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Abstract

Different monitoring approaches and techniques have been adopted to estimate and prevent
soil erosion and its corresponding phenomena at cultural heritage sites. Remote sensing
plays a crucial role in detecting and monitoring soil erosion events by providing a wealth
of geospatial data and information that helps to better understand and respond to the
mechanisms of soil erosion and mitigate or reduce its impacts. The main aims of this
review are to (1) provide an overview of remote sensing methods, applications, and sensor
types, (2) discuss the role of remote sensing in the estimation of soil erosion at cultural
heritage sites, and (3) present a bibliometric analysis of soil erosion studies at cultural
heritage sites covering the period from 1994 to 2025. The results of this study provide
insights into the yearly scientific production, methods employed, topics, and trends in this
field. This research offers valuable information for future research and the development
and promotion of policies and strategies for the effective and sustainable management of
cultural heritage sites.

Keywords: cultural heritage; remote sensing; management; soil erosion; bibliometric
analysis

1. Introduction
In recent times, soil erosion has become one of the most serious and escalating hydro-

geological hazards [1] and is increasingly recognized as a key driver of the degradation of
cultural heritage sites. Ongoing global climate change significantly influences soil erosion
processes by modifying rainfall patterns, longer dry periods, increasing temperatures and
atmospheric CO2 concentrations, and reducing vegetation productivity and soil infiltra-
tion capacity [2–4]. Concurrently, soil erosion is further exacerbated by anthropogenic
activities, including the cultivation, overgrazing, shifts in land use patterns and urban
development which have led to an increased surface runoff, ultimately resulting in land
deterioration [5–11].

Soil erosion is a slow and continual process that involves the detachment of soil
material by rain as an erosive agent and its transportation through surface runoff and
deposition [12,13]. It poses a multitude of environmental, economic, and social impacts,
leading to the destruction of property, damage to infrastructure, and agricultural produc-
tivity decrease [14,15]. Notably, it is estimated that about 75 billion tons of soil worldwide
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are degraded by soil erosion every year [16,17] costing approximately USD 400 billion in
global financial losses [18], and it is projected to increase by 27–45% by 2090 [19]. Soil
erosion has direct or indirect repercussions on the sustainability of archeological structures
and stratigraphy. Direct impacts are the destruction of archeological contexts, altering
the biochemical and physical mechanisms of historical building materials, and dispersing
archeological artifacts on the surface [20]. Indirect impacts are materialized by secondary
geomorphological hazards including desertification and landslides affecting the eroded
areas, as well as from human responses to the erosion, including adaptive land use practices
or construction activities.

Soil erosion processes and their potential impact on cultural heritage have been well
documented in the existing literature [21–25]. However, relatively limited research has been
conducted to identify and quantify the overall soil erosion risk and assess the vulnerability
of heritage structures, intending to provide maximal protection, despite the widespread
recognition that it is a growing critical issue. Given its significance, effective risk detection
and prediction, vulnerability assessment, and decision-making are critical for monitoring
the effects of soil erosion and for preserving and protecting these assets. In this context,
international heritage authorities, including United Nations Educational, Scientific and
Cultural Organization (UNESCO) and the International Council on Monuments and Sites
(ICOMOS) have advocated for the incorporation of cultural heritage into disaster risk
management strategies. For instance, the 2030 Agenda for Sustainable Development in
2015 emphasizes the necessity of risk estimation and damage assessment for cultural
heritage. Specifically, Target 11.4, specifically calls for “Protect the world’s cultural and
natural heritage-Strengthen efforts to protect and safeguard the world’s cultural and natural
heritage” [26].

Soil erosion estimation of cultural heritage is a challenging task, partly due to the
multi-faceted and heterogeneous nature of erosion processes, which are influenced by
diverse environmental parameters with differing degrees of severity and spatial coverage.
Historically, soil erosion management has been based on conventional methods, including
plot experimental observations [27], direct field survey measurements [28–30], and visual in-
spection of aerial photographs and orthophotos. Although these methods can provide high
precision in estimating soil erosion, they are expensive, labor-intensive, time-consuming,
and not appropriate for calculating soil erosion risk in large areas [31].

To overcome these limitations, remote sensing is widely recognized as an indispensable
non-destructive technological asset for the assessment of potential damage and identifica-
tion of susceptible areas, allowing time series analysis in a relatively short time and at a
low cost [32,33]. The emergence of various remote sensing platforms (satellites, UAVs, and
airplanes) and sensors (active and passive) have become an alternative tool, providing data
with higher spatial and temporal resolutions, operating on multiple wavelengths of the
electromagnetic spectrum and various scales [34]. Simultaneously, with the increased avail-
ability of open access data, advances in space-borne sensors, and processing methods have
substantially enriched the regular disaster management processes and decision-making.
Remote sensing enables the quantification and determination of soil erosion risk factors and
their mechanisms, analysis of spatio-temporal variations, predicting future scenarios and
providing valuable information on climatic and topographical parameters, thus supporting
future conservation management efforts [35–39].

To date, several review studies have been published in the field of soil erosion oriented
towards the implementation of diverse remote sensing data sources, such as satellite
imagery and UAV data. For example, Wang et al. [40] explore the use of remote sensing
data sources and processing methods in soil erosion research. Ji et al. [41] summarized
and assessed the effectiveness of satellite remote sensing methods for soil degradation
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monitoring applications. Likewise, Medeiros et al. [42] conducted a systematic literature
review of UAV applications in soil erosion monitoring, the recent advancements, integrated
methods, and their limitations for soil erosion modeling. Meanwhile, Musasa et al. [43]
presented a detailed overview of the use of Landsat data in soil degradation applications.
Epple et al. [44] explored the performance of existing process-based soil erosion models
in conjunction with remote sensing technologies. Sepuru and Dube [45] described soil
erosion methods utilizing optical data for soil erosion monitoring. Although prior review
papers pertain to the main topics and approaches of remotely sensed data for soil erosion
research, there is no published comprehensive review specifically addressing the use of
remote sensing applications for assessing and monitoring soil erosion processes and its
potential impacts on cultural heritage sites.

