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Highlights 

• The study reveals significant recovery in rural tourism infrastructure (RSTI index peaked at 

120.0 in 2023) and ecological stability (NDVI increased from 28.57 to 36.00) in Transcarpathia, 

Ukraine, despite ongoing conflict. 

• Digital accessibility (DAI) improved from 70% to 88%, supporting tourism growth, while socio-

economic resilience (SSELI) rose from 15% to 19.5%, indicating sectoral expansion. 

• The integration of remote sensing and geospatial analysis provides a robust framework for 

monitoring post-conflict tourism recovery, applicable to other conflict-affected regions. 

• Policymakers can leverage these findings to prioritize infrastructure restoration, ecological 

conservation, and digitalization for sustainable rural tourism development. 

Abstract 

This study explores the sustainable development of rural tourism in post-conflict areas, focusing on 

Ukraine’s Transcarpathia region from 2022 to 2024. The research addresses the critical role of rural 

tourism in economic recovery, social stability, and cultural preservation in regions affected by 

conflict, where traditional data collection methods are often disrupted. Utilizing remote sensing and 

geospatial analysis, the study develops a comprehensive monitoring methodology integrating 

indicators such as land use changes (LUCI), infrastructure recovery (RSTI), ecological stability 

(NDVI, NDWI), and socio-economic resilience (DAI, SSELI). The methodology combines satellite 

data (Sentinel-2, VIIRS) with GIS tools and socio-economic statistics to calculate an integrated index 

(IRSDRT) for assessing sustainability. Key findings reveal a significant recovery in tourism 

infrastructure, with RSTI peaking at 120.0 in 2023, and a steady increase in ecological indicators, such 

as NDVI rising from 28.57 to 36.00. Socially, digital accessibility (DAI) improved from 70% to 88%, 

supporting tourism growth despite ongoing challenges. The study concludes that geospatial 

technologies effectively monitor post-conflict recovery, highlighting the resilience of rural tourism in 

Transcarpathia. The results underscore the importance of balanced development, combining 

infrastructure, ecological preservation, and digitalization, and provide actionable insights for 

policymakers to enhance sustainable tourism in similar regions. 
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1. Introduction 

Rural tourism plays a key role in the sustainable development of regions, especially in post-

conflict zones, where it contributes to economic recovery, social stability, and the preservation of 

cultural heritage. However, monitoring its development requires modern tools, such as remote 

sensing and geospatial analysis, which allow for an objective assessment of change dynamics, 

identification of risk zones, and planning for sustainable resource use [1,2]. In the context of post-

conflict territories, where traditional methods of data collection are often difficult, these technologies 

become particularly relevant, ensuring accuracy and timeliness of analysis [3,4]. 

Despite the growing interest in sustainable tourism, research dedicated to comprehensively 

monitoring its development using geographic information systems (GIS) and satellite data remains 

limited. Some works, such as studies on Croatia and Slovenia, show that post-conflict regions can 

successfully recover through tourism, but only a few of them use quantitative geospatial methods to 

evaluate the effectiveness of such programs [5–7]. Furthermore, there are disagreements regarding 

which indicators most accurately reflect the sustainability of rural tourism: some authors emphasize 

economic indicators [8], while others focus on environmental and social factors [9,10]. 

This article aims to develop a methodology for monitoring the sustainable development of rural 

tourism in post-conflict areas using remote sensing and geospatial analysis. The paper analyzes key 

indicators such as land-use dynamics, infrastructural changes, and environmental stability, and also 

explores the possibilities of integrating these data with socio-economic indicators. The results of the 

study will not only improve the management of tourism resources but also offer practical 

recommendations for authorities and local communities. The main conclusions of the work include 

evaluating the effectiveness of the methods used, identifying key factors influencing tourism 

sustainability, and developing recommendations for adapting monitoring systems for various post-

conflict regions. This research contributes both to the theoretical understanding of sustainable 

tourism and to the practical application of geospatial technologies for its analysis. 

1.1. Post-Conflict Reconstruction and Tourism 

The development of tourism in post-conflict regions represents a complex multifaceted process 

requiring a comprehensive approach to infrastructure reconstruction, formation of a new territorial 

image, and attraction of investments. As studies show, the consequences of military actions have a 

destructive impact on the tourism industry, leading to a sharp reduction in tourist flows, destruction 

of infrastructure facilities, and loss of trust from potential visitors [3]. However, as the experience of 

former Yugoslavia countries demonstrates, a well-structured post-conflict recovery policy is capable 

of not only restoring the region’s tourist appeal but also creating new points of economic growth. 

The analysis of the Croatian experience, presented in the works of Currie et al. [3] and Radnic 

and Ivandic [5], reveals several key factors for the successful recovery of the tourism industry. These 

include: active state participation in infrastructure reconstruction, development of targeted 

marketing programs to change the country’s image, and attraction of international organizations to 

the recovery process. It is noteworthy that already 5-7 years after the end of active hostilities, Croatia 

managed not only to restore but also significantly surpass pre-war tourist flow indicators. 

Similar trends are observed in the Slovenian experience, thoroughly examined by Mihalic [4]. 

The author particularly emphasizes the importance of strategic planning and a phased approach to 

recovery, where primary attention is given to key tourist centers, and then peripheral territories are 

gradually involved. This approach allowed Slovenia to minimize economic losses and shorten the 

period of tourism industry recovery. 
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The modern Ukrainian case, analyzed by Bobek et al. [6], introduces new aspects to the 

understanding of post-conflict recovery. In the context of ongoing hostilities, a paradoxical 

phenomenon is observed – the development of domestic tourism in safe regions of the country, which 

indicates a significant adaptive potential of the tourism industry. Of particular interest is the analysis 

of changes in tourist behavioral models, demonstrating a growing demand for authentic cultural 

experiences and rural tourism. 

Additional studies [7,11] highlight the importance of considering the following aspects in post-

conflict tourism recovery: 

- necessity of comprehensive damage assessment using GIS technologies [12]; 

- importance of preserving cultural heritage as a basis for creating new tourist products [13]; 

- development of community-based tourism to ensure the sustainability of recovery processes 

[14]. 

Of particular attention is the concept of “traumatic tourism” (dark tourism), which in post-

conflict conditions can become both an additional development resource and a risk factor requiring 

a balanced approach [15]. As recent studies show, the balance between commemorating events and 

creating a positive image of the future is a key challenge for marketers and managers in the tourism 

sector [16]. The experience of various countries demonstrates that successful post-conflict tourism 

recovery requires not only significant financial investments but also the development of innovative 

approaches that consider both global trends in the tourism industry and the specifics of a particular 

region [17]. At the same time, the use of modern monitoring and analysis technologies, allowing for 

informed management decisions at all stages of the recovery process, becomes particularly important 

[18]. 

1.2. Sustainable Development of Rural Tourism 

Modern trends in rural tourism development demonstrate its significant potential as a tool for 

sustainable territorial development. As Alonso et al. [19] note, digitalization has become a key factor 

in the transformation of this sector, allowing even remote rural areas to integrate into global tourism 

flows. However, as emphasized in the work of Cristobal-Fransi et al. [20], the sustainability of rural 

tourism development requires a comprehensive approach, combining economic efficiency, ecological 

responsibility, and social inclusivity. 

The most important aspect of sustainable development is the preservation of the cultural 

authenticity of rural territories. Studies by De Almeida et al. [21] and Tang, Xu [22] show that the 

integration of cultural heritage into tourism products not only increases their attractiveness but also 

contributes to the preservation of traditional values of local communities. The development of 

gastronomic tourism gains particular importance, which, according to Fontefrancesco et al. [23], is 

becoming an important driver of economic growth in rural regions of Southern Europe. 

Marketing strategies for sustainable rural tourism are undergoing significant changes. As Font, 

McCabe [24] and Jamrozy [25] note, the modern approach requires a shift from mass tourism to 

concepts of “slow tourism” and responsible consumption. The study by Janjua et al. [26], using the 

example of Malaysian rural communities, demonstrates the effectiveness of community-based 

marketing, where local residents become active participants in promoting tourism products. 

Digital technologies are playing an increasingly important role in ensuring the sustainability of 

rural tourism. Works by Hysa et al. [27] and Vila et al. [28] emphasize the importance of social media 

as a tool for forming sustainable relationships with tourists. Simultaneously, as Jian, Ren [29] and 

Zhang [30,31] show, big data and artificial intelligence technologies allow for optimizing tourism 

flow management and minimizing anthropogenic load on rural territories. 

The issue of ecological sustainability deserves special attention. Studies by Ryglová et al. [32] 

and Shcherbak et al. [33] develop indicator systems for assessing the environmental impact of rural 

tourism, emphasizing the necessity of implementing circular economy principles. As Pomering et al. 

[34,35] note, sustainable tourism marketing should not only inform about ecological practices but 

also foster appropriate behavior in tourists. 
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The COVID-19 pandemic became an important test of sustainability for rural tourism. Studies 

by Trybuś-Borowiecka [36] and Moore, Quinn [37] show that rural areas demonstrated greater 

resilience to the crisis due to their ability to offer safe forms of recreation. However, as Kansiime et 

al. [38] warn, crises can exacerbate socio-economic inequality in rural areas, which requires special 

attention to inclusive development models [40]. 

