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Abstract: Forest ecosystems are increasingly exposed to multiple pressures driven by climate change, wildfires, soil degradation, habitat fragmentation, and 
anthropogenic disturbances. These stressors compromise natural regeneration capacity, structural stability, and the provision of ecosystem services, 
highlighting the need for modern, efficient, and sustainable approaches to vegetation restoration and enhancement. This review paper examines recent 
technological progress relevant to forest ecosystem restoration, emphasizing the integration of satellite remote sensing, unmanned aerial vehicle (UAV) 
platforms, LiDAR scanning, and advanced data analysis methods. The contributions of multispectral and hyperspectral imagery for assessing vegetation health, 
identifying degraded areas, and monitoring regeneration dynamics are discussed, together with the role of three–dimensional modeling in characterizing 
forest structural attributes. Furthermore, the paper synthesizes current applications of artificial intelligence (AI) and machine learning (ML) algorithms for 
vegetation classification, individual tree crown segmentation, and decision–support systems. Complementary attention is given to modern intervention 
technologies, including the mechanization of planting operations, optimization of reforestation logistics, controlled fertilization strategies, and emerging aerial 
seeding solutions. The importance of belowground biological processes, particularly soil microbial community dynamics, is highlighted as a critical factor 
influencing restoration success and long–term ecosystem resilience. In conclusion, the convergence of digital technologies, advanced sensing systems, and 
ecological principles is reshaping forest restoration practices, enabling precision monitoring, adaptive interventions, and improved resilience of forest 
ecosystems. 
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1. INTRODUCTION 
Forest ecosystems represent one of the most critical components of the terrestrial environment, 
playing an essential role in maintaining climate balance, conserving biodiversity, protecting soil 
resources, and regulating hydrological processes. Through their capacity to capture and store 
carbon, forests contribute significantly to climate change mitigation and to sustaining ecological 
stability at both regional and global scales [14,18,27]. 
Under current environmental conditions, forest ecosystems are subjected to increasing pressures 
driven by both climatic and anthropogenic factors. The intensification of extreme weather events, 
the rising frequency and severity of wildfires, land degradation, land–use changes, and human 
disturbances generate substantial alterations in forest structure and functioning [5,16,17]. These 
processes lead to reduced vegetation vitality, shifts in species composition, and a decline in 
natural regeneration capacity [1,4,15]. 
Forest ecosystem restoration and vegetation growth enhancement have therefore become 
strategic objectives within sustainable forest management. Conventional approaches, primarily 
based on natural regeneration and assisted reforestation, remain fundamental; however, their 
effectiveness may be constrained under conditions of heightened climatic variability and the 
increasing complexity of contemporary ecological processes [10,23]. Insufficient monitoring of 
vegetation dynamics, delayed detection of restoration failures, and difficulties in quantifying key 
biophysical parameters highlight the necessity of integrating advanced technological solutions 
[2,11,29]. The rapid progress of remote sensing, autonomous systems, and digital technologies has 
fostered the emergence of a new conceptual framework commonly referred to as precision 
forestry. This paradigm integrates unmanned aerial vehicle (UAV) platforms, multispectral and 
hyperspectral sensors, LiDAR technologies, geographic information systems (GIS), and artificial 
intelligence (AI) algorithms, enabling the acquisition, processing, and interpretation of high–
resolution spatial and temporal data [3,6,11,22]. 
The application of UAV systems in forest monitoring provides substantial operational advantages, 
including flexibility in data acquisition, superior spatial resolution, and the capability for rapid 
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assessment of disturbed areas [28,30]. Multispectral and hyperspectral imagery supports 
vegetation vigor assessment and early detection of abiotic or biotic stress, while LiDAR 
technologies contribute to the three–dimensional characterization of forest structural attributes 
[6,37]. Complementarily, machine learning techniques facilitate vegetation classification, tree 
crown segmentation, and modeling of ecosystem dynamics [22,32,36]. 
Alongside digital developments, engineering progress directly influences the operational stages of 
forest restoration. Advances in mechanized planting equipment and the optimization of 
reforestation logistics enhance both efficiency and uniformity of silvicultural interventions [31]. 
Emerging UAV–based aerial seeding solutions offer promising alternatives for restoring extensive 
or difficult–to–access areas [38–40]. 
Recent studies also emphasize the decisive role of edaphic processes and soil microbiology in the 
success of forest vegetation restoration. The structure and dynamics of soil microbial communities 
influence nutrient cycling, root system development, and ecosystem resilience following 
disturbances [1,4,15]. 
In this context, modern forest restoration requires an integrated approach in which digital 
technologies, engineering systems, and ecological principles are coherently aligned to ensure 