To fill this gap, this review aims to provide an extensive bibliometric analysis of re-
search progress and methodologies for soil erosion assessment and management, focusing
on their practical applications in cultural heritage sites and their surrounding landscapes.
The main objectives of this study were to (1) evaluate the role of remote sensing technolo-
gies in soil erosion assessment, while highlighting their advantages and drawbacks, and
current challenges; (2) examine existing advanced methods used to estimate soil erosion
in the reviewed literature, thereby contributing to a deeper understanding of ongoing
advancements and identifying key trends and future research directions.

This paper is composed of five sections as follows: Section 2 provides a brief review of
remote sensing platforms and sensors utilized in soil erosion research; Section 3 outlines
the methodology employed in this review; Section 4 presents the main findings; Section 5
discusses the use of remote sensing technologies for estimating and modeling soil erosion at
cultural heritage sites; and Section 6 delineates the final conclusions and recommendations
for future work.

2. Remote Sensing Technologies for Soil Erosion Estimation
2.1. Optical Remote Sensing

Optical remote sensing, including very high resolution (VHR) and multispectral
systems, captures information at several spectral bands ranging from visible to thermal
infrared (TIR) spectral channels of the electromagnetic spectrum. Multispectral data are the
most frequent source of information for soil erosion susceptibility mapping and assessment
of vegetation changes [46]. Indeed, the availability of large open access data archives
including those from the AVHRR (Advanced Very High Resolution Radiometer, 1.1 km)
and MODIS (Moderate Resolution Imaging Spectroradiometer, 250–1000 m) aboard the
TERRA and AQUA satellites, with low spatial resolutions and frequent revisit intervals
were extensively used to identify periods of increased erosion risk, such as after heavy
rainfall events or significant land use changes, particularly for large-scale applications.
Long-term Landsat time series data collected by various spectral sensors, including the
multispectral scanner (MSS) onboard Landsat 1–5, the Thematic Mapper (TM) onboard
Landsat-4 and Landsat-5, the Enhanced Thematic Mapper (ETM+) on the Landsat 7 (1999)
and the Operational Land Imager (OLI) on the Landsat 8 (2013) [47] have been utilized to
detect and monitor soil erosion hazards across a range of scales [48]. Similarly, Copernicus
Sentinel-2 constellation, consisting of two satellites, Sentinel-2A and Sentinel-2B, were
launched in 2015 and 2017, respectively, which provide optical images with spatial resolu-
tion of 10 m to 60 m and a revisit time of five days, thereby facilitating detailed soil erosion
mapping and detecting finer LULC changes. ASTER (Advanced Spaceborne Thermal
Emission Reflection Radiometer) is a multispectral sensor that comprises 15 spectral bands
mounted on NASA’s Terra satellite, launched in 1999, with 15 m resolution (multispectral)
and thermal infrared (TIR) with 30 m resolution and is suitable for assessing soil charac-
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teristics, LULC monitoring [49–53], and enables the generation of Digital Elevation Model
(DEM) or Digital Terrain Model (DTM) of the surveyed area [54].

Since 2000, very high resolution (VHR) commercial optical missions have been op-
erated providing meter or submeter spatial resolution imagery that facilitates the devel-
opment of more accurate disaster management applications [55,56]. For instance, the
IKONOS sensor launched in 1999 has a spatial resolution of 4 m and 1 m panchromatic
spatial resolution. The Quickbird satellite was launched in 2001 equipped with four-band
(450–900 nm) and a 0.60 m resolution. Other commercial satellites include the Worldview
satellites (2007–2009) that provide up to 1.8 m spatial resolution for the multispectral sensor
and 1.1 days repeat cycle and GeoEye-1 deployed in 2008 with 0.50 m resolution (panchro-
matic) and 1.65 m (multispectral). Several studies explore the use of very high resolution
(VHR) imagery using visual interpretation method to directly recognize the morphological
(e.g., color, texture, shape) and lithological small scale features associated with erosion in
satellite imagery based on expert knowledge [36]. Although these imageries are of very
high quality, they are expensive, and therefore not easily applicable to large-scale and
long-term monitoring studies. Moreover, optical imagery has inherent limitations under
cloudy conditions, in shadowed areas, or during periods of low visibility, which can hinder
consistent observation and analysis. Table 1 presents the most utilized optical satellites in
soil erosion studies.

Table 1. Commonly used optical satellites sensors for soil erosion.

Sensor(s) Launch Year Spatial
Resolution

Temporal
Resolution

Spectral
Range (µm)