The experience of various regions, from the Czech Republic [41] to Indonesia [42], demonstrates 

that sustainable development of rural tourism is possible only on condition of a balanced 

consideration of the interests of all stakeholders. As Santos et al. [43] emphasize, the key becomes a 

transition from narrow economic indicators of success to comprehensive sustainability criteria, 

taking into account the social, environmental, and cultural aspects of rural territorial development 

[44]. 

1.3. Geospatial Analysis and Remote Sensing in Rural Tourism Research 

Modern methods of geospatial analysis and remote sensing open new opportunities for 

monitoring and managing the development of rural tourism. As Brezzi et al. [45] note, these 

technologies allow obtaining objective data on the state of territories, which is especially important 

for making informed management decisions. The integration of geographic information systems into 

tourism activity planning processes, according to Cardoso et al. [46], contributes to a more efficient 

use of natural and cultural resources in rural areas. 

The application of remote sensing methods, as shown in the study by Shcherbak et al. [12], 

allows monitoring land-use changes and assessing anthropogenic load on ecosystems. This is 

particularly relevant for rural tourism, where it is important to maintain a balance between 

infrastructure development and environmental protection. The work of Liu et al. [47] demonstrates 

how geospatial analysis can be used to evaluate the efficiency of natural resource use in the context 

of sustainable development. 

A promising direction is the application of mathematical models for forecasting the 

development of tourism activity. Chen’s [48] study shows the potential of non-linear models for 

analyzing complex socio-economic processes, including the dynamics of tourist flows. In turn, Xu 

[49] proposes using Markov chains to model the correspondence between supply and demand in 

rural tourism, which allows optimizing the placement of tourist infrastructure. 

An important aspect is the integration of geospatial data with socio-economic indicators. As 

Andrews et al. [50] note, this allows identifying interrelationships between economic factors and the 

perception of territorial tourism attractiveness. Luebker’s [51] study emphasizes the importance of 

spatial analysis for understanding the uneven distribution of income from tourism activities, which 

is particularly relevant for rural regions. 

The development of digital platforms, as shown in Liao’s [52] work, creates new opportunities 

for visualizing geospatial data and using them in rural tourism marketing strategies. At the same 

time, as Król [53] notes, it is important to consider regional specificities and adapt geo-analysis tools 

to the particular conditions of territories. 

Of particular attention is the application of geospatial methods for evaluating the effectiveness 

of the cluster approach in rural tourism development. The study by Stanovčić et al. [54], using the 

example of Montenegro, demonstrates how spatial analysis can contribute to identifying promising 

growth points and optimizing tourist routes. A promising direction is the combination of traditional 

methods of geospatial analysis with new technologies, such as artificial intelligence and big data. As 

Yu [55] and Zwierzchowska [56] show, this allows not only analyzing the current state of territories 

but also forecasting their development considering various scenarios of socio-economic changes. 

Thus, geospatial analysis and remote sensing represent a powerful toolkit for researching and 

managing the development of rural tourism, allowing for consideration of both the spatial 

characteristics of territories and their socio-economic features. Further development of these 

methods, as noted in the work of Robert et al. [57], should be aimed at creating comprehensive 

decision support systems that integrate spatial data with sustainable development indicators. 
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1.4. Monitoring Sustainable Development of Rural Tourism: Methods and Approaches 

Modern methods for monitoring the sustainable development of rural tourism are undergoing 

a significant transformation due to the implementation of innovative technologies. As studies by 

Remondino [58] and Magige et al. [59] demonstrate, the integration of remote sensing methods and 

GIS technologies allows for comprehensive monitoring of changes in tourist destinations, which is 

especially relevant for post-conflict territories. These methods provide an objective assessment of 

anthropogenic impact on ecosystems and enable tracking the dynamics of natural landscape 

restoration. 

An important aspect of sustainable monitoring is the development of a system of key indicators. 

Studies by LI et al. [60] and Shi et al. [61] propose comprehensive approaches to assessing ecological 

factors on tourist islands, which can be adapted for rural areas. Particular attention is paid to the 

analysis of land-use changes, which, according to Dong et al. [62], is critically important for 

maintaining ecological balance in the context of tourism infrastructure development. 

Spatial analysis methods, described in the work of Andyana et al. [63], demonstrate high 

effectiveness in monitoring the expansion of tourism activities in rural areas. The application of 

machine learning algorithms, such as “random forest,” allows not only for recording current changes 

but also for forecasting future development scenarios of territories. This aligns with the conclusions 

of Yu [64], who emphasizes the significance of regression analysis for evaluating the effectiveness of 

tourism clusters. 

Socio-economic aspects of sustainability require special attention in monitoring. As Almeyda et 

al. [65] note, it is necessary to consider the mutual influence of tourism activities and local 

communities. The study by Yang et al. [66] proposes a methodology for assessing the determinants 

of tourism development, which can be applied to analyze the sustainability of rural tourism in post-

conflict conditions. 

A promising direction is the integration of traditional monitoring methods with sustainable 

tourism marketing strategies. Works by Gilmore et al. [67] and Kiráľová [68] demonstrate how 

monitoring data can be used to form a sustainable image of a territory and attract responsible tourists. 

This is particularly important in the context of post-conflict regions where, as studies by Maliuta et 

al. [69] show, tourism can become a catalyst for economic recovery. 

The development of rural tourism requires constant monitoring of its impact on local 

communities. Studies by Melichová, Majstríková [70] and Neumeier, Pollermann [71] emphasize the 

necessity of assessing social capital and the living standards of the local population as important 

indicators of sustainable development. These aspects are especially relevant for post-conflict 

territories, where tourism can contribute to social reintegration and the restoration of trust. 

Thus, modern approaches to monitoring the sustainable development of rural tourism should 

combine technological innovations with a comprehensive assessment of environmental, economic, 

and social factors. As studies show, precisely such an integrated approach allows ensuring the 

balanced development of tourism activities in post-conflict regions, contributing to their sustainable 

recovery and long-term prosperity. 

1.5. Digital Technologies in Sustainable rural Tourism Marketing 

Modern digital technologies are radically transforming approaches to marketing in rural 

tourism, especially in the context of sustainable development of post-conflict territories. As Veiga et 

al. [72] note, the millennial generation, being a key target audience, expects from tourist destinations 

not only authenticity but also a demonstration of commitment to sustainable development principles, 

which requires new marketing strategies. 

Innovative technologies, including metaverses, open fundamentally new opportunities for 

promoting rural tourism products. The study by Monaco and Sacchi [73] demonstrates the potential 

of virtual tours of rural territories, allowing potential visitors to remotely explore a destination before 

making a travel decision. This is especially relevant for post-conflict regions, where virtual 

technologies help overcome stereotypes and form a new image of the territory. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 July 2025 doi:10.20944/preprints202507.2629.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.2629.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 32 

 

Digital marketing is becoming an important tool for sustainable promotion of rural tourism. 

Works by Rosário et al. [74,75] highlight the transformation of communication strategies, where the 

emphasis shifts from mass tourism to attracting responsible travelers. Mathematical modeling by 

Mathew and Soliman [76] confirms the significant impact of digital content marketing on tourist 

behavior, especially concerning the choice of environmentally responsible destinations. 

Geographic Information Systems (GIS) play a special role in rural tourism marketing. As 

Jovanovic and Njegus [77] show, spatial visualization of tourism resources allows for more effective 

positioning of rural territories, emphasizing their unique features. This aligns with Kerdpitak’s [78] 

conclusions that the integration of digital technologies significantly increases the efficiency of tourism 

businesses in rural areas. 

An important aspect is the personalization of marketing communications. The study by 

Levitskaya and Yanioglo [79] demonstrates how digital technologies allow creating targeted offers 

for various segments of tourists interested in sustainable rural tourism. Hristoforova et al. [80] 

complement this approach, emphasizing the need to adapt digital communications to the specific 

features of particular rural territories. 

Of particular importance in post-conflict regions is the concept of “tourism ambassadors,” 

explored by Morand et al. [81]. Digital technologies allow local residents to become active 

participants in marketing processes, share authentic stories, and form an emotional connection with 

potential visitors. This aligns with the concept of “sense of place,” which Walsh et al. [82] consider a 

key component of sustainable tourism marketing. 

A promising direction is the use of big data to analyze the effectiveness of marketing strategies. 

As Nugraha et al. [83] note, digital technologies allow tracking not only economic indicators but also 

assessing the contribution of tourism to the sustainable development of rural territories, including 

social and environmental aspects. Thus, digital technologies are becoming an indispensable element 

of sustainable rural tourism marketing, especially in post-conflict regions. They allow not only for 

effectively promoting tourism products but also for demonstrating commitment to sustainable 

development principles, which becomes a key competitive advantage in modern conditions. 