sustainable vegetation recovery. This review paper aims to analyze the principal modern 
technologies applicable to forest vegetation restoration and enhancement, highlighting their 
contributions, existing limitations, and future development directions. 
2. MATERIALS AND METHODS 
This paper is developed as a conceptual narrative review aimed at analyzing and critically 
synthesizing technological advances relevant to vegetation restoration and growth enhancement 
in forest ecosystems. The adopted methodological framework does not involve experimental 
hypothesis testing, but rather the integration, evaluation, and comparative interpretation of 
recent scientific literature, with emphasis on digital technologies, UAV systems, engineering 
solutions for regeneration, and edaphic processes associated with restoration. 
The bibliographic selection was conducted through consultation of internationally indexed 
publications and scientific sources relevant to forest restoration, remote sensing, autonomous 
systems engineering, and soil science. Articles published in high–visibility journals, including 
Remote Sensing, Forests, Sustainability, Land, Microorganisms, Agronomy, Future Internet, 
Computers and Electronics in Agriculture, and the ISPRS Journal of Photogrammetry and Remote 
Sensing, were considered. Inclusion criteria targeted thematic relevance, innovation level, 
technological applicability, and recency, with the majority of studies published between 2020 and 
2026. Priority was given to contributions explicitly addressing emerging technologies for 
monitoring, assessing, and supporting forest ecosystem regeneration. 
The literature analysis was structured according to a thematic classification reflecting the 
principal technological directions identified. Studies addressing the application of unmanned 
aerial vehicle (UAV) platforms for vegetation mapping and monitoring, forest health assessment, 
natural and artificial regeneration analysis, and the integration of multispectral, hyperspectral, 
and LiDAR sensors were included. Complementary attention was given to research focused on 
three–dimensional scanning technologies, particularly terrestrial and airborne LiDAR, relevant to 
structural characterization, estimation of biophysical parameters, and vegetation architecture 
modeling. 
A distinct component of the review examined the application of artificial intelligence (AI) and 
machine learning (ML) algorithms. These studies were evaluated in terms of vegetation 
classification, individual tree crown segmentation, degradation detection, and decision–support 
system development. In parallel with digital technologies, the review incorporated literature 
addressing engineering innovations in forest regeneration, including mechanized planting 
equipment, reforestation logistics optimization, and UAV–based aerial seeding solutions. These 
contributions were analyzed from operational efficiency, productivity, and adaptability 
perspectives. 
Additionally, studies related to edaphic processes and soil microbiology were examined, 
considering their critical role in restoration success. Research addressing soil microbial community 
dynamics, soil response to revegetation, and post–disturbance recovery mechanisms was regarded 
as essential for understanding the interactions between technological interventions and underlying 
ecological processes. 
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The analytical approach consisted of a comparative evaluation of reported findings, focusing on 
identifying convergences, divergences, and complementarities among technological approaches. 
Key aspects analyzed included monitoring accuracy, spatial and temporal resolution of datasets, 
structural characterization capability, degree of automation in data processing, and operational 
relevance of engineering solutions. Critical interpretation was performed by correlating study 
conclusions with contemporary forest restoration requirements, particularly precision monitoring, 
adaptive management, and ecosystem resilience enhancement. 
The conceptual nature of the study entails inherent methodological limitations. The absence of 
direct experimental validation and reliance on previously published data may introduce variability 
associated with geographic contexts, ecological conditions, and study–specific methodologies. 
Furthermore, the heterogeneity of data sources and technological frameworks may constrain 
strictly quantitative comparisons. Nevertheless, the narrative review approach enables 
interdisciplinary integration and the formulation of a coherent synthesis of technological progress, 
benefits, and challenges in modern forest restoration. 
Accordingly, the adopted methodology aims to provide a structured and critical overview of recent 
literature, highlighting the role of modern technologies in forest vegetation restoration and 
enhancement. This approach facilitates the identification of emerging directions, assessment of 
technological impacts, and the derivation of conclusions relevant for future research and practical 
applications in forest ecosystem management. 
3. RESULTS 
The analysis of the scientific literature reveals a substantial expansion in the application of 
modern technologies within forest restoration processes, with particular emphasis on digital 
monitoring, three–dimensional structural characterization, artificial intelligence, and engineering–
based regeneration solutions. Recent studies consistently indicate that the integration of UAV 
systems, remote sensing techniques, and LiDAR technologies enhances assessment accuracy, 
optimizes intervention strategies, and reduces uncertainties associated with vegetation dynamics 
[2,11,22,29]. 
▓ General Trends in Forest Ecosystem Restoration 