Number of
Bands

Landsat-1
MSS 1972 80 18 0.5–1.1 4

Landsat 2
MSS 1975 80 18 0.5–1.1 4

Landsat 3
MSS 1978 80 18 0.5–1.1 4

Landsat 4 1982 30 16 0.45–2.35 7
Landsat-5

TM 1984 30, 120 16 0.45–2.35 7

Landsat-7
ETM+ 1999 15, 30, 60 16 0.45–12.5 8

Landsat 8
OLI 2013 15, 30 16 0.433–2.294 9

Sentinel-2
MSI 2015 10,20,60 5 0.443–2.202 13

AVHRR 1980 1100–5000 1 0.63–12 5
IKONOS 1999 4; 1 1.5–3 0.45–0.85 5

Quickbird 2001 0.6–2.6 2.4 450–900 5
ASTER 1999 15–90 16 0.52–2.43 15

MODIS 1999 250, 500, 1
km 1–2 0.459–2.155 36

Worldview 2 2009 0.5 1.1 450–800 9
Geoeye 1 2008 0.5–1.8 <3 450–920 5

2.2. Synthetic Aperture Radar (SAR)

Unlike optical sensors, SAR, as active microwave sensors, can operate day and night,
independent of weather conditions and penetrating clouds or vegetation. SAR sensors
operate at various microwave bands which are defined by their wavelengths, e.g., X-band
with 3.1 cm, C-band with 5.6 cm, and L-band with 23.6 cm) [57,58], and have the capability
to collect images over wide areas offering a high spatial resolution and frequent revisits. In
this regard, the Sentinel-1 constellation is a C-band SAR system, composed of two satellites,
Sentinel-1A and Sentinel-1B, with a temporal revisit interval of 6 to 12 days and down
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to 5 m geometric resolution. Similarly, RADARSAT-2 launched in 2007 by the Canadian
Space Agency (CSA), operates in the C-band microwaves (4~8 GHz) with a revisit time
of 4 days [59]. TerraSAR-X mission led by the German Aerospace Center (DLR) in 2007,
provides multimode X-band SAR data (8~12 GHz) in various modes (SpotLight (1 m),
StripMap (3 m), and ScanSAR (40 m)-modes) [60]. COSMO-SkyMed X-band mission
from the Italian Space Agency (ASI) provides high resolution radar images up to 1 m
resolution, making them more suitable for detecting fine-scale erosion features [61]. SAR
imagery has been used as an additional source of information to enhance the assessment and
simulation of soil erosion patterns [37,61]. SAR data and Interferometric techniques, such as
Differential Synthetic Aperture Radar Interferometry (DInSAR), InSAR Persistent Scatterer
Synthetic Aperture Radar (PSInSAR), Short Baseline Subsets (SBAS), and Coherence Change
Detection (CCD) are the most used methods. These techniques are utilized for detecting
terrain and structural changes with millimeter accuracy by analyzing the phase difference
(interferogram) between two SAR images acquired from the same orbit and location at
different times [62]. Despite the advantages of using SAR data, according to a literature
review, few scholars have explored SAR data for soil erosion applications [63–66]. The
limited use of SAR is due to more complex interpretation of geometric distortions and
speckle noise, making the change detection process more challenging compared to optical
images [67].

2.3. Unmanned Aerial Vehicles (UAVs)

UAVs equipped with various sensors (e.g., red, green, and blue (RGB), thermal, multi-
spectral, and hyperspectral cameras) present a useful tool for disaster damage assessment
in complex or inaccessible landscapes [68]. These sensors collect high spatial resolution
(submeter level) images [69], enabling the development of DEMs and ortho-image mosaics
using numerous methods, such as the structure from motion (SfM) algorithm [70], DEMs
of Difference (DoDs) [71], and Object-Based Image Analysis (OBIA). Even though UAVs
have certain advantages, including low cost, easy-to-use, short revisit cycle, which make it
a practical solution for small scale areas, they also present limitations, involving limited
coverage area, climatic conditions restriction, and short battery life.

2.4. Remote Sensing Products

Satellite-derived products from various sources and platforms have become increas-
ingly available to feed into soil erosion models, calibrate model variables, and validate
simulated erosion processes (Table 2). The development of different types of remote sensing
products at various spatial and temporal resolutions, such as LULC, meteorological, and
topographic data, has facilitated the assessment and mapping of soil erosion hazards over
time. Many studies have focused on using these products in soil erosion simulation and
forecasting, either independently or in conjunction with other types of data.

Topographical information such as elevation, slope, and slope length has been the
key input parameters for soil erosion models [72], which affect soil erosion rates and sedi-
ment deposition [73,74]. Traditionally, these morphological characteristics were manually
derived from topographic maps, which provided a relatively low spatial resolution [75].
Recently, a variety of DEMs have been produced from optical satellite data [76], UAV pho-
togrammetry data, and SAR interferometry [77,78]. The accuracy of these morphological
characteristics is dependent on the source and resolution of the DEM used [79,80]. SAR and
UAV technologies can generate terrain data with a meter-level resolution [81]. The most
widely utilized global DEMs for soil erosion studies are the Shuttle Radar Topography
Mission (SRTM, 30–90 m resolution) and the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER, 30 m resolution). Open access DEMs with coarse spatial
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resolution, including Global Multi-resolution Terrain Elevation Data 2010 (GMTED 2010,
1000 m) and Global 30 Arc-Second Elevation (GTOPO-30, 1000 m) were used mainly in
large-scale soil erosion modeling [82,83]. Precipitation significantly influences soil erosion
formation and development [13].

Table 2. Characteristics of the most common satellite products used for soil mapping.