1.6. Scientific Discussions and Unresolved Issues of Sustainable Development of Rural Tourism in Post-

Conflict Regions 

Despite significant progress in research on the sustainable development of rural tourism, a 

number of contentious points and unresolved issues remain. Discussions continue within the 

scientific community regarding the optimal balance between economic efficiency and environmental 

preservation in post-conflict regions [8,10]. Some researchers argue that an emphasis on economic 

indicators can lead to excessive exploitation of natural resources [9], while others emphasize that 

without sustainable economic growth, long-term social development cannot be ensured [44]. A 

particular controversy arises concerning the degree of intervention in the natural recovery processes 

of territories: some scientists advocate for active management of these processes using modern 

technologies [18], while their opponents propose minimizing anthropogenic impact, relying on 

natural regeneration [33]. 

Another area of scientific disagreement is the role of digital technologies in post-conflict 

recovery. While some authors see them as a panacea for overcoming the informational isolation of 

territories [19,27], others warn of the risks of digital inequality and dependence on technologies that 

may be inaccessible to local communities [52]. The evaluations of the effectiveness of the cluster 

approach are also contradictory: while studies in Montenegro demonstrate its success [54], works on 

other regions indicate a risk of excessive centralization of tourist flows [56]. 

The main goal of this work is to develop a comprehensive methodology for monitoring the 

sustainable development of rural tourism in post-conflict areas using remote sensing and geospatial 

analysis. The study will allow for: 

- creating a system of indicators integrating ecological, economic, and social aspects of 

sustainability; 
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- developing algorithms for processing spatial data to assess the dynamics of territorial recovery; 

- offering practical recommendations for adapting monitoring systems to the conditions of 

various post-conflict regions. 

The hypothesis of this research is: 

H1 “The integration of remote sensing data and geospatial analysis enables the effective 

monitoring and evaluation of sustainable rural tourism development in post-conflict areas by 

identifying spatial patterns of land use change, infrastructure recovery, and environmental impact, 

thereby supporting data-driven planning and policy-making.” 

The conducted analysis confirms that the combination of modern geospatial technologies with 

traditional research methods creates a basis for balanced management of rural tourism development. 

Of particular importance is the integration of the obtained data into decision-making processes, 

which allows considering both global trends and the local specifics of post-conflict territories. The 

results of the study will contribute both to the theoretical understanding of sustainable tourism and 

to the practice of territorial management, offering scientifically grounded tools for post-conflict 

recovery. 

The research was conducted in 2022-2024 on rural tourism in the Transcarpathia region of 

Ukraine. 

2. Materials and Methods 

2.1. Indicator System and Spatial Data Sources 

To ensure comprehensive monitoring of the sustainable development of rural tourism in post-

conflict regions of Ukraine, particularly in Transcarpathia, a system of indicators has been developed, 

covering land-use changes, infrastructure restoration, environmental state, and socio-economic 

sustainability. Below is a table describing the key indicators, data sources used, and analysis 

directions, integrated into a logical monitoring model based on remote sensing data and 

geoinformation technologies (Table 1). 

Table 1. System of indicators for monitoring sustainable development of rural tourism in post-conflict areas. 

Indicator Description Data Source / Level 
1. Land use and infrastructure rehabilitation 
LUCI — Land Use Change 
Index (Tourism) 

Share of new tourist facilities (eco-
estates, campings, agrotourism) 

Sentinel-2 satellite images + 
local cadastral maps 

MTCI — Index of Mountain 
Tourism Clustering 

Number of associations of small 
farmers, estates, tour guides in the 
directions: Uzhgorod-Velykyi Bereznyi, 
Rakhov-Yasinia 

Transcarpathian Tourism 
Development Agency, 
QGIS 

ICI — Infrastructure Coverage 
Index 

Density of tourist roads, bicycle routes, 
sanatoriums and hotels 

OSM, OVA data, Google 
Maps, tourist registers, 
“Prozorro” 

NLI — Night Light Index Assessment of the level of economic 
activity and restoration of settlements 

VIIRS, DMSP-OLS 

AAPI — Accessibility to 
Attraction Points Index 

Average distance from villages to the 
nearest tourist facility (museum, hostel, 
etc.) 

GIS calculations, local data, 
OSM 

RSTI — Recovery of Social and 
Tourist Infrastructure Index 

Level of restoration of schools, home 
culture, parks, tourist facilities 

State Register of Destroyed 
Property + Sentinel-2 

2. Environmental sustainability (after destruction and displacement) 
NDVI — Normalized 
Difference Vegetation Index 

Assessment of the state of green cover 
(forest, fields, parks) of the Carpathians 

Sentinel-2, Planet 

NDWI — Normalized 
Difference Water Index 

Analysis of the state and area of water 
bodies (lakes, ponds (Solotvyno, 
Latoritsya)) 

Sentinel-2, GEE, Landsat 
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SDRI — Soil Degradation Risk 
Index 

Assessment of erosion and depletion of 
soils due to displacement, pollution, 
tourism 

LULC cards, Sentinel-2 

STCI — Surface Temperature 
Change Index 

Increase in temperature as an indicator 
of anthropogenic pressure 
(development, flow) 

MODIS, Landsat 

RZGCA — Protected Areas 
and Green Corridors Area 

Change or restoration of protected 
natural areas 

Mindovkillya, Protected 
Planet, QGIS, national 
parks of Ukraine 

3. Socio-economic sustainability and digitalization 
DRI - Demographic Return 
Index 

Return of population to villages after 
military actions 

State Statistics Service + 
satellite images of 
population (WorldPop) 

TCCI - Tourism Cluster 
Creation Index 

Number of new associations of local 
producers and tourism initiatives 

OVA, Regional 
Development Agencies, 
Transcarpathia Tourism 
Events Calendar, 
Department of Culture 

TBDI - Tourism Booking 
Development Index 

Dynamics of the number of bookings, 
excursion orders, accommodations 

Booking.com, Airbnb, local 
platforms 

DAI - Digital Accessibility 
Index 

Availability of mobile phone coverage, 
Internet, digital booking services 

Speedtest Intelligence, 
GSMA, Starlink Ukraine, 
Booking, Prozorro 

SSELI - Service Sector 
Employment Level Index 

Number of jobs in rural tourism State Statistics Service, local 
surveys, employment 
centers 

2.2. Methodology for a Comprehensive Assessment of Sustainable Development of Rural Tourism 

The presented methodology for processing indicators allows for a comprehensive assessment of 

the sustainability of rural tourism development in post-conflict regions through three key aspects: 

- infrastructure-territorial (restoration of facilities and land use), 

- ecological (state of natural resources), 

- socio-economic (demography, employment, digitalization). 

The integral index (IRSDRT) synthesizes these components taking into account weighting 

factors adapted to the specifics of the region. All calculations are based on verified data from satellite 

monitoring, state statistics and industry registers (Table 2). 

Table 2. Methodology for calculating the integral index of sustainable development of rural tourism. 

Formulas for calculating the main indices Formulas for calculating subindexes 

1.1. Land Use and Infrastructure Index: 

 

𝑰𝒕𝒆𝒓 =
𝟏

𝟔
(𝑰𝑻𝑳𝑼𝑪 + 𝑰𝑴𝑻𝑪 +  𝑰𝑪𝑰 +  𝑵𝑳𝑰 +  𝑨𝑨𝑷𝑰 +

 𝑹𝑺𝑻𝑰), 

where LUCI - Land Use Change Index (Tourism); 
MTCI - Index of Mountain Tourism Clustering; ICI - 
Infrastructure Coverage Index; NLI - Night Light 
Index; AAPI - Accessibility to Attraction Points 
Index; RSTI - Recovery of Social and Tourist 
Infrastructure Index 

LUCI = (ΣSnew_tourism / Stotal)  ×  100% 

where ΣSnew_tourism - total area of new tourist facilities, 

ha; Stotal - общая площадь анализируемой 

территории, га. 
MTCI = (Nclusters / Nsettlements)  ×  K 

where Nclusters - number of tourist associations; 

Nsettlements - number of settlements in the analyzed area; 

K - correction factor (1.0 for Uzhhorod-Velykyi Bereznyi, 

1.2 for Rakhiv-Yasinia). 
ICI = (Lroads  +  Lbike  +  Nhotels) / Sarea  ×  1000 

where Lroads- length of tourist roads, km; Lbike- length of 
bicycle routes, km; Nhotels- number of hotels and resorts; 
Sarea- area of the territory, km². 

NLI = (Lpost_conflict / Lpre_conflict)  ×  100% 

where Lpost_conflict - average nighttime light luminance 

after the conflict (nanoWatt/cm²/av); Lpre_conflict - average 

nighttime luminance before the conflict, nanoWatt/cm²/ 

av. 
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AAPI = (1 / (1 + (Σdi / N)))  ×  100% 

where di - distance from the i-th settlement to the nearest 

tourist site, km; N - number of settlements. 
RSTI = (Nreconstructed / Ndestroyed)  ×  100% 

where Nreconstructed - number of reconstructed objects; 

Ndestroyed - total number of destroyed objects. 