Recent literature highlights a transition from traditional, predominantly empirical approaches 
toward paradigms grounded in high–resolution spatial and temporal data. Modern forest 
restoration is increasingly characterized by the integration of digital technologies, automation of 
analytical workflows, and the adoption of intelligent decision–support systems [22,29,32]. 
The principal technological directions identified include: 

 extensive use of UAV platforms; 
 integration of multispectral and hyperspectral imagery; 
 application of LiDAR technologies; 
 development of AI and ML algorithms; 
 emergence of Digital Twin and virtual forest concepts; 
 increasing mechanization of regeneration operations [3,6,22,32–34]. 

These developments reflect the growing need for continuous monitoring and objective 
quantification of key biophysical parameters governing forest ecosystem recovery. 
▓ Role of UAV Technologies in Forest Restoration 

UAV platforms are widely reported as central tools in forest ecosystem monitoring due to their 
operational flexibility, high spatial resolution, and capacity for repeated data acquisition [28,30]. 
The reviewed studies demonstrate that UAV systems enable detailed identification of degraded 
areas, evaluation of vegetation heterogeneity, and detection of fine–scale spatial changes [11]. 
The integration of multispectral and hyperspectral sensors on UAV platforms facilitates the 
derivation of vegetation indices used for assessing plant vigor, detecting abiotic stress, and 
monitoring regeneration dynamics [6,11]. Within restoration contexts, UAV–based assessments 
support the estimation of seedling survival rates, analysis of regeneration patterns, and evaluation 
of canopy closure progression [28,30]. 
Furthermore, the literature identifies emerging applications of UAV technologies for aerial seed 
dispersal, particularly suited for extensive or difficult–to–access areas. These solutions are 
considered promising for accelerating revegetation processes and enhancing operational efficiency 
in large–scale restoration initiatives [38–40]. 
Figure 1 illustrates the principal directions of UAV platform utilization in forest environments. The 
images highlight the capability of UAV systems to acquire high spatial resolution data, which are 
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essential for evaluating forest regeneration, analyzing vegetation vigor, and monitoring areas 
affected by disturbances. The use of multispectral sensors for deriving vegetation indices (e.g., 
NDVI) is evident, alongside the application of segmentation algorithms for individual tree 
identification [11,28,36]. The literature further emphasizes that UAV technologies enable early 
detection of vegetation anomalies and allow high–frequency assessment of restoration progress 
[30]. 

  

  
Figure 1. Examples [11,28,30,36]. 

▓ Contribution of LiDAR and 3D Scanning Technologies 
LiDAR technologies are widely recognized as essential tools for the three–dimensional 
characterization of forest ecosystems [32–34]. These systems enable the evaluation of key 
structural parameters, including tree height, vertical biomass distribution, and canopy density. 
The structural information derived from LiDAR measurements is critical for assessing stand 
stability and for quantifying restoration progress. 
Terrestrial LiDAR scanning provides high–detail measurements of individual structural traits [6], 
while airborne or UAV–based LiDAR systems offer extensive spatial coverage [37]. The fusion of 
ground–based and aerial LiDAR datasets enhances structural modeling accuracy and improves the 
estimation of biophysical parameters [37]. 
Figure 2 presents representative examples of LiDAR technology applications in forest ecosystem 
analysis. The point clouds and three–dimensional models illustrate the capability of LiDAR systems 
to reconstruct the vertical and spatial structure of vegetation. Handheld LiDAR scanning delivers 
detailed information on individual structural characteristics [6], whereas airborne/UAV LiDAR 
supports large–area assessments [37]. The reviewed studies indicate that integrating and fusing 
terrestrial and aerial LiDAR data leads to more accurate estimations of structural parameters such 
as tree height, canopy density, and biomass distribution [32–34]. 
▓ Artificial Intelligence, Machine Learning, and Digital Twin 

Artificial intelligence (AI) and machine learning (ML) algorithms are extensively employed for the 
automated analysis of datasets derived from UAV platforms, satellite imagery, and LiDAR 
measurements [22,36]. The reviewed studies indicate dominant applications in vegetation type 
classification, individual tree crown segmentation, and degradation detection. 
The concept of the forest Digital Twin is identified as a major emerging direction, enabling the 
integration of multi–source data, simulation of ecosystem evolution, and evaluation of disturbance 
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and restoration scenarios [9,32–34]. Virtual forest models contribute to a deeper understanding of 
recovery processes and support the development of predictive management strategies [33,34]. 