Indicator Product Spatial
Resolution

Temporal
Resolution

Data
Availability

Rainfall

Tropical Rainfall Measuring
Mission (TRMM) 0.25◦ × 0.25◦ 3 h 1997–2015

Climate Hazards group
Infrared Precipitation (CHIRP)

V2.0
0.05◦ × 0.05◦ Daily/5-day/10-

day/monthly 1981–present

Precipitation Estimation from
Remotely Sensed Information

using Artificial Neural
Networks Cloud Classification

System (PERSIANN-CCS)

0.04◦ × 0.04◦ 30 min 2003–present

Precipitation Estimation from
Remotely Sensed Information

using Artificial Neural
Networks (PERSIANN)

Climate Data Record (CDR)
V1R1

0.07◦ × 0.07◦ 6 h 1983–2016

Remotely Sensed Information
using Artificial Neural

Networks (PERSIANN)
0.04◦ × 0.04◦ 1 h 2000–present

Global Precipitation
Measurement (GPM) 0.1◦ × 0.1◦ 0.5–3 h 2014–present

Topography

Space Shuttle Radar
Topography Mission (SRTM) 30–90 m 11 days 2000–present

Advanced Spaceborne
Thermal Emission and

Reflection Radiometer Global
Digital Elevation Model

(ASTER GDEM)

30 m - 2000–present

Global Multi-resolution
Terrain Elevation Data 2010

(GMTED 2010)
30 m - 2010–present

Global 30-Arc-Second
Elevation Data Set (GTOPO30) 1 km - 1996–present

Vegetation Cover

MODIS MOD12Q1 500 m 16 days 2001–2018
MODIS MOD12Q1 1 km 16 days 2001–2018

GlobLand30 30 m - 2000–2010
Esri’s 2020 Land Cover (Esri) 10 m - 2020-present

Google’s Dynamic World (DW) 2020-present
ESA’s World Cover 2020 (WC) 10 m - 2021-present

Global Land Cover 2000
dataset 100 m - 2000-present

CLC1990 ≤50 m - 1986–1998
CLC2000 ≤25 m - 2000 +/− 1 year
CLC2006 ≤25 m - 2006 +/− 1 year
CLC2012 ≤25 m - 2012 +/− 1 year

CLC2018 ≤10 m
(Sentinel-2) - 2018 +/− 1 year

Precipitation data are the main input in soil erosion models, as their high resolution
and real-time data are essential for effective soil erosion assessment. Precipitation mea-
surements are obtained by conventional methods such as rain gauge stations or satellite
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observations. Rain gauge stations offer highly accurate point-based precipitation mea-
surements, but their accuracy depends on their spatial distribution [84,85]. To address
this limitation, various satellite precipitation products produced from passive microwave
and infrared sensors have been developed as an alternative approach, offering broader
spatial coverage and temporally continuous near real-time records on precipitation in-
tensity, quantity, and erosivity [86]. Several scholars have examined the precision and
reliability of satellite-based precipitation products, such as Climate Hazards Group Infrared
Precipitation with Stations (CHIRPS), Tropical Rainfall Measuring Mission (TRMM) [87],
Precipitation Estimation from Remotely Sensed Information Using Artificial Neural Net-
works (PERSIANN) [88], Precipitation Estimation from Remotely Sensed Information using
Artificial Neural Networks–Cloud Classification System (PERSIANN-CCS), Precipitation
Estimation from Remotely Sensed Information using Artificial Neural Networks–Climate
Data Record (PERSIANN-CDR) [89], and the Global Precipitation Measurement (GPM)
dataset [90] for soil erosion modeling [91–96]. Despite these advancements, these products
are frequently subjected to considerable uncertainties and random errors due to sensor
limitations, spatial resolution, and atmospheric interference. Consequently, some schol-
ars have recommended the application of both satellite-based precipitation datasets and
rain gauge measurements with various interpolation methods to enhance the accuracy of
rainfall estimates [97–99].

Land cover plays a crucial role in regulating the intensity and frequency of soil erosion
processes and land deterioration [100]. Changes in land use practices such as the trans-
formation of natural lands (grasslands and forests) into urbanized areas and inadequate
land management practices reduce vegetated areas and expose soil surfaces to precipita-
tion, thereby increasing soil erosion susceptibility and sediment yield [3,101,102]. Hence,
understanding the impact of land use/land cover (LULC) changes on soil erosion risk is of
great significance for effective land use planning, environmental monitoring, and disaster
prevention. Several studies have attempted to classify and map different land cover types
using readily national or global LULC products based on different remotely sensed data at
various spatial scales [103–111]. These products have frequently been utilized as inputs to
estimate vegetative cover management (C-factor) based on table values from the sourced
existing literature [112]. Typical products include the Coordination of Information on the
Environment (CORINE) land cover map (CLC2000, CLC2006, CLC2012 and CLC2018) from
the European Environmental Agency (EEA), GLOBELAND30 with 30 m spatial resolution
produced by the National Geomatics Center of China [113], MODIS Land Cover type
products (MCD12Q1 and MOD12Q1, 500/1000 m) produced by NASA [114], and Global
Land Cover Map (GlobCover, 300 m) provided by the ESA [115]. Recently, three global
LULC datasets, such as near real-time Google’s Dynamic World (DW), ESA’s World Cover
2020 (WC) [116], and Esri’s 2020 Land Cover (Esri) [117] with 10 m resolution, have been
established based on Sentinel imagery. Although these LULC datasets provide valuable
insights, they contain varying levels of uncertainty, which may limit their applicability for
specific research contexts [118]. Thus, assessing the accuracy, consistency, and regional
suitability of diverse LULC datasets is essential to ensure reliable analysis and informed
decision-making.

3. Materials and Methods
3.1. Data Source Selection and Search Strategy

In this review, a systematic search of the published literature (scientific articles, reviews,
conference papers, and book chapters) was conducted using the Scopus and Web of Science
(WoS) databases platforms, last accessed on 17 July 2025, covering the period from 1994
to June 2025 (Table 3). The search was undertaken using the following query terms: “soil
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erosion” AND “cultural heritage” OR “archaeological site” (query 1, Q1); “soil erosion”
AND “cultural heritage” OR “archaeological site” AND “remote sensing” (query 2, Q2);
“soil erosion” AND “cultural heritage” OR “archaeological site” AND “satellite imagery”
(query 3, Q3); “soil erosion” AND “cultural heritage” OR “archaeological site” AND “SAR”
OR “INSAR” (query 4, Q4); “soil erosion” AND “cultural heritage OR archaeological
site” AND “UAV” OR “Drone” (query 5, Q5); “soil erosion” AND “cultural heritage” OR
“archaeological site” AND “management” (query 6, Q6); “soil erosion” AND “cultural
heritage” OR “archaeological site” AND “assessment” (query 7, Q7); and “soil erosion”
AND “cultural heritage” OR “archaeological site” AND “modelling” (query 8, Q8).