Notes: 

All indicators are normalized to a percentage scale (0-100%) 

For IMTC, the K coefficient takes into account the tourist potential of different destinations 

In ICI, a multiplier of 1000 is used to bring the values to a convenient scale 

For NLI, data from satellite night observation systems is used 

In AAPI, an inverse relationship is used - the shorter the distance, the higher the index 

RSTI can exceed 100% when constructing new facilities to replace destroyed ones 

1.2. Environmental Sustainability Index for Post-

Conflict Areas: 

 

𝑰𝒆𝒌 =

𝜸𝟏∙𝑵𝑫𝑽𝑰  + 𝜸𝟐∙𝑵𝑫𝑾𝑰 + 𝜸𝟑∙(𝟏𝟎𝟎−𝑺𝑫𝑹𝑰)+ 𝜸𝟒∙(𝟏𝟎𝟎−𝑺𝑻𝑪𝑰)+ 𝜸𝟓∙𝑹𝒁𝑮𝑪𝑨 

𝜸𝟏+ 𝜸𝟐+ 𝜸𝟑+ 𝜸𝟒+ 𝜸𝟓
, 

 

where NDVI — Normalized Difference Vegetation 

Index; NDWI — Normalized Difference Water 

Index; SDRI — Soil Degradation Risk Index; STCI 

— Surface Temperature Change Index; RZGCA — 

Protected Areas and Green Corridors Area 

NDVI =
NIR − Red

NIR + Red
 ×  100% 

where NIR - reflectance in the Near-Infrared band; Red - 

reflectance in the Red visible band. 

NDWI =
Green − Red

Green + Red
 ×  100% 

where Green - reflectance in the Green visible band. 

SDRI =
Area of degraded soils

Total area
 ×  100% 

STCI =
(Tcurrent − Tbaseline)

Tbaseline
 ×  100% 

where Tcurrent - average surface temperature for the 

current period; Tbaseline - base (reference) temperature 

level. 

RZGCA =
Area of reserves

Total area
 ×  100%. 

Notes: 

All index components (NDVI, NDWI, SDRI, STCI, RZGCA) are scaled to a single percentage scale (0–100%) to ensure 

data comparability. 

For SDRI (soil degradation risk) and STCI (temperature change), the formula (100 − value) is used, since an increase in 

these indicators indicates a deterioration in the ecological state. 

STCI can take negative values if the temperature decreases (for example, due to vegetation restoration). 

RZGCA can exceed 100% if the area of new reserves is larger than the original. 

For SDRI, the critical threshold is 30% of degraded soils. 

Accuracy depends on the resolution of satellite data. 

For mountainous regions, a correction for altitudinal zonality is required. 

Temperature data (STCI) can be distorted by cloudiness. 

1.3. Index of Socio-Economic Sustainability and 

Digitalization: 

 

𝑰𝒔𝒐𝒄 =
𝜷𝟏∙𝑫𝑹𝑰+ 𝜷𝟐∙𝑻𝑪𝑪𝑰+ 𝜷𝟑∙𝑻𝑩𝑫𝑰+ 𝜷𝟒∙𝑫𝑨𝑰+ 𝜷𝟓∙𝑺𝑺𝑬𝑳𝑰

𝜷𝟏+𝜷𝟐+ 𝜷𝟑+ 𝜷𝟒+𝜷𝟓
, 

 

where DRI - Demographic Return Index; TCCI - 

Tourism Cluster Creation Index; TBDI - Tourism 

Booking Development Index; DAI - Digital 

Accessibility Index; SSELI - Service Sector 

Employment Level Index 

DRI =
Nreturn

Ndesplaced
 ×  100% 

where Nreturn - number of people returning to the region; 

Ndesplaced - total number of displaced persons. 

TCCI =
Nclusters

Nsettlements
 ×  100% 

where Nclusters - number of new tourist associations 

(farmsteads, eco-trails, guides); Nsettlements − number of 

settlements in the analysis area. 

. 

TBDI =
  Bcurrent

Bbaseline
 ×  100% 

where   Bcurrent - current number of bookings 

(Booking.com, Airbnb, local platforms); Bbaseline − pre-

war level of demand. 

DAI =
Scovered

Stotal
 ×  100% 

where Scovered - area with stable internet coverage 

(4G/Starlink); Stotal - total area of the region. 

SSELI =
Etourism

Etotal
 ×  100%, 
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where Etourism - number of employees in tourism and 

related services; Etotal - total employment in the region. 

Notes: 

All index components (DRI, TCCI, TBDI, DAI, SSELI) are scaled to a single percentage (0–100%) to ensure data 

comparability. Values above 100% are acceptable and indicate that the baseline levels have been exceeded. 

If the number of returnees (Nᵣₑₜᵤᵣₙ) exceeds the number of displaced (Nₚ), the value is fixed at 100%. 

Only official data from migration services is taken into account. 

“Tourist associations” include legalized farmsteads, certified guides, and registered eco-trails. 

The baseline level (Bₚ) is taken for the last pre-war year. 

Only platforms with verified data (Booking, Airbnb, local systems with state support) are taken into account. 

“Sustainable coverage” means an internet speed of ≥10 Mbps. 

Priority technologies: 4G, Starlink, fiber optics. 

“Related services” include: catering, transport, craft workshops. 

Data is verified with tax registers to avoid double counting. 

If Nₚ = 0 (no data on displaced persons), DRI is taken as 100%. 

For TBDI: in the absence of pre-war data (Bₚ), the average value for similar regions is used. 

In DAI, territories with protected status (without coverage) are excluded from the calculation. 

DRI error: ±7% due to unaccounted internal migration. 

TCCI does not reflect informal initiatives (e.g. illegal eco-trails). 

DAI does not take into account the quality of communication (only the presence of coverage). 

2. Integral Index of Sustainable Development of Rural Tourism (ІRSDRT): 

𝑰𝑹𝑺𝑫𝑹𝑻 =
𝝎𝟏∙𝑰𝒕𝒆𝒓 + 𝝎𝟐∙𝑰𝒆𝒌+ 𝝎𝟑∙𝑰𝒔𝒐𝒄

𝝎𝟏+ 𝝎𝟐+ 𝝎𝟑
, 

where 𝝎𝟏, 𝝎𝟐, 𝝎𝟑 — weighting factors for categories; Iter, Iek, Isoc— sub-indices for land use, ecology and socio-

economic sphere 

Figure 1 presents a model that demonstrates the step-by-step process from multidisciplinary 

data collection to the generation of an integrated index through a system of weighted indicators. The 

interrelations between satellite monitoring, GIS analysis and socio-economic statistics are visualized, 

providing a comprehensive assessment for post-conflict areas. 
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Figure 1. Structural and logical scheme of the integrated system for monitoring sustainable development of rural 

tourism. 

Spatial analysis algorithm (step by step): 

1. Collection of geodata: satellite images (Sentinel-2, VIIRS, Landsat), open data 

(OpenStreetMap, Booking.com, Ookla, etc.); 

2. Preprocessing: atmospheric correction, georeferencing, selection of the vegetation season; 

3. Extraction of indices: NDVI, NDWI, LULC classification, illumination (NLI); 

4. Calculation of subindices (LUCI, ICI, NDVI, STCI, etc.); 

5. Creation of layers in GIS with integration of socio-economic and digital indicators; 

6. Calculation of IRSDRT at the regional/community level; 

7. Generation of maps and reports for monitoring and recommendations. 

INTEGRAL IRSDRT MONITORING MODEL 

DATA 

Satellite images (Sentinel-2, Landsat, VIIRS) 

GIS data (OSM, QGIS) 

Socioeconomic data (Booking, Airbnb) 

Digital indicators (Ookla, GSMA) 

Migration statistics 

ANALYTICAL BLOCK 

2. Ecological index (Iek) 

NDVI - vegetation cover 

NDWI - water resources 

SDRI - soil degradation risk 

STCI - surface temperature 

RZGCA - protected areas 

3. Socioeconomic Index (Isoc) 

DRI - population return 

TCCI - tourism clusters 

TBDI - bookings 

DAI - digital accessibility 

SSELI - tourism employment 

1. Land Use Index (Iter) 

LUCI - Land Use Change 

MTCI - Tourism Clustering 

ICI - Infrastructure Coverage 

NLI - Night Lighting 

AAPI - Accessibility of Facilities 

RSTI - Regeneration of Infrastructure 

INTEGRATION 

Weighting factors: 

ω₁=0.4 (land use) 

ω₂=0.3 (ecology) 

ω₃=0.3 (socioeconomics) 

IRSDRT = (ω₁Iter + ω₂Iek + ω₃Isoc) 

RESULTS 

Cartographic visualizations 

Recommendation reports 

Decision support system 
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3. Results 

3.1. Spatial-Temporal Dynamics of Land Use and Infrastructure Recovery (2022–2024)  

3.1.1. Dynamics of Restoration of Tourism and Social Infrastructure (ICI, RSTI, AAPI) 

To understand the spatial context of the study, a map of the Transcarpathia region of Ukraine 

was compiled, reflecting its administrative boundaries and key geographic features. This region is 

the object of analysis of land use dynamics, infrastructure restoration, and assessment of economic 

activity in the context of the ongoing war in Ukraine (Figure 2). 

