measures), operational forestry activites
(timber marking, harvesting and silvicultural operations), harvester work in simulator environment and in forest, forest
biodiversity, wildfire detection and simulation, urban forest, forest reconstruction. Challenges in AR applications, as
indicated by the selected publications in this topic, coincide with the study by De Miguel-Diez and Purfiirst (2025).
They are the following: i) human (in nee od capacity building) across Europe, and ii) technical (high device costs,
device durability in varying weather conditions, battery life limitations, and sensitivity to lighting conditions).

Nevertheless, the tests and simulations conducted, the increasing use of LiDAR technologies, mobile scanners and
devices, as well as the development of AR-enabled mobile phones and glasses, provide an opportunity for expanding
the use of AR in forestry. From a cartographic and GIS perspective, AR technologies offer new possibilities for
interactive spatial visualisation and map-based interfaces that combine digital geospatial data with real-world
environments. Such developments can significantly enhance field-based operational work and research, decision
support, environmental monitoring, and communication of spatial information in forestry and related environmental
studies.

ACKNOWLEDGMENS

This work is supported by the Bulgarian Scientific Found, Ministry of Education and Science, procedure for granting
national co-financing to support Bulgarian scientists in the COST under Grant No. KIT-06-KOCT/22 from 16%
December 2024 in the frame of the project “Application of AR technology and systems in the forestry” and COST
Action CA23135.

REFERENCES

Azuma, R., Baillot, Y., Behringer, R., Feiner, S., Julier, S., and Maclntyre, B. 2001. Recent advances in augmented reality. IEEE
Comp. Graph. Appl. 21, 34-47. doi: 10.1109/38.963459.



Borz, S.A., Toaza, J.M.M., Proto, A.R. 2024. Accuracy of Two LiDAR-Based Augmented Reality Apps in Breast Height Diameter
Measurement. Ecological Information 81: 102550, 1-12. https://doi.org/10.1016/j.ecoinf.2024.102550.

Cammerino, A. R. B., Ingaramo, M., Piacquadio, L., & Monteleone, M. 2023. Assessing and Mapping Forest Functions through a
GIS-Based, Multi-Criteria Approach as a Participative Planning Tool: An Application Analysis. Forests, 14(5), 934.
https://doi.org/10.3390/f14050934.

Carmigniani, J., Furht, B., Anisetti, M., Ceravolo, P., Damiani, E., Ivkovic, M. 2011. Augmented reality technologies, systems and
applications. Multimed Tools Appl (2011) 51:341-377. DOI 10.1007/s11042-010-0660-6.

Cipresso P, Giglioli IAC, Raya MA and Riva G. 2018. The Past, Present, and Future of Virtual and Augmented Reality Research: A
Network and Cluster Analysis of the Literature. Front. Psychol. 9:2086. doi. 10.3389/fpsyg.2018.02086.

Dargan, S., Bansal, S., Kumar, M., Mittal, A., Kummar, K. 2023. Augmented reality: a comprehensice review. Arch. Comput.
Methods Eng. 30, 1057-1080, https://doi.org/10.1007/s11831-022-09831-7.

De Miguel-Diez, F., Purfiirst, T. 2025. Shaping the future of forestry in Germany: Stakeholder perspectives on optimizing forest
management through Augmented Reality.

Kushwabha, S. K. P., Rai, A., Hristova, H., Sagar, A., Mokros, M., Schweier, J. 2025. Development of the augmented reality app for
forestry application: ForestAR, Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci., XLVIII-G-2025, 831-838,
https://doi.org/10.5194/isprs-archives-XLVIII-G-2025-831-2025.

McKendry, J.E. 2000. Applications of GIS in Forestry : A Review.

Siafali, E., Polychronos, V., & Tsioras, P. A. 2025. Fusion of Airborne, SLAM-Based, and iPhone LiDAR for Accurate Forest Road
Mapping in Harvesting Areas. Land, 14(8), 1553. https://doi.org/10.3390/1and14081553.