Table 3. Statistics from the selected papers from Scopus and WoS platforms.

Description Records

Databases WoS Scopus

Query terms

“soil erosion” AND “cultural heritage” OR “archaeological site” 67 118
“soil erosion” AND “cultural heritage” OR “archaeological site” AND

“remote sensing” 8 17

“soil erosion” AND “cultural heritage” OR “archaeological site” AND
“satellite imagery” 3 5

“soil erosion” AND “cultural heritage” OR “archaeological site” AND
“SAR” OR “INSAR” 1 4

“soil erosion” AND “cultural heritage OR archaeological site” AND “UAV”
OR “Drone” 3 4

“soil erosion” AND “cultural heritage” OR “archaeological site” AND
“management” 30 44

“soil erosion” AND “cultural heritage” OR “archaeological site” AND
“assessment” 20 26

“soil erosion” AND “cultural heritage” OR “archaeological site” AND
“modelling” 5 112

Time span 1998–June 2025
Articles, book chapters, proceedings papers, reviews

English
Document type

Language

The eligibility criteria that were used throughout the search process were (1) papers
published only in English and distributed in peer-reviewed journals and (2) studies directly
related to soil erosion estimation, monitoring, and modeling, and excluded any other type
of soil erosion research.

3.2. Data Screening, Analysis, and Visualization Strategy

A total of 137 and 230 peer-reviewed papers were retrieved and examined from the
Web of Science and Scopus databases, respectively, based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) method for the identification,
screening, and eligibility of studies for inclusion in this review and meta-analysis, as
illustrated in Figure 1. Subsequently, duplicate (n = 36) and non-English documents (n = 10)
were removed, resulting in a total of 321 studies. Afterward, records were evaluated by
subject fields that are closely related to soil erosion research in cultural heritage sites. As a
result, 23 publications were discarded, as they were not relevant with the core themes of
the review such as “Immunology and Microbiology” (n = 1), “Chemistry” (n = 2), “Plant
sciences” (n = 2), “Geography Physical”(n = 14) “Biodiversity conservation” (n = 2) “Science
and Ecology” (n = 1), “Energy” (n = 5), “Nuclear Science Technology” (n = 1), “Economics”
(n = 1), and “Agricultural and Biological Sciences”(n = 8). The full texts of the remaining 298
articles were thoroughly examined to confirm their alignment with the research objectives.
Finally, 54 articles that met all eligibility criteria were obtained and further analyzed in
this bibliometric review using two open access bibliometric tools, namely the VOSviewer
(version 1.6.20) and the Bibliometrix and Biblioshiny packages in Rstudio environment
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(version: 2024.09.0-375). These tools facilitated the analysis of temporal research trends,
collaborations network maps and keyword co-occurrences analysis related to research
about soil erosion hazard over cultural heritage sites.

Figure 1. Overview of the research methodology.

4. Results
4.1. Spatial and Temporal Distribution of Published Studies

Figure 2 demonstrates the overall number of soil erosion-related documents affecting
cultural heritage sites published each year from 1994 to June 2025. It can be observed
that the number of publications was very low, with only a modest increase over the past
decade, with the highest number of journals recorded in 2024. From 1994 to 2015, there
were few academic studies in which the number of published articles was less than two per
year. It indicates that the research on soil erosion was in its development phase, receiving
limited scholarly attention during that period. Since 2016, the soil erosion topic has received
considerable attention, showing relative stability in terms of the number of publications,
corresponding to ~75.92% of the total number of publications. It is worth noting that no
articles were identified in 1995–1997, 1999–2003, 2007, 2010 and 2012, indicating a potential
absence of relevant research or a lack of available studies during those years.

 

Figure 2. Number of papers relates to soil erosion studies in archeology (1994–2025) from Scopus and
WoS platforms.
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The 54 published papers included in this review were published in 38 scientific
journals. Figure 3 depicts the first 10 sources with the most published articles. The Journal
of Archeological Science had the most publications (n = 5), followed by Land (n = 4),
International Journal of Disaster Risk Reduction (n = 3), and Remote Sensing (n = 3). The
remaining six journals published only two articles each (for example, Geoarchaeology, Plos
One, and Applied Geomatics), accounting for 13.95% of the total number of papers.

 

Figure 3. Journals of published articles.

The retrieved papers were classified into eight different thematic categories and
disciplines according to the Scopus and WoS databases. As displayed in Figure 4, the
highest proportion of these papers falls under Earth and Planetary Sciences (26%), followed
by Social Sciences (23%) and Arts and Humanities (14%). Other frequently examined
topics include Environmental Science (11%), Multidisciplinary (9%) and Computer Science
(7%). Additionally, Material Science and Engineering account for the lower proportion
at 5%, corresponding to three articles. It can be seen that individual articles may have
been classified into multiple thematic categories, underscoring the high importance of
environmental and geological and geomorphological issues, which are gaining growing
attention within the scientific community.

 

Figure 4. Thematic categories of published articles included in this review.