 

Figure 2. Regional dislocation of Transcarpathia, Ukraine. 

The presented map allows to define the territorial scope of the study and serves as a basis for 

subsequent spatial analysis of land use and infrastructure changes. Clear visualization of the regional 

boundaries ensures correct comparison of satellite data (VIIRS, Sentinel-2) and socio-economic 

indicators, which increases the accuracy of interpretation of the obtained results. Based on the 

developed methodology (Table 2, Figure 1), calculations were carried out for the Transcarpathia 

region of Ukraine using data for three time slices: at the initial stage of a full-scale war (2022), in the 

conditions of the active phase and ongoing crises (2023), as well as during the period of relative 

stabilization and strengthening of recovery processes (2024) (Table 3). 

Table 3. Indices of sustainable development of rural tourism in the Transcarpathia region of Ukraine in the 

conditions of war. 
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The calculations yield key observations and trends in the spatial-temporal dynamics of land use 

and infrastructure rehabilitation (2022–2024). Thus, in the period 2022–2023, there was an initial 

shock from the outbreak of hostilities, followed by adaptation. In 2022 (the year of the full-scale 

invasion), the immediate negative impact is clearly visible. The LUCI (0.5) and MTCI (0.05) indices 

are extremely low, indicating an almost complete halt in the development of new tourism and the 
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formation of clusters. The most indicative is the RSTI value of 0.0, which means no rehabilitation or 

development of new infrastructure, which corresponds to wartime priorities. The ICI is also low 

(6.64).  

3.1.2. Mapping Data on Nighttime Light Intensity (NLI) as an Indicator of Economic Activity 

Analysis of the dynamics of the NLI indicator showed that it remains at 100%, which indicates 

a stable power supply to Transcarpathia, in contrast to the territories that were subjected to direct 

attacks (Figure 3).  

 

Legend 

Color 
Value 

(brightness) 
Interpretation 

Black 0.1–1 Low or no illumination 

Blue ~5–10 Poorly lit areas 

Green 
~10–20 

Moderate activity (rural 

centers) 

Yellow ~20–40 Active population centers 

Red 
~40–60 

Infrastructure or industrial 

areas 

White 
>60 

Peak values (cities, 

intersections) 
 

Figure 3. Night lighting in Transcarpathia according to VIIRS DNB data for 2024, visualization of real 

distribution of electricity consumption as a proxy for economic activity. 

Figure 4 shows the dynamics of the NLI indicator in Transcarpathia as an indicator of economic 

activity in 2022–2024. 

 

Figure 4. Dynamics of nighttime lighting (NLI) in Transcarpathia as an indicator of economic activity. 

In 2022, the NLI level remained high (100.0), indicating stable energy supply in the region even 

amid the start of the full-scale war. In 2023, a noticeable decrease in the indicator to 85.0 is observed, 

which may be related to the impact of the nationwide energy crisis and power supply interruptions. 

In 2024, a partial recovery of the NLI value to 95.0 is recorded, reflecting a gradual increase in the 

resilience of the energy infrastructure and economic activity in the region. 

In 2023 (the year of resilience and recovery), a sharp increase in several indicators is observed. 

The RSTI index sharply rises to 120.0, suggesting significant restoration and even new construction 

exceeding the pre-war level, likely due to the influx of internally displaced persons (IDPs) and 

humanitarian aid/recovery efforts in Transcarpathia as a safe haven. This is the main reason for the 

jump in the Iter index from 26.64 to 44.98. The LUCI (1.2), MTCI (0.12), ICI (7.97), and AAPI (55.56) 

indicators show substantial growth, indicating renewed, albeit cautious, attention to tourism 
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development and increased accessibility. The NLI index falls to 85.0. This may indicate nationwide 

energy supply disruptions affecting even safer regions, or possibly a slight decrease in overall 

economic activity compared to the pre-war baseline (if 100 is taken as the pre-war norm). In the 2023–

2024 period, relative stabilization and moderate growth of key indicators are observed. Thus, the 

Index of Restoration of Social and Tourist Infrastructure (RSTI) in 2024 was 70.0 — after a sharp jump 

in 2023 (120.0), recovery work continued but at a more balanced level. This may indicate the 

completion of the most priority projects or limited resources and economic difficulties caused by the 

ongoing war. The LUCI (from 1.2 in 2023 to 2.5 in 2024), MTCI (from 0.12 to 0.20), ICI (from 7.97 to 

10.39), and AAPI (from 55.56 to 62.50) indices demonstrate positive dynamics, but the growth of these 

indicators becomes more gradual compared to the 2022–2023 period. This reflects the sustained 

adaptation of tourism infrastructure to crisis conditions and gradual development with limited 

opportunities. The Night Lighting Index (NLI) increased from 85.0 in 2023 to 95.0 in 2024, which may 

indicate the restoration and relative stability of the energy infrastructure in the region, as well as the 

revitalization of economic activity. The Integrated Land Use and Infrastructure Index (Iter), on the 

contrary, decreased from 44.98 in 2023 to 40.10 in 2024. This decrease may be due to the adjustment 

of the RSTI value: if its sharp increase in 2023 had a significant impact on the final Iter index, then in 

2024, a more moderate RSTI value affected the overall decrease in the indicator, despite the growth 

of other components. Overall, the indicators reflect the complex dynamics of the region, which in 

2022 was in a state of stagnation, in 2023 at the peak of recovery, and in 2024 in a phase of stable but 

restrained growth. This confirms the high adaptability and resilience of the Transcarpathia region in 

the context of the ongoing military conflict. 

3.1.3. Spatial Analysis of Tourism Clustering (MTCI) 

To assess the degree of tourism activity clustering in Transcarpathia, the MTCI index was used, 

calculated for two main directions: Uzhhorod–Velykyi Bereznyi and Rakhiv–Yasinia. The correction 

factor K for the first direction was set at 1.0, and for the second, at 1.2, reflecting the greater tourism 

potential of the Rakhiv–Yasinia mountain cluster. 

The dynamics of clustering by year are as follows. In 2022, the MTCI index value was 0.05, 

extremely low for both directions, indicating an almost complete halt in the formation of tourism 

associations and new initiatives. This is explained by the shock from the start of the full-scale war 

and the prioritization of basic security over tourism development. The value of this indicator for the 

Uzhhorod–V. Bereznyi cluster was 0.05, and for Rakhiv–Yasinia (with K=1.2): 0.06. 

In 2023, the MTCI indicator increased to 0.12, which points to the emergence of new tourism 

initiatives and agritourism estates, associated with the influx of internally displaced persons and the 

growth of domestic tourism. For the Uzhhorod–V. Bereznyi cluster, this indicator was 0.12, and for 

Rakhiv–Yasinia: 0.14. 

In 2024, the MTCI value was 0.20, reflecting the gradual activation of the tourism industry and 

the development of new routes. Despite the ongoing war, the data indicates a steady increase in 

clustering. This indicator for the Uzhhorod–V. Bereznyi cluster was 0.20, and for Rakhiv–Yasinia: 

0.24. 

Analysis shows that the Rakhiv–Yasinia direction consistently demonstrates higher MTCI 

values due to the increased tourism potential of the mountain region (coefficient K=1.2). In 2022, 

activity was practically absent, but in 2023–2024, there’s a steady increase in clustering, associated 

with the recovery of domestic tourism, the development of eco-trails, and the creation of agritourism 

estates. This dynamic reflects the adaptation of the tourism industry to crisis conditions: first, a period 

of complete stagnation, then rapid recovery and moderate growth even with ongoing economic 

constraints. 

To assess the level of integration of tourism objects, the values of the tourism clustering indicator 

(MTCI) were calculated for two key directions in Transcarpathia region —Uzhhorod–V. Bereznyi and 

Rakhiv–Yasinia. The MTCI indicator reflects the degree of cooperation between tourism objects (eco-
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homesteads, campsites, tourist bases, glamping sites, etc.), which is an important indicator of the 

development of sustainable tourism clusters in the region (Table 4). 

Table 4. Values of the tourism clustering indicator (MTCI) for various tourist sites in the Uzhhorod- V.Bereznyi 

and Rakhov-Yasinya clusters (2024). 