  

  
Figure 2. LiDAR applications for structural characterization [6,32,34,37]. 

   
Figure 3. AI and Digital Twin applications in forest ecosystem analysis [32–34]. 

Figure 3 illustrates the integration of artificial intelligence and Digital Twin concepts in modern 
forest management. The images highlight the application of machine learning algorithms for 
vegetation classification, tree crown segmentation, and automated analysis of UAV imagery 
[22,36]. Additionally, virtual forest models and three–dimensional simulations are depicted, 
demonstrating their use in evaluating disturbance and restoration scenarios [32–34]. The literature 
indicates that the forest Digital Twin framework enables multi–source data integration and 
supports the simulation of ecosystem dynamics under variable environmental conditions [9,32]. 
▓ Modern Engineering Technologies for Regeneration 

The literature highlights significant progress in the mechanization of forest planting operations. 
Mechanized equipment contributes to increased productivity, improved planting uniformity, and 
reduced manual labor requirements [31]. The optimization of planting logistics is identified as a 
critical factor influencing overall operational efficiency. 
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Seed–dispersal drones are reported as emerging solutions for the rapid restoration of extensive 
areas, particularly under conditions of limited accessibility [38–40]. 

  
Figure 4. Mechanized planting and aerial seed dispersal technologies [31,38–40]. 

Figure 4 highlights technological progress in the operational stages of forest restoration. The 
images illustrate the use of mechanized planting equipment, which contributes to increased 
productivity, improved work uniformity, and reduced manual labor demands [31]. 
Complementarily, UAV–based seed dispersal solutions are presented, considered emerging 
technologies for the rapid restoration of extensive or difficult–to–access areas [38–40]. The 
literature emphasizes that these technologies have the potential to optimize logistics and 
intervention efficiency; however, further validation is required regarding germination rates and 
seedling survival. 

Table 1. Key Aspects Highlighted in the Literature 
Analyzed 

Dimension 
Key Aspects Highlighted in the 

Literature Advantages / Contributions Limitations / Challenges Relevant 
References 

UAV 
Technologies 

Use of UAVs for regeneration 
monitoring, vegetation vigor 

assessment, and spatial diagnostics 

High spatial resolution; operational 
flexibility; repeatable monitoring; 

accessibility in difficult terrain 

Limited autonomy; sensitivity to 
weather conditions; need for index 

calibration 

[11], [28], 
[30], [36] 

Multispectral / 
Hyperspectral 

Imaging 

Derivation of vegetation indices 
(NDVI, etc.) for vegetation health 

evaluation 

Early stress detection; quantitative 
assessments; non–invasive 

monitoring 

Spectral variability among species; 
atmospheric influences; 

requirement for field validation 

[6], [11], 
[30] 

LiDAR & 3D 
Scanning 

Three–dimensional structural 
reconstruction; estimation of 

biophysical parameters 

Accurate estimation of height, 
density, biomass; detailed 
structural characterization 

High costs; complex data 
processing; requirement for 

technical expertise 

[6], [32]– 
[34], [37] 

Data Fusion 
(UAV–LiDAR–

RS) 

Integration of multi–source 
datasets for structural modeling 

and complex assessments 

Increased accuracy; reduced 
uncertainties; realistic ecosystem 

representation 

Hardware/software interoperability; 
computational complexity 

[32]– [34], 
[37] 

Artificial 
Intelligence / ML 

Vegetation classification, crown 
segmentation, degradation 

detection 

Automation; rapid processing; 
reduced subjectivity 

Need for large datasets; overfitting 
risks; ecological validation 

requirements 

[7], [22], 
[36] 

Forest Digital 
Twin 

Virtual modeling and simulation of 
ecosystem evolution 

Decision support; scenario 
evaluation; integration of spatio–

temporal datasets 

High system complexity; model 
calibration requirements; limited 

operational deployment 

[9], [32]– 
[34] 

Mechanized 
Planting 

Use of mechanized equipment for 
artificial regeneration 

Increased productivity; improved 
planting uniformity; reduced 

manual labor 

Adaptability to complex terrain; 
initial investment costs [31] 

Aerial Seed 
Dispersal (UAV) 

Emerging solutions for rapid 
restoration 

Accessibility; logistical efficiency; 
potential for large–scale 

deployment 

Variable germination rates; need for 
long–term validation [38]– [40] 