Figure 5 provides the geographic distribution of the top 10 countries involved in
archeology and soil erosion research over the past three decades. As illustrated in Figure 5,
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Italy has the highest number of publications (n = 8), reflecting the growing awareness of the
scientific community of the potential soil erosion risk and its impacts on cultural heritage.
This is followed by China, Greece, and Cyprus, which collectively account for 36.2% of all
the analyzed publications. Other countries with notable contributions to this field include
Romania (n = 4), the UK (n = 3), and Ethiopia, India, Jordan, and Germany, each with two
relevant publications in this research topic.

 

Figure 5. Spatial distribution of reviewed studies.

4.2. Co-Occurrence of Authors’ Keywords

Figure 6a visualizes a co-occurrence network map of the most used authors’ keywords
based on the relevant research papers obtained from the Scopus and WoS search engines
included in this study. As presented in Figure 6a, six clusters were identified. The first
cluster (red color), the largest cluster, includes 10 keywords such as archeological sites,
climate change, land use change, remote sensing, rusle, ndvi, and erosion. This cluster is
centered on the potential of remote sensing technologies to estimate soil erosion processes
under the impact of land use practices and climate change, involving published documents
with topics dealing with various methods to analyze and interpret remote sensing data.
The second cluster (green color) contains terms such as soil loss, soil erosion, usped model,
and cultural heritage. This cluster emphasizes the importance of estimating and optimizing
soil erosion processes in cultural heritage sites. Furthermore, the third cluster (blue color)
encompasses keywords such as satellite remote sensing, landsat, rusle/usle, and risk
assessment. This cluster reflects the strong link between technologies and soil erosion
assessment, supporting the development of effective adaptation strategies and informed
decision-making to mitigate adverse impacts on cultural heritage. The fourth cluster (yellow
color) includes keywords such as management and natural hazards, which underscores the
importance of integrated risk management and hazard assessment in erosion-prone areas.
Lastly, the sixth cluster (light blue color) has 2 keywords associated with risk management
and the application of GIS and remote sensing for mapping soil erosion rates and extent.

Figure 6b presents a density visualization map of the core keywords related to the
topics of soil erosion in published papers. The terms “soil erosion”, “cultural heritage”,
“climate change”, “GIS”, and “remote sensing” appear in high-density regions indicated by
bright yellow, highlighting their relevance and the significant attention they have received
from the academic community.
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(a) 

(b) 

Figure 6. (a) Author’s keywords occurrence in the relevant literature (VOSviewer software version
1.6.20). (b) Keyword density visualization map (VOSviewer software version 1.6.20).

4.3. Country Co-Authorship Network

Figure 7 displays the country co-authorship network, highlighting the collaboration
and interaction between countries in global research. Of the 26 countries, 7 met the
inclusion criterion with at least two articles and classified into three clusters. Cluster 1
(red) indicates close collaborations and high link strength between the United Kingdom,
Germany, and Greece. Cluster 2 (blue) demonstrates moderate levels of collaboration
between two Mediterranean countries: Italy and Cyprus. Cluster 3 (green) showcases the
lowest level of cooperation with China and India.

Figure 7. Country co-authorship network (VOSviewer software version 1.6.20).
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4.4. Thematic Map

The thematic map of author keywords related to soil erosion in archeological research
from 1994 to 2025 is shown in Figure 8. The X-axis shows the centrality of a network cluster
(degree of relevance), which assesses the importance of the theme within the research field,
and the y-axis shows the density (degree of development). As can be seen from Figure 8,
five clusters were produced in the thematic map of keywords. Cluster 1 and 2 located
in the upper right quadrant (motor themes), indicates strong relevance and significant
density encompassing terms such as remote sensing, climate change, and cultural heritage.
Cluster 3, in the lower right quadrant (basic themes), has low centrality and high density.
This cluster has limited importance in soil erosion studies. The cultural landscape theme
appears twice in niche themes and in the basic themes. This cluster within the basic themes
is significant for research, but further investigation is needed. Cluster 4, in the upper left
quadrant (niche themes), includes keywords such as earth observation and satellite remote
sensing have high density but limited importance to the core field. Cluster 4, in the lower
left quadrant (emerging or declining themes), includes only one keyword (risk assessment),
with low centrality and density.

Figure 8. Thematic map of author keywords for 1994–2025 (R Studio Bibliometrix package).

5. Discussion
5.1. Methodologies

A number of qualitative and quantitative methods for estimating soil erosion on
cultural heritage sites have been deployed in the examined research studies of the scientific
literature. Each method has its own advantages and limitations, and the selection of
an appropriate method depends on data availability, geographical and environmental
characteristics of the study area, and specific research objectives.

Most of the studies used multidisciplinary approaches that integrated geomorphologi-
cal methods, remote sensing techniques, and field surveys. Geomorphological approaches,
including on-site surveys and laboratory analysis enable rapid, accurate, and repeatable
measurements at the same site, they often rely on scale models and disturbed soil samples,
which may limit their ability to accurately represent natural field conditions [119–121].
Furthermore, the collection of representative field data, especially under extreme rain-
fall events, necessitates long-term monitoring, which is a time-consuming and expensive
process [122].

Alternatively, remote sensing technologies, including remote sensing imagery and
UAV data, provide a valuable means for identifying soil erosion characteristics, model-
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ing erosive factors across varying spatial and temporal scales and thus supporting the
development of effective prevention and restoration strategies for safeguarding vulnerable
heritage landscapes. The integration of diverse data sources and methods, such as soil
erosion models, classification techniques, and band composite analysis and vegetation-
related indices has significantly enhanced the interpretation of soil erosion processes while
addressing spatial, temporal, and radiometric limitations. Among the various models
applied to assess soil erosion risk, the Revised Universal Soil Loss Equation (RUSLE) [123]
and the Unit Stream Power-based Erosion Deposition (USPED) model [124] are the most
widely used for estimating long-term soil erosion rates and mapping high-risk zones due
to moderate data requirements and simple structure. The RUSLE model calculates soil loss
by considering various variables such as rainfall, topography and soil characteristics, while
the USPED model estimates both erosion and deposition rates by considering sediment
transport capacity.