Tourism object Type of object MTCI 
Cluster Uzhgorod- V.Bereznyi 

Eco-estate ‘Forest Fairy Tale’ Eco Estate 0.72 

Camping ‘Carpathian Holiday’ Camping 0.65 

Tourist centre ‘Polonyna’ Turbaza 0.78 

Manor ‘Bereznyansky Dvir’ Guest House 0.70 

Glamping “EcoCarpathia” Glamping 0.68 

Eco-farm ‘Green Paradise’ Eco Farm 0.73 

Tourist complex ‘Serednya Polyana’ Tour complex 0.76 

Guest house ‘Uzhhorodski Karpaty’ Guest House 0.69 

Camping ‘Forest Adventure’ Camping 0.71 

Glamping ‘Forest Dreams’ Glamping 0.67 

Cluster Rakhiv-Jasinya  

Eco-estate ‘Hutsulska Svitlytsia’ Eco-house 0.80 

Camping ‘Tisa’ Camping 0.74 

Tourist complex ‘Dragobrat’ Tour complex 0.85 

Estate ‘Verkhovyna Hospita’ Guest house 0.77 

Glamping ‘Carpathian Sky’ Glamping 0.82 

Ecotourism centre “Svydovets” Turbaza 0.83 

Guest house ‘Polonyna Yasinya’ Guest house 0.79 

Camping ‘Gornyi Vidpochynok’ Camping 0.76 

Estate ‘Hutsulskyi Rai’ Guest house 0.81 

Glamping ‘Mountain Soul’ Glamping 0.84 

The Rakhiv–Yasinia cluster demonstrates a higher average MTCI of 0.80, indicating more 

developed cooperation among tourism facilities, extensive use of joint services, and the region’s 

attractiveness to tourists due to its mountains and developed infrastructure. The Uzhhorod–

V.Bereznyi cluster has a medium level of integration (MTCI = 0.71), which suggests existing 

interaction between facilities but also significant potential for expanding joint initiatives and creating 

new tourist routes. Thus, the comparative analysis shows that Rakhiv–Yasinia is a more consolidated 

tourism cluster, while Uzhhorod–V.Bereznyi requires activation of joint projects to increase the level 

of integration and the region’s competitiveness in the tourism market. 

To visually represent the differences in clustering levels by type of tourism object, a diagram 

was constructed showing the average MTCI values in the two clusters—Uzhhorod–V.Bereznyi and 

Rakhiv–Yasinia (Figure 5). 
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Figure 5. Average MTCI values for different types of tourist facilities in the Uzhhorod–V. Bereznyi and Rakhiv–

Yasinya clusters (2024). 

The diagram confirms that in all categories of tourism objects, MTCI indicators are higher in the 

Rakhiv–Yasinia cluster, indicating closer cooperation and a high level of integration. The gap is 

particularly noticeable for glamping sites (0.83 vs. 0.675) and tourist complexes (0.85 vs. 0.76), which 

reflects the active development of tourism infrastructure in the mountain region. The Uzhhorod–

V.Bereznyi cluster demonstrates lower values, underscoring the potential for strengthening 

cooperation among tourism objects. 

 Legend 

№ Tourist object Object type 

1 Eco-estate ‘Forest Fairy Tale’ Eco Estate 

2 Camping ‘Carpathian Holiday’ Camping 

3 Tourist Camp ‘Polonyna’ Tourbase 

4 Manor ‘Bereznyansky Dvir’ Guest House 

5 Glamping “EcoCarpathia” Glamping 

6 Eco-farm ‘Green Paradise’ Eco Farm 

7 Tourist Complex ‘Serednya Polyana’ Tour complex 

8 Guest House ‘Uzhhorodski Karpaty Guest House 

9 Camping ’Forest Adventure” Camping 

10 Glamping ‘Forest Dreams’ Glamping 

11 Eco-hostel ‘Hutsulska Svitlytsia’ Eco Estate 

12 Camping ‘Tisa’ Camping 

13 Tourist complex ‘Dragobrat’ Tour complex 

14 Homestead ‘Verkhovyna Hospita’ Guest House 

15 Glamping ‘Carpathian Sky’ Glamping 

16 Ecotourism centre “Svydovets” Tourbase 

17 Guest house ‘Polonyna Yasinya’ Guest House 

18 Camping ‘Mountain Rest’ Camping 

19 Homestead ‘Hutsulsky Rai’ Guest House 

20 Glamping ‘Mountain Soul’ Glamping 
 

Figure 6. Placement of tourist facilities in clusters Uzhgorod-V.Bereznyi (1st cluster) and Rakhov-Yasinya (2nd 

cluster). 

3.2. Environmental Sustainability Assessment  

3.2.1. Comparative Analysis of NDVI and NDWI for 2022-2024 by Key Natural Areas (Carpathians, 

Solotvyno) 

NDVI and NDWI indices were calculated for 2022-2024 to assess the dynamics of vegetation 

cover and water resources in the region (Table 5). 
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Table 5. Normalised differential vegetation index and water saturation index in Carpathians and Solotvyno. 

Год NDVI (Carpathians) NDWI (Carpathians) NDVI (Solotvyno) NDWI (Solotvyno) 

2022 30 10 25 8 

2023 34 15 28 12 

2024 37 18 31 14 

The indicators show a gradual recovery: NDVI increased from 28.57 in 2022 to 36.00 in 2024, 

indicating an increase in vegetation density, especially in forested areas of the Carpathians. Similarly, 

NDWI increased from 9.09 to 17.00, reflecting an improvement in water saturation, which may be 

related to increased precipitation and reduced anthropogenic pressure in remote areas. In the 

Solotvino area, the increase in indicators is less pronounced, which is related to local environmental 

problems (salt pits and reduction of bio-diversity) (Figure 7). 

 

Figure 7. Dynamics of NDVI and NDWI in the Carpathians and Solotvino region for 2022–2024. 

3.2.2. Identification of Areas with High Risk of Soil Degradation (SDRI) and Surface Temperature 

Changes (STCI) 

To assess the dynamics of environmental risks in the Transcarpathia region, the SDRI (soil 

degradation risk) and STCI (surface temperature change) indicators were calculated for 2022–2024 

(Figure 8). The SDRI values remain within 7.81–7.20%, which is below the critical threshold of 30%. 

These indicators make it possible to identify potentially vulnerable areas where land deterioration 

and an increase in temperature anomalies are observed.  

 

Figure 8. Changes in SDRI and STCI in Transcarpathia for 2022–2024. 

SDRI remains within 7–8% throughout the entire period, which is significantly below the critical 

threshold of 30%. However, small fluctuations may be associated with local soil load in agricultural 

areas. The STCI indicator increased from 2.86 in 2022 to 4.20 in 2024, indicating a localized increase 

in surface temperature. This can be attributed to both global climatic trends and changes in land use 

(reduction of forest areas in certain plots). However, local zones of soil degradation risk are recorded 

in open agricultural territories and near mining enterprises. For the spatial analysis of SDRI and STCI, 

a map was created displaying zones with increased risk of soil degradation and changes in surface 
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temperature. The most vulnerable territories are located in lowland areas and around economically 

developed lands, while the Carpathian forest areas maintain relatively stable indicator values. 

(Figure 9). 

 

 

Figure 9. Changes in SDRI and STCI in Transcarpathia for 2022–2024. 

This map shows the conditional distribution of ecological risks across Transcarpathia based on 

SDRI (soil degradation) and STCI (surface temperature change) indicators. 

The Western zone is characterized by an increased risk of soil degradation (SDRI = 8.5%) and the 

largest increase in surface temperature (STCI = 4.5%). 

The Central zone has the most favorable conditions (SDRI = 6.0%, STCI = 3.5%). 

The Eastern zone demonstrates average values for both indicators (SDRI = 7.5%, STCI = 4.0%), 

which indicates a moderate level of ecological load. 

Overall, this map allows for identifying territories where stricter environmental protection 

measures and land resource monitoring are required. 

3.2.3. Assessment of the State of Protected Areas and Green Corridors 

The area of protected territories and green corridors (RZGCA) gradually increased: from 10.00 

in 2022 to 13.00 in 2024. This reflects efforts to expand protected zones and restore ecosystems. The 

creation of new green corridors plays a key role in preserving biodiversity and forming a sustainable 

eco-network in the region, especially in the Carpathian mountain areas (Figure 10). 

 

             

Legend 

Light green—area of reserves in 2022 

Green—new areas added in 2023 

Dark green—expansion in 2024  

Figure 10. Expansion of green corridors and protected areas in Transcarpathia (2022–2024). 
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The map illustrates the gradual expansion of green corridors and protected areas in 

Transcarpathia during 2022–2024. The 2022 baseline territory includes existing nature reserves and 

national parks. In 2023, there was a noticeable increase in the area of protected lands, associated with 

the creation of new eco-trails and the expansion of protected zones. In 2024, additional areas were 

added, forming a more connected eco-network, which contributes to biodiversity conservation and 

enhances the region’s ecological sustainability. 

3.2.4. Mapping of Environmental Change 

To visually analyze the spatial distribution of changes in the NDVI, NDWI, SDRI, STCI, and 

RZGCA indices, thematic maps have been prepared. They allow for identifying areas with the most 

pronounced ecological changes: 

- zones of improved vegetation cover — in the forest areas of the Carpathians; 

- areas with risky soil degradation — on agricultural lands and near industrial facilities; 

- regions with increased surface temperature — predominantly in lowland zones; 

- expanding protected areas — in the vicinity of the Carpathian Biosphere Reserve and adjacent 

eco-corridors. 

Such cartographic visualization enables a comprehensive assessment of the region’s ecological 

sustainability dynamics and links it to the values of the integral Iek index, which increased from 47.40 

in 2022 to 50.92 in 2024 (Figure 11). 