Singh, S., Singh, J., Shah, B., Sehra, S. S., Ali, F. 2022. Augmented Reality and GPS-Based Resource Efficient Navigation System
for Outdoor Environments: Integrating Device Camera, Sensors, and Storage. Sustainability, 14(19), 12720.
https://doi.org/10.3390/su141912720

Tatsumi, S., Yamaguchi, K., Furuya, N. 2023. ForestScanner: A mobile application for measuring and mapping trees with LIDAR-
equipped iPhone and iPad. Methods in Ecology and Evolution 14, 1603—1609. https://doi.org/10.1111/2041-210X.13900.

Van Eck, N.J., Waltman, L. 2010. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics, vol.
84, no. 2, pp. 523-538, 2010, doi: https://doi.org/10.1007/s11192-009-0146-3.

BIOGRAPHY

Emilia Tcherkezova is an associate professor in the Department of Geography, National Institute of
Geophysics, Geodesy and Geography, Bulgarian Academy of Sciences. She received her MSc in
1988 in the field of geomorphology and cartography at the “St. Kl. Ohridski University Sofia, and
her doctoral degree in 2003 in the field of geomorphology and GIS at the Technical University of
Berlin, Germany. Her research interests are in remote sensing and GIS, geomorphology and
paleogeography, landscape development, natural hazards and risk, and Quaternary climatic and
environmental changes. Her main research activities are focused on remote sensing and GIS
applications in those and other fields. She is a member of the Bulgarian Cartographic Association,
the Association of Geomorphologists in Bulgaria, the Bulgarian Geographic Society, and German
working groups of “Natural Hazards and Risk” of the German Geographical Society (DGfG) and
“Geoarchaeology”.

Yulian Totev works as a data processing specialist in the Economic and Social Geography Division,
Department of Geography at the National Institute of Geophysics, Geodesy and Geography,
Bulgarian Academy of Sciences. He is currently a PhD student. His professional activities focus on
the processing and analysis of spatial data, working with data from monitoring activities and their
visualization in Geographic Information Systems (GIS), as well as the collection and processing of
statistical information in the field of tourism.

Kalin Markov is a PhD student at the Department of Geography, National Institute of Geophysics,
Geodesy and Geography, Bulgarian Academy of Sciences. He received his BSc in 2017 in the field
of computer science at the University of Edinburgh, School of Informatics, and his MSc in 2022 in
the field of geographic information systems (GIS) and cartography at the “St. Kl. Ohridski”
University of Sofia, Faculty of Geology and Geography. His main research interests and activities



https://doi.org/10.1016/j.ecoinf.2024.102550
https://doi.org/10.1007/s11831-022-09831-7
https://doi.org/10.3390/land14081553
https://doi.org/10.1111/2041-210X.13900

are focused on using GIS, remote sensing in natural sciences, and other closely related fields to map
the risks from avalanches in the major mountains of Bulgaria.

Assoc. Prof. Ph.D. Velimira Stoyanova works at the National Institute of Geophysics, Geodesy, and
Geography — Bulgarian Academy of Sciences, Department of Geography, section of Physical
Geography. She is a member of the Bulgarian Cartographic Association and the Bulgarian
Geographical Society. She received a Doctoral degree in Physical Geography and Landscape Studies
in 2015. The current research interests of Dr. Stoyanova are in Environmental Geochemistry,
Landscape Ecology, Hydrogeology, and Geographic Information Systems.

Assoc. Prof. Dr. Kristina Gartsiyanova works for the Hydrology and Water Management Research
Center of the National Institute of Geophysics, Geodesy and Geography at the Bulgarian Academy
of Sciences. Master's in Geography from Sofia University "St. Kliment Ohridski". Main scientific
interests: hydrology, hydrochemistry, water resources, river water quality, water conservation,
groundwater, water legislation, management, and use of water resources. She is the author of more
than 50 scientific publications in international and national journals and conference reports. Leader
and participant in international and national scientific and educational projects.



	10ICCGIS2026_37
	AUGMENTED REALITY IN EUROPEAN FORESTRY AND RELATED ENVIRONMENTAL RESEARCH: A REVIEW OF APPLICATIONS, CHALLENGES AND OPPORTUNITIES