Edaphic 
Processes & Soil 

Microbiology 

Role of soil properties and 
microbiome in restoration success 

Ecosystem stability; nutrient 
cycling; regeneration support 

High variability; difficulties in 
integration with digital datasets [1], [4], [15] 

Ecosystem 
Services 

Restoration associated with 
increased ecosystem value 

Carbon sequestration; biodiversity 
conservation; enhanced ecological 

functions 

Heterogeneous economic and 
ecological assessment methods 

[14], [18], 
[27] 

Future 
Perspectives 

UAV swarms, forest IoT, predictive 
AI, operational Digital Twins 

Expanded monitoring capacity; 
adaptive decision–making; 

operational optimization 

Need for standardization and 
interdisciplinary validation 

[22], [29], 
[32] – [34] 

The synthesis of the reviewed studies indicates that technological innovation is reshaping the 
methodological and operational framework of forest ecosystem restoration. The combined use of 
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UAV platforms, multispectral and hyperspectral sensing, and LiDAR technologies enables multi–
scale monitoring of vegetation dynamics, offering enhanced spatial accuracy and temporal 
responsiveness. These tools support detailed assessments of regeneration processes, vegetation 
condition, and structural development, thereby improving the reliability of restoration 
evaluations. 
From an engineering perspective, advances in mechanized planting systems and UAV–assisted 
regeneration technologies contribute to increased operational productivity, improved intervention 
uniformity, and optimized logistical workflows. However, the literature consistently emphasizes 
that technological performance alone does not guarantee restoration success. The effectiveness 
of these solutions remains strongly conditioned by ecological constraints, including soil properties, 
microclimatic variability, and the dynamics of belowground biological processes. 
Overall, the results highlight a clear shift toward integrated, technology–supported restoration 
strategies. These approaches combine digital monitoring, intelligent data analysis, and 
engineering solutions with ecological principles, providing a more comprehensive framework for 
understanding, evaluating, and supporting forest vegetation recovery. 
4. CONCLUSIONS 
This review highlights that forest ecosystem restoration is undergoing an accelerated 
transformation driven by the integration of digital technologies, autonomous systems, and modern 
engineering solutions. Traditional paradigms, primarily based on field observations and visual 
assessments, are progressively complemented by quantitative approaches supported by remote 
sensing, UAV platforms, LiDAR scanning, and advanced data analysis methods. 
Unmanned aerial vehicle (UAV) platforms are emerging as essential tools for forest vegetation 
monitoring, offering significant operational advantages through high spatial resolution, flexible 
data acquisition, and repeatable assessment capabilities. The integration of multispectral and 
hyperspectral sensors enables vegetation vigor evaluation, early detection of abiotic and biotic 
stress, and monitoring of both natural and assisted regeneration processes. Complementarily, 
LiDAR technologies contribute decisively to the three–dimensional structural characterization of 
forest stands, facilitating the estimation of relevant biophysical parameters and supporting the 
evaluation of ecosystem development following restoration interventions. 
Artificial intelligence and machine learning methods represent critical components of modern 
forest management, enabling the automation of classification, segmentation, and predictive 
analysis processes. The development of forest Digital Twin and virtual forest concepts further 
expands simulation and scenario–evaluation capabilities, strengthening decision–making processes 
within integrated digital frameworks. 
From an engineering perspective, technological progress directly influences the operational stages 
of restoration. Mechanized planting systems and optimized regeneration logistics contribute to 
increased productivity and improved intervention uniformity. In parallel, emerging UAV–based 
seed dispersal solutions provide promising opportunities for the rapid restoration of degraded or 
difficult–to–access areas. 
However, the literature emphasizes that restoration success does not depend exclusively on 
technological performance. Edaphic processes, soil physicochemical properties, and soil microbial 
community dynamics remain fundamental factors governing vegetation regeneration, ecosystem 
stability, and long–term resilience. The interaction between modern technologies and ecological 
processes underscores the necessity of an integrated, interdisciplinary approach. 
Overall, the convergence of remote sensing, UAV systems, LiDAR technologies, artificial 
intelligence, and modern engineering solutions is redefining forest restoration practices. The 
coherent implementation of these technologies has the potential to substantially enhance 
precision monitoring, intervention efficiency, and objective evaluation of restoration outcomes. 
Emerging directions, including collaborative UAV systems, forest IoT integration, and operational 
Digital Twin frameworks, outline significant prospects for the development of adaptive, 
sustainable, and data–driven forest management. 
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