 

Figure 11. Spatial distribution of environmental changes in Transcarpathia (2022-2024). 

The map illustrates the gradual expansion of green corridors and protected areas in 

Transcarpathia during 2022–2024. The 2022 baseline territory includes existing nature reserves and 

national parks. In 2023, there was a noticeable increase in the area of protected lands, associated with 

the creation of new eco-trails and the expansion of protected zones. In 2024, additional areas were 

added, forming a more connected eco-network, which contributes to biodiversity conservation and 

enhances the region’s ecological sustainability. 

3.3. Socio-Economic and Digital Resilience Indicators 

3.3.1. Dynamics of Population Return to Rural Communities (DRI) After Peak Resettlement 

The DRI indicator decreased from 100% in 2022 to 85% in 2023 and 82% in 2024, reflecting a 

gradual but incomplete return of displaced persons to rural communities. The highest return rate 

was recorded immediately after the start of displacement (2022), while in subsequent years, the pace 

stabilized amidst ongoing military actions. The DRI indicator reflects the share of people who have 

returned to rural communities relative to the total number of displaced persons (Figure 12). 
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Figure 12. Dynamics of demographic return in Transcarpathia (2022–2024). 

In 2022, DRI was 100%, which is associated with the initial return of the population after the 

peak of displacement. In 2023, the indicator decreased to 85%, and in 2024, to 82%, indicating a 

slowdown in return rates due to ongoing military actions and economic instability. 

3.3.2. Development of Local Tourism Clusters and Bookings (TCCI, TBDI)  

To assess the recovery of the tourism sector, TCCI (formation of tourism clusters) and TBDI 

(number of tourist bookings on Booking, Airbnb and local services) indicators were calculated 

(Figure 13). 

 

Figure 13. Dynamics of indices of creation of tourist clusters and development of tourist orders in Transcarpathia 

(2022-2024). 

From 2022 to 2024, TCCI increased from 8.0 to 22.0, reflecting the active formation of new 

tourism associations. TBDI grew from 100.0 to 135.0, surpassing the pre-war level, which is linked to 

the rise in domestic tourism and increased online bookings, indicating a recovery and even exceeding 

of pre-war demand thanks to internal tourism and Booking and Airbnb platforms. 

3.3.3. Assessing Digital Accessibility (DAI)  

The DAI indicator increased from 70% in 2022 to 88% in 2024, reflecting the expansion of mobile 

coverage, internet infrastructure (4G, Starlink) and online booking services. The DAI indicator 

reflects the degree of mobile and internet coverage, as well as the availability of online booking 

services (Figure 14). 
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Figure 14. Dynamics of the digital accessibility index in Transcarpathia (2022-2024). 

The increase in DAI index is due to the expansion of 4G network, Starlink connectivity and 

development of digital services for tourists. 

3.3.4. Dynamics of Employment in Rural Tourism (SSELI)  

SSELI increased from 15% in 2022 to 19.5% in 2024, indicating an increase in employment in 

tourism and related services (hotels, agro-houses, catering, transport) (Figure 15).  

 

 

Figure 15. Dynamics of Service Employment Index in Transcarpathia (2022-2024). 

Table 6. Employment dynamics in tourism and related services in the Transcarpathian region (2022-2024). 

Year 
Hotels and health 

resorts  

Agro-

houses 
Catering 

Transport 

services 

Other 

services 

Total 

employment 

2022 400 150 300 200 100 1150 

2023 460 200 350 230 120 1360 

2024 500 230 380 250 140 1500 

Data shows stable employment growth in tourism and related services: 

Hotels and sanatoriums – increase from 400 people in 2022 to 500 people in 2024. 

Agritourism estates – almost 50% growth (from 150 to 230 people), linked to the development of 

rural tourism. 

Public catering – increase by 80 people, reflecting the growth in tourist numbers and internal 

demand. 

Transport services – gradual increase (from 200 to 250 people) due to tourist transportation. 

Other services – growth from 100 to 140 people, including craft workshops, excursions, local 

services. 
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Total employment in the sector grew from 1150 people in 2022 to 1500 people in 2024, indicating 

the expansion of the tourism economy even amidst the ongoing war. The structure of employment 

by type of work is shown in Figure 16. 

 

Figure 16. Structure of employment in tourism and related services in Transcarpathia (2022-2024). 

The analysis of Figure 16 shows the growth of all categories of workers and an increase in their 

share in the regional economy. 

3.4. Integrated Sustainable Development Index (IRSDRT) 

3.4.1. Representation of the Aggregated IRSDRT Index by Year (2022, 2023, 2024).  

The IRSDRT (Integral Index of Sustainable Rural Tourism Development) indicator grew from 

42.45 in 2022 to 53.38 in 2023 and 53.44 in 2024, reflecting active recovery after the start of the war 

and a transition to a phase of more stable development. The largest growth occurred in 2023, which 

is associated with a sharp increase in the values of sub-indices Iter, Iek, and Isoc (Figure 17). 

 

Figure 17. Values of Iter, Iek, Isoc sub-indices and IRSDRT integral index in Transcarpathia (2022-2024). 

Figure 17 reflects the dynamics of the sub-indices of sustainable rural tourism development (Iter, 

Iek, Isoc) and the aggregated IRSDRT index for 2022–2024. Iter (land use and infrastructure) grew 

from 26.64 in 2022 to 44.98 in 2023, but decreased to 40.10 in 2024 due to a slowdown in the pace of 

infrastructure recovery after the peak year. Iek (environmental sustainability) gradually increased 

(47.40 → 50.92), which is associated with an increase in NDVI, NDWI, and the expansion of protected 

areas (RZGCA). Isoc (socio-economic sustainability and digitalization) shows stable growth from 

58.60 to 69.30 due to increased employment, digital accessibility, and the development of tourism 

bookings. IRSDRT shows significant improvement from 42.45 in 2022 to 53.38 in 2023, with a slight 

increase to 53.44 in 2024, indicating a gradual stabilization of the region’s development after the active 

recovery phase. Overall, the dynamics demonstrate significant progress in tourism and infrastructure 

development, with socio-economic factors and environmental initiatives remaining the main drivers 

of growth. 
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Figure 18 illustrates the conditional spatial distribution of growth zones, transition zones, and 

risk zones based on the values of the integral IRSDRT index. Growth zones (dark green color) cover 

territories with high Iter and Isoc indicators, developed tourism infrastructure, significant 

employment in tourism, and a good level of digital accessibility. Transition zones (yellow color) are 

characterized by average sub-index values and have development potential, but are currently limited 

by resources and infrastructure. Risk zones (orange color) are territories with low IRSDRT indicators, 

where weak infrastructure recovery, limited tourist flow, and a low level of digitalization are 

observed. Such a distribution allows for identifying priority territories for investments and support 

measures aimed at tourism development and the sustainable integration of rural communities into 

the region’s economy. 

                       Legend 

Dark green – growth zones (high Iter and Isoc, Uzhgorod, 

Rakhov-Yasinya districts). 

Orange – transition zones (average values). 

Pink/red – risk zones (low infrastructure and digitalization 

indicators). 
 

Figure 18. Schematic distribution of growth zones, transition zones and risk zones according to IRSDRT index 

in Transcarpathia. 

The constructed IRSDRT map shows that the highest index values are concentrated in areas with 

developed tourism infrastructure (Uzhhorod–V.Bereznyi, Rakhiv–Yasinia) and good internet 

coverage. Central and mountainous communities have average IRSDRT values, while remote rural 

areas demonstrate lower indicators due to weak infrastructure. The identification of “growth zones” 

and “risk zones” is as follows. Growth zones: territories with high Iter and Isoc values (Rakhiv–

Yasinia areas, Uzhhorod surroundings), where cluster development, active booking, and 

employment growth are observed. Risk zones: remote communities with a low level of DAI, weak 

infrastructure recovery (low Iter), and limited tourist flow. 

3.5. Interpretation and Key Trends 

Recovery is uneven. Mountainous areas (Rakhiv–Yasinia) show higher growth rates for Iter and 

Isoc due to their tourism potential and the development of agritourism estates and eco-trails. The 

Uzhhorod–V.Bereznyi sub-region also shows growth, but with lower MTCI and TCCI values, 

indicating incomplete integration of tourism facilities. Remote rural communities remain risk zones 

with low DAI, limited infrastructure, and weak tourist demand. 

The main drivers of rural tourism growth in Transcarpathia are: 

Digitalization (DAI) – the expansion of internet coverage and online services increases bookings 

(TBDI) and cluster formation (TCCI). 

Infrastructure development (Iter) – the availability of roads, hotels, and tourist routes directly 

impacts employment (SSELI) and population return (DRI). 
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Environmental conditions (NDVI, RZGCA) – maintaining the natural environment enhances the 

region’s attractiveness for ecotourism. 