Band composite analysis and vegetation-related indices based on the spectral re-
flectance of Visible (VIS—Blue/Green/Red) and Near Infrared (NIR) wavelengths from
optical satellite images was also found to be one of the most commonly employed methods
to assess vegetation condition, soil moisture, and assess crop type over time [125]. The most
frequently used vegetation indices include the Normalized Difference Vegetation Index
(NDVI). NDVI has been utilized as soil indicators or input data for the estimation of soil
erosion models [126]. Higher NDVI values reflect dense vegetation that exhibit lower levels
of soil erosion, as the vegetation acts as a protective barrier that shields the soil surface
from the impact of raindrops and surface runoff [127].

Classification algorithms have also been employed for distinguishing eroded and
non-eroded areas, identifying land use and soil cover, determining the extent of soil erosion
on the surface, and evaluating spatial patterns through spectral characteristics to classify
individual pixels into specific classes from remote sensing data. However, this approach has
some limitations in detecting erosion features because (i) soil erosion varies spatially (size
and shape), and temporally, and (ii) erosion-prone areas have similar spectral characteristics
to other landscape features [128].

5.2. Applications Based on Remote Sensing for Soil Erosion Study in Cultural Heritage Sites

The potential of remote sensing technologies and their effectiveness have been
explored in several cultural heritage sites in various countries such as Greece [129],
Cyprus [130–134], Italy [135], UK [136], and Romania [137], demonstrating how these
methods enable heritage monitoring across different scales.

Although the majority of studies implemented multispectral satellite data, such as
Landsat and Sentinel-2, only a limited number have incorporated high resolution data,
such as Quickbird [138] and Pleiades [139]. For example, Bagwan et Gavali [140] explored
the capabilities of Landsat 8 and Sentinel-2 multispectral satellite imagery, rainfall, soil,
and DEM data to study and quantify soil erosion risk using the RUSLE model in the
UNESCO World Heritage site, Kaas Plateau, of India. The authors analyzed NDVI obtained
from each satellite imagery at two different scales to evaluate vegetation variation. The
authors concluded that appropriate spatial resolution of satellite data ensures accurate
assessment of soil erosion factors. Polykretis et al. [141] studied the USPED empirical model
to simulate the soil loss and deposition rates at various archeological sites over the Chania
Prefecture of Crete (Greece). The proposed methodology includes freely available open
access datasets such as Landsat-8 (OLI) imagery, rainfall data, elevation data gathered from
the SRTM sensor, and land use/cover (LUCAS) observations. The results demonstrated
that a considerable number of archeological sites situated in the west and north-east of the
study area experienced high erosion rates. In their research, Guiney et al. [142] developed
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a method for modeling soil erosion under future climate scenarios at the Roman fort of
Magna, UK, using the CNRM-CM6-1 climate model, and the RUSLE model. For this
purpose, various types of geospatial data such as Landsat imagery, aerial photography,
and Lidar-derived DTM were used. The authors’ findings emphasized the ability of the
synergistic use of erosion models with rainfall erosivity values to identify areas that are
susceptible to climate change in the future. Negula et al. [143] provided an example of the
applicability of multi–temporal Sentinel–2, CORONA archive data, aerial photographs,
and topographic maps to study the industrialization and soil erosion hazards at two
archeological sites in Romania. The authors used three RS indices: NDVI, the Simple
Ratio (SR) vegetation index, and the Normalized Difference Water Index (NDWI) to assess
water content and crop parameters. The results showed that the synergistic use of remote
sensing technologies can offer references for further studies to identify and monitor eroded
cultural heritage areas. Pagels et al. [144] discussed the integrated use of the USPED
model with a semi-automated classification algorithm based on TanDEM-X data to estimate
erosion and deposition spatial patterns at the archeological site of Chimtou, North Tunisia,
aiming to determine geomorphological and sediment transport processes. Brandolini
et al. [145] studied the impact of past land use practices on soil erosion rates in the Northern
Apennines of Italy using the USPED model. The authors integrated various data, such
as historical data, dendrochronology, and aerial and KH-9 (Hexagon) images to examine
geomorphological changes under different scenarios linked to agroforestry systems. Their
study revealed fluctuation in soil erosion rates, influenced by the distribution of agriculture
over the study area. The same authors [146] applied the RUSLE model to demonstrate
the impact of LULC changes on soil erosion in the Tuscan-Emilian Apennines (Italy). The
authors illustrate how different historical farming practices can minimize soil erosion risk
in response to current environmental conditions. In [147], used Landsat 5 TM and Sentinel
-2 satellite images were integrated with the RUSLE model to produce soil erosion maps
that examine the relationship between land use changes, as a result of urban expansion,
and soil loss for the years 1987 and 2016 at the archeological site of Paphos area, Cyprus.
The results of this paper revealed a clear correlation between land use transformations and
increased soil erosion, highlighting the importance of monitoring such changes to protect
archeological sites.