To confirm the proposed hypothesis H1 “The integration of remote sensing data and geospatial 

analysis enables the effective monitoring and evaluation of sustainable rural tourism development in 

post-conflict areas by identifying spatial patterns of land use change, infrastructure recovery, and 

environmental impact, thereby supporting data-driven planning and policy-making,” a correlation 

analysis was conducted between digital, infrastructural, and environmental indicators: 

DAI ↔ TBDI and SSELI – a high level of digital accessibility is linked to increased online 

bookings and employment. 

Iter ↔ DRI and SSELI – infrastructure recovery contributes to population return and job creation. 

Iek ↔ Iter – areas with developed infrastructure more often combine it with the expansion of 

protected areas and ecotourism. 

The correlation matrix is presented in Figure 19. 

 

Legend: 

Green cells - strong positive correlation (r > 0.7). 

Yellow cells - medium correlation (0.3 < r ≤ 0.7). 

Red cells - negative correlation (r < 0). 

Figure 19. Colour-coded correlation matrix of sustainable tourism indicators (2022-2024). 

Here’s the verbatim translation of your text into English: 

The correlation matrix shows the interrelationships between key indices, reflecting the 

sustainable development of rural tourism in Transcarpathia: 

IRSDRT has a strong positive correlation with Iter, Isoc, and DAI, confirming the complex 

influence of infrastructure development, socio-economic activity, and digital accessibility on the 

integral index. 

Iter (land use and infrastructure) positively correlates with TCCI, TBDI, and SSELI, indicating a 

direct link between infrastructure recovery, the formation of tourism clusters, increased bookings, 

and employment. 

Isoc (socio-economic sustainability) has a high correlation with DAI, TBDI, and DRI, reflecting the 

influence of digitalization and population return on the region’s socio-economic development. 
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Iek (environmental sustainability) demonstrates a moderate positive correlation with Iter and 

Isoc, indicating that infrastructure and employment development is accompanied by the expansion 

of protected areas and improved environmental indicators. 

DAI is closely linked to TBDI and SSELI, confirming that digital accessibility is an important 

factor in the growth of bookings and employment in the tourism sector. 

Overall, the results confirm that the sustainable development of tourism in the region depends 

on the synergy of infrastructure, digitalization, and socio-economic factors, with environmental 

sustainability playing a supporting role by increasing the region’s attractiveness for domestic 

tourism. 

4. Discussion 

The study results demonstrate that integrating remote sensing data and geospatial analysis 

allows for effectively monitoring the sustainable development of rural tourism in post-conflict 

regions, which aligns with the conclusions of Brezzi et al. [45] and Cardoso et al. [46]. Our data 

confirm that combining satellite indicators (NLI, NDVI, NDWI) with socio-economic indicators 

(TBDI, SSELI) provides a comprehensive assessment of recovery processes, as hypothesized in H1. 

This approach corresponds to the methodology proposed by Shcherbak et al. [12] but expands it by 

including digital markers (DAI), which is particularly relevant for post-conflict conditions where 

traditional data collection methods are often unavailable [3,4]. 

The observed growth in LUCI and MTCI indices in 2023–2024 indicates the formation of tourism 

clusters, similar to trends described by Stanovčić et al. [54] for Montenegro. However, unlike their 

findings, our data show that in Transcarpathia, clustering is more pronounced in mountainous areas 

(Rakhiv–Yasinia), emphasizing the role of natural potential as a driver of recovery. This contradicts 

Zwierzchowska’s [56] assertions about the risks of excessive centralization of tourist flows, as in our 

case, the cluster approach contributed to the even development of infrastructure. 

The dynamics of NLI revealed a paradoxical effect: despite military actions, the indicator 

remained stable (100% in 2022), which contrasts with data from other conflict regions [3,5]. This 

confirms Bobek et al.’s [6] thesis about the adaptability of “safe havens” but requires a revision of 

NLI interpretation as a universal indicator – in our case, its decrease in 2023 (85%) reflected not local 

destruction but systemic power supply interruptions. 

Socio-economic results (TBDI growth to 135%) align with Font, McCabe’s [24] concept of “slow 

tourism” but complement it with an important aspect: digitalization (DAI) became a key factor of 

sustainability, which was not noted in Jamrozy’s [25] research for pre-war conditions. The correlation 

of DAI and SSELI (r = 0.82) confirms Hysa et al.’s [27] conclusions about the transformative role of 

digital platforms for rural territories. 

Ecological indices (Iek) showed that the expansion of nature reserves (RZGCA) does not 

contradict infrastructure development, which refutes the “economy vs. ecology” dichotomy [8,9]. On 

the contrary, as Ryglová et al. [32] predicted, sustainable tourism in Transcarpathia became a catalyst 

for ecosystem recovery (NDVI growth from 28.57 to 36.00). 

The limitations of the study are related to the impossibility of verifying some data (e.g., informal 

tourism initiatives) and dependence on satellite image resolution. A promising direction is the 

integration of AI algorithms [55] for forecasting IRSDRT dynamics, considering conflict resolution 

scenarios. 

5. Conclusions 

The conducted research allowed for a quantitative assessment of the dynamics of sustainable 

rural tourism development in Transcarpathia for 2022–2024 and identified the following key trends. 

For infrastructure recovery and land use, a sharp increase in the RSTI index (infrastructure 

restoration) from 0.0 in 2022 to 120.0 in 2023 is characteristic, which is associated with active 

construction and the influx of IDPs, but in 2024 it decreased to 70.0, indicating the completion of 
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priority projects. The LUCI (tourism object development) and MTCI (tourism clustering) indicators 

also increased, by 5 times (from 0.5 to 2.5) and from 0.05 to 0.20, respectively, confirming the growth 

in the number of eco-homesteads and campsites. The NLI (night lighting) indicator remained stable 

(100% in 2022), but decreased to 85% in 2023 due to the energy crisis, and recovered to 95% in 2024, 

reflecting an improvement in economic activity. 

The dynamics of ecological sustainability are also characterized by the following changes. Thus, 

NDVI (vegetation cover) grew from 28.57 to 36.00, and NDWI (water resources) – from 9.09 to 17.00, 

which indicates ecosystem recovery. SDRI (soil degradation risk) remained low (7.81–7.20%), and 

STCI (surface temperature) increased from 2.86 to 4.20, which requires monitoring of anthropogenic 

impact. The area of protected zones (RZGCA) expanded from 10.00% to 13.00%, confirming efforts 

to preserve biodiversity. 

Changes also occurred in the third component of monitoring – the socio-economic development 

of the region. DRI (population return) decreased from 100% in 2022 to 82% in 2024, reflecting 

incomplete recovery of migration flows. The TBDI (bookings) indicator exceeded the pre-war level 

(135% in 2024), and SSELI (tourism employment) grew from 15% to 19.5%, demonstrating sector 

growth. DAI (digital accessibility) increased from 70% to 88%, which contributed to the development 

of online bookings and the integration of tourism clusters. 

The final assessment of the level of sustainable rural tourism development in post-conflict areas 

using remote sensing and geospatial analysis was measured by the integral index (IRSDRT). The 

overall sustainability index grew from 42.45 in 2022 to 53.44 in 2024, with socio-economic (Isoc = 

69.30) and infrastructural (Iter = 40.10) factors making the largest contribution. Correlation analysis 

confirmed a strong link between DAI and TBDI (r ≈ 0.85) and Iter and SSELI (r ≈ 0.78), which 

emphasizes the importance of digitalization and infrastructure for sustainable development. Thus, 

the study confirmed the hypothesis that geospatial methods are effective for monitoring post-conflict 

recovery. Despite the war, Transcarpathia demonstrates sustainable growth in the tourism sector, but 

further development requires strengthening environmental protection measures and supporting 

remote communities with low IRSDRT levels. 
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AAPI Accessibility to Attraction Points Index 

DAI Digital Accessibility Index 

DMSP-OLS Defense Meteorological Satellite Program – Operational Linescan System 

DRI Demographic Return Index 

GEE Google Earth Engine 

GIS (ГИС) Geographic Information Systems 

GSMA Global System for Mobile Communications Association 

ICI Infrastructure Coverage Index 

Iek Ecological Sustainability Index 

MTCI Index of Mountain Tourism Clustering 

IRSDRT Integrated Rural Sustainable Development and Resilience Tourism Index 

Isoc Socio-Economic Sustainability Index 

Iter Land Use and Infrastructure Index 

LUCI Land Use Change Index (Tourism) 

LULC maps Land Use/Land Cover maps 

MODIS Moderate Resolution Imaging Spectroradiometer 

NDVI Normalized Difference Vegetation Index 

NDWI Normalized Difference Water Index 

NLI Night Light Index 

OSM OpenStreetMap 

OVA (ОВА) Regional Military Administration (Ukraine) 

QGIS Quantum Geographic Information System 

RSTI Recovery of Social and Tourist Infrastructure Index 

RZGCA Protected Areas and Green Corridors Area 

SDRI Soil Degradation Risk Index 

SSELI Service Sector Employment Level Index 

STCI Surface Temperature Change Index 

TBDI Tourism Booking Development Index 

TCCI Tourism Cluster Creation Index 
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