Additionally, several studies have used UAV-based remote sensing to produce high
resolution DEM and orthophotos to capture more detailed surface characteristics, detect
vegetation presence, and determine erosion features and sediment deposits. For instance,
Wang et al. [148] employed UAV-acquired data and field sampling methods to estimate
main driving factors of soil erosion under future climate scenarios along the Ming Great
Wall in China. Likewise, Forti et al. [149] deployed high resolution UAV-based imagery
integrated with the RUSLE model to examine soil and archeological sediments loss at two
tell-sites in the Kurdistan Region of Iraq. The results, validated using field measurements,
revealed spatial variability in soil loss rates influenced by morphometric characteristics.
Ames et al. [150] assessed the impact of both past and future erosion risk on the spatial
distribution of artifacts at open-air archeological sites in the Doring River (South Africa),
using UAV-derived DTM and the RUSLE model. The authors proposed a prioritization
framework for archeological research and conservation, recommending that sites facing
a higher risk of erosion be prioritized for immediate investigation. Santos et al. [151]
combined the RUSLE model along with CMIP6 climate models based on UAV-derived
DEM and field data for measuring historical and future soil erosion risks at prehistoric sites
in Ecuador.
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5.3. Challenges and Opportunities

Soil erosion quantification and assessment present significant challenges due to the
heterogeneous nature and behavior of the hazard and a range of uncertainties arising from
the morphological representation of the cultural landscapes. As previously mentioned,
soil erosion is a complex and ongoing process caused by several interactions and mech-
anisms, including precipitation conditions, vegetation coverage, and soil texture, which
can occur at varying scales and variability over time. Effectively estimating the spatio-
temporal dynamics of soil erosion and its driving mechanisms requires the integration of
multidisciplinary approaches capable of extracting detailed insights about topographical,
meteorological and geological and land use forces. Although remote sensing technologies
offer substantial advantages in soil erosion research, they also present several challenges,
particularly regarding spatial and temporal resolution of available datasets. The coarse
spatial resolution limits their effectiveness in capturing detailed and accurate soil erosion
estimation mainly to a local scale. Furthermore, assessing long-term changes in soil erosion
is further restricted by the limited temporal resolution of available remote sensing datasets.
While high spatial resolution optical sensors have demonstrated superior efficiency in
assessing soil erosion, their application remains limited in comparison to multispectral data
due to their high cost and lower resolution. UAVs have also faced significant limitations
related to flight range, battery life, and data processing capacity.

The fusion of multi-sensor datasets offers potential for improving the precision of
soil erosion assessment; however, it also entails additional challenges related to data
harmonization, increased computational resource demands, and the need for advanced
analytical algorithms. To overcome these challenges, the synergistic use of remote sensing,
ground surveys, and ground truth data can greatly enhance more precise evaluations of
soil erosion and influencing factors.

6. Conclusions
This review quantitatively examined and discussed processing methods and recent

advances and procedures for soil erosion at cultural heritage sites, showcasing the overall
trends, the input data, and output results from 1994 to 2025. Furthermore, it examined the
limitations of existing studies and outlined future directions for soil erosion research. A
bibliometric analysis of 54 published papers provided by the Scopus and WoS databases
revealed that the study of soil erosion at cultural heritage has garnered minimal attention
from the scientific community and local stakeholders. The main outcomes of the analysis
can be summarized as follows:

(1) From 1994 to 2014, the annual number of publications was small, with only one or
no publications each year. Since 2016, there was a slight increase, showing relative
stability in the number of publications. This trend may be attributed to significant
advancements in remote sensing, data accessibility, and processing techniques.

(2) The majority of articles focused on cultural heritage sites in the Mediterranean region,
which are more susceptible to soil erosion hazards induced by extreme weather events
due to complex topography and heterogeneous environment with steep slope areas
accounting for 31.7% of the total publications.

(3) Optical data, such as open access multi-temporal Landsat (TM, ETM+, and OLI) and
Sentinel 2 A/B (MSI) are mainly implemented in the reviewed studies for soil erosion
observations. UAV data is applied in a significant number of papers. Additionally,
few studies employed more than one sensor for estimating soil erosion to improve
spatial or temporal coverage continuity and overall accuracy.

(4) A wide array of remote sensing-based approaches for quantitative assessment are
suggested in the literature, such as soil erosion models and spectral indices. These
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approaches combined with spatial datasets have been effectively employed for un-
derstanding soil erosion conditions and the regulatory mechanisms of soil erosion
vulnerability. Notably, soil erosion models integrating with terrain, satellite, and
precipitation data have become essential in remote sensing-based soil management
research for calculating soil erosion rates and determining main triggering factors of
soil degradation. Spectral indices such as NDVI were the primarily utilized indicator
to study vegetation conditions.

Soil erosion estimation and management at cultural heritage sites exhibit significant
regional variation, with the extent and distribution of erosion influenced by natural forces,
climatic conditions, and human activities. Thus, monitoring of cultural heritage sites
necessitates a multidisciplinary approach encompassing various perspectives, including
geomorphological, topographical, and environmental information, leading to improved
prevention strategies such as land use planning and vegetation restoration to control and
minimize the severity of hazards.

The use of remote sensing technologies in the soil erosion field enables researchers to
acquire information about soil erosion with greater precision and efficiency. Moreover, spa-
tial and temporal limitations, accessibility, and high cost have constrained the widespread
adoption of remote sensing data. Integrating remote sensing methods with field data
supports a more comprehensive understanding of erosion processes.

In conclusion, this study provides insights into current trends, highlights existing gaps,
and outlines future directions in soil erosion research particularly in the context of cultural
heritage sites. It also emphasizes the importance of advancing monitoring techniques to
improve protection and management strategies.

Despite its contribution, this study has several shortcomings. Firstly, this study used
Scopus and WoS databases as the main data sources. Future research could incorporate ad-
ditional bibliometric databases to enhance the collection and the analysis of a broader range
of published articles could offer a more holistic view of the field. Secondly, further work
is required to investigate the possibilities of in situ or ground-based platforms, optimize
methodologies, and integrate data from various sources aimed at delivering more reliable
and accurate results for effective soil erosion research to improve management practices.
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